
ACUTE RENAL FAILURE 



ACUTE RENAL 
FAILURE 

Pathophysiology, Prevention, and Treatment 

edited by 

Vittorio E. Andreucci 

Martinus Nijhoff Publishing 
a member of the Kluwer Academic Publishers Group 

BOSTON THE HAGUE DORDRECHT LANCASTER 



Distributors: 

for North America 

Kluwer Academic Publishers 
190 Old Derby Street 
Hingham, MA 02043 

for all other countries 

Kluwer Academic Publishers Group 
Distribution Centre 

P.O. Box 322 
3300 AH Dordrecht 

The Netherlands 

Library of Congress Cataloging in Publication Data 
Main entry under title: 

Acute renal failure. 

1. Renal insufficiency, Acute. I. Andreucci, 
Vittorio E. {DNLM: 1. Kidney failure, Acute. W] 
342 AI896J 
RC918.R4A347 1984 616.6'14 83-23837 

ISBN-13 :978-1-4612-9794-9 e-ISBN-13 :978-1-4613-2841-4 

DOl: 10.1007/978-1-4613-2841-4 

Copyright 1984 © by Martinus Nijhoff Publishing, Boston 
Softcover reprint of the hardcover 1 st edition 1984 

All rights reserved. No part of this publication may be reproduced, stored 
in a retrieval system, or transmitted in any form or by any means, mechanical, 

photocopying, recording, or otherwise, without written permission of the publisher, 
Martinus Nijhoff Publishing, 190 Old Derby Street, Hingham, Massachusetts 02043 



To my dear wife Gabriella, and to 
my beautiful children Michele and 
Maria Vittoria, who were patient 
enough to allow my editing work even 

during weekends and holidays. 



CONTENTS 

Contributing Authors VUI 

Preface Xl 

List of Abbreviations xiii 

1. Pathophysiology of Ischemic/Toxic Acute Renal 
Failure 1 
Vittorio E. Andreucci 

2. Different Forms of IschemiclToxic Acute Renal 
Failure in Humans 51 
Vittorio E. Andreucci 

3. Prevention of Ischemic/Toxic Acute Renal Fail-
ure in Humans 119 
Vittorio E. Andreucci 

4. Pathology of Acute Renal Failure 
Steen Olsen 

149 

5. Endocrine System in Acute Renal Failure 
167 
Franciszek Kokot 

6. Coagulation System in Acute Renal Failure 
177 
Alain Kanfer 

7. Clinical Diagnosis of Acute Renal Failure 
189 
Vittorio E. Andreucci, Stefano Federico, Bruno Memoli, Mario 
Usberti 

8. Renal Biopsy in Acute Renal Failure: Its Indi-
cations and Usefulness 20 1 
Olivier Kourilsky, Liliane Morel-Maroger, Gabriel Richet 

9. Renal Radiology and Acute Renal Failure 
205 
Vittorio E. Andreucci, Antonio Dal Canton, Alfredo Capuano, 
Vittorio Iaccarino, Luigi Cirillo 

10. Non-oliguric Acute Renal Failure 
Joel A. Gordon, Robert W. Schrier 

11. Hepatorenal Syndrome 
Solomon Papper 

233 

221 

12. Myoglobinuria and Acute Renal Failure 
251 
Vittorio E. Andreucci 

13. Acute Renal Failure in Glomerular Disease 
271 
J. Stewart Cameron 

14. Vascular Nephropathies and Acute Renal Fail-
ure in Adults 297 

Jean-Daniel Sraer and Gabriel Richet 

15. Acute Renal Failure Associated with Leptospi-
roSIS 319 
Visith S itprija 

16. Hemolytic Uremic Syndrome 
Carlos A. Gianantonio 

327 

17. Acute Renal Failure in Pregnancy 341 
Dieter Kleinknecht, Gerard Bocherau, Paul Chauveau 

18. Acute Renal Failure in Infancy and Childhood 
351 
George B. Haycock 

19. Acute Obstructive Renal Failure (Post-renal Fail-
ure) 365 
Antonio Dal Canton and Vittorio E. Andreucci 

20. Acute Renal Failure Following Renal Transplan-
tation 387 
Brian H.B. Robinson 

21. Conservative Management and General Care of 
Patients with Acute Renal Failure 403 
Vittorio E. Andreucci 

22. Nutritional Management of Acute Renal Fail-
ure 423 

Joel D. Kopple and Bruno Cianciaruso 

23. Treatment of Acute Renal Failure by Hemodi-
alysis 447 
Victor Parsons 

24. Treatment of Acute Renal Failure by Peritoneal 
Dialysis 463 
Charles M. Mion andJean-Jacques Beraud 

25. Long-term Follow-up of Renal Function after 
Recovery from Acute Tubular Necrosis 481 
Arthur C. Kennedy 

VIl 



CONTRIBUTING AUTHORS 

Vittorio E. Andreucci 
Professor of Nephrology and Chairman 
Department of Nephrology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 

Jean-Jacques Beraud 
Praticien du Cadre Hospitalier 
Division of Metabolic Diseases and Endocrinology 
Montpellier University Hospital 
34059 Montpellier Cedex 
FRANCE 

Gerard Bochereau 
Service de Nephrologie et Reanimation Polyvalente 
Centre Hospitalier 
56 Boulevard de la Boissiere 
93105 Montreuil 
FRANCE 

J. Steward Cameron 
Clinical Science Laboratories 
Guy's Hospital Medical School 
17th Floor Guy's Tower 
London SE 1 9RT 
UNITED KINGDOM 

Alfredo Capuano 
Department of Nephrology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 

Paul Chauveau 
Service de Nephrologie et Reanimation Polyvalente 
Centre Hospitalier 
56 Boulevard de la Boissiere 
93105 Montreuil 
FRANCE 

Bruno Cianciaruso 
Department of Nephrology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 

viii 

Luigi Cirillo 
Department of Radiology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 

Antonio Dal Canton 
Department of Nephrology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 

Stefano Federico 
Department of Nephrology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 

Carlos A. Gianantonio 
Head, Department of Pediatrics 
Hospital Italiano 
Gascon 450 
(1181) Buenos Aires 
ARGENTINA 

Joel A. Gordon 
Assistant Professor of Medicine 
Renal and Electrolyte Division 
The Milton S. Hershey Medical Center 
The Pennsylvania State University 
P.O. Box 850 
Hershey, Pennsylvania 17033 
USA 

George B. Haycock 
Evelina Children's Department 
Guy's Hospital 
St. Thomas Street 
London SE1 9RT 
UNITED KINGDOM 

Vittorio Iaccarino 
Department of Radiology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 



CONTRIBUTING AUTHORS ix 

Alain Kanfer 
Service de Nephrologie 
Hopital Bichat 
Paris 
FRANCE 

Arthur Kennedy 
Muirhead Professor of Medicine 
University Department of Medicine 
Royal Infirmary, Phase I 
10, Alexandra Parade 
Glasgow G31 2ER 
UNITED KINGDOM 

Dieter Kleinknecht 
Service de Nephrologie et Reanimation Polyvalente 
Centre Hospitalier 
56 Boulevard de la Boissiere 
93105 Montreuil 
FRANCE 

Franciszek Kokot 
Department of Nephrology 
Silesian School of Medicine 
ul. Francuska 20 
40-027 Katowice 
POLAND 

Joel D. Kopple 
Professor of Medicine and Public Health Chief 
Division of Nephrology and Hypertension 
Harbor-UCLA Medical Center 
1000 Carson Street 
Torrance, California 90509 
USA 

Olivier Kourilsky 
Centre Hospitalier Louise Michel 
Quartier du Canal 
Courcouronnes 
910 14 Evry Cedex 
FRANCE 

Bruno Memoli 
Department of Nephrology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 

Charles M. Mion 
Professor of Nephrology 
Head, Division of Nephrology 
Montpellier Medical School 
University Hospital Saint-Charles 
34059 Montpellier Cedex 
FRANCE 

Liliane Morel-Maroger 
Hopital Tenon and INSERM U64 
4, rue de la Chine 
75970 Paris Cedex 20 
FRANCE 

Steen Olsen 
Professor of Pathology 
University Institute of Pathology 
DK-8000 Aarhus C 
DENMARK 

Solomon Papper 
Distinguished Professor and Head 
Department of Medicine 
University of Oklahoma Health Sciences Center and 
the Veterans Administration Medical Center 
Oklahoma City, Oklahoma 73190 
USA 

Victor Parsons 
Director, Renal Unit 
King's College Hospital 
Dulwich Hospital 
East Dulwich Grove 
London SE22 8PT 
UNITED KINGDOM 

Gabriel Richet 
Hopital Tenon and INSERM U64 
4, rue de la Chine 
75970 Paris Cedex 20 
FRANCE 

Brian H.B. Robinson 
Consultant Physician and Director 
Department of Renal Medicine 
East Birmingham Hospital 
Bordesley Green East 
Birmingham B9 5ST 
UNITED KINGDOM 

Robert W. Schrier 
Professor and Chairman 
Department of Medicine, B-178 
University of Colorado Health Sciences Center 
Denver, Colorado 80262 
USA 

Visith Sitprija 
Professor of Medicine and Associate Dean 
Department of Medicine 
Chulalongkorn Hospital Medical School 
Bangkok 
THAILAND 



x 

Jean-Daniel Sraer 
Service de Nephrologie 
H6pital Tenon 
4, rue de la Chine 
75970 Paris Cedex 20 
FRANCE 

CONTRIBUTING AUTHORS 

Mario Usberti 
Department of Nephrology 
Second Faculty of Medicine 
University of Naples 
80131 Naples 
ITALY 



PREFACE 

Acute renal failure is undoubtedly one of the 
most interesting and frequent syndromes observed 
by clinicians. A great number of factors may 
acutely impair renal function, but the pathoge
netic mechanism by which this occurs is fre
quently unknown. Even the pathophysiology of 
ischaemic!toxic forms of acute renal failure re
mains controversial despite the huge number of 
experimental and clinical studies. 

Medical management of patients with acute renal 
failure has greatly improved in recent years, partic
ularly with the use of different types of dialytic 
treatment. However mortality remains high. Fur
ther studies are necessary for improving our knowl
edge of the syndrome, for providing a better man
agement of patients with acute impairment of renal 
function, for suggesting adequate prevention of 
renal shutdown, particularly with the increasing use 
of potentially nephrotoxic drugs. 

It appears therefore evident why clinicians in
volved in the treatment of acute renal failure should 
be frequently updated on this important topic. For 
this reason I have accepted with enthusiasm to edit 
a book on acute renal failure. The aim was to sum-

marize in one volume the recent advances on patho
physiology of acute renal failure, the clinical aspects 
of the various forms (even those which have been 
disregarded in other surveys), the diagnostic tests 
available today in our clinical practice, the general 
and specific therapeutic measures and (very impor
tant, indeed), some useful suggestions for preven
tion. 

The contributors have provided clear, complete 
and up-to-date chapters. I am deeply grateful to 
them all. 

I like to express my sincere thanks to Dr. A.J. 
Wing (St. Thomas' Hospital, London, U.K.), for 
his great help in editing the language in the chap
ters of non English-speaking authors (my chapters 
included). This arduous, very important task had 
to be performed, in my opinion, by an English 
nephrologist. Dr. Wing was so kind as to do it very 
quickly. 

Special thanks to Martinus Nijhoff Publishing for 
their patience and for the excellent and rapid pub
lication of this volume. 

Napoli, Vittorio E. Andreucci 

xi 
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PG : glomerular capillary hydrostatic pressure 
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1. PATHOPHYSIOLOGY OF ISCHEMIC/ 
TOXIC ACUTE RENAL FAILURE 

Vittorio E. Andreucci 

1 Introduction 
An adequate blood flow through the renal cor
tex and sufficient hemodynamic pressure in the 
glomerular capillaries are both critical prereq
uisites for normal glomerular filtration. If ei
ther a fall in systemic blood pressure or circu
latory failure (due to acute myocardial 
infarction or other heart disease) or reduction of 
blood volume (due to volume depletion second
ary to hemorrhage or fluid loss from burns, 
vomiting, diarrhea, excessive sweating, etc.) 
occurs, renal perfusion is reduced and glomer
ular filtration decreased. Homeostatic mecha
nisms of body fluid conservation are then acti
vated with an increase in antidiuretic hormone 
and aldosterone secretion and enhancement of 
reabsorptive activity of renal tubular epithe
lium. Reduction in urine output results, while 
the fall in the urinary excretion of nitrogenous 
end products increases plasma concentrations of 
urea and creatinine. In this "functional" phase 
of acute renal failure (ARF) [I} or extrarenal 
failure or renal functional insufficiency (2} (the 
so-called "prerenal azotemia" or "prerenal 
ARF"), the kidney is not damaged and tubular 
integrity is preserved: tubules, in fact, retain 
sodium avidly and concentrate urine· thus 
urine becomes hypertonic, with low ~odiu~ 
concentration and with a markedly reduced 
fractional excretion of sodium (FENa). If volume 
depletion or blood pressure or cardiac output is 
restored to normal values, renal function rap
idly returns to normal. If the reduction in re
.nal perfusion (due to hypotension, sustained 

VE And".m (ed.), ACUTE RENAL FAILURE. 
All rIght! menJtd. CopyrIght © 1984. 
Marltnll1 NIJhoff PuhllShmg. Boston/The Haguel 
DordretbIILanca!ler. 

circulatory failure, or hypovolemia) is main
tained or even worsened, an "organic" damage 
in the kidney ensues (the so-called "acute tu
bular necrosis," ATN, or "intrinsic ARF") in 
which oligo-anuria is associated with a reduc
tion in the reabsorptive ability of tubular epi
thelium, resulting in isoosmotic urine and in
creased fractional excretion of filtered sodium 
(FENa> 1 %). If the patient survives (with the 
help of dialysis) despite the loss of renal 
function, a recovery phase ensues with an in
crease in urine volume, which usually occurs 
within lO to 15 days, but sometimes 30 days 
or even more after the onset of oligo-anuria 
(3}. 

Hence, on the basis of our clinical experi
ence, ARF may be considered a three-phase 
disease: (a) the initial functional phase ("func
tional ARF," improperly called "prerenal azo
temia"), which is readily reversible; (b) the fol
lowing irreversible phase of organic damage 
("organic ARF", improperly defined as A TN); 
and (c) a phase of recovery of renal function. 
Nephrotoxic drugs (such as aminoglycoside an
tibiotics) may cause immediate organic damage 
(A TN) through a direct toxic effect on renal 
tubular epithelium. 

In contrast with agreement on the above 
clinical observations, there is still controversy 
on the pathophysiology of ARF. Many theories 
in recent years have been usually seen as mu
tuallyexclusive. Even the terminology has been 
a matter of debate. Scientists who believe that 
tubular mechanisms play a primary role in the 
pathogenesis of ARF define the ARF due to is
chemic or toxic factors as "acute tubular necro
sis" (A TN); those who believe that vascular 
mechanisms are predominant define ARF as 
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"vasomotor nephropathy" [4]. Actually, as we 
will describe later, vascular and tubular mech
anisms are both involved in the pathogenesis of 
ARF. 

Most of our knowledge of ARF derives from 
experimental studies in animals. Clinical stud
ies of ARF are inadequate for understanding 
the fine mechanisms involved in the pathogen
esis of the renal function shutdown. It is im
possible, in fact, to follow in humans in a pro
spective trial the predisposing factors and the 
initiating stage of ARF, since usually physi
cians will face the problem when the failure is 
already established. Furthermore, many studies 
cannot be performed because they are unsuita
ble for human beings (e.g., micropuncture 
techniques, radioactive microsphere methods) 
or because for ethical reasons the patients can
not be exposed to unnecessary risks. 

Thus, the experimental models of ARF ap
pear to be very important because they repro
duce the human forms and can be adequately 
studied. 

Unfortunately, conflicting results have been 
obtained quite frequently not only from differ
ent models, but even from the same experi
mental model of ARF. Many reasons may ac
count for this discrepancy in experimental data 
[5]: 

a. Too many different nephrotoxins or is
chemic methods have been employed, and 
the observation of similar renal abnormali
ties obtained by different means does not 
necessarily imply a similar pathogenetic 
mechanism. 

b. The doses of nephrotoxin or the durations 
of the ischemic insult were frequently dif
ferent so that resulting renal damage might 
differ. 

c. The observation time intervals following 
the toxic or ischemic challenge were quite 
variable, while it is well known that factors 
responsible for the initiation stage of ARF 
are usually different from those responsible 
for the maintenance stage and for recovery. 

d. The route of nephrotoxin administration 
was not always the same, the same toxin 
having been given intravenously, intramus
cularly, or subcutaneously; this might 

make the time course of the renal insult 
very different. 

e. Different techniques, which are not always 
comparable, have been used to measure to
tal and regional renal blood flow (RBF). 

f. Changes in renal hemodynamics may be ei
ther the cause or the consequence of the 
renal insult, or may even be unrelated to 
the fall in glomerular filtration rate (GFR). 

g. Species difference may exist as far as the 
sensitivity to nephrotoxins is concerned. 

2 Heavy Metal-Induced ARF 
Three major experimental models of ARF have 
been induced in animals by the use of heavy 
metals. 

2.1 URANYL NITRATE-INDUCED ARF 
The administration of uranyl nitrate (UN) in 
experimental animals (usually rats and dogs) 
intravenously, intraperitoneally, or subcutane
ously, in doses ranging from 5 to 25 mg/kg 
b. w., usually leads to a polyuric ARF. A non
oliguric ARF has been similarly induced in 
rabbits by i. v. injection of uranyl acetate (UA) 
[6]. 

The fall in GFR and the increase in urine 
output and salt excretion observed both after 
UN [7] and UA [6] clearly demonstrate a 
depression in tubular reabsorption caused by 
uranyl ions, suggesting a functional impair
ment of tubular epithelium soon after uranium 
salt administration. The increase in urine out
put and in salt excretion occurred in association 
with a reduction in PAH extraction and was 
observed much earlier than the occurrence of 
tubular necrosis [6]. 

The uranyl cation of the uranium salts is 
responsible for renal injury at the tubular 
epithelial cell level. It seems that uranyl 
ions complex with phosphoryl, carboxyl, and 
sulphydryl groups of surface cell membranes 
without penetrating the cells. 

Early after UN administration, minimal ep
ithelial lesions are observed in proximal tubules 
in the form of cell swelling, vacuolation and 
mitochondrial degeneration. Only after 48 
hours the proximal tubules exhibit, almost 
uniformly, a cell necrosis in the "pars recta" 
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with shedding of epithelial cell cytoplasm into 
the tubular lumen [8, 9}. The convoluted por
tion of proximal tubules shows, at this stage, 
degenerative changes with swelling and granu
larity of the epithelial cytoplasm [9}' Many 
casts are seen in the proximal and distal tu
bules. In a similar fashion, when ARF was in
duced in rabbits by i.v. UA (mg/kg b.w.), mi
nor lesions were observed in tubular cells even 
24 hours following UA; only after three days 
were tubular necrosis and intratubular casts and 
debris seen by light and electron microscopy 
[6}. 

2.1.1 Renal Blood Flow (RBF) and Glomerular 
Filtration Rate (GFR) Experiments in rats 
[l0} and in dogs [8, 11, 12} have demon
strated that early (i.e., already in the first hour 
and throughout the first six hours) after the ad
ministration of UN, parallel falls in RBF and 
in GFR occur. Subsequently, 48 hours after 
UN, further decrements both in RBF and in 
GFR have been observed in rats [l0} but not 
in dogs [I2}. 

When the distribution of renal blood flow 
was studied in UN-treated dogs by Xenon 133 
washout or Strontium 85-labeled microsphere 
techniques, a preferential cortical ischemia ap
peared to be the main contributor to the fall in 
RBF [8, 9, 13}. 

Since the course of ARF in dogs was not 
modified by the intrarenal infusion of PGE2 (a 
vasodilator prostaglandin) and the fall in GFR 
occurred despite normalization of RBF [I4}, 
renal vasoconstriction has not been regarded as 
the main factor in initiating the impairment of 
renal function in this model of ARF [15}. In 
the experiments with PGE2 [I4}, however, a 
low dose of UN (5 mg/kg b.w.) was used, so 
that the RBF even in the control (non-PGEr 
injected) kidney was not significantly de
creased, as observed with greater doses (10 mgt 
kg b.w.) [8, 11}; but GFR fell anyhow, and 
this fall may be accounted for by factors other 
than changes in renal hemodynamics. 

When renal vasodilation was induced in 
dogs treated with greater doses of UN (10 mgt 
kg b. w.), by the association dopamine + fu
rosemide, an attenuation of the fall in GFR 
was obtained [I6}. 

2.1 .2 T he Glomerular Capillary Ultrafiltration 
Coefficient (Kf ) The glomerular capillary ultra
filtration coefficient (Kf) is given by the prod
uct of glomerular permeability and the effective 
filtering surface area. Thus, a reduction in glo
merular permeability and/or in the filtering 
area may decrease K f . In rats with ARF second
ary to UN administration (15 and 25 mg/kg 
b.w. i.v.), K f is reduced within two hours of 
UN administration; and this reduction is pro
portional to the dose of administered UN [17}. 

A reduction in both diameter and density of 
endothelial fenestrae was observed, by scan
ning electron microscopy, within two hours of 
UN administration in rats [I8}; this observa
tion may well account for the decrease in Kc. A 
further progressive reduction in the endothelial 
fenestrae was detected with time (up to 17 
hours after UN) and directly correlated with 
the progressive fall in GFR [I8}. Loss of en
dothelial fenestrae associated with a decrease in 
Kc has also been observed in rats in vitro, in 
isolated glomeruli, 36 to 48 hours after UN 
administration [19}. 

Glomerular epithelial cells were normal two 
to six hours following UN (i.e., when ARF 
was already established). Changes of podocytes 
(swelling of foot processes; wide areas with pri
mary, secondary, and foot processes no longer 
distinguishable) were initially observed 7 hours 
following UN and appeared more marked after 
17 hours [I8} and after 48 hours [9, 12}. It is 
possible that alteration in both endothelial and 
epithelial cells may lead to a greater reduction 
in the glomerular filtration area [I8}, thus 
contributing to the decrease in K f in the main
tenance stage of this model of ARF. 

The demonstrated increase in intrarenal an
giotensin II (AIl) early (six hours) after UN ad
ministration [7, 20} may well account for the 
fall in K f ; possibly through the reduction in 
the endothelial fenestrae area. All, in fact, is 
known to reduce K f [2l}. In favor of this hy
pothesis is the observation that salt-loaded rats 
(in which renal renin is suppressed) were pro
tected against renal function impairment fol
lowing UN administration; in these rats, the 
endothelial cell morphology was normal with a 
normal area of endothelial fenestrae. In salt-de
pleted rats (in which the renin-angiotensin sys-
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tern is markedly activated), GFR was greatly 
reduced; in these rats, a severe reduction in the 
area of endothelial fenestrae was observed [l8}. 

2.1.3 Role of Tubular Obstruction in the Patho
genesis of UN-Induced ARF Early (six hours) in 
the course of UN-induced ARF, intratubular 
hydrostatic pressure (ITP) was not increased 
[1O} (as expected behind a tubular obstruc
tion), and no intratubular casts (obstructing 
tubular lumina) have been observed in histo
pathologic specimens [8, 22}. These observa
tions argue against an early tubular obstruction 
in this model. 

Obstruction of proximal and distal tubules 
by eosinophilic casts occurred 24 hours after 
UN administration, when widespread damage 
of tubular epithelium was present, with cell 
necrosis, mainly in the "pars recta" of the prox
imal tubules; these observations suggest an im
portant role of tubular obstruction in main
taining rather than initiating UN-induced 
ARF [l5}. 

It should be noted that values of ITP signif
icantly lower than control, 8 to 24 hours after 
10 mg/kg b.w. of UN, and not different from 
control 24 to 33 hours after 15 mg/kg b.w. of 
UN have been observed in rats {2 3}. Similarly, 
near normal values of ITP in the maintenance 
stage of UN-induced ARF have been reported 
in dogs {9}. These observations, however, do 
not rule out the possibility of an important role 
of tubular obstruction in maintaining ARF, 
since the concomitant fall in GFR may well ac
count for normalization of ITP despite obstruc
tion [24}. 

2.1.4 Role of the Backleak of Filtrate in the 
Pathogenesis of UN-Induced ARF Microinjec
tion studies in rats with UN-induced ARF 
have given conflicting results. Thus, the mi
croinjection of radioactive inulin into proximal 
convoluted tubules of superficial nephrons two 
to six hours after subcutaneous injection of 10 
mg/kg b. w. of UN was followed by a complete 
recovery of the inulin from the urine of the mi
croinjected kidney, exactly as it occurred in 
control normal animals [25}. A substantial re
covery of microinjected radioactive inulin and 
mannitol from the urine of the contralateral 

kidney has been reported, instead, at similar 
intervals but with 25 mg/kg b.w. of UN ad
ministered intravenously, suggesting an im
portant leak of tubular fluid from the microin
jected nephrons [l7}. The site of the leak of 
inulin and tubular fluid was located beyond the 
superficial portion of the proximal tubules (pars 
recta?) since values of GFR measured in single 
nephrons (SNGFR) by micropuncture of early 
and late loops of proximal convoluted tubules 
were identical [17}. Since the tubular cell dam
age after UN administration has been shown to 
be proportionally increased with increasing 
doses [22}, the described discrepancy in the 
microinjection studies is presumably related to 
the different severity of tubular damage {25}. 
Since ARF occurred with a relatively low dose 
of UN (10 mg/kg b. w.) and leak of inulin was 
not observed at this dosage, backleak of filtrate 
cannot be regarded as one of the predominant 
factors in promoting the ARF, as suggested by 
some authors {15}. Backleak may be important 
in the maintenance stage of ARF; thus 48 
hours after UN administration (5 to 10 mg/kg 
b.w.) in dogs, only an average of 14% (against 
97% observed in normal dogs) of microinjected 
inulin was recovered from the urine of the mi
croinjected kidney [l2}. 

2.1.5 Role of the Renin-Angiotensin System 
(RAS) in UN-Induced ARF Early (six hours) 
after UN administration in rats, significant in
creases in (a) plasma renin activity (PRA) [7, 
20, 25, 26}, (b) renin activity in the juxta
glomerular apparatus (JGA) of single superficial 
nephrons associated with a greater sodium 
chloride concentration in the distal tubule at 
the macula densa level {20, 25, 26}, and (c) 
intrarenal All [7, 20} have been demon
strated, reflecting activation of the RAS. 
When salt depletion secondary to the UN-in
duced natriuresis was prevented by oral sodium 
chloride replacement, PRA and intrarenal 
renin were not different from control values, 
and the animals were protected against ARF 
(i.e., creatinine clearance remained normal) de
spite a minor but still significant increase in 
intrarenal All (attributed either to a direct ef
fect of UN or to minor degrees of volume de
pletion) [7}. 
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These observations suggest that (a) volume 
depletion has a critical role in the development 
of UN-induced ARF; (b) neither PRA nor in
trarenal renin reflects the activity of the intra
renal RAS [20}. Changes in PRA and in intra
renal renin are, in fact, dissociated from those 
in intrarenal All [20}. 

2.1.6 Summary According to Hostetter et 
al. [l5}, reduction in K f and back leak of fil
trate are the predominant factors in promoting 
the fall in GFR in UN-induced ARF. While 
we may agree on the important promoting role 
of the fall in K f , it is unlikely that passive 
backflow of filtrate can occur in early stages of 
this model since the fall in GFR precedes the 
tubular necrosis; the latter, in fact, occurs 48 
to 72 hours after UN or UA administration [6, 
13}. On the other hand, the backleak of fil
trate has been demonstrated at an early stage, 
only with high doses of UN [17}; it also oc
curred in late stages of ARF induced by rela
tively low doses [l2}. 

In my opinion the bulk of evidence in recent 
studies favors the view that renal vasoconstric
tion and reduction in K f play prominent roles 
in initiating ARF secondary to the administra
tion of uranium salts. Tubular obstruction and 
backleak of filtrate represent the prominent fac
tors in maintaining this model of ARF. 

2.2 MERCURIC CHLORIDE-INDUCED ARF 

ARF may be induced in experimental animals 
(usually rats and dogs) following intravenous, 
intramuscular, or subcutaneous injection of 
mercuric chloride (HgC12). The doses used by 
different authors may vary greatly, ranging be
tween 4 mg/kg b. w. [27, 28} and 12 mg/kg 
b. w. [29} in rats, and between 0.5 mg/kg 
b. w. [30} and 30 mg/kg b. w. [31} in dogs. 

Low doses of HgCl2 usually cause nonolig
uric ARF, with an increase in urine output 
and in fractional excretion of sodium. It may 
become anuric with time, unless the animals 
are pretreated with beta-adrenergic blocking 
agents [32}. Anuric ARF may occur with large 
doses of HgCl2 . 

HgCl2 has a great affinity for protein-con
taining sulphydryl groups so that it interferes 
with both surface and intracellular enzyme ac-

tlVltleS, thus affecting many cellular processes 
[33}. Furthermore, the formation of mercap
tide with sulphydryl groups of plasma mem
brane proteins leads to alteration in cell perme
ability [34}. These lesions may lead to cell 
death. 

Following HgCl2 lnJection in rats, Hg + + 

deposition has been observed initially in endo
thelial cells of peri tubular capillaries, then in 
glomerular capillaries and in epithelial cells of 
proximal tubules [35} with the highest concen
tration in the pars recta [28}. 

2.2.1 U ltrastruetural and H istoehemieal Changes 
of the Proximal Tubules When enzyme activi
ties of the proximal tubules were studied his
tochemically in rat kidneys at different time in
tervals following subcutaneous injection of 4 
mg/kg b. w. of HgClz and data were related to 
ultrastructural changes, the following interest
ing observations were obtained [27, 28}. A de
creased activity of alkaline phosphatase and 5'
nucleotidase of the brush border throughout 
the proximal tubule was observed within 15 
minutes of HgCl2 [27}, when no morphologi
cal alterations were detectable by light and 
electron microscopy in any proximal tubular 
segment [28}; 15 minutes later the acid phos
phatase activity was also reduced, both in the 
"pars convoluta" and in the "pars recta" of 
proximal tubules, suggesting incorporation of 
Hg + + into the lysosomes within the cells 
[27}. At this time and up to three hours fol
lowing HgC12 injection, only slight ultrastruc
tural changes were observed, affecting all por
tions of proximal tubules: dispersion of 
cytoplasmic ribosomes, mitochondrial matrix 
condensation, and, in the distal part, some 
increased endocytotic activity [28}. Not until 6 
hours did severe morphological changes occur, 
but they were limited to the "pars recta": focal 
loss of brush border, swelling of mitochon
dria, dilatation of endoplasmic reticulum [28}. 
At this stage, the impairment of enzyme activ
ities also included malic dehydrogenase, (X

glycerophosphate dehydrogenase, and succynic 
dehydrogenase (expression of altered mitochon
drial membrane function) but was again ex
tended to all portions of proximal tubules [27}. 
After 24 hours, cell necrosis was finally ob-



6 

served, limited to the "pars recta" [28}, while 
enzyme activities were severely reduced or even 
abolished in the "pars convoluta" [27}. 

Taken together these results show clearly 
that, in this model, cell necrosis does not be
gin, in the "pars recta," until long after six 
hours following HgCh injection, i.e., when 
ARF is already initiated (see below), suggest
ing that necrosis in the "pars recta" is a rela
tively late event (possibly due to further accu
mulation of Hg + +), dissociable from the 
pathogenetic mechanism of ARF [28}. 

2.2.2 RBF and GRF RBF has been found 
to be significantly decreased (by 20 to 40% 
from control values), both in rats [36} and in 
dogs [37}, within the first three hours after 
HgCh administration. A decrease in outer cor
tical blood flow parallel to the fall in total RBF 
has been found in rats [36} but not in dogs 
[37}. 

Changes in systemic hemodynamics have 
been invoked as responsible for the impairment 
in renal perfusion following HgCl2 administra
tion [38}. Thus, the decrease in RBF observed 
early after HgCl2 has been attributed to the de
crease in cardiac output because of the cardio
toxic action of HgCl2 [39}. Since volume ex
pansion by plasma has been shown to reverse 
both systemic and renal hemodynamic changes 
although plasma volume was not reduced, it 
has been postulated that following the reduc
tion in cardiac output, reflex sympathetic 
changes occur with a consequent renal vasocon
striction [38, 39}. Hence, a fall in GFR 
might result both from the fall in cardiac out
put and from the resulting reflex vasoconstric
tion. 

GFR does fall significantly early after HgCl2 

injection [36, 37, 40}. Its fall is actually more 
marked than that of RBF, suggesting that the 
impairment in renal function, in the early 
stage of this model of AFR, cannot be ac
counted for solely by the decrease in RBF [36}. 
When the decrease in RBF in dogs was, in 
fact, prevented by sustained renal vasodilation 
(by plasma volume expander plus phentolam
ine), GFR was still observed to fall following 
HgCh i.v. injection [37}. 

RBF has been found to be normalized com-

pletely in rats 24 and 48 hours after HgCh, 
when GFR was still severely reduced [29, 36, 
39}. In dogs, in contrast, RBF remained low, 
with a clear cortical ischemia, 48 hours after 2 
mg/kg b.w. HgCI2 ; but the normalization of 
RBF by extracellular volume (ECV) expansion 
did not modify the reduced GFR [41}. These 
observations suggest that renal functional im
pairment, even in the maintenance stage of 
this model, does not depend on the reduced 
perfusion of the kidney. Two possible mecha
nisms may account for the fall in GFR at this 
stage: First, a rise in preglomerular resistance 
may be accompanied by a fall in postglomeru
lar resistance to such an extent as to keep total 
vascular resistance constant [29, 42}; this con
dition (not yet proven) would maintain RBF 
but would decrease the effective glomerular fil
tration pressure (EFP) [43}, accounting for the 
fall in GFR. Changes in segmental vascular re
sistance due to the increased blood viscosity 
secondary to the rise in plasma fibrinogen lev
els, as demonstrated 24 hours after HgCh in
jection in rats, have been proposed as the pos
sible mechanism of this dissociated behavior of 
RBF and GFR [44}. Second, a reduction in Kf 

of glomerular capillaries may decrease GFR 
without affecting RBF. 

2.2.3 Reduction in Kf Some authors [37, 41} 
have proposed that a reduction in K f plays a 
possible role in 101tlatlOg HgCh-induced 
ARF, but this has not yet been investigated. 
A moderate, clear swelling of the glomerular 
epithelial structures, which has been observed 
by scanning electron microscopy early in the 
course of this model in dogs [37}, is consistent 
with a reduction in K f , as has been docu
mented, for instance, in other models of 
heavy-metal-induced ARF (e.g., UN-induced 
ARF). Recent "in vitro" studies have demon
strated that HgCl2 stimulates PGE2 synthesis 
by isolated glomeruli and, even more notably, 
by rat glomerular cells in culture (both mesan
gial and epithelial cells) [45}. PGE2 is known 
to decrease K f [46} even though this effect 
seems to be mediated by All [47}. 

A clear fall in K f associated with loss of en
dothelial fenestrae on scanning electron micros
copy has been observed "in vitro" in isolated 
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rat glomeruli 36 to 48 hours after the admin
istration of 10 mg/kg b. w. HgClz; K f was nor
mal after 4 mg/kg b.w. despite the occurrence 
of ARF {I9}. 

2.2.4 Tubular Obstruction The direct toxic 
effects of HgC12 on tubular epithelia (48} and 
the accumulation of cellular debris in the tu
bular lumen have suggested an important role 
for tubular obstruction in the pathogenesis of 
HgClrinduced ARF. 

Intratubular casts, however, were not ob
served early after HgCl2 injection (37}. Fur
thermore, i.m. injection of 12 mg/kg b.w. of 
HgC12 in rats was followed by normal ITP for 
8 hours (40}; 3 to 10 hours (23} and 24 hours 
(49} after 4.7 mg/kg b.w. of HgCh subcuta
neously, the ITP was not significantly different 
from control values. With the decrease in urine 
flow, intratubular debris sometimes coalesced 
into potentially occlusive masses, but ITP re
mained normal; with tubular microperfusion at 
pressure only slightly higher than control ITP, 
these debris were seen floating free through the 
lumina of the distal tubular segment (49}. 

These observations appear to support the 
view that tubular obstruction is more a result 
rather than a cause of the decrease in GFR (4}; 
if it is playing any role, it is in maintaining 
rather than in initiating this model of ARF. 

2.2.5 Backleak of Filtrate The backleak of 
filtrate has been proposed, since 1929 (50}, as 
the most important factor in inducing ARF by 
HgCh. Constant values of GFR in single neph
ron (SNGFR) measured in early and late super
ficial loops of proximal convoluted tubules (51} 
and no reabsorption of saline during split-drop
let studies in superficial proximal convolutions 
(40} do not rule out the possibility of "leak
age" of filtrate, since this "leakage" may occur 
more distally, for instance in the "pars recta," 
which is inaccessible to micropuncture (43}. 
The "pars recta" is actually the site where cell 
necrosis is observed following HgC12 • It is, 
however, improbable that backleak of filtrate 
occurs in the early stage of this model since 
tubular necrosis of the "pars recta" was not 
seen until at least six hours after HgC12 (28}. 

The only reports with clear evidence of back-

leak of filtrate refer to microlOJection studies 
performed 24 hours after mercury poisoning of 
rats: a significant recovery of radioactive inulin 
microinjected into superficial proximal tubules 
was obtained from the contralateral kidney, 
clearly suggesting a "leakage" of inulin 
through the damaged walls of microinjected 
tubules (52}. However, microinjection studies 
performed early (up to 12 hours) after 4.7 mg/kg 
b.w. subcutaneous injection of HgClz in the 
rat exhibited a complete recovery of microin
jected 14C-inulin from the ureteral urine of the 
microinjected kidney (53}. 

Despite all these observations, some authors 
{I5} still suggest that "backleak" of filtrate is 
the primary factor in inducing ARF. In my 
opinion, leakage of filtrate through the dam
aged tubular wall may play a role, if any, in 
maintaining rather than in initiating the 
HgClz-induced ARF. 

2.3 CIS-DIAMINE DICHLOROPLATINUM 
(CISPLATINUM)-INDUCED ARF 

A new experimental model of ARF in rats has 
recently been obtained by the intraperitoneal 
injection of 10 mg/kg b. w. of cis-diamine 
dichloroplatinum (cisplatinum) (54}. 

Serum creatinine increased significantly 72 
hours after the injection, reaching a peak value 
after 6 days; ARF appeared well established at 
96 hours. 

In the maintenance phase of this model, 
urine output is not decreased (it is a nonolig
uric form of ARF). Urine osmolality and DIP 
creatinine ratio are decreased, and FENa is sig
nificantly increased (54}. 

2.3.1 Urinary Excretion of Cis platinum and Cell 
Toxicity Cisplatinum, given intravenously, is 
excreted by the kidney; 76% of the adminis
tered dose (3mg/kg b. w.) in dogs is excreted 
within 48 hours; this percentage has been 
shown to increase to 95% in well-hydrated 
dogs and in dogs treated with mannitol (55}. 
Cisplatinum accumulates in the liver and in the 
kidney, the greatest renal content having been 
found in the corticomedullary junction (56}. 

The cellular mechanism of renal toxicity is 
not known. A decrease in sulphydryl groups 
has been reported in rat kidneys treated with 
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cisplatinum, especially in the cytosol and mi
tochondrial fractions, that is, the fractions 
with the highest concentration of platinum 
[57}. Mercury and cisplatinum have similar ef
fects on renal SH groups; the former, how
ever, bind directly to sulphydryl groups, 
whereas cisplatinum has shown no direct inter
action with SH of renal homogenates [57}. The 
fall in renal SH by cisplatinum has been sug
gested to be secondary to inhibition of oxida
tive metabolism [58]. 

2.3.2 RBF and GFR Currently, there are 
no studies on the RBF in the initiation phase 
of cisplatinum-induced ARF, which occurs, in 
this model, prior to 48 hours after cisplatinum 
[59, 60]. Experimental studies on acute neph
rotoxicity of other heavy metals (HgCl2 and 
UN), however, suggest that a fall in RBF 
may occur in the initiating phase [61]. 
GFR is already decreased at 24 to 48 hours. 
[59, 60]. 

In the maintenance phase (96 hours post-cis
platinum), SNGFR in superficial nephrons is 
decreased by 38% from control while total kid
ney-GFR is decreased by 88%; a significant 
backleak of filtrate in the pars recta of the prox
imal tubules can clearly account for this dispro
portionate fall in total kidney GFR [54}. But 
the fall in SNGFR, measured by micronpunc
ture technique in tubular segments proximal to 
the sites of cell injury and backleak, suggests 
a primary fall in glomerular filtration that may 
be due to either a decrease in RBF or to a re
duction in K f or to both. The observed intra
vascular volume depletion 96 hours after cis
platinum, presumably secondary to subnormal 
fluid intake, diarrhea, and high urine output, 
could not account for the fall in superficial 
SNGFR, since ECV expansion by Ringer's so
lution reversed this depletion but did not affect 
the fall in SNGFR [54}. 

2.3.3 Reduction in Kf K f has not been mea
sured in this experimental model. It may be 
presumably reduced in the maintenance phase, 
as mentioned, and possibly in the early phase 
as well. 

2.3.4 Tubular Obstruction Morphologic and 
microinjection studies appear in favor of some 

pathogenetic role of tubular obstruction in the 
maintenance stage of cisplatinum-induced ARF 
[59]. Morphologic studies have, in fact, dem
onstrated foamy casts, composed of cell debris, 
in proximal and also in distal tubules [54]. Mi
croinjection studies gave a significantly reduced 
(40.2%) overall recovery of mictoinjected H3_ 
inulin from both kidneys (the recovery in con
trol rats was 98.9%) [54], demonstrating a se
questration of the marker in the obstructed tu
bules. 

2.3.5 Backleak 0/ Filtrate A great body of 
evidence has been gathered in favor of a pri
mary role for a backleak of filtrate in maintain
ing the cisplatinum induced ARF: 
a. Lissamine green (the dye commonly used in 

micropuncture to localize successive seg
ments of proximal and distal tubules) [43] 
never appeared in the distal tubules when 
injected into the proximal tubules or intra
venously, suggesting a transepithelial back
diffusion of the dye [54]; 

b. When H3 -inulin was microinjected into 
proximal convoluted tubules 96 hours post
cisplatinum, 26.3% (against 97.6% in 
control animals) was recovered from the ip
silateral kidney, and 13.9% (against 1.4% 
in control rats) from the contralateral kid
ney [54]; 

c. Morphologic studies, by light microscopy, 
transmission, and scanning electron micros
copy, revealed only slight lesions at 6 to 24 
hours, but severe cell injury and necrosis in 
the S3 segments ("pars recta") (see note 1 
on page 40 for an explanation of cell types) 
of the proximal tubules three to five days 
post-cisplatinum; they consisted of loss of 
brush border, cell swelling, mitochondria 
condensation, loss of intercellular junctional 
complexes, focal areas of tubular necrosis 
with tubular cell sloughing into the lumen, 
and, five days after cisplatinum, wide
spread tubular necrosis in the S3 segments 
[54, 62]. This appeared to be the mor
phologic basis for the transtubular back
diffusion of glomerular filtrate, which oc
curs in the "pars recta" of proximal tu
bules, since SI and S2 segments of proxi
mal tubules did not show any mor
phologic abnormality [54, 62]. 
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2.3.6 Summary Taken together, the avail
able data on this model of ARF suggest an im
pairment of renal function that precedes the de
velopment of tubular necrosis. Only in the 
maintenance phase, with the widespread tu
bular necrosis of the "pars recta" of proximal 
tubules, may tubular obstruction by necrotic 
debris and backleak of filtrate across the dam
aged tubular epithelium account for the Im
pairment of renal function [59}, 

Recent studies have demonstrated that rats 
made diabetic by streptozotocin injection ex
hibited complete functional and morphologic 
protection from cis platinum-induced nephro
toxicity [60}. The mechanism of this protec
tion is not known. 

3 Gentamicin-Induced ARF 
It is well established that aminoglycosides are 
nephrotoxic antibiotics. Most studies on ami
noglycoside nephrotoxicity have been per
formed with gentamicin, usually in rats, but 
also in dogs. Thus, a model of experimental 
ARF has been created. It is a nonoliguric form 
when induced by the usual dose (40 mg/kg 
b. w ./day i. p. for ten days), being oliguric only 
with very high dosages (200 mg/kg b.w./day 
for three days by subcutaneous injections) 
[63}. Actually, on a weight basis, the usual 
dose of gentamicin necessary to produce ARF 
in rats and dogs is many times greater than 
that employed clinically in human patients, 
but the difference is greatly reduced when the 
dose is referred to the body area (64}. 

Decrease in urine-concentrating capacity, 
increase in urine output and sodium excretion, 
tubular proteinuria, lysosomal enzymuria, al
terations (early stimulation followed by depres
sion) in organic acid transport by the proximal 
tubule-all precede the decrease in GFR (65}, 
suggesting an early effect of the drug on tubu
lar function. 

3.1 FACTORS POTENTIATING 
AMINOGL YCOSIDE NEPHROTOXICITY 

While the addition of cephalosporins increases 
the nephrotoxicity of aminoglycosides in hu
man subjects, this does not occur in rats (66, 
67}, nor in rabbits [68}. Several reports even 
suggest a protection of rats by cephalosporins 

(cephaloridine, cefazolin, and cephalothin) 
against aminoglycoside nephrotoxicity, pre
sumably through a reduced concentration of 
the aminoglycoside in renal tissue [66, 67, 
69-71}. 

Methoxyflurane anesthesia (72}, salt deple
tion (73}, dehydration [63}, furosemide (63, 
74} or indomethacin [75} administration, met
abolic acidosis (76}, and potassium deficiency 
(73, 77) have all been found to increase gen
tamicin toxicity. 

The potentiating effect of salt depletion, de
hydration, and furosemide on gentamlClO 
nephrotoxicity has been attributed to the vaso
constriction secondary to contraction of extra
cellular fluid volume, which may be mediated 
by the RAS [63}. 

3.2 RENAL HANDLING OF GENTAMICIN 

Gentamicin accumulates in renal tissue, 
mainly in the cortex, especially in animals 
maintained on a low sodium diet (73}. Its renal 
concentration is much greater than that at
tained in serum (78-80} and may become ex
tremely high after repeated injections (8I}. A 
significant renal concentration of the un
changed drug may persist for weeks after the 
end of the therapy despite morphological and 
functional recovery of gentamicin-induced renal 
lesions (63, 82}; detectable amounts of genta
micin have been demonstrated in the renal cor
tex even three months after treatment (80}. 
Thus, urinary excretion of aminoglycosides 
continues long after (up to three weeks) discon
tinuation of therapy [79, 80, 83}. 

Gentamicin is excreted, virtually un
changed, almost entirely by glomerular ultra
filtration [82}. It is undoubtedly also trans
ported across the epithelium of the proximal 
tubules [84-86}. Recent studies by micropunc
ture techniques have, in fact, demonstrated 
that gentamicin undergoes net reabsorption in 
the proximal tubules of superficial nephrons 
and net secretion in the proximal tubules of 
juxtamedullary nephrons (86}; this may ac
count for the proximal tubule cell damage 
commonly observed 10 gentamicin-induced 
ARF (63, 83, 87, 88}. 

Autoradiography of microdissected nephrons 
has demonstrated that gentamicin distribution 
within the kidney is limited to the proximal 
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tubules, with increasing concentration going 
from the early part toward the "pars recta," 
where the largest amount of tritiated gentami
cin was detected [89}. This observation seems 
to contrast with morphological studies of Schor 
et al. [90}, who found only minor lesions in 
the "pars recta," the main lesions being lo
cated in the "pars convoluta" (see below). 

It has been clearly demonstrated that in the 
proximal tubular epithelium the drug is not 
distributed throughout the cell, but accumu
lates within the lysosomes from which it is re
leased by disruption of the lysosomal mem
brane [91}. 

The expansion of extracellular fluid volume 
with isotonic sodium chloride or sodium bicar
bonate results in an increased excretion of gen
tamicin in the urine [85}. 

3.3 TUBULAR LESIONS 

Ultrastructure studies in gentamicin-treated 
rats have shown tubular cell necrosis in the 
proximal tubules ("pars convoluta" and "pars 
recta") [83, 87}. 

Early lesions include an increase in number 
and size and degeneration of lysosomes (ph a
golysosomes) containing myeloid bodies (struc
tures made of electron-dense, concentrically ar
ranged membranes), cytoplasmic vacuoliza
tion, swelling of mitochondria, and focal 
losses of brush border [65, 81, 83, 87, 88}. 
Recent studies by Schor et al. [90} have shown 
that the mentioned rubular lesions were similar 
with gentamicin and with tobramycin and were 
limited to S1 and S2 segments of the proximal 
rubules while the S3 segment (i.e., the straight 
segment of the proximal tubules) showed only 
an occasional focal increase in number of lyso
somes. These tubular changes may then prog
ress to focal or diffuse cell necrosis, depending 
on dose schedules and other predisposing fac
tors, such as duration of treatment or salt de
pletion. Thus, while no tubular necrosis was 
observed in normal rats treated with 40 mg/kg 
b.w./day for 10 days [88, 90}, focal necrosis 
in proximal convoluted tubules occurred with 
longer periods of treatment [92} or in salt-de
pleted rats treated with the same dosage [73} 
and in normal rats treated for three days with 
subcutaneous injection of doses as high as 200 

mg/kg b.w./day [63}. In the latter study tu
bular necrosis was markedly increased in extent 
by 48-hour dehydration or by continuous i. v. 
infusion of furosemide (10 mg daily). 

These and other experiments show clearly 
that the threshold for aminoglycoside nephro
toxicity in experimental animals is much 
greater (up to 60 fold) than in humans; but 
once the threshold is exceeded, both functional 
and morphological lesions in the kidneys are 
the same in men and in animals [65}. 

When epithelial necrosis has occurred, in 
the maintenance stage of gentamicin-induced 
ARF, tubular obstruction by cellular debris 
and backleak of filtrate through the damaged 
tubular wall may be expected. The occurrence 
of tubular obstruction has been demonstrated 
by the observed slight but significant increase 
in ITP in rats treated with 40 mg/kg b. w./day 
of gentamicin for 10 days [88} and in rats 
treated with 200 mg/kg b. w./day for 3 days 
[63}' The recent histopathologic findings of tu
bular occlusion by cellular debris in gentami
cin-treated rats [92} appear to be in agreement 
with these functional data. 

In rats, in contrast, no backleak of filtrate 
has been demonstrated with gentamicin-in
duced ARF using the microinjection technique 
[43}; in fact, the radioactive inulin microin
jected into the proximal tubules was com
pletely recovered from the urine of the microin
jected kidney after treatment with 40 mg/kg 
b.w./day for 10 days [88}. 

3.4 PATHOGENESIS OF TUBULAR LESIONS 

The reabsorption of aminoglycosides in proxi
mal tubules and the toxic effect of these drugs 
on tubular epithelium seem to occur as follows. 
Aminoglycosides enter the tubular cells by ad
sorptive pinocytosis; that is, they bind to 
phospholipid receptors of the brush border 
membrane [93} and are then included into the 
cytoplasmic vacuoles arising from the pericel
lular membrane; they fuse with lysosomes and 
interfere with lysosomal digestion by inhibit
ing one or more lysosomal enzymes; this will 
result in impairment of the degradation of 
complex polar lipids and accumulation of phos
pholi pids in the form of myeloid bodies [65, 
91}. 
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But lysosomes also contain enzymes capable 
of catalyzing cytoplasmic degradation; it has 
been demonstrated that aminoglycosides alter 
the permeability or cause disruption of lysoso
mal membrane so that liberation of both lyso
somal enzymes and aminoglycosides occurs, 
which is responsible for the lysis of the cells 
[80}. These experimental observations may 
well account for the tubular cell injury and 
death observed after high doses of gentamicin. 
An inhibitory influence of gentamicin on mi
tochondrial respiration has also been demon
strated in "in vitro" experiments using mito
chondria isolated from the renal cortex and 
from liver [80}. 

Interestingly, the phospholipid receptors of 
the brush border also represent a binding site 
for reabsorption of cationic proteins, amino ac
ids, etc.; it is expected that the infusion of a 
basic amino acid, such as lysine, would com
petitively block aminoglycoside accumulation 
in the renal cortex [94}. This has been dem
onstrated in dogs treated with lysine intrave
nously: lysine reduced the renal cortical con
centrations of both gentamicin and tobramycin 
[95}. It was therefore surprising to observe that 
i.v. infusion of lysine increases the toxicity of 
gentamicin in Fisher rats [94} and that a single 
dose of aminoglycoside, which is not toxic 
when given alone, becomes severely nephro
toxic when associated with lysine [94, 96}. 
More recently, experimental studies in rabbits 
and rats have clearly demonstrated that amino 
acid solutions infused intravenously during 
gentamicin or tobramycin treatment increase 
the severity and rapidity of onset of aminogly
coside-induced ARF [97}. Although these ob
servations do not seem to deal with the possible 
beneficial effect of amino acids on recovery of 
patients with already established ARF, they 
have raised some concern about the possible 
hazard of parenteral nutrition with amino acids 
in patients under treatment with aminoglyco
sides [94}. 

A very strange and fascinating feature of 
gentamicin-induced ARF in experimental ani
mals is the regeneration of tubular epithelium 
coexisting with tubular cell necrosis [65, 87, 
98} and the recovery of renal function despite 
continuous administration of toxic doses of the 

drug [99, 100}. Even pretreatment with tobra
mycin [64}, mercuric chloride [10 1}, or di
chromate [64} will protect renal function in 
rats against the nephrotoxicity of gentamicin, 
with only minor changes in GFR. These obser
vations suggest that more susceptible tubular 
cells will experience cellular necrosis early in 
treatment with gentamicin; if the administra
tion of the drug is continued, while more tu
bular cells will experience the necrosis, cellular 
regeneration will begin; for unknown reasons, 
however, the regenerating tubular epithelium, 
whatever the cause of tubular necrosis, has a 
much lower susceptibility to the toxic effects of 
gentamicin [64, 65}. Thus, the risk factor of 
advanced age in aminoglycoside nephrotoxicity 
[102} may be accounted for by the different 
susceptibility of tubular cells, in relation to 
their age, to the toxic injury of these drugs. 
Similarly, the relative tolerance of neonates to 
the nephrotoxic effects of gentamicin (nephro
toxicity of aminoglycosides in newborn infants 
is rarely described) may be due to a lower sus
ceptibility of the young tubular cells to these 
drugs. A recent report, however, has suggested 
that this tolerance may be attributed to the 
prevalent distribution of RBF to the juxtamed
ullary cortex at birth; this will prevent genta
micin accumulation in the outer cortex and 
will spare the superficial and more numerous 
nephrons from gentamicin toxicity [10 3}. 

3.5 REDUCTION IN Kr 
A significant fall in total kidney GFR as well 
as in SNGFR was observed at low dose (4 mg/kg 
b.w./day i.p. for 10 days) of gentamicin in rats 
when glomerular blood flow was still normal; 
the fall in SNGFR was accounted for by the 
reduction in K f [88}. With a higher dose of 
gentamicin or tobramycin (40 mg/kg b.w./day 
i.p. for 10 days), total kidney GFR, SNGFR, 
glomerular plasma flow rate, and Kf were all 
reduced with a clear increase in the afferent and 
efferent glomerular arteriolar resistance [90}. 
There is still controversy as to whether the fall 
in K f is accounted for by ultrastructural altera
tions in the endothelium of glomerular capil
laries. Thus, in rats treated with different 
doses (4, 20, 40 and 120 mg/kg b.w.) of gen
tamicin for 10 days, a critical reduction in di-
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ameter, density, and area of endothelial fenes
trae has been observed by scanning electron 
microscopy, the severity of which was propor
tional to the dosage [104, 105}; these altera
tions improved "pari passu" with recovery in 
renal function. Many authors, however, have 
denied such glomerular changes [87, 88, 90}. 
Conditions of tissue fixation and selection of 
photographic field have been implicated to ac
count for the discrepancy in these observations 
[94}. 

But the decrease in K f , as well as the decline 
in glomerular plasma flow and the attendant 
rise in arteriolar resistances, might be the re
sult of the activation of RAS [90} since All has 
been shown to induce these vascular effects 
[21, 106}. Even the observed alterations in 
glomerular endothelial cells may well be ac
counted for by the activation of RAS [104}. In 
favor of this hypothesis was the original observ
ation that the chronic administration of the 
oral angiotensin 1- (AI) converting enzyme in
hibitor captopril for three days prior to and for 
ten days of gentamicin treatment was successful 
in offsetting the alterations in GFR, K f , and 
glomerular plasma flow; the rats were protected 
against ARF, despite a persisting aminoglyco
side-induced proximal tubular damage [90}. It 
has been suggested [90} that the beneficial ef
fect of captopril might be due to its ability to 
increase the renal accumulation of bradykinin 
[lO7}, the potent endogenous renal vasodilator 
and stimulator of intrarenal PG synthesis; it is 
known, in fact, that AI-converting enzyme is 
identical with kininase II, the enzyme which 
inactivates kinins. 

However, the protective effect of captopril 
against gentamicin nephrotoxicity has not been 
confirmed in a more recent study [l08}. In rats 
treated for 10 days with gentamicin, 80 mg/kg 
b.w./day, the association of oral intake of cap
topril in doses that appeared effective in sup
pressing AI-converting enzyme failed to amel
iorate the fall in GFR, the tubular lesions, and 
even the glomerular changes due to gentamicin 
nephrotoxicity; the reduction of endothelial fe
nestral area after 10 days of gentamicin + cap
topril was, in fact, indistinguishable from that 
observed in animals receiving gentamicin alone 
[108}. 

It is possible that the crucial point for pro
tection (which may account for conflicting re
ports of the effects of captopril) is to inhibit 
AI-converting enzyme activity prior to and not 
only during the gentamicin insult; once estab
lished, glomerular lesions may be relatively ir
reversible. 

3.6 PROTECTION AGAINST AMINOGLYCOSIDE 
NEPHROTOXICITY 

Taken together, the above observations suggest 
that the first toxic effect of aminoglycosides is 
a functional impairment of proximal tubules. 
Proximal tubular reabsorption is reduced, with 
the consequent increase in urine output and in 
natriuresis [109}' Reduction in K f and renal 
vasoconstriction represent the factors directly 
responsible for inducing ARF; the occurrence 
of epithelial necrosis in proximal tubules will 
then cause tubular obstruction by cellular de
bris, which may maintain the ARF. 

High salt intake and possibly captopril ad
ministration may afford partial functional pro
tection without any amelioration in the proxi
mal tubular damage [90}. This observation 
appears to support a role of RAS in the patho
genesis of the initiating phase of gentamicin
induced ARF, even though other systems seem 
to be involved; inhibition of the PG system by 
indomethacin, in fact, enhances impairment of 
renal function by gentamicin (75}; lower values 
of plasma and urinary kallikrein have been 
found in gentamicin-treated rats, suggesting 
an additional role for the kallikrein-kinin sys
tem [75, lOS}. 

Functional protection was also surprisingly 
observed in diabetes insipidus rats with chronic 
high-rate water diuresis; this protection has 
been attributed to the prevention of tubular 
obstruction by the high tubular flow rate; on 
renal histopathology of these rats, in fact, tu
bular lumina were dilated without the tubular 
casts or debris detected in rats without diabetes 
insipidus similarly treated with gentamicin 
[92}. Complete protection against gentamicin 
nephrotoxicity was reported in rats with strep
tozotocin-induced diabetes mellirus, which 
was independent of the duration of the diabetic 
condition: both functional and morphological 
integrities were preserved, with very low renal 
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cortical gentamicin content, after moderate 
and high doses of gentamicin [60, 92); a 
clearly diminished toxicity was evident after 
massive dosage of the antibiotic (60). This ob
servation suggested an inhibition of the early 
cellular uptake of gentamicin in the proximal 
tubules of diabetic rats either because of the 
diabetes-induced osmotic diuresis (but this rate 
of osmotic diuresis does not protect against 
gentamicin nephrotoxicity) (110) or because of 
the enhanced glucose transport in the proximal 
tubules, which may somehow prevent genta
micin uptake (but saturation of proximal tu
bular glucose transport by i. v. infusion of glu
cose in dogs treated with gentamicin did not 
influence the renal cortical concentration of the 
antibiotic) (95), or because of an alteration in 
the phospholipid receptors of the brush border 
membrane [60, 92), which are necessary for 
gentamicin reabsorption (93). 

4 Post-Ischemic ARF 
Post-ischemic ARF has been induced in exper
imental animals (mainly rats and dogs) either 
by intrarenal arterial infusion of norepinephrine 
(NE) or by clamping of the renal artery. The 
resulting model of experimental ARF is analo
gous to human post-ischemic ARF, as ob
served, for instance, during circulatory shock 
or following renal transplantation. Both proce
dures, in fact, cause temporary interruption of 
blood flow through the involved kidney. When 
blood flow is restored, renal functional impair
ment persists; GFR is reduced and tubular 
reabsorption of the remaining filtrate is clearly 
decreased [Ill, 112). 

Renal ischemia in rats for a duration of 25 
minutes caused readily reversible renal damage 
[113}; when the ischemia lasted 60 minutes in 
rats [114} and 40 minutes in dogs [115}, se
vere renal damage occurred and remained re
versible after a few weeks; with two hours of 
ischemia in dogs, the renal damage was irre
versible [115, 116). Recovery from unilateral 
post-ischemic ARF produced by one hour of 
complete renal artery occlusion in rats has been 
improved by removal of the contralateral nor
mally functioning kidney (117). 

4.1 EFFECTS OF RENAL ISCHEMIA ON RBF 
AND GFR 

4.1.1 Effects on RBF Following the relief of 
60 minutes renal artery clamping in rats, RBF 
has been found to be reduced to 40 to 50% of 
control because of an increase in intrarenal vas
cular resistance that lasted a day or two (118). 
Soon after (1 to 2 hours), 30, 60, or even 120 
minutes of intrarenal NE infusion (0.75 j.Lg/kg 
b. w.lmin) in unilaterally nephrectomized 
dogs, RBF was reduced to only 75 to 80% of 
control values; the reduction was not statisti
cally significant (111). In two-kidney dogs, on 
the other hand, the NE infusion into one renal 
artery for 40 minutes decreased RBF to 40% of 
control at one hour after the infusion; RBF 
then recovered to 67% of control values by two 
to three hours [111, 119). 

4.1.2 Effects on GFR In rats anesthetized 
with inactin, GFR was reduced to 20 to 25% 
of control values after 60 minutes of renal ar
tery clamping when measured 60 minutes fol
lowing reperfusion [112, 120). The fall in 
GFR was much greater (2% of the control) 
when using pentobarbital for anesthetizing the 
rats. This observation suggests that the choice 
and/or the dosage of the anesthetic agent may 
modify the renal response to the ischemic in
sult [120}. 

In unilaterally nephrectomized dogs, two 
hours after intrarenal NE infusion, creatinine 
clearance was reduced to 50% of the preinfu
sion levels following 30 minute-infusion, to 
l3% and 2% of the preinfusion levels follow
ing 60 and 120 minutes of NE infusion, re
spectively (111). In two-kidney dogs, on the 
other hand, inulin clearance was reduced to 2 
to 9% of control values one hour after 40 min
ute-NE infusion into one renal artery, remain
ing then unmodified up to 24 hours following 
the infusion [119, 121). In the contralateral 
kidney, GFR was normal and remained un
changed throughout the study [119, 12l). 
The difference in RBF and in GFR between 
one-kidney and two-kidney dogs with unilat
eral NE-induced ARF may be attributed to the 
functional recruitment of nephrons in monone
phrectomized animals, which would have be
come atrophic in two-kidney animals (117). 
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4.2 PATHOGENESIS OF RENAL PERFUSION 
IMPAIRMENT FOLLOWING RENAL ISCHEMIA 

The reduction in RBF in post-ischemic ARF 
has been attributed (a) to endothelial cell swell
ing, (b) to afferent arteriolar constriction, and 
(c) to compression of peri tubular capillaries by 
distended tubules. 

According to the first theory, the endothe
lial cell swelling that is produced by ischemia 
would mechanically prevent the normal re
sumption of circulation in rats on relief of 
clamping (no-reflow phenomenon) (122}. This 
hypothesis was proven to be unreasonable be
cause (a) the cell swelling has been observed as 
prevailing in tubular epithelia rather than in 
vascular endothelia (1l3}; (b) the hypoxic dam
age has appeared to be not self-perpetuating, 
as was predicted by the "no-reflow" hypothe
sis, a large fraction of RBF being, in fact, 
rapidly re-established with relief of clamping 
(123}; and (c) the "no-reflow" phenomenon 
does not occur in dogs (124}. 

A second theory has attributed the fall in 
RBF to afferent arteriole constriction. This 
constriction may be secondary to the activation 
of the RAS; in favor of this hypothesis is the 
increase of both plasma and inrrarenal renin ac
tivities observed after renal artery clamping 
(125} and the effectiveness of beta-adrenergic 
blockade in reducing the severity of post-is
chemic ARF (126}. Several experimental data, 
however, argue against this activation of RAS: 
(a) 45 minutes of renal ischemia significantly 
reduces GFR (to 24% of control) without acti
vating renal renin (127); (b) the chronic 
suppression of renal renin conrent in rats does 
not prevent the fall in GFR that follows the 45 
minute-ischemia (127); (c) restoration of RBF 
does not restore GFR (118, 121, 128}-in 
dogs with unilateral NE-induced ARF, in 
fact, the intrarenal acetylcholine infusion prior 
to NE resulted in complete normalization of 
RBF in three hours, but GFR remained dras
tically reduced (13% of control values) (121}. 
Intrarenal infusion of PGE prior to and during 
NE administration has a significant protective 
effect on renal function even though it does not 
prevent the early fall in RBF (14}. 

Despite these observations, it remains pos
sible that renal vasoconstriction, whatever the 

cause, contributes to the fall in GFR. A near 
absence of net glomerular ultrafiltration pres
sure has been, in fact, observed three hours 
after NE infusion into a renal artery in two
kidney dogs (119}' Since a dramatic fall in 
GFR was already evident one hour after the in
fusion of NE-when ITP was normal and RBF 
was only 39% of control values and since les
sening of renal vasoconstriction by mannitol was 
followed by increase in RBF, in GFR (despite 
the rise in ITP), and in glomerular capillary 
pressure (GCP)-a decrease in GCP seems to 

play a primary role in unilateral NE-induced 
ARF in two-kidney dogs(119}. It has been re
cently postulated that the increase in cytosolic 
calcium concentration in the smooth muscle 
cells of the afferent arterioles occurring in is
chemic ARF may favor afferent arteriole vaso
constriction; and pretreatment with mannitol 
has been shown to prevent the increase in cal
cium content of mitochondria from renal cor
tex of dogs receiving 40 minutes of unilateral 
infusion of NE (129}. 

According to the third theory, the compres
sion of peri tubular capillaries by distended tu
bules of obstructed nephrons is the factor re
sponsible for the fall in RBF. On the basis of 
direct simultaneous measurements of the both 
ITP and diameter of adjacent peri tubular cap
illaries, in fact, an inverse relationship has 
been found between these two parameters in rat 
kidneys (130}. Thus, it has been suggested 
that tubular obstruction will increase ITP and 
cause dilatation of proximal tubules with the 
consequent mechanical compression of adjacent 
peritubular capillaries, thereby contributing to 
maintaining a reduced RBF in the post-is
chemic kidney (120}. Blood flow in peri tubular 
capillaries adjacent to dilated tubules with ele
vated ITP was, in fact, absent at the direct 
observation of the kidney surface in rats with 
post-ischemic ARF; it appeared resumed when 
ITP was reduced by aspiration of tubular fluid 
by a micropipette, to disappear again upon 
reintroduction of fluid within the obstructed 
tubule (120}. In favor of this theory is the ob
servation that any maneuver that prevents or 
relieves tubular obstruction will accelerate re
covery; and in clinical practice the nonoliguric 
type of ARF, which has presumably less tu-
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bular obstruction, has a better prognosis 
[120}. 

4.3 EFFECT OF RENAL ISCHEMIA ON Kr 
The greater reduction in GFR than in RBF ob
served by many authors in post-ischemic ARF 
[111, 118, 119, 121, 131, 132) suggests 
that factors other than reduced renal perfusion 
may contribute to the post-ischemic renal func
tion impairment. 

A reduction in K f may play an important 
role in post-ischemic ARF as observed in neph
rotoxic ARF. 

Changes in podocyte morphology (flattening 
of cell body and spreading of cytoplasma on 
glomerular capillaries with diffuse loss of foot 
processes) have been observed by scanning elec
tron microscopy one hour after the vascular an
astomosis in those transplanted human kid
neys, which then exhibited post-ischemic ARF 
[133}. Similar shapes were obtained in rabbits 
following one-hour clamping of the renal artery 
[133, 134) and in two-kidney dogs following 
two hours of unilateral intrarenal NE infusion 
[116}. These changes, which could be reversed 
(rather than prevented) by clonidine by a still 
undefined mechanism (134), may represent the 
morphologic counterpart of a decrease in ~. 

K f has not been determined "in vivo" as yet 
in post-ischemic ARF. It has been measured in 
isolated dog glomeruli following 90 minutes of 
renal pedicle clamping (135); no significant 
change was noted at clamp release or one hour 
later, when RBF and GFR were both found 
significantly decreased; 24 hours after the acute 
ischemia, however, when RBF had returned to 
normal but GFR was still very low, K f was 
significantly reduced. This suggests that a de
crease in K f may play an important role 10 

maintaining a low GFR in ARF [135}. 

4.4 EFFECTS OF RENAL ISCHEMIA ON 
TUBULAR STRUCTURES 

Following 20 minutes of ischemia (renal artery 
clamping) in rats and before relief of clamping, 
proximal tubules are collapsed, but distal and 
collecting tubules are patent; when renal isch
emia is prolonged to 60 minutes, most distal 
tubules are also collapsed [112}. Upon relief of 
the clamping, proximal tubules reopen in two 

minutes (112), clearly demonstrating a 
prompt resumption of glomerular filtration; 
furthermore, a dramatic reduction of tubular 
reabsorption occurs, even after only 20 min
utes of renal ischemia, as demonstrated by the 
clear fall in urine-to-plasma inulin ratio (112). 

4.4.1 Intracellular Effects 0/ Renal Ischemia 
When electrolyte concentrations in single prox
imal tubular cells were measured by electron 
microprobe, the intracellular concentrations of 
sodium and chlorine have been found signifi
cantly increased and the intracellular concentra
tions of potassium and phosphorus significantly 
decreased following 20-minute ischemia, and 
even more following 60-minute ischemia 
(112). Similar effects, but much milder in de
gree (almost nil following 20-minute ischemia) 
were observed in single distal tubular cells 
(112). On restoration of blood flow to the kid
ney, intracellular electrolyte composition rap
idly returned to normal, being completely nor
malized within 60 minutes in proximal tubular 
cells and within 20 minutes in distal cells (fol
lowing 60-minute ischemia) (112). 

A severe intracellular acidosis has also been 
demonstrated in post-ischemic ARF [136-138). 
A fall in intracellular pH occurs in rat kidney 
following as little as 5 minutes of ischemia, as 
demonstrated, in vivo, by 31phosphorus nuclear 
magnetic resonance [137, 138). The critical 
pathogenetic role played by the low intracellu
lar pH was demonstrated by the progressive in
hibition of tubular reabsorption and by the 
proportional fall in GFR in isolated kidneys 
perfused with solutions at decreasing pH (from 
7.4 to 6.0): renal function was completely 
abolished with a 20-minute perfusion at pH 
6.5, which is the pH observed in vivo in isch
emic ARF (136) to be restored to normal upon 
reperfusion at pH 7.4 (137). The degree of 
renal function impairment appeared correlated 
both with duration of exposure to acidosis and 
with severity of acidosis itself (138). 

4.4.2 Morphologic Changes 0/ Tubular Epitheli
um Studies by light and electron microscopy 
have similarly demonstrated progressive epithe
lial damage in the proximal tubules with the 
increase in duration of ischemia, whether in-
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duced by renal artery clamping {l13, 139} or 
by intrarenal infusion of NE {l11}. Thus, after 
25 minutes of renal artery clamping in rats, 
the microvilli of the brush border are exten
sively lost by two mechanisms: (a) in most 
nephrons, by a coalescence of adjacent micro
villi that are then incorporated into the cell cy
toplasm; (b) in 10 to 25% of the nephrons, by 
their disintegration into fragments that are 
shed into the tubular lumen with intraluminal 
impaction of membrane-bound blebs; the latter 
will cause mild and transient tubular obstruc
tion [113}. This 25-minute ischemia will cause 
a reversible injury in Sl and S2 cells, which re
cover completely within four hours; S3 cells, 
however, undergo progressive irreversible cell 
damage and death with exfoliation into tubular 
lumina {l13}' Following 60 minutes of renal 
ischemia, in the early reflow period, disinte
gration of microvilli and tubular obstruction by 
microvillar fragments and by extruded apical 
cytoplasm of epithelial cells occur, in nearly all 
nephrons, mainly in the "pars recta" of proxi
mal tubules [139}. Cell necrosis will ensue, 
mainly in the "pars recta" of proximal tubules, 
which is more vulnerable to the ischemic injury 
[l39}, because of a greater susceptibility to 
ischemia of S3 cells {l13}; Sl and S2 cells, 
however, may also exhibit ischemic necrosis 
[l39}' 

Similarly, in dogs, immediately after 30 
minutes of intrarenal infusion of NE, proximal 
tubules (both "pars convoluta" and "pars 
recta") appear dilated, with their lumina con
taining eosinophilic granular material at light 
microscopy (a shape typical of human shock pa
tients) and foamy blebs at electron microscopy 
{lll, 139}. These features become more severe 
by increasing NE infusion time, with exten
sion of dilatation to Bowman's space, which is 
filled with blebs and with appearance of cellu
lar necrotic changes {lll}. Two hours follow
ing NE infusion, the shape is identical but 
blebs are more numerous, extending also to 
distal nephrons {lll}. 

Apparently, blebs in proximal tubules are 
formed in three ways: (a) extrusion of mem
brane-bounded cytoplasma into the tubular lu
men followed by separation from the cell; (b) 
flux of cytoplasma into the brush border micro-

villi, which swell and then separate from the 
cells; and (c) intracellular formation of cyto
plasmic bodies and their subsequent extrusion 
into the lumen [lll}. 

All these experimental data clearly demon
strate the following points: 

a. Twenty minutes of renal ischemia is suffi
cient to cause renal functional impairment, 
intracellular acidosis, and tubular cell de
pletion of adenosine triphosphate (ATP) 
with the consequent interruption of those 
cellular processes that require metabolic en
ergy {l12, 138}. In particular, since the 
low intracellular sodium concentration and 
the high intracellular potassium concentra
tion are maintained by the energy-requiring 
Na/K pump located in the cell membrane, 
20-minute ischemia will cause, in tubular 
epithelial cells a clear inhibition of Na/K 
pump with a consequent gain of Na + and 
loss of K + by tubular cells; an influx of ex
tracellular fluid into the cells with cell 
swelling, increase in intracellular chloride, 
fall in phosphorus concentration, and de
crease in dry weight fraction of the cells; 
intracellular acidosis; a significant decrease 
in the ability of tubular epithelium to reab
sorb the tubular fluid [112, 140}. The reab
sorptive capacity of proximal tubules has 
been found to be clearly depressed, with the 
Gertz split-droplet method [43} in experi
mental ARF {l40}. 

b. A 25- to 30-minute ischemia is necessary to 
cause morphological aberrations in tubular 
epithelium, as observed by electron micros
copy [111, 113, 139}. 

c. Impairment of tubular ceH function appears 
to occur, after the ischemic insult, earlier 
than structural damage {l40}. 

d. Proximal tubular cells are much more sen
sitive than distal cells to renal ischemia; al
most no changes in cellular electrolyte com
position or in epithelial morphology were, 
in fact, observed in distal tubules following 
20- to 30-minute ischemia when significant 
changes were, on the other hand, evident 
in proximal tubules [112, 140}. 

e. Rapid and complete recovery occurs, upon 
restoration of RBF, both in cellular com-
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position (in 60 minutes) (112} and in elec
tron microscope appearance of tubular cells 
(in a few hours) (l13}. 

f. Despite normalization of cellular composi
tion after 60 minutes of reperfusion follow
ing 20- or 60-minute ischemia, tubular 
reabsorption is very low (low urine-to
plasma inulin ratio) (1l2}. 

It is also very interesting to note that follow
ing 18 hours of reperfusion after 60 minutes of 
renal ischemia, those disturbances in cellular 
electrolyte composition that had been normal
ized by 60-minute reperfusion appeared again 
in many tubular cells (l12}. Similarly, mor
phologic studies have shown that while many 
tubular cells survive 60 minutes of renal isch
emia (141}, those irreversibly damaged cells 
appear necrotic only 12 to 24 hours following 
kidney reperfusion (l42-145}. These observa
tions have suggested that the partial reestab
lishment of RBF in the post-ischemic period (it 
remains approximately 50% of normal in the 
six hours following the ischemia) (118} is not 
enough to prevent the progression of the irre
versible tubular cell damage (l20}. On the 
other hand, impairment of mitochondrial res
piratory activity (as mirrored by the failure of 
mitochondria from renal cortex of dogs with 
ARF to regulate cytosolic calcium concentra
tion with a clear increase in their calcium con
tent) was still evident after 24 hours of reper
fusion following 40 minutes of intrarenal 
infusion of NE (l29}. Mitochondria play an 
important role in producing the energy neces
sary for preventing influx into cells of those 
ions that are normally at greater concentration 
in the extracellular fluid and for maintaining 
cell volume, through the Na/K pump (l29}. 
It has been postulated that the increase in 
cytosolic calcium content in tubular epi
thelial cells may contribute to cell necro
sis (l29}. 

4.5 TUBULAR OBSTRUCTION FOLLOWING 
REN AL ISCHEMIA 

Morphologic and functional studies have given 
strong evidence in favor of an important role of 
tubular obstruction in the pathogenesis of post
ischemic ARF. 

4.5.1 Morphologic Studies As described above, 
after as little as 25 to 30 minutes of renal 
ischemia, swollen blebs may obstruct some 
proximal tubules (l11, 113}. But 60 min
utes of renal ischemia causes tubular obstruc
tion in nearly all nephrons in the "pars recta" 
(l39} or even in both the "pars recta" and 
the "pars convoluta" of proximal tubules 
(lll}. 

It seems reasonable to conclude that in those 
nephrons in which the proximal tubular lumen 
is filled with swollen blebs, glomerular filtra
tion no longer occurs, despite resumption and 
even normalization of RBF; in those nephrons 
in which filtration does not stop, blebs are 
flushed distally and may aggregate in the loop 
of Henle, distal tubule, and collecting duct, 
thus causing obstruction (l1l}. 

It has been observed that 24 hours after re
lief of renal artery clamping, luminal blebs in 
proximal tubules disappear, presumably be
cause of autolytic processes; obstruction persists 
in distal nephrons (l39} due to tubular casts 
made of cellular debris and Tam-Horsfall pro
tein {l12, 113}; on the other hand, Steinhau
sen and his associates (l46} have directly ob
served, by stereoscopic microscope, the 
tubular obstruction caused by "proteinaceous 
material" in rat kidney with NE-induced isch
emla. 

4.5.2 Behavior of lntratubular Pressure (ITP) 
The ITP measured by micropuncture tech
niques in proximal tubules of rats has been 
found to be clearly increased up to 6 hours after 
60 minutes of renal ischemia (23, 118, 131, 
132, 147, 148}, while microinjection of fluid 
into the proximal tubules required high pres
sures to flush out intraluminal obstructing casts 
(l32}. 

In dogs with unilateral NE-induced ARF, 
ITP has been found normal one hout after NE 
infusion, presumably because of the severe fall 
in GCP (l19}. When RBF increased, in fact, 
to 70% of normal values three hours after NE 
infusion, this recovery of RBF unmasked ele
vated levels of ITP (l19}. Furthermore, micro
perfusion studies in these dogs at a tubular per
fusion rate that does not modify ITP in normal 
dogs clearly increased ITP (1l9}. Both obser-
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vat ions represent clear evidence of tubular ob
struction. 

It has been suggested that the beneficial ef
fects on NE-induced ARF by maneuvers that 
increase urine flow and/or solute excretion 
(i.e., intrarenal infusion of PGEb bradykinin, 
furosemide, or mannitol) (14, 119, 121, 
128, 149} may be due to flushing out of cel
lular debris and prevention of intratubular casts 
formation (15}. Thus, 30-minute pretreatment 
with 5% mannitol prevented the rise in ITP 
during microperfusion of tubules in dogs with 
unilateral post-ischemic kidney (119}. It is 
more difficult to explain the improvement in 
GFR obtained by pretreatment with proprano
lol in rats 1 to 3 hours after 60-minute renal 
artery clamping; since RBF did not increase, 
while ITP increased less than in unpretreated 
rats, it has been stated that attenuation of tu
bular obstruction by the drug (by a still un
known mechanism) may account for the partial 
protection against post-ischemic ARF (148}. 

From 22 to 24 hours after the acute isch
emia, ITP in rats has been found again to be 
normal although GCP was reduced, suggesting 
afferent arteriole vasoconstriction. The acute 
ECV expansion with rat plasma or isotonic sa
line rapidly reversed this vasoconstriction, nor
malizing RBF and GCP; but oliguria persisted 
and the ITP increased again, clearly suggesting 
a key role for tubular obstruction in maintain
ing ARF (118}. 

ITP in proximal tubules was still greater 
than normal one week following 60 minutes of 
one renal artery clamping in rats, but was 
completely normal at two weeks (114}. 

4.5.3 Microinjection studies Microinjection 
studies in rats following 60-minute clamping 
of the renal artery have shown an overall 72% 
recovery from the urine of both kidneys of the 
inulin microinjected into proximal tubules of 
the ischemic kidney. Most of the missing inu
lin was recovered from the parenchyma of the 
injected ischemic kidney, clearly showing a se
questration of the marker in the obstructed tu
bules (139}. 

Similar results were obtained in dogs. While 
in normal animals, 94% of radiolabeled inulin 
was recovered from the microinjected kidney 

within three minutes, in dogs with unilateral 
NE-induced ARF, three hours after NE infu
sion, 20 minutes were necessary for a 70% re
covery of microinjected inulin from the ipsilat
eral kidney, while no radioactivity was 
detectable in the contralateral urine (119}' 
This delayed incomplete excretion of 3H-inulin 
represents further evidence of tubular obstruc
tion. 

These observations clearly demonstrate that 
tubular obstruction must play a role in the 
pathophysiology of this model of ARF. But the 
occurrence of post-ischemic ARF in rats (23} 
and in dogs (119} with only 40 to 45 minutes 
of renal ischemia-when a significant fall in 
GFR (during the first few hours after the relief 
of the clamping in rats or the end of NE infu
sion in dogs) is associated with no significant 
change in ITP-clearly suggests that obstruc
tion cannot be the primary initiating pathoge
netic factor but may only contribute to renal 
failure already in existence (23, 119}. Tubular 
casts may accumulate when GFR is already low 
for other reasons. 

4.6 EFFECT OF RENAL ISCHEMIA ON URINE 
OUTPUT 
Actually, both a low (oliguric ARF) (lI8} and 
a high urine output (nonoliguric ARF) (23, 
112, 131} have been reported after unilateral 
renal artery clamping in rats for 60 minutes. It 
has been suggested that this difference was due 
to the choice of the anesthetic agent, pentobar
bital in the former study, inactin in the latter 
(120}. Thus, when the effects of these two an
esthetic agents were evaluated in rats with 
post-ischemic ARF (60 minutes of renal artery 
clamping), the following results were obtained 
(120}: rats anesthetized with pentobarbital ex
hibited, in the post-ischemic period, very low 
RBF, GFR, and urine output (oliguric ARF); 
all tubules were obstructed, with very high 
ITP. Rats anesthetized with inactin, instead, 
exhibited minor reduction in RBF and in GFR 
with a dramatic increase in urine output (non
oliguric ARF); only two-thirds of proximal tu
bules were dilated, with elevated ITP; the re
maining one-third had normal caliber with a 
maintained flow of tubular fluid. These obser
vations suggest that inactin has a protective ef-
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feet on tubular cells that reduces the number of 
nephrons with tubular obstruction; further
more, there is an inverse relationship between 
the number of nephrons with tubular obstruc
tion and the urine output. 

4.7 BACKLEAK OF FILTRATE IN POST
ISCHEMIC ARF 
Tubular lesions, as mentioned, already occur 
after 25-minute ischemia and their severity in
creases with the increase in ischemic time. Se
vere cellular damage may cause a back-diffusion 
of filtrate from the tubular lumen toward the 
peritubular capillaries. Thus, radioactive inu
lin microinjected into proximal tubules of post
ischemic rat kidney was recovered from the 
urine of the contralateral kidney (131, 139} in 
a proportion that increased progressively with 
the increase in duration of the ischemia; the 
recovery was in fact insignificant after 15 min
utes of ischemia, modest (11 %) after 25 min
utes, and severe (35%) after one hour of com
plete ischemia (l39}. When microperfusion 
with inulin solution was performed through 
micropipettes placed in proximal tubules of 
rats, inulin recovery from distal tubules and 
from ureteral catheter was significantly reduced 
one to four hours after clamping of a renal ar
tery for 45 to 60 minutes (53}, 

The backleak of filtrate has also been visual
ized by histochemical studies. Thus, when 
horseradish peroxidase (m. w. 40,000) was in
jected intravenously or microinjected into prox
imal tubules in rats two hours after relief of the 
arterial occlusion, the marker was observed, 
by histochemical reaction, to diffuse through 
the plasma membranes and cytoplasm of dam
aged epithelial cells and enter the peri tubular 
interstitium and capillaries; however adjacent 
cells in the same tubule were impermeable to 
horseradish peroxidase (as normally observed in 
kidneys not subjected to ischemia), indicating 
a difference in cell damage among cells of the 
same nephron as well as among nephrons of the 
same ischemic kidney (139}. 

Backleak of inulin has been demonstrated, 
by clearance technique, even in humans with 
ARF following open-heart surgery. Myers et al. 
(150-152} have, in fact, observed in these pa
tients a fractional clearance of neutral dextran! 

inulin greater than one. Since dextran mole
cules are larger than inulin molecules, these re
sults have been regarded as a demonstration of 
a greater backleak of the smaller molecules (in
ulin) across the damaged tubular epithelium. 

That tubules may become leaky after an is
chemic insult has been demonstrated also by 
microperfusion studies "in vitro." Thus, mi
croperfusion of isolated tubular segments dis
sected from kidneys of rabbits with post-is
chemic ARF has shown (a) an impaired 
transport capacity, as measured by fluid reab
sorption, mainly in the convoluted and 
straight proximal tubules, but also in the thick 
ascending limb of Henle's loops and (b) a clear 
inulin leak in proximal straight tubules of jux
tamedullary nephrons. Furthermore, the mi
croperfusion of the isolated ischemic segments 
frequently resulted in the formation of cellular 
debris in the lumen due to separation of surface 
epithelium from basement membrane during 
microperfusion (153}. 

Taken together, all these observations ap
pear in favor of an important role for the back
leak of filtrate in maintaining ARF once severe 
damage to the tubular epithelium has occurred. 

4.8 RECOVERY FROM POST-ISCHEMIC ARF 
It has been stated that renal vasoconstriction, 
tubular obstruction, and backleak of filtrate 
can be demonstrated for at least one week fol
lowing ischemic insult (147). 

When the pattern of recovery from post-is
chemic ARF (60 minutes of one renal artery 
clamping in rats) was evaluated for as long as 
eight weeks, the following data were obtained 
(1l4}. One week following the ischemia, GFR 
was 2% of control, RBF 26% of control val
ues; quite numerous intratubular casts were ob
served both in the cortex and in the renal pa
pilla; ITP in proximal tubules was higher, 
GCP and afferent EFP much lower than nor
mal; urine output was very low and urinary so
dium concentration (UNa) very high, with a 
fractional excretion of sodium (FENa) of 10%. 

Two weeks following the ischemia, GFR 
was significantly increased from 2 to 22% of 
control values, while the rise in RBF was only 
slight (from 26 to 31%) and not significant; 
intratubular casts were greatly reduced in num-
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ber; ITP was completely normalized while 
GCP remained unchanged (when compared to 
one week earlier) so that afferent EFP was in
creased, accounting for the increase in GFR. 
The tendency of a return to anatomical and 
functional integrity of tubular epithelium at 
this stage is further demonstrated by (a) the 
significant reduction of UNa and FENa; (b) the 
normalization of urine output, and (c) the 
complete recovery from the ipsilateral final 
urine of 3H-inulin microinjected in proximal 
tubules. 

From the second to the eighth weeks, the 
rise in GFR was gradual and paralleled the in
crease in RBF and in GCP, the latter account
ing for the rise in afferent EFP (ITP remaining 
normal); meanwhile UNa and FENa completely 
normalized. 

Taken together these data suggest a biphasic 
pattern in the recovery from post-ischemic 
ARF: in an early phase, relief of tubular ob
struction and recovery of tubular integrity oc
cur, thus accounting for a brisk improvement 
of renal function; in a later phase, the release 
of preglomerular vasoconstriction will allow the 
complete normalization of renal function 
{114}. 

5 Glycerol-Induced ARF 
Quite frequently in clinical practice, maSSIve 
intravascular hemolysis or extensive skeletal 
muscle necrosis has been found to be associated 
with ARF. This observance has led to the belief 
that either hemoglobin and myoglobin or their 
derivatives may be nephrotoxic-hence, the re
search for experimental models of myohemo
globin uric ARF. 

ARF resulting from intravenous injection of 
methemoglobin in rats has been studied by 
some authors. But glycerol-induced ARF is un
doubtedly the most widely used experimental 
model of ARF resembling the human form of 
pigment-induced ARF {33}. 

The intramuscular or subcutaneous injection 
of hypertonic (50%) glycerol solution (usually 
10 mllKg b. w.) elicits a myohemoglobinuric 
ARF in rats, especially in conditions of dehy
dration {l54}, but also in chronically salt
loaded animals {l55}. A half hour after glyc-

erol injection, the rats pass deep burgundy red 
urine containing both myoglobin and hemoglo
bin {l54}. Urine volume is clearly increased 
three hours after the injection {7} and even 
more after 24 hours, at least in nondehydrated 
rats {l54, 156}. 

It is well demonstrated that subcutaneous 
injection of glycerol in rats or rabbits causes 
intravascular hemolysis and hemoglobinuria. 
Intramuscular injection also causes muscle cell 
necrosis, local fluid accumulation contributing 
to the contraction of ECV, and myoglobinuria. 
Impairment of renal function may result with 
an initial ischemic component due to ECV con
traction, in addition to the nephrotoxic effects 
leading to pathological lesions of acute tubular 
necrosis. 

5.1 RBF AND GFR IN THE INITIATION 
STAGE OF GLYCEROL-INDUCED ARF 

Within 10 minutes after i.m. injection of glyc
erol, RBF is already clearly decreased {l57}, 
and the microscopic observation of the kidney 
surface shows a significant decrease in peritu
bular capillary blood flow, virtual cessation of 
glomerular ultrafiltration, and tubular collapse 
{l54, 158, 159}. Thereafter, the appearance 
of the kidney surface improves {l58, 159}, 
but RBF further decreases to reach very low 
values two to three hours following injection 
{l57, 160, 161} with severe cortical ischemia 
{l57, 160}. 

During these first hours of ARF, a decrease 
in cardiac output and an increase in systemic 
blood pressure {l63-165}, in total peripheral 
resistance {l62-165} and in renal vascular re
sistance {l62-165} have been reported. In se
quential studies of glycerol-induced ARF in 
rats, a significant parallel fall in RBF and GRF 
two hours after glycerol administration has 
been observed; the i. v. infusion of Ringer so
lution, three to six hours after glycerol, nor
malized both RBF and GFR {l66}. Similar sal
utary effects of saline combined with mannitol 
have also been reported {l56, 159, 161}. In 
particular, on microscopic observation, the ap
pearance of the kidney surface soon after glyc
erol injection in rats pretreated with mannitol, 
saline, or both mannitol and saline was quite 
different from that of unpretreated animals: the 
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immediate decrease in peri tubular capillary 
blood flow and the consequent pallor of the 
kidney surface were prevented, although peri
tubular circulation deteriorated one to two 
hours later [l59}. 

These observations suggest that ECV expan
sion or prevention of ECV contraction may par
tially protect against glycerol-induced ARF. 

5.1.1 Plasma Volume Reduction in plasma 
volume has been demonstrated in rats treated 
with glycerol [154, 167}, and a reduced 
plasma volume (as it occurs after 24 hours of 
water deprivation) prior to glycerol injection 
has been proven to increase the severity of ARF 
[154}. Thus, not only saline infusion [156, 
166} but eVen 1 % saline (rather than water) 
drinking [l67}, during 24 hours after glycerol 
injection, was sufficient to greatly protect the 
rats against renal functional impairment; and 
this protection was coincident with and has 
been attributed to a normalization of plasma 
volume [l67}. Failure of protection occurred 
when saline drinking was performed before 
rather than after the glycerol injection [168}. 
On the other hand, protection was obtained 
when saline drinking preceded and also fol
lowed glycerol insult; in this case cortical 
blood flow rapidly increased up to 85% of the 
control value within the first 10 hours, 
whereas it remained very low (one-fourth of 
control value) for as long as 24 hours after the 
injection, in water-drinking animals [160}. It 
has been suggested that the decrease in plasma 
volume, observed in the initial stage of glyc
erol-induced ARF, may cause a reduction in 
cardiac output [162, 163} (through a decreased 
venous return) and a reflex sympathetic change 
in peripheral resistance (including renal resis
tance). On the other hand, a severe volume de
pletion may also cause an increased release of 
vasopressin, since its plasma concentration has 
been found elevated in this model of ARF 
[164}. Vasopressin seems to play some role in 
causing renal vasoconstriction since glycerol in
jection in Brattleboro rats (with hypothalamic 
diabetes insipidus) was not followed by a 
marked rise in renal vascular resistance as in 
normal rats (although it did not prevent the 
subsequent occurrence of ARF) [169}. It must 

be admitted, however, that a specific compet
itive antagonist of vascular effects of vasopres
sin has not prevented the increase in renal vas
cular resistance that followed glycerol injection 
in normal rats [165}. 

Reduction in cardiac output and renal vaso
constriction, therefore, seem to be responsible 
for the initial decrease in RBF {38}, which is 
undoubtedly the primary cause of the fall in 
GFR in the initiation stage of this model of 
ARF. Plasma infusion, in fact, has been 
shown to significantly increase cardiac output 
and restore RBF [162}. 

Thus, the initiation stage of glycerol-in
duced ARF, which is partially reversible by 
ECV or plasma-volume expansion, appears as a 
"functional" ARF, with a marked reduction in 
plasma volume, {l62} and in RBF. FENa has 
been found, in fact, far less than 1% [166}, 
which is consistent with a "functional" phase 
of ARF (prerenal ARF). 

The primary role of intrarenal hemodynamic 
changes in the pathogenesis of glycerol-induced 
ARF is further supported by the observation 
that recent (48 hours) uninephrectomy partially 
protects the rats against ARF [163, 170}. 
Thus, the fall in RBF and GFR and the in
crease in renal vascular resistance and in sys
temic blood pressure were much less pro
nounced in 48-hour uninephrectomized rats 
than in two-kidney sham-operated animals 
[163}. This protection was attributed to the in
crease in RBF and GFR that followed the pre
vious reduction of renal mass [170}. 

5.1.2 
(RAS) 

Role 0/ Renin-Angiotensin System 
The observed decrease in RBF and in-

crease in renal vascular resistance have been at
tributed, also in this model of ARF, to an ac
tivation of the RAS. 

Some experimental data appeared to support 
this hypothesis. Thus, long-term salt loading, 
known to reduce cortical renin content, ap
peared to protect the rats against glycerol-in
duced ARF despite the occurrence of tubular 
necrosis [160, 171-174}. Conversely, dietary 
salt deprivation, known to increase intrarenal 
renin, appeared to increase the severity of this 
experimental model of ARF [17 2}. 

Recent studies, however, have failed to 
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demonstrate, directly and indirectly, an acti
vation of the RAS in the glycerol-induced 
ARF: 

a. Long-term (one to three months) saline 
loading (1% saline drinking or daily i. p. 
injection of 20 ml of 0.9% saline) has been 
shown not to protect rats against glycerol
induced ARF, although it decreased BUN 
by increasing urea clearance; inulin clear
ance was, in fact, severely reduced 24 and 
48 hours after glycerol injection [155}. 

b. Immunization with antibodies against renin 
or All [168, l73} and the use of converting 
enzyme inhibitors or All blockers [175-l77} 
have failed to protect the rats against the 
renal damage by glycerol. 

c. If intrarenal RAS plays an important role in 
the development of glycerol-induced ARF, 
a kidney with high renin content is ex
pected to be more susceptible to the devel
opment of ARF by glycerol. The Goldblatt 
model of renovascular hypertension pro
vided an excellent example for such a situ
ation: rats maintained for a limited time 
(17-23 days) with a partial clamping of one 
renal artery had, for at least 24 hours after 
clip removal, a renin content markedly in
creased in the previously clamped kidney 
and suppressed in the controlateral kidney; 
yet glycerol injection caused a functional 
impairment of comparable degree in both 
kidneys (reduction of GFR to 25% of con
trol values 24 hours after glycerol injec
tion). This experiment by itself, however, 
does not exclude an important role of intra
renal All, since it has been demonstrated 
that unilateral renal artery clipping does not 
necessarily suppress intrarenal All in the 
contralateral kidney even though kidney 
renin is suppressed [179}. 

d. Three hours following i.m. injection of hy
pertonic glycerol in ~ats, a myohemoglobi
nuric ARF is already established, with a 
GFR clearly decreased; yet plasma renin ac
tivity, kidney renin concentration, and in
trarenal All are all normal [7, 20, l80}. 

e. Intrarenal renin and intrarenal AI and All 
have been found normal early (one to six 
hours) in the course of glycerol-induced 

ARF in rats; an increase in their renal con
centration occurred only 17 hours after 
glycerol injection, that is, much later than 
the fall in renal function [l80}. 

Thus, even though the literature has shown 
some discrepancies on the behavior of both 
PRA and renal renin in glycerol-induced ARF, 
these observations, taken together, suggest 
that ARF may occur in rats without any evi
dence of activation of either circulating or in
trarenal RAS [7}. An activation of RAS may 
probably only contribute to the vasoconstric
tion early in the course of glycerol-induced 
ARF; it is, however, not essential for the oc
currence of ARF. 

5.1.3 Role o[ Prostaglandins (PGs) It has 
been recently suggested that PGs may play a 
key role in the pathogenesis of glycerol-induced 
ARF. It is well demonstrated that the contin
uous i.v. infusion of PGE2> begun just before 
[l8l} or immediately after [l56} the subcuta
neous injection of glycerol, reduces the severity 
of ARF in rats, presumably because of its va
sodilator effect on the afferent arterioles. These 
findings are consistent with the observation 
that indomethacin exacerbates the glycerol
induced ARF, presumably through an inhibi
tion of PG release [182}. But the important 
role of the PG system is due not only to vaso
dilator PGs-which may counterbalance the 
vasoconstricting effects of All so that the minor 
release of the former may leave unopposed the 
vasoconstriction induced by the latter-but is 
also due to an increased production of vasocon
strictor PG, which may potentiate the effect of 
All. Recent studies, in fact, have demonstrated 
that thromboxane A2 (TxA2) may play an im
portant role in increasing the vascular resis
tance in this model of ARF [l83, l84}. Thus, 
the kidneys of rabbits treated with subcuta
neous glycerol exhibited, 24 hours after the in
jection, an increased capacity to produce TxA2 
[l83}' These findings have suggested a possible 
alteration in the relative proportion of vasodi
lating and vasoconstricting PGs in glycerol
induced ARF in rabbits with a predominance 
of vasoconstrictor substances; hence, the pro
tective effect observed with i. v. infusion of 
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PGE2 {156, 181} may be due to a "normaliza
tion" of that proportion {183}. 

It has also been suggested that the protective 
effect of saline against this model of ARF is 
PGEz-mediated since it is blunted by indo
methacin and restored by PGE2 administration 
{156}. There are, indeed, some experimental 
data demonstrating that saline infusion induces 
release of PGs {185}; this may be the mecha
nism by which saline loading elicits partial 
protection on the initial "functional" stage of 
this model of ARF. But it remains to be estab
lished why indomethacin, which exacerbates 
glycerol-induced ARF {177} presumably 
through a reduction in PGE2 release, does not 
reduce also TxA2 production since the drug is, 
indeed, an inhibitor of cyclooxygenase. Thus, 
either TxA2 is not the only vasoconstricting 
factor involved in glycerol-induced ARF (more 
probable hypothesis) or indomethacin does not 
inhibit PGE2> PGI2, and TxA2 to the same 
extent {186}. Further studies using selective 
inhibition of different pathways of endoperox
ide metabolism are therefore necessary {183}. 

5.2 RENAL FUNCTIONAL IMPAIRMENT IN 
THE MAINTENANCE STAGE OF GLYCEROL
INDUCED ARF 
When the experimental animals were treated 
with i. v. infusion of Ringer 12 to 18 hours 
after glycerol injection, RBF was normalized 
but GFR remained low {166}. Similarly, other 
authors have found that RBF is not signifi
cantly reduced in conscious rats during the 
maintenance phase of glycerol-induced ARF. 
Thus, the fall in RBF is important in initiating 
but not in maintaining ARF due to glycerol 
{162, 174}. 

Actually, 24 hours after glycerol injection in 
rats, while RBF is normal, GFR is reduced to 
approximately 25% of control values, and frac
tional excretion of water and salt is significantly 
increased {178, 187} with FENa much greater 
than 1% {155, 166}, suggesting an "organic" 
ARF (ATN). 

Other factors should therefore account for 
the low GFR in the maintenance phase: these 
may include increase in blood viscosity, de
crease in Kf , tubular obstruction, and backleak 
of filtrate. 

5.3 EFFECT OF GLYCEROL 
ON BLOOD VISCOSITY 
It has been demonstrated that blood viscosity 
is increased 24 hours after glycerol injection; 
this increase in blood viscosity has been attrib
uted to the observed higher concentration of 
plasma fibrinogen and may account for changes 
in GFR, despite normal RBF, through 
changes in segmental vascular resistance {44}. 
The marked increase in serum and urinary fi
brin(ogen) degradation products (FDP) ob
served in rats unprotected but not in those pro
tected (i.e., made refractory by prior ARF 
challenge) against glycerol-induced ARF {188} 
seems to support the theory of an essential role 
of fibrinogen utilization in the pathogenesis of 
this model of ARF. There is, however, the al
ternative possibility that it represents the result 
rather than the cause of ARF. 

5.4 EFFECT OF GLYCEROL ON K f 

K f has not been measured as yet in glycerol
induced ARF. The demonstrated elevation of 
plasma levels of arginin vasopressin in this 
model of ARF {164}, however, and the capa
bility of arginin vasopressin for reducing K f in 
normal animals {189} by triggering glomerular 
mesangial cell contraction suggest that K f may 
be reduced. 

Alterations in glomerular morphology may 
also indirectly suggest the existence of K f 

changes early in the course of this model of 
ARF. Thus, swelling of both epithelial and 
mesangial cells has been observed by electron 
microscopy in rat glomeruli 30 minutes to 16 
hours after glycerol injection, but not at 24 
hours {190}. 

5.5 EFFECT OF GLYCEROL 
ON TUBULAR STRUCTURES 

Twenty-four hours after i.m. lOJection of 10 
mllKg b. w. 50% glycerol solution in rats, 
proximal tubular function is severely impaired 
(depression of glucose, bicarbonate, and phos
phate reabsorption, of PAH secretion and ex
traction, of the activities of Na-K-ATPase and 
other enzymes of the proximal tubules); at the 
same time severe tubular damage is observed 
on renal histology by light and electron mi
croscopy {191}. Tubular damage is more dif-
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fuse and severe in the proximal convoluted tu
bule of superficial and deep nephrons, has a 
patchy distribution in the "pars recta," and is 
minor in the thick ascending limb. Epithelial 
lesions in proximal tubules consist in loss of 
brush border, cytoplasmic vacuolization, and 
mitochondrial swelling (l91}. Tubular cell de
bris and pigment casts are observed in the 
proximal convolution, in the "pars recta," in 
the loop of Henle, and even in the collecting 
tubules, which exhibit, however, ah intact ep
ithelium [190, 191}. 

5.6 TUBULAR OBSTRUCTION FOLLOWING 
GLYCEROL INJECTION 
It has been stated that tubular obstruction by 
pigmented casts, as observed in histologic 
preparations, has to play an important patho
genetic role in the initiation stage of myo
hemoglobinuric ARF (l5}. No experimental 
data, however, can support such a view. Thus, 
in the first three to four hours following glyc
erol injection, proximal tubules have been ob
served either completely collapsed or with such 
a low ITP as to make very difficult or even im
possible any fluid collection by micropuncture 
technique [158, 159}. Similarly, even 18 to 26 
hours after glycerol injection, 75% of proximal 
tubules had neither a visible lumen nor a de
tectable intraluminal flow, while in the re
maining puncturable tubules, ITP was lower 
than normal (l59}. When ITP was evaluated 
every day for as long as six days after glycerol 
injection in rats, the daily mean values were 
found constantly to be normal [192}. Elevated 
ITP values in dilated proximal tubules were 
found only in a minority of the nephrons in 
rats with methemoglobin-induced ARF. 

Taken together these observations do not 
support the common belief that pigment-in
duced ARF is caused by tubular obstruction. 

5.7 BACKLEAK OF FILTRATE FOLLOWING 
GLYCEROL INJECTION 

No backleak of inulin was detected 30 minutes 
to 24 hours after glycerol administration in the 
rat (l58}. Very slight backleak of inulin was 
observed, by microinjection experiments, in 
rats with methemoglobin-induced ARF (23}. 
These observations suggest that the role of 

backleak of filtrate, if any, should be minor in 
the pathogenesis of myohemoglobin uric ARF. 

5.8 SUMMARY 

Taken together, these experimental data sug
gest that hemodynamic changes are responsible 
for the initiation stage of glycerol-induced 
ARF, which appears as a "functional" failure 
secondary to volume contraction. Vasoconstric
tion of afferent arterioles due to sympathetic 
stimulation, All, and/or TxA2 secretion may 
well account for the fall in RBF and GFR con
stantly observed in the early stage. ARF is then 
maintained despite normalization of RBF. This 
may occur because of an increase in blood vis
cosity (proved), a decrease in Kf (unproved), 
tubular obstruction by cell debris and pigment 
casts observed on histologic preparations (but 
ITP has not been found elevated), and back
leak of filtrate (if any, of minor importance). 
Further studies appear necessary for better un
derstanding of the pathogenetic mechanism of 
the maintenance stage of this model of ARF. 

6 Pathogenesis of Ischemic and 
Nephrotoxic Models of ARF 
The present state of knowledge of ischemic and 
nephrotoxic models of ARF appears to support 
a primary role of both glomerular arteriolar va
soconstriction and reduction in K f in the path
ogenesis of the initiation phase of ARF, as well 
as a key role of both tubular obstruction and 
backleak of filtrate in the maintainance phase. 

6.1 IMPAIRMENT IN PROXIMAL TUBULAR 
REABSORPTION IN INTRINSIC ARF (ATN) 

If we consider nephrotoxic ARF, the demon
stration of early histochemical changes in the 
brush border of the entire proximal tubules 
with inactivation of certain brush border en
zymes following HgC 12 administration in rats 
[27} suggests an early decrease in proximal so
dium chloride reabsorption in heavy metal-in
duced ARF, which precedes any morphological 
aberration of epithelial cells. On the other 
hand, "in vitro" studies have shown that ur
anyl and mercuric ions inhibit active sodium 
transport across the frog skin [193} and across 
the urinary bladder of the freshwater turtle 
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even without loss of structural membrane in
tegrity [194}; this effect is reversed by di
thiothreitol, a sulphydryl-reducing agent and 
heavy metal chelator [194}. These observations 
have suggested that toxic inhibition of proxi
mal tubular reabsorption in rats treated with 
heavy metals may activate the tubuloglomeru
lar feedback (TGF) mechanism through an in
creased delivery of filtrate to the macula densa 
[25}. 

In the ischemic models of ARF, tubular cell 
function is similarly impaired, after the is
chemic insult, much before the clear occur
rence of morphological lesions in tubular struc
tures. Changes in intracellular electrolyte 
composition, cell depletion of ATP, and intra
cellular acidosis usually precede histologic 
damage to proximal tubules [112, 140}. These 
biochemical alterations are associated with a 
significant reduction in tubular reabsorption 
[113, 127}, while microperfusion of isolated 
tubular segments dissected from kidneys of 
rabbits with post-ischemic ARF have exhibited 
an impaired transport capacity especially in 
proximal tubules [153}. Since O 2 consumption 
by the kidney is mostly due to tubular reab
sorption of filtrate, it is not surprising that tu
bular epithelia are the renal structures most 
sensitive to the hypoxic insult and that the ini
tiating event of A TN is the dramatic reduction 
in proximal tubular reabsorption [140}. The 
latter phenomenon may activate the TGF 
mechanism in a fashion quite similar to that 
postulated in nephrotoxic ARF. 

6.2 GLOMERULAR HEMODYNAMICS; RBF AND 
GFR REGULATION 

The main sites of resistance in the renal vascu
lature may be located in the afferent and effer
ent arterioles and, possibly, in the interlobular 
arteries. Changes in RBF are inversely related 
to the changes in overall intrarenal resistance. 
Changes in GFR, instead, may depend on the 
site and extent of single resistance change. 
Thus, increases and falls of afferent arteriolar 
resistance cause inverse changes of RBF and 
GFR. Changes in efferent arteriolar resistance 
will still induce inverse changes in RBF, but 
will elicit a biphasic response ofGFR [195}. In 
a low resistance range, GFR will increase with 

increasing resistance because of the increase in 
glomerular capillary pressure (GCP); this rise 
in GFR, however, will be slight under condi
tions of filtration pressure equilibrium at the 
efferent end of the glomerular capillary tuft 
[196}, but will be more marked in case of dis
equilibrium. In the high-resistance range, 
GFR will fall with increasing resistance because 
the decrease in RBF becomes predominant 
[195}. 

Undoubtedly, the afferent arteriole is the 
predominant site of the interaction of vasocon
strictor and vasodilator hormones. It has been 
stated that a similar interaction also occurs at 
the efferent arteriole level [195}. Andreucci 
and his associates [197}, however have dem
onstrated that changes of pressure in the first 
order peri tubular capillaries of superficial neph
rons are merely secondary to changes in GCP 
and that superficial efferent arterioles behave as 
passive vessels; that is, they are unable to di
late and to constrict in response to neural and/ 
or humoral stimuli [197}. 

6.3 THE TUBULOGLOMERULAR FEEDBACK 
(TGF) AND THE RENIN-ANGIOTENSIN 
SYSTEM (RAS) 
A substantial body of evidence has been ad
duced that in normal kidneys a negative TGF 
mechanism is continuously operating in order 
to prevent salt depletion by adjusting the GFR 
of the single nephron to the reabsorptive capac
ity of its proximal tubule [196}. This rapidly 
acting, negative TGF mechanism has been 
demonstrated in rats, dogs, and even in the 
isolated human cadaver kidney [19B} and ap
pears to respond to flow-dependent changes in 
the composition of distal tubular fluid-that 
is, changes either in NaC 1 [199-202} or in 
total solute concentration [203, 204}. The al
tered tubular fluid composition is sensed by the 
macula densa cells, probably through an in
crease in receptor cell cytoplasmic calcium ac
tivity [204} and will induce a local All gener
ation [7, 205}. All will cause afferent arteriole 
constriction [206} and the consequent fall in 
GFR through a decrease in GCP [207} and/or 
in glomerular blood flow [20B} and in K f 

[208}. Thus, GFR has been shown to de
crease, for instance, following acetazolamide 
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{209} or benzolamide {21O}, carbonic anhy
drase inhibitors that act primarily by decreas
ing reabsorption from proximal tubules; this 
fall in GFR has been attributed to activation of 
TGF. 

Should ischemic or toxic factors cause a tu
bular dysfunction that restricts proximal tubu
lar reabsorption, an increased delivery of filtrate 
to the macula densa will activate this TGF 
mechanism and elicit a great local production 
of All with a consequent critical fall in blood 
flow and filtration rate in injured nephrons 
{211-213}. This pathophysiological mecha
nism of ARF has been proposed by Thurau's 
group as the key factor in initiating ARF. 

The occurrence of an increased distal delivery 
of tubular fluid in ARF, that is in a condition 
of reduced GFR, is demonstrated by (a) the fre
quently high urine output, (b) the frequent in
crease in fractional excretion of sodium {6, 7, 
127}, and (c) the higher sodium chloride con
centration in the tubular fluid obtained, by mi
cropuncture, from distal tubules at the macula 
densa level {25, 26}. 

On the other hand, not only the increased 
distal delivery of salt (or solutes) but also the 
salt depletion-that may result from the ini
tially high urine output and salt excretion both 
in ischemic and nephrotoxic models of ARF, as 
testified by the body weight loss observed after 
ischemia {l23}, uranyl nitrate {22}, or HgCl2 

administration {41, 49}-may stimulate the 
RAS. It has been demonstrated, in fact, that 
intrarenal All is significantly increased in rats 
in which sodium deficiency was induced by 
low-salt diet plus furosemide {214} (i.e., by 
the increased urinary excretion of salt in a con
dition of reduced intake). 

Thus, both renal vasoconstriction and reduc
tion in Kf observed in ischemic and toxic mod
els of ARF may be attributed to All and may 
well account for the initiation of ARF, when 
no morphological lesions can be detected as yet 
throughout the nephrons. 

6.3 . 1 Observations Supporting a Key Role of RAS 
in the Pathogenesis of ARF According to many 
authors, in the mammalian kidney there are 
three main intrinsic mechanisms for renin re
lease: (a) the renal baroreceptors, are located at 

the afferent arteriole level, which are SenSitive 
to changes of either perfusion pressure or vas
cular wall tension; (b) the macula densa, which 
is sensitive to changes in distal delivery of ei
ther sodium chloride or total solutes; and (c) 
the sympathetic nervous system (that may be 
activated by systemic baroreceptors), which 
may act through the direct activation of beta
adrenergic receptors in the juxtaglomerular 
cells {215}. These mechanisms may act in con
cert, for instance, in conditions of hemor
rhagic hypotension when renin release may in
crease because of (a) decrease in perfusion 
pressure, (b) increase in distal tubular delivery 
of NaC 1 (or total solutes), as a consequence 
of ischemic impairment in proximal tubular 
reabsorption, and (c) activation of the sympa
thetic nervous system secondary to the hypo
volemia. 

The role of RAS in ARF, however, is still a 
matter of debate. The following observations 
appear to support a key role for RAS in the 
pathogenesis of ARF: 

a. The renin content in superficial glomeruli 
(outer cortex) is greater than in deep glo
meruli {l0, 25} (even though TGF mecha
nism has been recently shown to be opera
tive also in juxtamedullary nephrons) {216}. 
This observation is consistent with the 
studies by arteriography {217}, silicone 
rubber {l3}, and microspheres {1l6}, 
which have demonstrated a preferential 
outer cortical hypoperfusion in ARF. 

b. The magnitude of TGF response to different 
perfusion rates of distal tubules with Ring
er's solution is directly proportional, in 
normal rats, to juxtaglomerular renin activ
ity {213}. 

c. The TGF response to marked flow rate 
changes is significantly reduced in normal 
rats by i. v. infusion of either All antago
nist, Sar\ Ala8angiotensin II (Saralasin, 
which interferes with All-receptor interac
tion) {218}, or converting-enzyme inhibitor 
SQ 20,881, (which interferes with All for
mation) {205, 219}. 

d. Sodium concentration has been found sig
nificantly increased in the early distal tu
bular fluid in rats after experimental renal 
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ischemia {220} and in rats with UN-in
duced ARF {25, 26}, suggesting an acti
vation of TGF. 

e. Renin activity has been found to be in
creased in individual JGAs of rats with ei
ther hemorrhagic hypotension or renal hy
poperfusion due to aortic clamping {221}, 
with post-ischemic ARF {l25, 211}, with 
glycerol-induced ARF {222}, with UN-in
duced ARF {25, 26, 223}, or with HgClr 
induced ARF {223}. 

f. TGF mechanism is preserved and operative 
in many experimental models of ARF {127, 
212, 213}; the magnitude of the feedback 
response is maintained directly proportional 
to the JGA's renin activity after 45-minutes 
ischemia, suggesting that the sensitivity of 
the mechanism is preserved by ischemia 
{l27}. 

g. The TGF can be inhibited in experimental 
ARF by the presence of furosemide in the 
fluid perfusing the macula densa segment 
{208, 213, 214}. Since the ion initiating 
the TGF seems to be chloride, furosemide 
may act by inhibiting active chloride reab
sorption at the macula densa level as it does 
in the thick ascending limb of the loop of 
Henle {20 1, 208, 211, 224}. This may 
account for the protective effect of furose
mide in ARF despite the increased delivery 
of salt to the macula densa elicited by this 
diuretic agent. 

h. A TGF response has been triggered in rats 
by perfusing the loop of Henle and early 
distal tubule with electrolyte-free sera, 
urine, or peritoneal fluid of patients with 
ARF and hepatic damage; this effect was 
not blocked by the addition of furosemide 
{225}. 

1. The intraperitoneal administration of di
thiothreitol in rats 30 minutes after subcu
taneous injection of either UN or HgC 12 
prevented or readily ameliorated the heavy 
metal-induced ARF: only slight alterations 
were, in fact, observed in GFR (slight fall) 
and in FENa (slight increase) in comparison 
with animals treated with UN or HgC 12 
alone; simultaneously both PRA and JGA's 
renin activity, markedly increased in rats 
treated with UN or HgC12 alone, were 

completely normalized by dithiothreitol 
{223}. 

J. Salt loading, a condition known to cause 
renin depletion (by a mechanism different 
from that operating at the macula densa), 
has been shown to have a protective effect 
on ARF induced in rats by HgC 12 {226} or 
by gentamicin (90} despite the persistent 
occurrence of severe tubular necrosis undis
tinguishable from that occurring in non
renin -depleted rats. 

k. Chronic oral captopril administration, 
known to lessen endogenous All formation, 
has been proven successful in offsetting the 
impairment in glomerular function induced 
by gentamicin, with no amelioration of the 
severe morphologic changes in proximal 
tubule epithelia (90}. 

1. The administration of converting-enzyme 
inhibitor SQ20,881 prior to or shortly after 
UN injection in dogs has been found to 
markedly attenuate the fall in GFR (227}. 

6.3.2 Observations Arguing Against a Key Role 
0/ RAS in the Pathogenesis of ARF It has been 
well demonstrated that PRA does not have any 
effect on the severity of ARF {l3, 33, 228}. 
Any condition, in fact, that can block the ef
fects of circulating renin does not usually pro
tect the experimental animals against nephro
toxic ARF; this is the case with immunization 
to renin (I87), active or passive immunization 
to All (229}, administration of saralasin, the 
competitive antagonist of All {l76}. But all 
these observations left open the possibility that 
antibodies and pharmacologic inhibitors do not 
affect the local production of angiotensin (228} 
because of the intracellular site of this produc
tion (230}. It remained possible that the be
havior of the renal cortical renin content, as an 
index of the intrarenal activity of the RAS, 
could play the key role in the induction of 
ARF. 

Some recent experimental data, however, 
appear to argue against a primary pathogenetic 
role for the intrarenal RAS in experimental 
ARF: 

a. Although the TGF is still operative lfi 

ARF, the magnitude of the glomerular re-
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sponse to the changes in macula densa sig
nal is clearly reduced in many models of 
ARF [2I2} (it is not reduced, however, 
following 45-minute ischemia) [127}. 

b. Long-term (five to six weeks) NaC 1 loading 
induced not only a clear suppression of 
plasma renin but also an intrarenal renin 
depletion in rats; yet the animals were not 
protected against UN- or HgCIrinduced 
ARF in the absence of increased NaC 1 in
take and/or excretion [228}. Similar obser
vations were reported in rats with ischemic 
ARF [23 I}. 

c. Long-term (three to five weeks) NaCI load
ing has been shown to diminish both the 
renin activity in ]GAs and the TGF re
sponse to different perfusion rates of the 
macula densa with Ringer's solution, but 
did not improve inulin clearance after either 
45-minute ischemia or intra-aortic injection 
of UN [I27}. 

d. Acute ECV expansion by saline infusion 
partially protected against UN-induced 
ARF (i.e., it increased inulin clearance) de
spite an only mild depression of both the 
renin activity in ]GAs and the TGF re
sponse to different distal perfusion rates 
[127}. 

e. Long-term (five to six weeks) sodium deple
tion induced a significant increase in renal 
cortical renin content in rats; yet the animals 
were protected against UN- or HgClrin
duced ARF by short-term (48 hours) in
crease in NaC 1 intake and/or excretion 
[228}. 

f. In two-kidney Goldblatt rats, the ARF due 
to either arterial occlusion [127} or UN 
[127}, or HgCl2 [232}, or glycerol [178} 
was equal in severity in both kidneys de
spite different degrees of renal cortical renin 
content. 

g. The increased solute excretion induced in 
rats by pretreatment with diuretics clearly 
protected the animals against HgClrin
duced ARF, although no change in renal 
renin content had occurred [233}. 

h. Pretreatment with beta-blocking agents pre
vented the rise in plasma and renal cortical 
renin activities in HgClrinjected rats; yet 
ARF occurred in all animals even though in 
attenuated form [32}. 

These observations, therefore, argue against 
an important role of both intrarenal renin and 
TGF either in inducing or influencing the se
verity of ischemic or nephrotoxic ARF: renin 
suppression confers, in fact, no protection 
against experimental ARF [127}. NaCl intake 
and/or excretion may influence the severity of 
ARF, but this influence seems to occur regard
less of the ]GA renin activity [127, 228}. In 
other words, NaCl has an independent effect 
on renal cortical renin content and on the se
verity of ARF. The short-term increase in NaCl 
intake and/or excretion, in fact, reduced the 
severity, shortened the maintenance phase, 
and hastened the recovery of HgClrinduced 
ARF, whatever the intrarenal renin content 
[228}. 

As stated by Thurau et al. [202}, however, 
even if we assume that All is the mediator of 
the TGF, local All concentration cannot be 
predicted from the activity of renin, which is 
only one of the enzymes involved in All pro
duction. Thus, for instance, sodium bromide 
perfusion of macula densa segment did not in
crease ]GA renin activity, yet it induced a 
feedback response. 

Furthermore, some still undefined factors 
may influence the sensitivity of the TGF. 
Thus, it has been recently demonstrated that 
the high interstitial hydrostatic pressure in the 
kidneys of rats with ECV expansion is associ
ated with a reduced feedback sensitivity, while 
the low interstitial pressure observed in rats in 
conditions of dehydration, hypotension, or hy
povolemia is associated with an increased feed
back sensitivity [234}. These observations may 
account for the protection of acute salt loading 
against experimental ARF. 

Finally, the RAS should not be regarded as 
an isolated mechanism; other intrarenal sys
tems (such as prostaglandins, kinins, etc.) 
may influence renin secretion as well as the 
TGF [235} in a manner still controversial. 
Thus, some authors have given evidence that 
PGI2 decreases the feedback sensitivity (proba
bly through an increase in renal interstitial 
pressure), while PGE2 does not change feed
back characteristics in normal animals but in
creases to normal level the reduced feedback 
sensitivity that follows unilateral nephrectomy 
[234}. However, other authors have shown 
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that blockage of PG synthesis will reduce the 
feedback response that is restored by intra-aor
tic infusion of PGIz or PGEz [195}. Further
more, it has been demonstrated that inhibition 
of the PG system by indomethacin increases 
the severity of gentamicin-induced ARF and 
that gentamicin decreases plasma and urinary 
kallikrein [75}. 

The observations on the protective effects of 
acute salt loading have, at any rate, very im
portant clinical implications since long-term 
salt loading appears to be unnecessary in the 
prevention of ARF; acute ECV expansion or 
48-hour increase in NaCl intake is quite suffi
cient for protective purposes [127, 228}. The 
failure of expansion in protecting against ARF 
reported by some authors in ischemic [131, 
149} or glycerol models [159} may be attrib
uted to inadequacy of ECV expansion [127}. 
The mechanism of this protection is still a mat
ter of debate; it is not yet established whether 
the ECV expansion per se or the resulting sol
ute diuresis is the important factor. The inhi
bition of proximal tubular reabsorption by 
ECV expansion may decrease the intraluminal 
concentration of nephrotoxins, in this way less
ening the tubular insult [127}; thus, for in
stance, salt-loading in rats prior to HgClz in
jection exhibited partial protection against the 
development of ARF, which was associated 
with a decrease in renal cortical Hg + + levels 
[236}. On the other hand, the increased di
uresis will increase nephrotoxin excretion {127, 
174, 228}. Thus urinary excretion of HgClz 
[236} and gentamicin {85} has been found 
clearly increased in salt-loaded rats undergoing 
intoxication by HgClz and gentamicin, respec
tively. Finally, increased urine output will 
minimize obstruction by washing out cellular 
debris from tubular lumina. 

Undoubtedly long- or short-term saline load
ing may also contribute to some renal function 
improvement by correcting volume depletion, 
which may result from the high urine output 
and salt excretion in early stage of experimental 
ARF [127}. 

6.3.3 The Slow-Acting TCF Mechanism Acti
vated by Prolonged Tubular Blockade It has been 
recently suggested that, in addition to the fast
acting, negative TGF mechanism sensitive to 

acute increases in distal tubule fluid flow, a 
slow-acting positive TGF mechanism is also 
operative in individual nephrons; this mecha
nism is activated by prolonged tubular block
ade [237, 238}. It has been, in fact, demon
strated that 12 to 24 hours following blockade 
of single tubules in the rat kidney, a clear de
crease both in GCP and in glomerular blood 
flow occurs, suggesting an afferent arteriolar 
constriction {24, 239}, a pattern similar to 
that observed 24 hours after unilateral ureteral 
obstruction with a normal contralateral kidney 
{240}. The JGA is undoubtedly involved in 
this mechanism, since the glomerular response 
to chronic tubule blockade does not occur in 
the Necturus kidney, the JGA of which is 
poorly developed without a macula densa 
[241}. 

It seems that the signal initiating this slow
acting TGF is not given by the increase in di
ameter andlor in pressure in the loop of Henle 
(it occurs, in fact, also in case of proximal tub
ule blockade), nor by the increase in pressure 
in Bowman's space (it occurs also with a hole 
in the tubule proximal to the blockade site), 
but by a decrease in fluid delivery to the mac
ula densa {237}. 

The extent of afferent arteriolar constriction 
elicited by prolonged tubular blockade is not 
severe enough to stop the glomerular filtration 
rate in the involved nephron. When SNGFR 
was measured, in fact, in rats 26 hours follow
ing tubular blockade while the ITP was main
tained normal during fluid collection (it was 
much higher before collection), a mean value 
42% lower than normal was obtained [237}. 
This observation suggests that SNGFR in un
disturbed obstructed nephrons is quite low, 
but its fall is accounted for both by a feedback 
mechanism (through an afferent arteriole vaso
constriction) and by the increased ITP (through 
the decrease in glomerular transcapillary hy
draulic pressure difference). 

6.3.4 Role of Angiotensin II (AlI) in CFR 
Regulation AU is undoubtedly involved in the 
physiologic regulation of GFR, as shown by 
the following well-established observations: 

a. Renin, AI-converting enzyme, AI, and 
AU coexist in epithelioid cells of JGA 
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[242-244}, and All is formed by an intra
cellular mechanism independent from the 
extracellular RAS [245}. 

b. All has been shown to decrease RBF [246}. 
c. All decreases GFR [2l}. 
d. All has been demonstrated to reduce K f 

[21]; even the reduction of K f observed af
ter PTH, PGE20 PGI20 and cAMP seems 
to be mediated by All [47]. 

e. After i. v. injection in rats, tritiated All has 
been located by autoradiography in the glo
merular mesangial cells [247]. 

f. Scanning electron microscopy has demon
strated a marked shrinkage of glomerular 
tufts following All administration in rats 
[248} presumably due to the contractile 
myofilaments contained in glomerular mes
angial cells; the resulting decrease of the 
surface area of the glomerular capillaries 
may well account for the reduction in K f • It 
seems that only All and arginine vasopres
sin are capable of stimulating mesangial cell 
contraction in vitro [249]. 

g. An All-mediated vasoreactivity of rat glo
meruli has been demonstrated in "in vitro" 
preparation: the diameter of isolated glo
meruli decreased in proportion with the in
crease in concentration of 12sI_AIl [250}. 

h. Specific All receptors have been demon
strated in isolated rat glomeruli; aspa-

. 11 .1 5·1 8 All d . 1·1 8 rag1ny -1 eu -1 eu - an sarcosme -1 eu -
All (analogs of All that block the pressor 
and myotropic activity of All) appeared ef
fective competitive inhibitors of 12sI_AIl 
binding to the isolated glomeruli [250}. 
AU receptors in glomeruli seem to differ 
from those in the renal vasculature [251]. 

Recent studies have demonstrated a dissocia
tion between intrarenal renin and intrarenal 
All [7]. Thus, oral sodium loading in rats for 
three weeks has been shown to suppress PRA 
and intrarenal renin, as already well known, 
but to leave unchanged intrarenal All in com
parison with rats on normal sodium intake; in 
sodium deprived rats, instead, a significant in
verse linear relationship was observed between 
intrarenal All and urinary sodium concentra
tion [214}. 

These observations leave open the question 

concerning the role of All in the pathogenesis 
of ARF. It is possible that factors other than 
renin may lead to angiotensin synthesis; thus 
All may be formed directly from renin sub
strate through an alternative pathway catal
ized by the beta-converting enzyme "tonin" 
[252], which is not inhibited by the available 
converting enzyme blockers [253], But the 
demonstration that i.p. injection of the con
verting-enzyme inhibitor SQ20,881 clearly de
presses intrarenal All one hour after injection 
(while PRA is elevated and intrarenal renin re
mains unchanged) appears to support the key 
role played by the classical "converting en
zyme" or by the "All-forming enzyme" [254] 
in the production of intrarenal All [214]. 

6.4 SYMPATHETIC NERVE ACTIVITY AND 
CIRCULATING CATECHOLAMINES 
The kidney receives a rich sympathetic inner
vation. Adrenergic nerve fibers enter the kid
ney with the arterial supply; they are distrib
uted in the cortex along the intrarenal arteries 
up to afferent and efferent arterioles, reaching 
both juxtaglomerular cells and tubular struc
tures [255]. Adrenergic innervation has also 
been demonstrated in the "vasa recta" of the 
outer medulla, but not in the inner medulla. 
Chemical measurement of NE in renal tissue 
has shown a NE distribution well correlated 
with the histochemical demonstration of nerve 
fibers [256]. 

Adrenergic nerve stimulation and exogenous 
catecholamines are known to induce the follow
ing effects: 

a. Direct renal vasoconstnctlon, by a direct 
effect on afferent arterioles [197]. This ef
fect is so important that an experimental 
model of ARF has been created by NE in
fusion, as widely discussed. On the other 
hand, clinical observations in humans have 
shown a fall in renal function after i.v. infu
sion of NE as well as the occurrence of prer
enal ARF in those forms of acute myocardial 
infarction in which increase in catecholamine 
secretion has been demonstrated [1]. 

b. Renal renin release [257]. This effect seems 
to be beta-adrenegically mediated since it is 
blocked by propranolol. The resulting All 
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production will amplify the adrenergic tone 
both by stimulating catecholamine release 
from the adrenal glands and by enhancing 
the NE release from sympathetic nerve ter
minals [256]. Furthermore, All will, by 
itself, potentiate the afferent arteriole vaso
constriction. Beta-blocking agents (mainly 
propranolol) have been shown to partially 
protect against experimental ARF [32, 
126, 148, 258, 259]. Possibly this protec
tion is the result of suppression of RAS, 
but it may be due to the inhibition of tu
bular beta receptors with a consequent de
crease in cellular impairment [148, 259]; 
it has also been proposed that beta blockers 
inhibit the presynaptic facilitatory beta re
ceptors that increase NE release during 
nerve stimulation, thus reducing the sym
pathetic tone [32]. 

c. Renal PG's synthesis and release [256]. 
This effect appears to be alpha adrener
gically mediated since it is specifically 
blocked by phenoxybenzamine but not by 
the beta-adrenergic blocking agent propran
olol [256]. 

It has been demonstrated, at least in unanes
thetized rats, that basal renal PGE2 production 
is not regulated by basal renal nerve activity, 
but that adrenergic stimulation and prolonged 
elevation in plasma NE promote a sustained 
PGE2 synthesis by the kidneys [260]. 

The PGs released by catecholamines will an
tagonize the vasoconstrictor actions of adrener
gic stimulation both by their direct vasodilator 
activity and by their demonstrated inhibition 
of NE release induced by adrenergic stimula
tion (a form of negative feedback) [256]. 

All has been shown to be the major ischemic 
factor in dogs with hemorrhagic hypotension, 
but renal sympathetic nerve activity is also un
doubtedly contributing to the increased renal 
resistance in this condition [261, 262]. Thus, 
dogs with hemorrhagic hypotension exhibited 
reduced RBF and GFR, especially when PGs 
were inhibited by pretreatment with indometh
acin; unilateral intrarenal infusion of a specific 
All antagonist could attenuate the impairment 
of renal perfusion and function, but only when 
renal denervation was also associated was a 

great protection of RBF and GFR observed 
[261, 262]. 

The adrenergic system has been shown to be 
involved in some unknown way in the TGF 
mechanism in normal rats; TGF response was, 
in fact, markedly reduced during beta block
ade with propranolol (because of a reduction in 
renin release?) [205]. But no appreciable effect 
on TGF response was observed during alpha 
blockade with phenoxybenzamine or phentol
amine, nor following chemical renal denerva
tion with 6-hydroxydopamine (which is known 
to destroy adrenergic nerve terminals), nor fol
lowing depletion of adrenergic nerve vescicles 
with reserpine [205]. Thus, nervous transmis
sion does not appear involved in TGF; and this 
is consistent with the preservation of TGF in 
completely isolated blood-perfused dog kidneys 
[263}. It seems, instead, that circulating cate
cholamines play some role [205]. Thus, TGF 
response has been found consistently increased 
in rats following hemorrhagic hypotension: fac
tors other than blood volume, renal perfusion 
pressure, or RAS had to be considered as re
sponsible for this observation, and circulating 
catecholamines have been implicated [264]. 

6.5 PROSTAGLANDINS (PGs) 

PGs constitute a heterogeneous group of ara
chidonate metabolites. The arachidonic acid (an 
unsaturated fatty acid) is formed from cell 
membrane phospholipids by the enzyme phos
pholipase A2. Under the action of cyclooxygen
ase, arachidonic acid is transformed into two 
unstable endoperoxide intermediates, PGG2 
and PGH2, which are further metabolized to 
the prostaglandins PGEb PGF2n , PGI2 (pros
tacyclin), PGD2, and to thromboxane A2 
(TxA2) [265] (figure 1-1). PGA2, initially 
identified as a PG synthesized in the renal me
dulla, has then been shown to be an art if actual 
product formed from PGE2 during the isolation 
procedure [266, 267]. PGs and their precursor 
are unbiquitous in the human body. But the 
kidney is undoubtedly the main site of PG syn
thesis [268]. This renal biosynthesis was ini
tially believed to be confined to the renal me
dulla, probably because the amount of PGE2 
synthesized in the medulla is much larger than 
the total PGs synthesized in the cortex [269]. 
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It is now well established, instead, that PG 
synthesis, within the kidney, occurs both in 
the cortex (mainly PGI2) and in the medulla 
(mainly PGE2 ) [269J. 

Synthesis of PGs have been located at least 
in the following sites: (a) glomeruli [270J, 
mainly in epithelial [PGI2J but also in mesan
gial cells (PGE2) [267, 271J; (b) endothelial 
cells of arteries and afferent arterioles [266J; (c) 
cortical collecting ducts [267]; (d) medullary 
collecting ducts [272J; (e) interstitial cells of 
the medulla [273J; and (f) ascending limb of 
Henle's loops [274]. 

PGs are not stored. Their release is due to 
de novo synthesis, and their effects are exerted 
close to their sites of synthesis [184J. This ac
counts for the compartimentation of the syn
thesis of different PGs. Thus, even though 
PGI2 , the unstable vasodilator and anti-aggre
gating compound, would appear as a trivial 

FIGURE 1-1. Synthesis and degradation of prostaglandins. 

PG in a whole kidney preparation, its synthe
sis on a regional basis is very important consid
ering the functional role played in the renal 
cortex {269]' While PGE 2 and PGF2a are, in 
fact, the predominant "classical" PGs synthe
sized both in the cortex and in the medulla (the 
more active PGE2 is transformed into PGF2a by 
9-ketoreductase), PGI2 (prostacyclin) is the PG 
produced predominantly by cortical arteries 
and arterioles [266J, suggesting its primary 
role in regulating renal vascular tone in the 
renal cortex [267]. 

Renal PGs are mainly matabolized within 
the kidney, even though stop-flow experiments 
have demonstrated that unchanged PGE 2 and 
PGF2a are secreted into the loop of Henle, so 
that their urinary excretion reflects their syn
thesis within the kidneys {275J; PGE2 and 
PGF2a may also enter the renal venous blood 
[276J to be almost completely degraded by the 
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lung during one passage through pulmonary 
circulation. PGI2> instead, is not metabolized 
by the lung so that it may function as circulat
ing hormone [267}. 

Obviously, the renal concentration of PGs is 
the net result of synthesis and degradation (or 
excretion). Furthermore, tissue measurements 
may yield some degradation products with lit
tle or no biologic activity, which can be 
taken, however, as an index of the parent PG 
biosynthesis; this is the case with 6-keto
PGF la and TxB2> the spontaneous degradation 
products of the chemically unstable PGI2 and 
TxA2, respectively. It was because of this 
chemical instability of the latter PGs that for 
many years it was thought that the only PGs 
were the chemically stable PGE2 and PGF2a 
[277}. 

6.5.1 PG Stimulators and Inhibitors PG syn
thesis and degradation may be stimulated or in
hibited at various steps of the arachidonate me
tabolism (figure 1-1). Thus, while All, NE, 
bradykinin, argmm vasopressin, mannitol, 
NaCl, and ischemia appear to stimulate phos
pholipase A2 activity, the latter is inhibited by 
glucocorticoids and indomethacin [267}. Cy
clooxygenase activity is inhibited by nonsteroidal 
anti-inflammatory drugs (indomethacin, aspi
rin, acetaminophen, phenylbutazone, phenace
tin, ibuprofen, naproxen) [267}. Prostacyclin 
synthetase is inhibited by indole derivatives; 
thromboxane synthetase is inhibited by imid
azole and stimulated by renal venous occlusion 
[278} and by prolonged (18 to 24 hours) ure
teral obstruction [184, 186, 279}' There is 
some evidence, instead, that acute (up to four 
to five hours) ureteral obstruction elicits renal 
vasodilation [240} that is mediated by vasodi
lator PGs [184, 280}. The enzyme 9-ketore
ductase, responsible for the transformation of 
PGE2 into PGF2a, is stimulated by the high 
salt intake and by kinins and inhibited by in
domethacin, furosemide, and ethacrinic acid 
[267}. Finally, furosemide, ethacrinic acid, 
sulphasalazine analogues, and indomethacin 
inhibit PG breakdown [267}. 

6.5.2 
GFR 

Effects of Vasodilator PGs on RBF and 
It is generally stated that the infusion 

of PGs (with the exception of TxA2) into the 
renal artery causes vasodilation, with a decrease 
in renal vascular resistance and an increase in 
RBF. This is not actually correct since species 
dependency of renal vascular effects of PGs has 
been reported by many authors. Thus, while 
PGE2 and PGD2 have been shown to be potent 
renal vasodilators in dogs and rabbits, they ap
peared to function as vasoconstrictors in rats 
[281}. PGF2a has either a slight vasodilatory 
action or no vascular effect at all. PGI2 (pros
tacyclin) is the only major PG that unequivo
cally reduces renal vascular resistance in both 
dogs and rats [195, 282}. It has been stated, 
however, that the vasoconstriction often re
ported with PGE2 in rats is probably due to the 
capacity of PG to stimulate renin release, 
thereby causing All-induced vasoconstriction. 
When the latter effect, in fact, is antago
nized, the intrarenal infusion of PGE2 will 
cause a clear vasodilation [267}. 

The formation of PGs within the renal cor
tex suggests that modulations in PG synthesis 
and degradation should play a local regulatory 
function either by a direct action or by modu
lating the response of cortical arterioles to pres
sure hormones such as All and catecholamines 
[195, 266, 267}. The physiologic role of PGs 
in the regulation of RBF and GFR, however, 
has not been completely defined as yet. It 
seems that in normal condition, in which va
soconstrictor influences are minimal, PGs play 
very little role in determining the resting tone 
of renal vessels. Thus, in normal subjects and 
in conscious dogs and baboons, inhibition of 
PG synthesis does not affect RBF [283, 284}. 
The role of PGs, instead, becomes really im
portant in conditions of marked renal vasocon
strictor influences, such as after All infusion 
[285} or endogenous All production, follow
ing hypotension or renal hypoperfusion [261, 
262, 286}, and after catecholamine adminis
tration or renal nerve stimulation [256, 283}. 
In these circumstances, in fact, indomethacin 
will greatly increase renal vascular resistance, 
significantly reducing RBF and GFR. 

The above observations have led to the con
clusion that an increased local synthesis of va
sodilatory PGs plays a crucial role in counter
acting those mechanisms (e.g., All, NE, 
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alpha-adrenergic neural stimulation), which 
raise arteriolar resistance and reduce RBF and 
GFR; the local action of newly synthesized va
sodilator PGs will cause, in fact, that reduc
tion in vascular resistance that is required to 
maintain kidney perfusion and function [195}. 
Such a fine mechanism appears to work because 
of the stimulating effect of vasoconstrictors 
(All, NE, and sympathetic nervous system) on 
PG biosynthesis. 

Apparently, the control of renal vascular re
sistance is based mainly on the interaction ofPGs 
and All [267}; circulating All exerts, directly, 
a renal vasoconstriction and may cause, indi
rectly through its stimulation ofPG (PGI2 ?) bio
synthesis, a renal vasodilation. In basal state 
the low levels of circulating All will balance 
the direct and indirect effects. In conditions of 
increased circulating levels of All (e.g., low 
salt intake or hypotension), the direct vaso
constriction effect of All is blunted by the con
comitant increase in All-dependent PG synthe
sis; the blockade of PG synthesis by indometh
acin in this condition will cause an increase in 
renal vascular resistance because of the unop
posed direct vasoconstriction of All [267}. The 
sympathetic nervous system also plays an im
portant role in this control of renal resistance. 
All receptor blockade in dogs pretreated with 
indomethacin and then made hypotensive by 
hemorrhage did not totally inhibit the renal va
soconstriction; total inhibition occurred instead 
when the kidney was also denervated [262}. 

This mechanism of interaction between va
soconstrictors and renal PGs is very important 
since renal PGs act locally (without any influ
ence on other vascular beds) and prevent the 
deleterious effects on renal function of increased 
renal nerve activity and circulating vasoconstric
tors [267}. In this hemodynamic regulation, ac
tually all vasoconstrictors and vasodilators appear 
deeply involved. Should, for instance, a con
traction of Eev occur for any reason, the simul
taneous intrarenal activation of the adrenergic 
system, RAS, PGs, and kallikrein-kinin sys
tem would, on one side, allow the extrarenal 
effects of All and catecholamines (i.e., periph
eral arteriolar vasoconstriction for maintaining 
systemic blood pressure, release of mineralcor
ticoids, etc.) and, on the other side, prevent 

their intrarenal vasoconstnctlve effects (which 
would impair the renal function) by the acti
vation of vasodilator PGs and kallikrein-kinin 
system [l95}. 

Perhaps the best evidence of the important 
role of PGs in preserving renal function is 
given by the deleterious effects of PG synthe
tase inhibition in clinical conditions of reduced 
"effective" blood volume {268}. Thus, ascitic 
patients with chronic liver disease exhibited an 
acute renal insufficiency with extreme sodium 
retention after treatment with indomethacin 
[287}; and nephrotic patients showed a signifi
cant fall in GFR under indomethacin, a condi
tion readily reversed with the withdrawal of the 
drug [288}. It has been suggested that PGs also 
playa key role in maintaining RBF during the 
hemodynamic stresses associated with trauma, 
surgery, hemorrhage [261, 262, 282}. 

Recent micropuncture experiments have given 
some evidence that PGs are very important in the 
TGF mechanism [195, 289, 290}. An integ
rity of the PG system, in fact, has appeared 
necessary for the feedback response to be elicited. 
Thus, when PG synthesis was inhibited by in
travenous or intratubular application of indo
methacin, the feedback response was greatly re
duced [289, 290} to be then restored with the 
intra-aortic infusion of PGI2 and PGE2 [195, 
290}. Hence, the vasoconstrictor response of 
the afferent arteriole requires a vasodilator PG; 
this paradoxical effect has still to be explained 
[l95}. It has been suggested that PGs are not 
directly involved in changing the vascular 
tone, but are necessary to afferent arterioles for 
responding to the macula densa signal [l95}. 
In other words, PGs may mediate in some way 
between the signal sensed by the macula densa 
and the RAS. This seems supported by the ob
servation that indomethacin did not affect the 
feedback response in rats on a low salt diet; 
apparently despite PG inhibition the little 
amount of PG formed in the juxtaglomerular 
cells is sufficient to activate the RAS when 
RAS is stimulated by a low salt diet [289}. 

The effect of PGs on GFR parallels their ef
fect on RBF with all the mentioned implica
tions of the relationship between RAS and 
PGs. But in addition to the hemodynamic fac
tor, PGs may affect GFR by modifying K f · 
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PGI2 and PGE2, in fact, have been shown to 
regularly decrease K f [291}; this decrease, 
however, is abolished by saralasin, suggesting 
that the effect on K f is not due to a direct ac
tion of PGE2 and PGIb but is the result of 
PG-stimulated All production [47, 291}. 

6.5.3 Effect of Thromboxane on Renal Vascular 
Resistance Thromboxane (TxA2) is another un
stable arachidonate metabolite, a platelet-ag
gregating substance with a direct vasoconstric
tive effect in many tissues, the kidney 
included. Possibly, TxA2 contributes to the 
basal renal vascular tone in normal kidneys 
since the intra-aortic infusion of imidazole in 
rats causes an increase in RBF [267}. Produced 
particularly in platelets, where the arachidonic 
acid is mainly converted into TxAb this vaso
constrictor arachidonate metabolite is undoubt
edly also synthesized in the kidney; and its 
synthesis is increased by uretheral obstruction 
[184, 186, 279} and by renal venous occlusion 
[278}. 

6.5.4 Effects of Vasodilator PGs on Renin Re
lease Mainly PGIb but also PGE2 and per
haps PGD2, stimulates renin release "in vivo"; 
inhibition of PG synthesis by indomethacin, in 
fact, has been shown to blunt the increase in 
renin secretion that follows hypotensive hem
orrhage [292} or sodium restriction [284}. The 
influence of PGs on renin release has also been 
demonstrated "in vitro," in renal cortical 
slices, and in isolated glomeruli [293, 294}; 
the only PG effective "in vitro", however, is 
PGI2 [294}. These observations suggest that 
PGs may influence renin release through two 
mechanisms: (a) an indirect mechanism that is 
neural, baroreceptor-, or macula densa-me
diated and (b) a direct intracellular mecha
nism, at renal sites common to RAS and PGs, 
which is independent of external hemody
namics, tubular, neural, or other influences 
[294}. The latter mechanism involves only 
PGIb which is the typical PG of the vascular 
endothelium (and this is consistent with a di
rect interaction between PGI2 and RAS at the 
vascular pole of the glomeruli) [294}. 

The PG system has been recently suggested 
to be the common mediator of RAS stimula-

tion evoked both by baroreceptor and macula 
densa mechanisms; only the beta adrenergic 
mechanism of renin release seems nonmediated 
by PGs [215}. 

6.6 THE RENAL KALLIKREIN-KININ SYSTEM 
Kallikreins (word derived from the Greek name 
of pancreas) are a heterogenous group of serum 
protease, which are found in the plasma 
(plasma kallikrein) and in glandular tissue 
(glandular kallikrein) such as the pancreas, 
kidney, and salivary and sweat glands. They 
act on alpha-2 globulin substrates-the kinin
ogens-liberating some peptides-the kinins: 
bradykinin, a nonapeptide generated by plas
ma kallikreins, and lysyl-bradykinin (kalli
din), a decapeptide released by glandular kal
likreins [295, 296}. The plasma kallikrein sys
tem is well known to play an important role in 
blood coagulation and fibrinolysis. Much less 
known is the renal kallikrein-kinin system. 

Urinary kallikrein reflects renal synthesis; 
urinary kinins are generated in the renal cor
tex, in distal nephrons, where kallikrein has 
been located in the tubular cells which are jux
taposed to the wall of afferent arterioles, the 
site of juxtaglomerular cells [297]. An amino
peptidase converts part of lysyl-bradykinin into 
bradykinin; lysyl-bradykinin, however, re
mains the major urinary kinin. Intrarenal kinin
ases (kininase I and kininase II) quickly inacti
vate kinins by converting them into inactive 
peptides [297}. Hence, the intrarenal activity of 
the renal kallikrein-kinin system depends on 
the balance between generation and inactiva
tion of kinins [295, 296}. 

The kallikrein-kinin system has been shown 
to be activated by PGs [295, 296}. In turn, 
kinins do stimulate PG (PGE2 and PGI2) syn
thesis and release [295, 296, 298]. But when 
PGE synthesis was inhibited by intrarenal in
fusion of indomethacin, the renal response to 
the intrarenal administration of bradykinin 
(i.e., increase in RBF) was not significantly at
tenuated [299}. Thus, the effects of these va
sodilator systems, PGs, and kinins, are addi
tive and independent of each other [298, 299J. 
They appear to play an important role in renal 
hemodynamics by reducing the renal vascular 
reactivity to the pressure hormones, A II, and 
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catecholamines, and by promoting renal vaso
dilation [295, 296} with the consequent in
crease in RBF. GFR, however, has been 
shown to remain unchanged during bradykinin 
infusion in dogs, suggesting a decrease of both 
afferent and efferent vascular resistance [300}. 

But the renal kallikrein-kinin system is also 
linked to the RAS. Thus, the most abundant 
renal kininase, the kininase II, is identical 
with the AI-converting enzyme. Kininase II is 
located in the brush border of proximal tu
bules; this accounts for the very small contri
bution of filtered bradykinin to urinary kinins 
[297}. But kininase II is also located along the 
luminal surface of endothelial cells; this ac
counts both for the conversion of AI into All 
and for the inactivation of circulating kinins, 
strongly supporting the contention that renal 
kinins act locally and are not circulating hor
mones [301, 302}. 

The RAS stimulates kallikrein release pre
sumably through an effect of aldosterone [302}. 
Furthermore, the infusion of AII in the renal 
artery of dogs increases the urinary excretion of 
kallikrein; this effect, however, seems me
diated by the AII-induced PG synthesis [302}. 

In turn, the renal kallikrein-kinin system 
has been shown to stimulate RAS: urinary kal
likrein, in fact, (a) correlates with the active 
renin in plasma, (b) converts prorenin to renin 
in vitro, and (c) releases active renin from renal 
cortical slices [302}. 

Bradykinin has been shown to decrease K f ; 

since infusion of bradykinin increases renal and 
glomerular cAMP levels and the effect of 
cAMP on K f is mediated by All, it is possible 
that the bradykinin effect on K f is also AII
mediated [47}. 

It has been recently postulated that the kal
likrein-kinin system may be involved in the 
TGF [205}. The increased tubular Bow 
through the "macula densa" segment may elicit 
a reduction in the generation of vasodilator bra
dykinin; a constriction of afferent arteriole may 
result with the fall in GFR. Since SQ20,881 
inhibits not only the AI-converting enzyme ac
tivity but also the kininase activity of kininase 
II -converting enzyme, an excess of bradykinin 
in the juxtaglomerular cells may account for 
the observed greater inhibitory effect of 

SQ20,881 on TGF compared to that of AII an
tagonists [205}. There is no direct evidence, 
however, that bradykinin is formed in the 
JGA. 

6.7 INTRAVASCULAR COAGULATION IN THE 
PATHOGENESIS OF ARF 
The typical form of human ARF that is be
lieved to result from intravascular coagulation 
is the renal cortical necrosis [303}. It has been 
suggested however, that this same mechanism 
may also play an important pathogenetic role 
in the classical form of ARF (ATN) [304, 
305}. In favor of this hypothesis may be the 
following observations: 

a. Shock, sepsis, intravascular hemolysis, as 
well as severe tissue trauma, may activate 
intravascular coagulation [305} but also 
cause ARF [I88}. 

b. Elevated plasma fibrinogen levels have been 
observed 24 hours after induction of exper
imental ARF in rats by glycerol or HgC12 
[44}. 

c. Increase in plasma fibrinogen has been 
found in various forms of human ARF 
[304}. 

d. Fibrin(ogen) degradation products (FDP) 
have been found clearly increased in the 
serum and urine of rats developing ARF 
(but not in those refractory) after glycerol 
injection [I88}. 

e. FDP levels have been found to be increased 
in the serum during the anuric phase and in 
the urine during recovery in humans with 
various forms of ARF [304}. 

f. On light microscopic examination of renal 
biopsies, glomeruli have been found com
pletely normal, but platelets, fibrin, and 
products of fibrin and fibrinogen degrada
tion have been instead observed in glomer
ular capillaries by electron microscopy in 
human ARF [303, 304}, suggesting stasis 
and thrombosis within the capillary lu
mIna. 

g. The intravenous infusion of thrombin in 
rats leads to deposition of fibrin in the kid
neys (and in other organs) with a marked 
fall in GFR; but fibrin will rapidly disap
pear because of fibrinolysis and GFR will 
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therefore normalize. If i. v. infusion of 
thrombin is associated with inhibition of fi
brinolysis by tranexamic acid injection, the 
severe fibrin deposition in the glomeruli 
will lead to ARF (306}. This ARF can be 
prevented by chronic NaCl loading (306}, 
by beta-adrenergic blockade with proprano
lol (307}, and by saralasin (308}; the pro
tection in all cases is due to a reduction in 
fibrin deposition in the kidneys (309} with 
no relation with RBF (31O}. All has been 
shown to increase, PGE2 and PGI2 to de
crease fibrin deposition in the glomeruli 
(309, 31O}. Since glomerular deposition of 
fibrin does not occur in obstructed nephrons 
(in which filtration does not occur), it has 
been suggested that glomerular filtration is 
important for deposition of fibrin in renal 
glomeruli (3 1O}. 

It is suggested that either the intravascular 
clotting may mechanically impair RBF or the 
vasoactive fibrinopeptides and platelet sero
tonin released after intravascular coagulation 
may cause renal vasoconstriction (304, 305, 
3 lO}. Recovery of function may be accounted 
for by fibrinolysis; the high urinary excretion 
of FDP observed in humans with ARF (304} 
appears to support such a view. 

We should admit, however, that in human 
ARF fibrin deposition in the glomeruli does 
not usually appear as frequent as suggested by 
Clarkson et al. (304}. 

The pathogenetic role of intravascular coag
ulation in various forms of ARF is widely dis
cussed in chapter 6. 

6.8 VARIATION OF CONTACT BETWEEN 
TUBULAR AND VASCULAR COMPONENTS OF 
THEJGA 
Three-dimensional studies of the juxtaglome
rular apparatus in the rat kidney by Barajas and 
his coworkers (311-313} using serial semithin 
sections of plastic-embedded tissue have clearly 
demonstrated that (a) the distal tubule has a 
long and constant contact with the efferent ar
teriole while the extent of contact with afferent 
arteriole is very small; (b) there are two types 
of contact between tubular and vascular com
ponents of JGA (as observed by electron mi-

croscopy): a permanent contact between distal 
tubule and efferent arteriole, with a continuous 
basement membrane between the two struc
tures and a reversible contact between tubular 
and vascular structures with a simple apposi
tion of their basement membranes. On the ba
sis of these observations, Barajas proposed a mod
el in which variation in the extent of contact be
tween the macula densa and the afferent arteriole 
(where juxtaglomerular granular cells are mainly 
located) may control renin secretion under phys
iological and pathological conditions (313}. 

6.9 ROLE OF TUBULAR OBSTRUCTION AND 
BACKLEAK OF FILTRATE IN THE 
PATHOGENESIS OF ARF 
As mentioned above, following the initial 
plasma membrane damage, heavy metals accu
mulate within the cells and cause further toxic 
effects on intracellular structures (as shown by 
mitochondrial functional impairment) mainly 
in the "pars recta," where they lead to cell 
killing (27, 28}. Similarly, a clear impairment 
of mitochondrial respiratory activity persists 
long after the ischemic insult; the increase in 
cytosolic calcium content of tubular cells leads 
to cell necrosis (l29}. 

Epithelial necrosis is confined to the "pars 
recta" both in ischemic and nephrotoxic ARF. 
This occurs, in ischemic ARF, because of the 
greater susceptibility to ischemia of S3 cells 
(113}, which are mainly located in the "pars 
recta," and possibly because of poor reflow into 
this area in the post-ischemic period (27, 
141}. In nephrotoxic ARF, it may occur be
cause of the accumulation of heavy metals in 
the "pars recta" (active transport); the ischemic 
effects of the associated alteration in renal 
hemodynamics (fall and redistribution in RBF) 
may also contribute to the necrotic lesion. 

The late occurrence of progressive tubular cell 
damage resulting in epithelial necrosis in the 
"pars recta" may create new conditions within 
the tubules, which may maintain the reduced 
GFR by mechanisms other than changes in renal 
hemodynamics. Thus, the backleak of filtrate 
through the necrotic tubular wall and the ob
struction of tubular lumina by cellular debris 
may represent two important pathogenetic fac
tors, possibly associated with a reduced glo-
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merular K f , in the maintenance stage of ARF 
(33}. 

That tubular obstruction can markedly re
duce GFR is demonstrated by the occurrence 
of ARF in rats injected i. v. with folic acid at 
high doses; with tubular fluid reabsorption along 
the nephron, folic acid precipitates totally ob
structing individual tubules (314}. Tubular ob
struction may impair filtration both by the slow
acting, positive TGF and by a decrease in glo
merular trans capillary hydraulic pressure differ
ence. 

Much more difficult is the evaluation of the 
meaning of studies showing tubular leakage of 
microinjected inulin. As mentioned by Oken 
(314}, if we consider that the capacity of a 
normal rat proximal tubule is 1.8 to 3.4 nan
olitres, the sudden injection of 4 to 7 nanol
itres of inulin solution in a severely damaged 
proximal tubule, with a reduced absorptive ca
pacity and possibly with obstruction of the lu-

men, may easily cause artifactual lesions of tu
bular walls, thus making meaningless any 
detection of leakage. 

6.10 PATHOGENETIC HYPOTHESIS 
In my opinion, the occurrence and the main
tenance of oligo-anuria in ARF is the result of 
the contribution of all mentioned factors. As 
outlined in figure 1-2, in fact, hemorrhagic 
hypotension or severe salt depletion with con
traction of EeV will result in afferent arteriole 
constriction (prerenal ARF). The persistent re
duction in RBF will increase renin secretion in 
JGA and cause ischemic disfunction of proxi
mal tubules with restriction of active salt reab
sorption by proximal tubular cells. A similar 
effect is caused by the tubular damage due to 
noxious substances, such as nephrotoxic drugs. 
The increased tubular fluid delivery to the mac
ula densa will increase the volume of the distal 
tubule and therefore the contact between mac-
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FIGURE 1-2. Pathogenesis of acute renal failure. 
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FIGURE 1-3. Recovery from acute renal failure. 

ula densa and afferent arteriole. The activation 
of the negative TGF mechanism will lead to 

severe constriction of the afferent arteriole and 
reduction in K f (by All), thus responsible for a 
low GFR. The persisting ischemia with the 
consequent tubular cell necrosis will cause 
backleak of filtrate. Cell necrosis and low GFR 
will lead to tubular obstruction. The result will 
be the oligo-anuria. But the blockade of the 
tubular lumen will increase ITP, which will 
maintain the large contact between macula 
densa and afferent arteriole and decrease the 
glomerular transcapillary pressure. On the 
other hand, the prolonged tubular obstruction 
will activate the slow-acting, positive TGF 
mechanism, which will maintain a severe con
striction of the afferent arteriole, in this way 
closing the circle (figure 1-2). 

This hypothesis may well account for the fol
lowing still unsolved phenomena: 

RESUMPTION 
OF TUBULAR FLOW 

! 
DISSOLUTION 

OF NECROTIC MATERIAL 
AND REGENERATION 
OF TUBULAR CELLS 

/ 
TUBULAR OBSTRUCTION 

a. The disparity between renal function im
pairment and integrity of renal structures 
so frequently remarked both in humans and 
in experimental animals in early stage of 
ARF. 

b. The persisteQ.t renal function impairment 
despite normalization of RBF, late in the 
course of ARF. 

c. The recovery of renal function with time: 
the dissolution of necrotic debris will, in 
fact, release the obstruction and the regen
eration of epithelial cells will abolish any 
backleak of filtrate (figure 1-3). 

d. The polyuric phase during recovery: the re
generated tubular cells are initially unable 
to normally reabsorb filtrate. The complete 
recovery of tubular cell function will ensue 
a normal diuresis with concentrated urine 
(figure 1-3). 
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Note 
1. Proximal tubules of rat kidneys have three distinc

tive cell types, named S1> S2, and S3; SI cells occur in 
the first segments of the proximal convoluted tubules, S2 
cells in the remaining segments of proximal convoluted 
tubules and in the first part (less than half) of the proxi
mal straight tubules ("pars recta"), and S3 cells in the 
remaining part of the "pars recta". SI and S2 cells are 
therefore located in the cortex; S3 cells are located in the 
outer stripe of the medulla and in the medullary rays. 

References 
1. Andreucci VE, Dal Canton A. Can acute renal fail

ure in humans be prevented? Proc EDTA 17: 
123-132, 1980. 

2. Thurau K, Boylan JW, Mason J. Pathophysiology 
of acute renal failure. In Renal Disease, Black D, 
Jones NF (eds). Oxford: Blackwell Scientific Publ, 
1979 (4th ed), pp. 64-92. 

3. Siegler RL, Bloomer HA. Acute renal failure with 
prolonged oliguria. An account of five cases. JAMA 
225: 133-137, 1973. 

4. Oken DE. Acute renal failure (vasomotor nephrop
athy): Micropuncture studies of the pathogenetic 
mechanisms. Ann Rev Med 26: 307-319, 1975. 

5. Lameire N, Vanholder R, Vakaet L, Pattyn P, 
Quatacker J, Ringoir S. Renal hemodynamics in 
nephrotoxic acute renal failure. Proc NIH Confer
ence on effect of drugs and environmental toxicants 
on the kidneys, Pinehurst, 1981. 

6. Sudo M, Honda N, Hishida A, Nagase M. Renal 
hemodynamics in uranyl acetate-induced acute renal 
failure of rabbits. Kidney Int 11: 35-43, 1977. 

7. Mendelsohn FAO, Smith EA. Intrarenal renin, an
giotensin II and plasma renin in rats with uranyl 
nitrate-induced and glycerol-induced acute renal 
failure. Kidney Int 17: 465-472, 1980. 

8. Flamenbaum W, McNeil JS, Kotchen TA, 
Saladino AJ. Experimental acute renal failure in
duced by uranyl nitrate in the dog. Circ Res 31: 
682-698, 1972. 

9. Stein JH, Gottschall J, Osgood RW, Ferris TF. 
Pathophysiology of a nephrotoxic model of acute 
renal failure. Kidney Int 8: 27-41, 1975. 

10. Flamenbaum W, Huddleston ML, McNeil JS, 
Hamburger RJ. Uranyl nitrate-induced acute renal 
failure in the rat: Micropuncture and renal hemo
dynamic studies. Kidney Int 6: 408-418, 1974. 

11. Kleinman JG, McNeil JS, Flamenbaum W. Uran
yl nitrate acute renal failure in the dog: Early 
changes in renal function and hemodynamics. Clin 
Sci 48: 9-16, 1975. 

12. Stein JH, Sorkin MI. Pathophysiology of a vaso
motor and nephrotoxic model of acute renal failure 
in the dog. Kidney Int 10 (Suppl 6): 586-593, 
1976. 

13 . Flamenbaum W. Pathophysiology of acute renal 
failure. Arch Intern Med 131: 911-928, 1973. 

14. Mauk RH, Patak RV, Fadem SZ, Litschitz MD, 
Stein JH. Effects of prostaglandin E administra
tion in a nephrotoxic and a vasoconstrictor model 
of acute renal failure. Kidney Int 12: 122-130, 
1977. 

15. Hostetter TH, Wilkes BM, Brenner BM. Mecha
nisms of impaired glomerular filtration in acute 
renal failure. In Acute Renal Failure, Brenner BM, 
Stein JH (eds). New York: Churchill Livingstone, 
1980, pp. 52-78. 

16. Lindner A, Cutler RE, Goodman WG. Synergism 
of dopamine plus furosemide in preventing acute 
renal failure in the dog. Kidney Int 16: 158-166, 
1979. 

17. Blantz RC. The mechanism of acute renal failure 
after uranyl nitrate. J Clin Invest 55: 621-635, 
1975. 

18. Avasthi PS, Evan AP, Hay D. Glomerular endo
thelial cells in uranyl nitrate-induced acute renal 
failure in rats. J Clin Invest 65: 121-127, 1980. 

19. Cachia R, Savin VJ, Patak RV, Ridge SM. Effect 
of mercuric chloride and uranyl nitrate on ultrafil
tration coefficient in isolated glomeruli. Kidney Int 
19: 236, 1981. 

20. Mendelsohn FAO. Angiotensin II: Evidence for its 
role as an intrarenal hormone. Kidney Int 22 (Suppl 
12~ 578-581, 1982. 

21. Blantz RC, Konnen KS, Tucker BJ. Angiotensin 
II effects upon the glomerular microcirculation and 
ultrafiltration coefficient of the rat. J Clin Invest 57: 
419-434, 1976. 

22. Ryan R, McNeil JS, Flamenbaum W, Nagle R. 
Uranyl nitrate-induced acute renal failure in the rat. 
Effect of varying doses and saline loading. Proc Soc 
Exp BioI Med 143: 289-296, 1973. 

23. Mason JX, Olbricht CY, Takabatake T, Thurau 
K. The early phase of experimental acute renal fail
ure. I Intratubular-pressure and obstruction. Pfliig
ers Arch 370: 155-163, 1977. 

24. Arendshorst WJ, Finn WF, Gottschalk CWo 
Nephron stop-flow pressure response to obstruction 
for 24 hours in the rat kidney. J Clin Invest 53: 
1497-1500, 1974. 

25. Flamenbaum W, Hamburger RJ, Huddleston ML, 
Kaufman J, McNeil JS, Schwartz JH, Nagle R. 
The initiation phase of experimental acute renal 
failure: An evaluation of uranyl riitrate-induced 
acute renal failure in the rat. Kidney Int 10 (Suppl 
6): S115-S122, 1976. 

26. Flamenbaum W, Hamburger R, Kaukman J. Dis
tal tubule rNa +} and juxtaglomerular apparatus 
renin activity in uranyl nitrate-induced acute renal 
failure in the rat. Pfliigers Archiv 364: 209-215, 
1976. 

27. Zalme RC, McDowell EM, Nagle RB, McNeil 
JS, Flamenbaum W, Trump BF. Studies on the 
pathophysiology of acute renal failure. Virchows 
Arch B Cell Pathol 22: 197-216, 1976. 

28. McDowell EM, Nagle RB, Zalme RC, McNeil 
JS, Flamenbaum W., Trump BF. Studies on the 



1. PATHOPHYSIOLOGY OF ACUTE RENAL FAILURE 41 

pathophysiology of acute renal failure I. Virchows 
Arch B Cell Path 22: 173-196, 1976. 

29. Churchill S, Zarlengo MD, Carvalho ]S, Gottlieb 
MN, Oken DE. Normal renocortical blood flow in 
experimental acute renal failure. Kidney Int 11: 
246-255, 1977. 

30. Sherwood T, Lavender ]P, Russell SB. Mercury
induced renal vascular shutdown. Observations in 
experimental acute renal failure. Eur] Clin Invest 
4: 1-8, 1974. 

31. Conn HL, Wilds L, Helwig], Ibach P. A study 
of the renal circulation, tubular function and mor
phology, and urinary volume and composition in 
dogs following mercury poisoning and transfu
sion of human blood. ] Clin Invest 35: 732-741, 
1954. 

32. Gaal K, Siklos]. Effect of beta-receptor antagonists 
on HgCl2-induced acute renal failure in rats. Renal 
Physiol 5:245-255, 1982. 

33. Stein ]H, Lifschitz MD, Barnes LD. Current con
cepts on the pathophysiology of acute renal failure. 
Am] Physiol 234: FI71-FI81, 1978. 

34. Sahaphong S, Trump BF. Studies of cellular injury 
in isolated kidney tubules of the flounder. Am ] 
Pathol 63: 277-298, 1971. 

35. Wockel W, Stegner HE, Janisch W. Zum topo
chemischen Quecksilbermachweis in der Niere bei 
experimenteller Sublimatvergiftung. Arch Pathol 
Anat Physiol 334: 503-509, 1961. 

36. Hsu CH, Kurtz TW, Rosensweig ], Weller ]M. 
Renal hemodynamics in HgClrinduced acute renal 
failure. Nephron 18: 326-332, 1977. 

37. Vanholder RC, Praet MM, Pattyn PA, Leusen IR, 
Lameire NH. Dissociation of glomerular filtration 
and renal blood flow in HgClrinduced acute renal 
failure. Kidney Int 22: 162-170, 1982. 

38. Hsu CH, Kurtz TW. Renal hemodynamics in 
experimental acute renal failure. Nephron 27: 
204-208, 1981. 

39. Kurtz TW, Hsu CH. Systemic hemodynamics in 
HgClrinduced acute renal failure. Nephron 21: 
100-106, 1978. 

40. Flanigan W], Oken DE. Renal micropuncture 
study of the development of anuria in the rat with 
mercury-induced acute renal failure. ] Clin Invest 
44: 449-457, 1965. 

41. Baehler RW, Kotchen TA, Burke ]H, Galla ]H, 
Bhathena D. Considerations in the pathophysiology 
of mercuric chloride-induced acute renal failure. ] 
Lab Clin Med 90: 330-340, 1977. 

42. Finckh ES: The pathogenesis of uraemia in acute 
renal failure abnormality of intrarenal vascular tone 
as possible mechanism. Lancet 2: 330-333, 1962. 

43. Andreucd VE. Manual of Renal Micropuncture. 
Naples: Idelson, 1978. 

44. Kurtz TW, Siavicek ]M, Hsu CH. Blood viscosity 
in experimental acute renal failure. Nephron 30: 
348-351, 1982. 

45. Sraer ]D, Baud L, Sraer ], Delarve F, Ardaillou 
R. Stimulation of PGE2 synthesis by mercuric chlo-

ride in rat glomeruli and glomerular cells in vitro. 
Kidney Int 21 (Suppl 11): S63-S68, 1982. 

46. Baylis C, Deen WM, Myers BD, Brenner BM. Ef
fects of some vasodilator drugs on transcapillary 
fluid exchange in renal cortex. Am] Physiol 230: 
1148-1156, 1976. 

47. Brenner BM, Schor N, Ichikawa I. Role of angio
tensin II in the physiologic regulation of glomerular 
filtration. Am] Cardiol 49: 1430-1433, 1982. 

48. Biber TUL, Mylle M, Baines AD, Gottschalk 
CW, Oliver ]R, Mac Dowell Me. A study by mi
cropuncture and microdissection of acute renal dam
age in rats. Am] Med 44: 664-705, 1968. 

49. Flamenbaum W, McDonald FD, Di Bona GF, 
Oken DE. Micropuncture study of renal tubular 
factors in low-dose mercury poisoning. Nephron 8: 
221-234, 1971. 

50. Richards AN. Direct observations of change in 
function of the renal tubule caused by certain poi
sons. Trans Assoc Am Physicians 44: 64-76, 1929. 

51. Barenberg RL, Solomon S, Papper S, Anderson R. 
Clearance and micropuncture study of renal function 
in mercuric chloride-treated rats. ] Lab Clin Med 
72: 473-484, 1968. 

52. Steinhausen M, Eisenbach GM, Helmstadter V. 
Concentration of lissamine green in proximal tu
bules of antidiuretic and mercury poisoned rats and 
the permeability of these tubules. Pfliigers Arch 
311: 1-15, 1969. 

53. Olbricht C, Mason], Takabatake T, Hohlbrugger 
G, Thurau K. The early phase of experimental 
acute renal failure. II Tubular leakage and the reli
ability of glomerular markers. Pfliigers Arch 378: 
251-258, 1977. 

54. Chopra S, Kaufman ]S, Jones TW, Hong WK, 
Gehr MK, Hamburger R], Flamenbaum W, 
Trump BF. Cis-diamminedichlorplatinum-induced 
acute renal failure in the rat. Kidney Int 21: 54-
64, 1982 

55. Cvitkovic E, Spaulding ], Bethune V, Martin ], 
Whitmore WF. Improvement of cis-dichlorodiam
mineplatinum (NSC 119875): Therapeutic index in 
an animal model. Cancer 39: 1357-1361, 1977. 

56. Choie DD, Longnecker DS, Del Campo AA. Acute 
and chronic cisplatin nephrotoxicity in rats. Lab In
vest 44: 397-402, 1981. 

57. Levi], Jacobs C, Kalman SM, McTigue M, Wei
ner MW. Mechanism of cis-platinum nephrotoxic
ity: I Effects of sulphydryl groups in rat kidneys. ] 
Pharmacol Exp Ther 213: 545-550, 1980. 

58. Porter GA, Bennett WM. Nephrotoxic acute renal 
failure due to common drugs. Am] Physiol 241: 
FI-F8, 1981. 

59. Jones TW, Chopra S, McDowell EM, Flamen
baum W, Trump BF. Morphological alterations 
associated with cis-diamminedichlor-platinum-in
duced acute renal failure in the rat. In Acute Renal 
Failure, Eliahou HE (ed). London: John Libbey, 
1982, pp. 78-82. 

60. Vaamonde CA, Teixeira RB, Morales], Roth D, 



42 

Kelley ), Alpert H, Pardo V. A new model for 
studying drug-induced acute renal failure: The rat 
with untreated diabetes mellitus. In Acute Renal 
Failure, Eliahou HE (ed). London: John Libbey, 
1982, pp. 96-101. 

61. Madias NE, Harrington )T. Platinum nephrotox
icity. Am) Med 65: 307-314,1978. 

62. Dobyan DC, Levi ), Jacobs C, Kosek), Weiner 
MW. Mechanism of cis-platinum nephrotoxicity. II 
Morphologic observations. ) Pharmacol Exp Ther 
213: 551-556, 1980. 

63. de Rougemont D, Oeschger A, Konrad L, Thiel 
G, Torhorst ), Wenk M, Wunderlich P, Brunner 
FP. Gentamicin-induced acute renal failure in the 
rat. Effect of dehydration, DOCA-saline and furo
semide. Nephron 29: 176-184, 1981. 

64. Bennett WM. Aminoglycoside nephrotoxicity. Ex
perimental and clinical considerations. Mineral 
Electrolyte Metab 6: 277-286, 1981. 

65. Kaloyanides G), Pastoriza-Munoz E. Aminoglyco
side nephrotoxicity. Kidney Int 18: 571-582, 
1980. 

66. Harrison WO, Silverblatt F), Turck M. Gentami
cin nephrotoxicity: Failure of three cephalosporins 
to potentiate injury in rats. Antimicrob Agents 
Chemother 8: 209-215, 1975. 

67. Luft FC, Patel V, Yum MN, Kleit SA. Nephro
toxicity of cephalosporin-gentamicin combination in 
rats. Antimicrob Agents Chemother 9: 831-839, 
1976. 

68. Dolislager D, Fravert D, Tune B. Interaction of 
aminoglycosides and cephaloridine in the rabbit 
kidney. Res Comm Chem Path Pharm 26: 13-23, 
1979. 

69. Dellinger P, Murphy T, Pinn V, Barza M, Wein
stein 1. Protective effect of cephalothin against gen
tamicin-induced nephrotoxicity in rats. Antimicrob 
Agents Chemother 9: 172-178, 1976. 

70. Barza M, Pinn V, Tanguay P, Murray T. Neph
rotoxicity of newer cephalosporins and aminoglyco
sides alone and in combination in a rat model. ) 
Antimicrob Chemother 4 (Suppl A): 59-68, 1978. 

71. Bloch R, Luft FC, Rankin LI, Sloan RS, Yum 
MN, Maxwell DR. Protection from gentamicin 
nephrotoxicity by cephalothin and carbenicillin. 
Antimicrob Agents Chemother 15: 46--49, 1979. 

72. Barr GA, Mazze RI, Cousins M), Kosek)C. An 
animal model for combined methoxyflurane and 
gentamicin nephrotoxicity. Brit) Anaesth 45: 306-
311, 1973. 

73. Bennett WM, Hartnett, MN, Gilbert D, Hough
ton D, Porter GA. Effect of sodium intake on gen
tamicin nephrotoxicity in the rat. Proc Soc Exp Bioi 
Med 151: 736-738, 1976. 

74. Adelman RD, Spangler WL, Beasom F, Ishizaki 
G, Conzelman GM. Furosemide enhancement of 
experimental gentamicin nephrotoxicity. Compari
son of functional and morphological changes with 
activities of urinary enzymes. ) Infect Dis 140: 
342-352, 1979. 

75. Suemitsu-Higa EM, Schor N, Boim M, Ajzen H, 
Ramos 01. Humoral factors in gentamicin nephro
toxicity: 2-Role of the prostaglandin system. In 
Acute Renal Failure, Eliahou HE (ed). London: 
John Libbey, 1982, pp. 88-90. 

76. Hsu CH, Kurtz TW, Easterling RE, Weller )M. 
Potentiation of gentamicin nephrotoxicity by meta
bolic acidosis. Proc Soc Exp Bioi Med 146: 894-
897, 1974. 

77. Cronin RE. Aminoglycoside nephrotoxicity: Patho
genesis and prevention. Clin Nephrol 11: 251-
256, 1979. 

78. Luft FC, Kleit SA. Renal parenchymal accumula
tion of aminoglycoside antibiotics in rats. ) Infect 
Dis 130: 656-659, 1974. 

79. Fabre), Rudhardt M, Blanchard P, Regamey C. 
Persistence of sisomicin and gentamicin in renal 
cortex and medulla compared with other organs and 
serum of rats. Kidney Int 10: 444--449, 1976. 

80. Fabre ), Fillastre )P, Morin )P, Rudhardt M. 
Nephrotoxicity of gentamicin. Contr Nephrol 10: 
53-62, 1978. 

81. Luft FC, Patel V, Yum MN, Patel V, Kleit SA. 
Experimental aminogl ycoside nephrotoxici ty. ) Lab 
Clin Med 86: 213-220, 1975. 

82. Schentag)),) usko W). Renal clearances and tissue 
accumulation of gentamicin. Clin Pharmacol Ther 
22: 364-370, 1977. 

83. Kosek )C, Mazze RI, Cousins M): Nephrotoxicity 
of gentamicin. Lab Invest 30: 48-57, 1974. 

84. Pastoriza-Munoz E, Bowman RL, Kaloyanides G). 
Renal tubular transport of gentamicin in the rat. 
Kidney Int 16: 440-450, 1979. 

85. Senekjian HO, Knight TF, Weinman E). Micro
puncture study of the handling of gentamicin by 
the rat kidney. Kidney Int 19: 416--423, 1981. 

86. Sheth AU, Senekjian HO, Babino H, Knight TF, 
Weinman E). Renal handling of gentamicin by the 
Munich-Wistar rat. Am ) Physiol 241: F645-
F648, 1981. 

87. Houghton DC, Hartnett M, Campbell-Boswell M, 
Porter G, Bennett W. A light and electron micro
scopic analysis of gentamicin nephrotoxicity in rats. 
Am) Pathol 82: 589-612, 1976. 

88. Baylis C, Rennke HR, Brenner BM. Mechanisms 
of the defect in glomerular ultrafiltration associated 
with gentamicin administration. Kidney Int 12: 
344-353, 1977. 

89. Vandewalle A, Farman N, Morin )P, Fillastre )P, 
Hatt PY, Bonvalet )P. Gentamicin incorporation 
along the nephron: Autoradiographic study on iso
lated tubules. Kidney Int 19: 529-539,1981. 

90. Schor N, Ichikawa I, Rennke HG, Troy JL, Bren
ner BM. Pathophysiology of altered glomerular 
function in aminoglycoside-treated rats. Kidney Int 
19: 288-296, 1981. 

91. Morin )P, Viotte G, Vandewalle A, Van Hoof F, 
Tulkens P, Fillastre )P. Gentamicin-induced neph
rotoxicity: A cell biology approach. Kidney Int 18: 
583-590, 1980. 



1. PATHOPHYSIOLOGY OF ACUTE RENAL FAILURE 43 

92. Teixeira RB, Kelley], Alpert H, Pardo V, Vaa
monde CA. Complete protection from gentamicin
induced acute renal failure in the diabetes mellitus 
rat. Kidney Int 21: 600-612, 1982. 
148-155, 1982. 

93. Sastrasinh M, Knauss TC, Weinberg ]M, Humes 
HD. Identification of the gentamicin receptor of 
renal brush border membranes. Kidney Int 19: 
213, 1981. 

94. Whelton A, Solez K. Aminoglycoside nephrotox
icity. A tale of two transports. ] Lab Clin Med 99: 
148-155, 1982. 

95. Whelton A, Stout RL, Carter GG, Craig T], 
Bryant HH, Herbst DV, Walker WG. Modulation 
of renal cortical aminoglycoside uptake by concur
rent amino acid administration. In Nephrotoxicite, 
Ototoxicite Medicamenteuses, Fillastre ]P (ed). 
Rouen: Inserm, 1982, pp. 39-54. 

96. Malis CO, Solez K. Whelton A. Nephrotoxicity of 
a Single Dose of Gentamicin in Lysine-Treated 
Rats. (In press.) 

97. Solez K, Stout R, Bendush B, Silvia CB, Whelton 
A. Adverse effect of amino acid solutions in amino
glycoside-induced acute renal failure in rabbits and 
rats. In Acute Renal Failure, Eliahou HE (ed). Lon
don; John Libbey, 1982, pp. 241-247. 

98. Houghton DC, Plamp CE, De Fehr ]M, Bennett 
WM, Porter G, Gilbert D. Gentamicin and tobra
mycin nephrotoxicity. Am] Pathol 93: 137-152, 
1978. 

99. Luft FC, Rankin LI, Sloan RS, Yum MN. Recov
ery from aminoglycoside nephrotoxicity with con
tinued drug administration. Antimicrob Agents 
Chemother 14: 284-287, 1978. 

100. Gilbert DN, Houghton DC, Bennett WM, Plamp 
CE, Reger K, Porter GA. Reversibility of genta
micin nephrotoxicity in rats: Recovery during con
tinued drug administration. Proc Soc Exp Bioi Med 
160: 99-103, 1979. 

101. Luft FC, Yum MN, Kleit SA. The effect of con
comitant mercuric chloride and gentamicin on kid
ney structure and function in the rat. ] Lab Clin 
Med 89: 622-631, 1977. 

102. Lane AZ, Wright GE, Blair De. Ototoxicity and 
nephrotoxicity of amikacin. Am] Med 62: 911-918, 
1977. 

103. Cowan RH, ]ukkola AF, Arant BS Jr. Pathophys
iologic evidence of gentamicin nephrotoxicity in 
neonatal puppies. Pediatr Res 14: 1204-1211, 
1980. 

104. Avasthi PS, Evan AP, Huser ]W, Luft Fe. Effect 
of gentamicin on glomerular ultrastructure. ] Lab 
Clin Med 98: 444-454, 1981. 

105. Evan AP, Luft Fe. Gentamicin-induced glomerular 
injury. In Nephrotoxicite. Ototoxicite Medicamen
teuses, Fillastre ]P (ed). Rouen: Inserm, 1982, pp. 
67-78. 

106. Myers BD, Deen WM, Brenner BM. Effects of 
norepinephrine and angiotensin II on the determi
nants of glomerular ultrafiltration and proximal 

tubule fluid reabsorptions in the rat. Circ Res 37: 
101-110, 1975. 

107. Mc Caa RE, Hall ]E, Mc Caa CS. The effects of 
angiotensin I converting-enzyme inhibitors on arte
rial blood pressure and urinary sodium excretion: 
Role of the renal renin-angiotensin and kallikrein
kinin system. Circ Res 43: 132-139, 1978. 

108. Luft FC, Aronoff GR, Evan AP, Connors BA, 
Weinberger MH, Kleit SA. Effect of captopril on 
gentamicin-induced acute renal failure. In Acute 
Renal Failure, Eliahou HE (ed). London: John Lib
bey, 1982, pp. 108-111. 

109. Soberon L, Bowman RL, Pastoriza-Munoz E, Ka
loyanides G]. Comparative nephrotoxicities of gen
tamicin, metilmicin and tobramycin in the rat. ] 
Pharmacol Exp Ther 210: 334-343, 1979. 

110. Newman RA, Weinstock LB, Gump DW, Hacker 
MP, Yates ]W. Effect of osmotic diuresis on gen
tamicin-induced nephrotoxicity in rats. Arch Toxi
col 45: 213-221, 1980. 

111. Taguma Y, Sasaki Y, Kyogoku Y, Arakawa M, 
Shioji R, Furuyama T, Yoshinaga K. Morphologi
cal changes in an early phase of norepinephrine-in
duced acute renal failure in unilaterally nephrecto
mized dogs. ] Lab Clin Med 96: 616-632, 1980. 

112. Mason ], Beck F, Dorge A, Rick R, Thurau K. 
Intracellular electrolyte composition following renal 
ischemia. Kidney Int 20: 61-70, 1981. 

113. Venkatachalam MA, Bernard DB, Donohoe ]F, 
Levinsky NG. Ischemic damage and repair in the 
rat proximal tubule: Differences among the S" S2 
and S3 segments. Kidney Int 14: 31-49, 1978. 

114. Finn WF, Chevalier RL. Recovery from post is
chemic acute renal failure in the rat. Kidney Int 16: 
113-123, 1979. 

115. Cronin RE, Erickson AM, de Torrente A, Mc
Donald KM, Schrier RW. Norepinephrine-induced 
acute renal failure: A reversible ischemic model of 
acute renal failure. Kidney Int 14: 187-190, 1978. 

116. Cox ]W, Baehler RW, Sharma H, O'Dorisio T, 
Osgood RW, Stein ]H, Ferris TF. Studies on the 
mechanism of oliguria in a model of unilateral acute 
renal failure. ] Clin Invest 53: 1546-1558, 1974. 

117. Finn WF. Enhanced recovery from post ischemic 
acute renal failure. Micropuncture studies in the 
rat. Circ Res 46: 440-448, 1980. 

118. Arendshorst W], Finn WF, Gottschalck CWo 
Pathogenesis of acute renal failure following renal 
ischemia in the rat. Circ Res 37: 558-568, 1975. 

119. Burke T], Cronin RE, Duchin KL, Peterson LN, 
Schrier RW. Ischemia and tubule obstruction dur
ing acute renal failure in dogs: Mannitol in protec
tion. Am] Physiol 238: F305-F314, 1980. 

120. Finn WF. Nephron heterogeneity in polyuric acute 
renal failure. ] Lab Clin Med 98: 21-29, 1981. 

121. de Torrente A, Miller PD, Cronin RE, Paulsen 
PE, Erickson AL, Schrier RW. Effects of furose
mide and acetylcholine in norepinephrine-induced 
acute renal failure. Am] Physiol 235: F131-FI36, 
1978. 



44 

122. Flores J, Di Bona DR, Beck CH, Leaf A. The role 
of cell swelling in ischemic renal damage and the 
protective effect of hypertonic solute. J Clin Invest 
51: 118-126, 1972. 

123. Frega· NS, Di Bona DR, Leaf A. Ischemic renal 
injury. Kidney Int 10 (Suppl 6): S17-S25, 1976. 

124. Riley AL, Alexander EA, Migdal S, Levinsky NG. 
The effect of ischemia on renal blood flow in the 
dog. Kidney Int 7: 27-34, 1975. 

125. Weber PC, Held E, Uhlich E, Eigler J: Reaction 
constants of renin in juxtaglomerular apparatus and 
plasma renin activity after renal ischemia and hem
orrhage. Kidney Int 7: 331-341, 1975. 

126. Iaina A, Solomon S, Eliahou HE. Reduction in se
verity of acute renal failure in rats by beta-adrener
gic blockade. Lancet II: 157-159, 1975. 

127. Mason J, Kain H, Shiigai T, Welsch J. The early 
phase of experimental acute renal failure. V The in
fluence of suppressing the renin-angiotensin system. 
Pfliigers Arch 380: 233-243, 1979. 

128. Patak RV, Fadem SZ, Lifschitz MD, Stein JH. 
Study of factors which modify the development of 
norepinephrine-induced acute renal failure in the 
dog. Kidney Int 15: 227-237, 1979. 

129. Schrier RW, Arnold PE, Burke TJ. Alterations in 
mirochondrial respiration and calcium movements 
in norepinephrine-induced acute renal failure: Mod
ification by mannirol. In Acute Renal Failure, Elia
hou HE (ed). London; John Libbey, 1982, pp. 
21-22. 

130. Jensen PK, Steven K. Influence of intratubular 
pressure on proximal tubular compliance and capil
lary diameter in the rat kidney. Pfliigers Arch 382: 
179, 1979. 

131. Tanner GA, Sloan KL, Sophasan S. Effects of renal 
artery occlusion on kidney function in the rat. Kid
ney Int 4: 377-389, 1973. 

132. Tanner GA, Steinhausen M. Tubular obstruction in 
ischemia-induced acute renal failure in the rat. Kid
ney Int 10 (Suppl. 6): S65-S73, 1976. 

133. Solez K, Racusen LC, Whelton A. Glomerular ep
ithelial cell changes in early post-ischemic acute 
renal failure in rabbits and man. Am J Path 103: 
163, 1981. 

134. Racusen LC, Solez K, Whelton A. Glomerular po
docyte changes and increased permeability to pro
tein in early post-ischemic acute renal failure. In 
Acute Renal Failure, Eliahou HE (ed). London: 
John Libbey, 1982, pp. 215-218. 

135. Savin VJ, Patak RV, Marr G. Glomerular filtration 
in ischemic renal failure. Kidney Int 16: 776, 
1979. 

136. Chan L, Thulborn KR, Waterton JC, Ledingham 
JGG, Ross BD, Radda GK. Prevention of ischemic 
acidosis: A new approach to acute renal failure. Proc 
EDTA 17: 681-685, 1980. 

137. Chan L, Ledingham JGG, Dixon JA, Thulborn 
KR, Waterton JC, Radda GK, Ross BD. Acute 
renal failure: A proposed mechanism based upon 31 p 

nuclear magnetic resonance studies in the rat. In 
Acute Renal Failure, Eliahou HE (ed). London: 
John Libbey, 1982, pp. 35-41. 

138. Chan L, Ledingham JGG, Clarke J, Ross BD. The 
importance of pH in acute renal failure. In Acute 
Renal Failure, Eliahou HE (ed). London: John Lib
bey, 1982, pp. 58-61. 

139. Donohoe JF, Venkatachalam MA, Bernard DB, 
Levinsky NG. Tubular leakage and obstruction after 
renal ischemia: Structural-functional correlations. 
Kidney Int 13: 208-222, 1978. 

140. Thurau K, Beck F, Mason J, Rick R, Dorge A. 
Intracellular electrolytes of proximal and distal tu
bular cells following renal ischemia. In Acute Renal 
Failure, Eliahou HE (ed). London: John Libbey, 
1982, pp. 10-14. 

141. Glaumann B, Trump BF. Studies on the pathogen
esis of ischemic cell injury. III Morphological 
changes of the proximal pars recta tubules (P 3) of 
the rat kidney made ischemic in vivo. Virchows 
Arch B Cell Path 19: 303-323, 1975. 

142. Reimer KA, Jennings RB. Alterations in renal cor
tex following ischemic injury: I PAH uptake by 
slices of cortex after ischemia or autolysis. Lab In
vest 25: 176-184, 1971. 

143. Reimer KA, Ganote CE, Jennings RB. Alterations 
in renal cortex following ischemic injury: III Ultra
structure of proximal tubules after ischemia or au
tolysis. Lab Invest 26: 347-365, 1972. 

144. Glaumann B, Glaumann H, Berezesky IK, Trump 
BF. Studies on cellular recovery from injury. II Ul
trastructural studies on the recovery of the pars con
vol uta of the proximal tubule of the rat kidney from 
temporary ischemia. Virchows Arch Cell Pathol 24: 
1, 1977. 

145. Glaumann B, Glaumann H, Trump BF. Studies on 
cellular recovery from injury. III Ultrastructural 
studies on the recovery of the pars recta of the prox
imal tubule (P3 segment) of the rat kidney from 
temporary ischemia. Virchows Arch Cell Pat hoi 25: 
281, 1977. 

146. Steinhausen M, Thederan H, Nolinski D, Dallen
bach FD, Schwaier A. Further evidence of tubular 
blockage after acute ischemic renal failure in Tupaia 
balangeri and rats. Virchow Arch 381: 13, 1978. 

147. Arendshorst WJ, Finn WF, Gottschalk CWo Mi
cropuncture study of acute renal failure following 
temporary renal ischemia in the rat. Kidney Int 10 
(Suppl 6): S 100-S 105, 1976. 

148. Chevalier RL, Finn WF. Effects of propranolol on 
postischemic acute renal failure. Nephron 25: 
77-81, 1980. 

149. Cronin RE, de Torrente A, Miller PD, Bulger 
RE, Burke TJ, Schrier R W. Pathogenic mecha
nisms in early norepinephrine-induced acute renal 
failure: Functional and histological correlates of pro
tection. Kidney Int 14: 115-125, 1978. 

150. Myers BD, Chui F, Hilberman M and Michaels 
AS. Transtubular leakage of glomerular filtrate in 



1. PATHOPHYSIOLOGY OF ACUTE RENAL FAILURE 45 

human acute renal failure. Am J Physiol 237: 
F319-325, 1979. 

15l. Myers BD, Carrie BJ, Yee RR, Hilberman M, 
Michaels AS. Pathophysiology of hemodynamically 
mediated acute renal failure in man, Kidney Int 18: 
495-504, 1980. 

152. Myers BD, Hilberman M, Carrie BJ, Spencer RJ, 
Stinson EB, Robertson CR. Dynamics of glomeru
lar ultrafiltration following open-heart surgery. 
Kidney Int 20: 366-374, 1981. 

153. Hanley MJ. Isolated nephron segments in a rabbit 
model of ischemic acute renal failure. Am J Physiol 
239: FI7-F23, 1980. 

154. Thiel G, Wilson DR, Arce ML, Oken DE. Glyc
erol induced hemoglobinuric acute renal failure in 
the rat. II The experimental model, predisposing 
factors and pathophysiologic factors. Nephron 
4:276-297, 1967. 

155. Cabili S, Charney AN. Lack of an effect of saline 
loading on glycerol-induced acute renal failure. 
Nephron 30: 73-76, 1982. 

156. Papanicolau N, Callard P, Bariety J, Milliez P. 
The effect of indomethacin and prostaglandin 
(PGE2) on renal failure due to glycerol in saline
loaded rats. Clin Sci Mol Med 49: 507-5lO, 1975. 

157. Ayer G, Grandchamp A, Wyler T, Truniger B. 
Intrarenal hemodynamics in glycerol-induced 
myohemoglobinuric acute renal failure in the rat. 
Circ Res 29: 128-135, 1971. 

158. Oken DE, Arce ML, Wilson DR. Glycerol-in
duced hemoglobinuric acute renal failure in the rat. 
I Micropuncture study of the development of oli
guria. ] Clin Invest 45: 724-735, 1966. 

159. Wilson DR, Thiel G, Arce ML, Oken DE. Glyc
erol-induced hemoglobinuric acute renal failure in 
the rat: III Micropuncture study of the effects of 
mannitol and isotonic saline on individual nephron 
function. Nephron 4: 337-355, 1967. 

160. Chedru MF, Baethke R, Oken DE: Renal cortical 
blood flow and glomerular filtration in myohemo
globinuric acute renal failure. Kidney Int 1: 
232-239, 1979. 

161. Kurtz TW, Maletz RM, Hsu CH. Renal cortical 
blood flow in glycerol-induced acute renal failure in 
the rat. Circ Res 38: 30-35, 1976. 

162. Hsu CH, Kurtz TW, Waldinger TP. Cardiac out
put and renal blood flow in glycerol-induced acute 
renal failure in the rat. Circ Res 40: 178-182, 
1977. 

163. Ramos B, Lopez-Novoa JM, Hernando L. Role of 
hemodynamic alterations in the partial-protection 
afforded by uninephrectomy against glycerol-in
duced acute renal failure in rats. Nephron 30: 
68-72, 1982. 

164. Hofbauer KG, Konrads A, Bauereiss K, Mohring 
B, Mohring J, Gross F. Vasopressin and renin in 
glycerol-induced acute renal failure in the rat. Circ 
Res 41: 424-428, 1977. 

165. Hofbauer KG, Forgiarini P, Imbs F, Wood JM. 

Effects of a competitive vasopressin antagonist in 
glycerol-induced acute renal failure in rats. In Acute 
Renal Failure, Eliahou HE (ed). London: John Lib
bey, 1982, pp. 194-198. 

166. Reineck HJ, O'Connor GJ, Lifschitz MD, Stein 
JH. Sequential studies on the pathophysiology of 
glycerol-induced acute renal failure. J Lab Clin Med 
96:356-362, 1980. 

167. Wilkes BM, Hollenberg NK. Saline and glycerol
induced acute renal failure: "Protection" occurs after 
insult. Nephron 30: 352-356, 1982. 

168. Flamenbaum W, McNeil JS, Kotchen TA, Low
enthal D, Nagel RB. Glycerol-induced acute renal 
failure after acute plasma renin activity suppression. 
J Lab Clin Med 82: 587-596, 1973. 

169. Konrads A, Hofbauer KG, Bauereiss K, Mohring 
J, Gross F. Glycerol-induced acute renal failure in 
Brattleboro rats with hypothalamic diabetes insipi
dus. Clin Sci 56: 133-138, 1979. 

170. Perez-Garcia R, Lopez-Novoa JM, Casado S, Her
nando L. Partial protection against acute renal fail
ure in rats with reduced renal mass. Proc EDTA 15: 
402-411, 1978. 

171. Thiel G, McDonald FD, Oken DE. Micropuncture 
studies of the basis for protection of renin depleted 
rats from glycerol-induced acute renal failure. 
Nephron 7: 67-79, 1970. 

172. Di Bona GF, Sawin LL: The renin-angiotensin sys
tem in acute renal failure in the rat. Lab Invest 25: 
528-532, 1971. 

173. Oken DE, Mende CW, Tarabe I, Flamenbaum W. 
Resistance to acute renal failure by prior renal fail
ure. Examination of the role of renal renin content. 
Nephron 15:131, 1975. 

174. Hsu CH, Kurtz TW, Goldstein JR, Keinath RD, 
Weller JM. Intrarenal hemodynamics in acute 
myohemoglobinuric renal failure. Nephron 17: 
65-72, 1976. 

175. Baranowski RL, O'Connor GJ, Kurtzman NA. 
The effect of I-sarcosine, 8-leucyl angiotensin II on 
glycerol-induced acute renal failure. Arch Int Phar
macodyn 217: 322-331, 1975. 

176. Ichikawa I, Hollenberg NK. Pharmacologic inter
ruption of the renin-angiotensin system in myohe
moglobinuric acute renal failure. Kidney Int 10: 
S 183-S 190, 1976. 

177. Greven J, Koelling B, Schraufstatter J: Effects of 
saralasin and indomethacin on glycerol-induced 
acute renal failure in rats. In Acute Renal Failure, 
Seybold D, Gessler U (eds). Basel: Karger, 1982, 
pp. 130-138. 

178. Churchill P, Bidani A, Fleischmann L, Becker
McKenna B. Glycerol-induced acute renal failure in 
the two-kidney Goldblatt rat. Am J Physiol 233: 
F247-F252, 1977. 

179. Mendelsohn FAO. Failure of suppression of intra
renal angiotensin II in the contralateral kidney of 
one-clip two-kidney hypertensive rats. Clin Exp 
Pharmacol Physiol 7: 219-223, 1980. 



46 

180. Baranowski RL, Westenfelder C, Kurtzman NA. 
Incrarenal renin and angiotensins in glycerol-in
duced acute renal failure. Kidney Int 14: 576-584, 
1978. 

181. Werb R, Clark WF, Lindsay RM, Jones EOP, 
Turnbull DI, Linton AL. Protective effect of pros
taglandin (PGE2) in glycerol-induced acute renal 
failure in rats. Clin Sci Mol Med 55: 505-507, 
1978. 

182. Torres VE, Strong CG, Romero JC, Wilson DM: 
Indomethacin enhancemenc of glycerol-induced 
acute renal failure in rabbits. Kidney Inc 7: 170-178, 
1975. 

183. Benabe JE, Klahr S, Hoffman MK, Morrison AR. 
Production of thromboxane A2 by the kidney in 
glycerol-induced acute renal failure in the rabbit. 
Prostaglandins 19: 333-347, 1980. 

184. Morrison AR, Benabe JE. Prostaglandins and vas
cular tone in experimencal obstructive nephropathy. 
Kidney Int 19: 786-790, 1981. 

185. Papanicolau N. Investigation on the mechanism of 
prostaglandin release. Experiencia 28: 275-276, 
1972. 

186. Zipser RD, Morrison AR. Prostaglandins and renal 
disease. Mineral Electrolyte Metab 6: 82-89, 
1981. 

187. Flamenbaum W, Kotchen TA, Oken DE. Effect of 
renin immunization on mercuric chloride and glyc
erol-induced renal failure. Kidney Int 1: 406-412, 
1972. 

188. Carvalho JS, Carvalho ACA, Vaillancourt RA, 
Page LB, Colman RW, Landwehr DM, Oken DE. 
The pathogenetic significance of intravascular coag
ulation in experimental acute renal failure. Nephron 
22: 484-491, 1978. 

189. Brenner BM, Badr KM, Schor N, Ichikawa I. 
Hormonal influences on glomerular filtration. Min
eral electrolyte Metab. 4: 49-56, 1980. 

190. Suzuki T, Mostofi FK: Electron microscopic studies 
of acute tubular necrosis: Early changes in the lower 
tubules of rat kidney after subcutaneous injection of 
glycerin. Lab Invest 23: 15-28, 1970. 

191. Westenfelder C, Arevalo GJ, Crawford PW, Zerwer 
P, Baranowski RL, Birch FM, Earnest WR, Ham
burger RK, Coleman RD, Kurtzman NA. Renal 
tubular function in glycerol-induced acute renal 
failure. Kidney Int 18: 432-444, 1980. 

192. Oken DE, DiBona GF, McDonald FD. Micropunc
ture studies of the recovery phase of myohemoglobi
nuric acute renal failure in the rat. J Clin Invest 49: 
730-737, 1970. 

193. Tyrakowski T, Knapowski J, Baczyk K. Distur
bances in electrolyte transport before the onset of 
uranyl acetate-induced renal failure. Kidney Inc 10 
(Suppl 6): SI44-S152, 1976. 

194. Schwartz JH, Flamenbaum W. Uranyl nitrate and 
HgClrinduced alterations in ion transport. Kidney 
Inc 10 (Suppl 6): S 123-S 127, 1976. 

195. Schnermann J, Briggs JP. Participation of renal 

cortical prostaglandins in the regulation of glomer
ular filtration rate. Kidney Inc 19: 802-815, 1981. 

196. Andreucci VE. Glomerular hemodynamics and au
toregulation. Proc EDTA 11: 77-88, 1974. 

197. Andreucci VE, Dal Cancon A, Corradi A, Stanziale 
R, Migone 1. Role of the efferenc arteriole in glo
merular hemodynamics of superficial nephrons. 
Kidney Int 9: 475-480, 1976. 

198. Schnermann J, Ploth DW, Hermie M: Activation 
of tubulo-glomerular feedback by chloride trans
port. Pflugers Arch 362: 229-240, 1976. 

199. Francisco LL, Sawin LL, Di Bona GF. On the signal 
for activation of tubuloglomerular feedback. J Lab 
Clin Med 99: 722-730, 1982. 

200. Briggs J, Schubert G, Schnermann J. Further evi
dence for an inverse relationship between macula 
densa NaCl concentration and filtration rate. Pflug
ers Archiv 392: 372-378, 1982. 

201. Schnermann J, Briggs J. Concentration-dependent 
sodium chloride transport as the signal in feedback 
control of glomerular filtration rate. Kidney Int 22 
(Suppl 12): S82-S89, 1982. 

202. Thurau K, Gruner A, Mason J, Dahlheim H. Tu
bular signal for the renin activity in the juxtaglo
merular apparatus. Kidney Int 22 (Suppl 22): 
S55-S62, 1982. 

203. Bell PD, Navar LG. Relationship between tubulog
lomerular feedback responses and perfusate hypo
tonicity. Kidney Inc 22: 234-239, 1982. 

204. Bell PD, Navar LG. Macula densa feedback concrol 
of glomerular filtration: Role of cytosolic calcium. 
Mineral Electrolyte Metab 8: 61-77, 1982. 

205. Stowe N, Schnermann J, Hermie M. Feedback reg
ulation of nephron filtration rate during pharmaco
logic interference with the renin-angiotensin and 
adrenergic systems in rats. Kidney Inc 15: 473-
486, 1979. 

206. Briggs JP, Wright FS. Feedback concrol of glomer
ular filtration rate: Site of the effector mechanism. 
Am J Physiol 236: F40-F47, 1979. 

207. Schnermann J, Persson AEG, Agerup B. Tubulo
glomerular feedback: Nonlinear relation between 
glomerular hydrostatic pressure and loop of Henle 
perfusion rate. J Clin Invest 52: 862-869, 1973. 

208. Ichikawa I. Hemodynamic influence of altered distal 
salt delivery on glomerular microcirculation. Kid
ney Int 22 (Suppl 12): S109-S113, 1982. 

209. Persson AEG, Wright FS. Evidence for feedback 
mediated reduction of glomerular filtration rate 
during infusion of acetazolamide. Acta Physiol 
Scand 114: 1-7, 1982. 

210. Tucker BJ, Blantz RC. Studies on the mechanism 
of reduction in glomerular filtration rate after Ben
zolanide. Pflugers Arch 388: 211-216, 1980. 

211. Thurau K, Vogt C, Dahlheim H. Renin activity 
in the juxtaglomerular apparatus of the rat kidney 
during post-ischemic acute renal failure. Kidney Int 
10 (Suppl 6): SI77-S182, 1976. 

212. Mason J. Tubulo-glomerular feedback in the early 



1. PATHOPHYSIOLOGY OF ACUTE RENAL FAILURE 47 

stages of experimental acute renal failure. Kidney 
Int 10 (Suppl 6): S 106-S 114, 1976. 

213. Mason ], Takabatake T, Olbricht C, Thurau K. 
The early phase of experimental acute renal failure. 
III Tubuloglomerular feedback. Pflugers Arch 373: 
69-76, 1978. 

214. Mendelsohn FAa. Evidence for the local occurrence 
of angiotensin II in rat kidney and its modulation 
by dietary sodium intake and converting enzyme 
blockade. Clin Sci 57: 173-179, 1979. 

215. Gerber ]G, Olson RD, Nies AS. Interrelationship 
between prostaglandins and renin release. Kidney 
Inc 19: 816-821, 1981. 

216. Muller-Suur R, Persson AEG, Ulfendahl HR. 
Tubuloglomerular feedback In juxtamedullary 
nephrons. Kidney Int 22 (Suppl 12): S 104-S 108, 
1982. 

217. Hollenberg NK, Epstein M, Rosen SM, Basch 
RI, Oken DE, Merrill JP. Acute oliguric renal 
failure in man: Evidence for preferential renal cor
tical ischemia. Medicine 47: 455-474, 1968. 

218. Ploth DW, Roy RN: Renal and tubuloglomerular 
feedback effects of SarI, AlaB angiotensin II in the 
rat. Am J Physiol 11: FI49-FI57, 1982. 

219. Ploth DW, Rudulph J, Lagrange R, Navar LG. 
Tubuloglomerular feedback and single nephron 
function after converting enzyme inhibition in the 
rat. ] Clin Invest 64: 1325-1335, 1979. 

220. Schnermann J, Nagel W, Thurau K. Die fruhdis
tale Narriumkonzentration in Rattennieren nach 
renaler Ischamie und hamorrhagischer Hypotension. 
pflugers Arch 287: 296-310, 1966. 

221. KaufmanJS, Hamburger RJ, Flamenbaum W. Renal 
renin responses to changes in volume status and 
perfusion pressure. Am J Physiol 238: F488-F490, 
1980. 

222. Rauh W, Oster P, Dietz R, Gross F. The renin
angiotensin system in acute renal failure of rats. 
Clin Sci 48: 467-473, 1975. 

223. Kleinman JG, McNeil JS, Schwartz JH, Ham
burger RJ, Flamenbaum W. Effect of dithiothreitol 
on mercuric chloride and uranyl nitrate-induced 
acute renal failure in the rat. Kidney Inc 12: 
45-121, 1977. 

224. Wright FS, Schnermann J: Interference with feed
back control of glomerular filtration rate by furo
semide, triflocin, and cyanide. J Clin Invest 53: 
1695-1708, 1974. 

225. Wunderlich PF, Brunner FP, Davis JM, Haberle 
DA, Tholen H, Thiel G. Feedback activation in 
rat nephrons by sera from patients with acute renal 
failure. Kidney Int 17: 497-506, 1980. 

226. DiBona GF, McDonald FD, Flamenbaum W, 
Dammin GJ, Oken DE. Maintenance of renal 
function in salt-loaded rats despite severe tubular 
necrosis induced by HgCl2 . Nephron 8: 205-220, 
1971. 

227. Lindner A, Cutler RE. Angiotensin blockade and 
acute renal failure in the dog. In Acute Renal Fail-

ure, Eliahou HE (ed). London: John Libbey, 1982, 
pp. 203-205. 

228. Bidani A, Churchill P, Fleischmann 1. Sodium
chloride-induced protection in nephrotoxic acute 
renal failure: Independence from renin. Kidney Int 
16: 481-490, 1979. 

229. Oken DE, Cotes SC, Flamenbaum W, Powell
Jackson JD, Lever AF. Active and passive immu
nization to angiotensin in experimental acute renal 
failure. Kidney Int 7: 12-18, 1975. 

230. Semple PF, Brown JJ, Lever AF, Mac Gregoir J, 
Morton JJ, Powell-Jackson JD, Robertson JIS. 
Renin, angiotensin II and III in acute renal failure: 
Notes on the measurement of angiotensin II and III 
in rat blood. Kidney Int 10 (Suppl 6): S 169-S 176, 
1976. 

231. de Rougemont D, Brunner FP, Torhorst J, Thiel 
G: Superficial nephron function in ischemic renal 
failure with or without protection. In Acute Renal 
Failure, Eliahou HE (ed). London: John Libbey, 
1982, pp. 65-68. 

232. Churchill PC, Bidani A, Fleischmann L, Becker
McKenna B. HgClrinduced acute renal failure in 
the Goldblatt rat. J Lab Clin Med 91: 660-665, 
1978. 

233. Thiel G, Brunner F, Wunderlich P, Huguenin 
M, Bienko B, Torhorst J, Peters-Haefeli L, 
Kirchertz EJ, Peters G. Protection of rat kidney 
against HgCl2-induced acute renal failure by induc
tion of high-urine flow without renin supression. 
Kidney Inc 10 (Suppl 6): SI91-S200, 1976. 

234. Persson AEG, Boberg U, Hahne B, Muller-Suur 
R, Norlen BJ, Selen G. Interstitial pressure as a 
modulator of tubuloglomerular feedback control. 
Kidney Int 22 (Suppl 12): S 122-S 128, 1982. 

235. Gillies A, Morgan T. Activity of renin in the jux
taglomerular apparatus. Kidney Int 22 (Suppl 12): 
S67-S72, 1982. 

236. Kirschbaum BB, Sprinkle FM, Oken DE. Renal 
function and mercury level in rats with mercuric 
nephrotoxicity. Nephron 26: 28-34, 1980. 

237. Tanner GA. Nephron obstruction and tubulo
glomerular feedback. Kidney Int 22 (Suppl 12): 
S213-S218, 1982. 

238. Tanner GA. Tubuloglomerular feedback after neph
ron obstruction. In Acute Renal Failure, Eliahou 
HE (ed). London: John Libbey, 1982, pp. 47-49. 

239. Tanner GA. Effects of kidney tubule obstruction on 
glomerular function in rats. Am J Physiol 237: 
F379-F385, 1979. 

240. Dal Cancon A, Andreucci VE. Glomerular hemo
dynamics in ureteral obstruction. In Renal Patho
physiology, Recent Advances, Leaf A, Giebisch G, 
Bolis L, Gorini S (eds). New York: Raven Press, 
1980, pp. 189-201. 

241. Tanner GA, Yum MN. Effects of chronic tubular 
obstruction in Necturus kidney. Am J Physiol 234: 
F112-F116, 1978. 

242. Celio MR. Angiotensin II immunoreactivity coex-



48 

isting with renin in the human juxtaglomerular ep
ithelioid cells. Kidney Int 22 (Suppl 12): S30-S32, 
1982. 

243. Rightsel WA, Okamura T, Inagami T, Pitcock 
JA, Takii Y, Brooks B, Brown P, Muirhead EE. 
Juxtaglomerular cells grown as monolayer cell cul
rure contain renin, angiotensin I-converting en
zyme and angiotensin I and II/III. Circ Res 50: 
822-829, 1982. 

244. Taugner R, Hackenthal E, Rix E, Nobiling R, 
Poulsen K. Immunocytochemistry of the renin-an
giotensin system: Renin, angiotensinogen, angio
tensin I, angiotensin II, and converting enzyme in 
the kidney of mice, rats and three shrews. Kidney 
Int 22 (Suppl 12): S33-S43, 1982. 

245. Naruse K, Inagami T, Celio MR, Workman RJ, 
Takii Y. Immunohistochemical evidence that an
giotensin I and II are formed by intracellular mech
allism in juxtaglomerular cells. Hypertension 4 
(Suppl 11): 1170-1174, 1982. 

246. Regoli D, Gauthier R. Site of action of angiotensin 
and other vasoconstrictors on the kidney. Can J 
Physiol Pharmacol 49: 608-612, 1971. 

247. Osborne M, Meyer P, Droz B, Morel F. Localisa
tion intraenale de l'angiotensive tritiee dans les cel
lules mesangiales par radioautographie. C R Acad 
Sci (Paris) 276: 2457-2460, 1973. 

248. Hornich H, Beaufils M, Richet G: The effect of 
exogenous angiotensin on superficial and deep glo
meruli in the rat kidney. Kidney Int 2: 336-342, 
1972. 

249. Ausiello DA, Kreisberg JI, Roy C, Karnovsky MJ. 
Contraction of culrured rat glomerular cells of ap
parent mesangial origin after stimulation with an
giotensin II and arginin vasopressin. J Clin Invest 
65: 754-760, 1980. 

250. Sraer JD, Sraer J, Ardaillou R, Mimoune O. Evi
dence for renal glomerular receptors for angiotensin 
II. Kidney Int 6: 241-246, 1974. 

251. Caldicott WJH, Taub KJ, Margulies SS, Hollen
berg NK. Angiotensin receptors in glomeruli differ 
from those III renal arterioles. Kidney Int 19: 
687-693, 1981. 

252. Boucher R, Asselin J, Genest J. A new enzyme 
leading to the direct formation of angiotensin II. 
Circ Res 34 & 35 (Suppl 1): 1203-1209, 1974. 

253. Boucher R, Demassieux S, Garcia R, Genest J. 
Tonin, angiotensin II system. A review. Circ Res 
41 (Suppl 2): 26-29, 1977. 

254. Burghardt W, Schweisfurth H, Dahlheim H. Jux
taglomerular angiotensin II formation. Kidney Int 
22 (Suppl 12): S49-S54, 1982. 

255. Barajas L, Muller J. The innervation of the jux
taglomerular appararus and surrounding tubules: 
A quantitative analysis by serial section electron 
microscopy. J Ultrastruct Res 43: 107-132, 
1973. 

256. Needleman P, Douglas JR, Jakschik B, Stoecklein 
PB, Johnson EM. Release of renal prostaglandins 
by catecholamines. Relationship renal endocrine 

function. Pharmacol Exp Ther 188: 453-460, 
1974. 

257. Davis JO, Freeman RH. Mechanisms regulating 
renin release. Physiol Rev 56: 1-56, 1976. 

258. Eliahou HE, Iaina A, Solomon S, Gavendo S. Al
leviation of anoxic experimental acute renal failure 
in rats by beta-adrenergic blockade. Nephron 19: 
158-166, 1977. 

259. Gaal K. Effect of beta-receptor antagonists on 
HgCl,-induced acute renal failure in rats; functional 
and morphological investigations. In Acute Renal 
Failure, Seybold D, Gessler U (eds). Basel: Kar
ger, 1982, pp. 162-177. 

260. Diz DI, Baer PG, Nasjletti A. Effect of norepi
nephrine and renal denervation on renal PGE2 and 
kallikrein in rats. Am J Physiol 241: F4 77 -F481, 
1981. 

261. Henrich WL, Anderson RJ, Berns AS, McDonald 
KM, Paulsen PJ, Ber! T, Schrier RW. Role of 
renal nerves and prostaglandins in control of renal 
hemodynamics and plasma renin activity during hy
potensive hemorrhage in the dog. J Clin Invest 61: 
744-750, 1978. 

262. Henrich WL, Ber! T, McDonald KM, Anderson 
RJ, Schrier R W. Angiotensin II, renal nerves, and 
prostaglandins in renal hemodynamics during hem
orrhage. Am J Physiol 235: F46-F51, 1978. 

263. Schnermann J, Stowe N, Yarimizu S, Magnussen 
M, Tingwald G. Feedback control of glomerular 
filtration rate in isolated, blood-perfused dog kid
neys. Am J Physiol 233: F217-F224, 1977. 

264. Kaufman JS, Hamburger RJ, Flamenbaum W. 
Tubuloglomerular feedback response after hypoten
sive hemorrhage. Renal Physiol 5: 173-181, 1982. 

265. Lands WEM. The biosynthesis and metabolism of 
prostaglandins. Ann Rev Physiol 41: 633-653, 
1979. 

266. Anggard E, Oliw E. Formation and metabolism of 
prostaglandins in the kidney. Kidney Int 19: 
771-780, 1981. 

267. Levenson DJ, Simmons CE, Brenner BM. Arachi
donic acid metabolism, prostaglandins and the kid
ney. Am J Med 72: 354-374, 1982. 

268. Epstein M, Lifschitz MD. Volume status as a de
terminant of the influence of renal PGE on renal 
function. Nephron 25: 157-159, 1980. 

269. Whorton AR, Smigel M, Oates JA, Frblich Jc. 
Regional differences in prostacycJin formation by 
the kidney. ProstacycJin is a major prostaglandin of 
renal cortex. Biochim Biophys Acta 529: 176-180, 
1978. 

270. Schlondorff D, Roczniak S, Satriano JA, Folkert 
VW. Prostaglandin synthesis by isolated rat glo
meruli: Effect of angiotensin II. Am J Physiol 8: 
F486-F495, 1980. 

271. Kreisberg JI, Karnovsky MJ, Levine L. Prostaglan
din production by homogeneous culrures of rat glo
merular epithelial and mesangial cells. Kidney Int 
22: 355-359, 1982. 

272. Bohman SO: Demonstration of prostaglandin syn-



1. PATHOPHYSIOLOGY OF ACUTE RENAL FAILURE 49 

thesis in collecting duct cells and other cell types of 
the rabbit renal medulla. Prostaglandins 14: 
729-744, 1977. 

273. Muirhead EE, German GS, Leach BE, Brooks B, 
Stephenson P. Renomedullary interstitial cells 
(RIC): Prostaglandins (PG) and the antihypertensive 
function of the kidney. Prostaglandins 3: 581-594, 
1973. 

274. Smith WL, Bell TG. Increased renal tubular syn
thesis of prostaglandins in the rabbit kidney in re
sponse to ureteral obstruction. Prostaglandins 18: 
269-277, 1979. 

275. Williams WM, Frolich JC, Nies AS, Oates JA. 
Urinary prostaglandins: Site of entry into renal tu
bular fluid. Kidney Int 11: 256-260, 1977. 

276. Zambraski EJ, Dunn MJ. Renal prostaglandin E2 
secretion and excretion in conscious dogs. Am J 
Physiol 236: F552-F556, 1979. 

277. Moncada S, Vane JR. Prostacyclin: Homeostatic 
regulator or biological curiosity? Clin Sci 61: 
369-372, 1981. 

278. Zipser R, Myers S, Needleman P. Exaggerated 
prostaglandin and thromboxane synthesis in the 
renal vein constricted rabbit. Cir Res 47: 231-237, 
1980. 

279. Whinnery MA, Shaw JO, Beck N. Thromboxane 
B2 and prostaglandin E2 in the rat kidney with uni
lateral ureteral obstruction. Am J Physiol 242: 
F220-F225, 1982. 

280. Schramm LP, Carlson DE. Inhibition of renal va
soconstriction by elevated ureteral pressure. Am J 
Physiol228: 1126-1133, 1975. 

281. Gerber JG, Nies S. The hemodynamic effects of 
prostaglandins in the rat: Evidence for important 
species varications in renovascular responses. Circ 
Res 44: 406-410, 1979. 

282. Gerber JG, Nies AS. The role of prostaglandins in 
the control of renal hemodynamics. Mineral Elec
trolyte Metab 6: 27-34, 1981. 

283. Swain JA, Hendrix GR, Boettcher DH, Varner 
SF. Prostaglandin control of renal circulation in the 
unanesthetized dog and baboon. Am J Physiol 229: 
826-830, 1975. 

284. Donker AJM, Arisz L, Brentjens JRH, Van Der 
Hem GK, Hollemans HJC The effect of indo
methacin on kidney function and plasma renin ac
tivity in man. Nephron 17: 288-296, 1976. 

285. Baylis C, Brenner BM. Modulation by prostaglan
din synthesis inhibitors of the action of exogenous 
angiotensin II on glomerular ultrafiltration in the 
rat. Circ Res 43: 889-898, 1978. 

286. Oliver JA, Sciacca RR, Pinto J. Participation of 
the prostaglandins in the control of renal blood flow 
during acute reduction of cardiac output in the dog. 
J Clin Invest 67: 229-239, 1981. 

287. Zipser RD, Hoefs JC, Speckart PF, Zca PK, Hor
ton R. Prostaglandins. Modulators of renal function 
and pressor resistance in chronic liver disease. J Clin 
Endocr Metab 48: 895-900, 1979. 

288. Arisz L, Donker AJ, Brentjens JR, Vanderhem 

GK. The effect of indomethacin on proteinuria and 
kidney function in the nephrotic syndrome. Acta 
Med Scand 199: 121-125, 1976. 

289. Schnermann J, Schubert G, HermIe M, Herbst R, 
Stowe NT, Yarimizu S, Weber PC The effect of 
inhibition of prostaglandin synthesis on tubulo
glomerular feedback in the rat kidney. Pfliigers 
Arch 379: 269-279, 1979. 

290. Schnermann J, Weber PC Reversal of indometha
cin-induced inhibition of tubuloglomerular feed
back by prostaglandin infusion. Prostaglandins 24: 
351-361, 1982. 

291. Schor N, Ichikawa I, Brenner BM. Mechanisms of 
action of various hormones and vasoactive sub
stances on glomerular ultrafiltration in the rat. Kid
ney Int 20: 442-451, 1981. 

292. Romero JC, Dunlap CL, Strong CG. The effect of 
indomethacin and other anti-inflammatory drugs on 
the renin-angiotensin system. J Clin Invest 58: 
282-288, 1976. 

293. Whorton AR, Misono K, Hollifield J, Friilich JC, 
Inagami T, Oates JA. Prostaglandins and renin re
lease: I Stimulation of renin release from rabbit 
renal cortical slices by PGI2 • Prostaglandins 14: 
1095-1104, 1977. 

294. Beierwaltes WH, Schryver S, Sanders E, Strand J, 
Romero JC Renin release selectively stimulated by 
prostaglandin 12 in isolated rat glomeruli. Am J 
Physiol 243: F276-F283, 1982. 

295. Nesjletti A, Malik KU. Renal kinin-prostaglandin 
relationship: Implications for renal function. Kid
ney Int 19: 860-868,1981. 

296. Nasjletti A, Malik KU. The renal kallikrein-kinin 
and prostaglandin system interaction. Annu Rev 
Physiol 43: 597-609, 1981. 

297. Nasjletti A, Colina-Chourio J, McGiff JC Disap
pearance of bradykinin in the renal circulation of 
dogs: Effects of kininase inhibition. Circ Res 37: 
59-65, 1975. 

298. Flamenbaum W, Gagnon J, Ramwell P: Bradyki
nin-induced renal hemodynamic alterations: Renin 
and prostaglandin relationship. Am J Physiol 237: 
F433-F440, 1980. 

299. Strand JC, Gilmore JP. Prostaglandins do not me
diate the renal effects of bradykinin. Renal Physiol 
5: 286-296, 1982. 

300. Thomas CE, Bell PD, Navar LG. Influence of bra
dykinin and papaverine on renal and glomerular 
hemodynamics in dogs. Renal Physiol 5: 197-205, 
1982. 

301. Carretero OA, Scicli AG. The renal kallikrein
kinin system. Am J Physiol 238: F247-F255, 
1980. 

302. Smith MC, Dunn MJ. Renal kallikrein, kinins and 
prostaglandins in hypertension. In Hypertension, 
Brenner BM, Stein JH (eds). New York: Churchill 
Livingstone, 1981, pp. 168-202. 

303. Koffler D, Paronetto F. Fibrinogen deposition in 
acute renal failure. Am J Path 49: 383-395, 1966. 

304. Clarkson AR, MacDonald MK, Fuster V, Cash 



50 

JD, Robson JS. Glomerular coagulation in acute 
ischemic renal failure. Quart J Med 39: 585-599, 
1970. 

305. Wardle EN: Intravascular coagulation in experi
mental acute renal failure. Thromb Diath Haemorrh 
29: 579-591, 1973. 

306. Rammer L, Gerdin B. Protection against the im
pairment of renal function after intravascular coag
ulation in the rat kidney by increased ingestion of 
sodium chloride. Nephron 14: 433-441, 1975. 

307. Rammer L, Stahl E. Effect of beta-adrenergic 
blockade by propranolol upon intravascular coagu
lation in the rat kidney. Nephron 24: 246-249, 
1979. 

308. Stahl E, Gerdin B, Rammer L. Protective effect of 
angiotensin II inhibition on acute renal failure after 
intravascular coagulation in the rat. Nephron 29: 
250-257, 1981. 

309. Rammer L, Stahl E. Acute renal failure due to in
travascular coagulation in the rat. In Acute Renal 

Failure, Eliahou HE (ed). London: John Libbey, 
1982, pp. 58-61. 

310. Stahl E, Karlberg BE, Rammer L. Fibrin deposi
tion in the kidney and renal blood flow during in
travascular coagulation in the rat: Influence of the 
renin-angiotensin system. Clin Sci 62: 35-41, 
1982. 

311. Barajas L, Latta H. A three-dimensional study of 
the juxtaglomerular appararus in the rat. Light and 
electron microscopy observations. Lab Invest 12: 
257-269, 1963. 

312. Barajas L, Latta H. Structure of the juxtaglomeru
lar apparatus. Circ Res 21-22 (Suppl 11): 15-28, 
1967. 

313. Barajas L. Anatomy of the juxtaglomerular appa
rarus. Am J Physiol 237: F333-F343, 1979. 

314. Oken DE, Landwehr DM, Kirschbaum BB. On 
the pathogenesis of murine experimental acute renal 
failure. In Acute Renal Failure, Seybold D, Gessler 
U (eds). Basel: Karger, 1982, pp. 1-8. 



2. DIFFERENT FORMS OF ISCHEMIC/ 
TOXIC ACUTE RENAL FAILURE 

IN HUMANS 

Vittorio E. Andreucci 

1 Introduction 
We may define acute renal failure (ARF) as a 
rapid deterioration of renal function associated 
with retention of nitrogenous wastes in the 
body {l}. On the basis of this definition, ARF 
may occur as result of many different causes, 
as summarized in table 2-1. In this chapter, 
only ischemic and toxic forms of ARF in hu
mans are reviewed. 

Initially defined as "lower nephron ne
phrosis," ARF resulting from ischemic and/or 
toxic conditions was then called acute tubular 
necrosis (ATN) {2} to focus attention on tubu
lar necrosis as the essential renal lesion. Al
though a frank necrosis is not constant or, at 
least, not readily apparent, the term ATN has 
been maintained and has become popular for 
defining the renal shutdown that cannot be re
versed by adequate fluid replacement. I have, 
therefore, decided to maintain this popular 
term (ATN). 

As fully discussed in chapter 1, both in man 
and in experimental animals, ATN may be ei-

TABLE 2-1. Causes of acute renal failure (ARF) 

Ischemic disorders (pre renal ARF, ATN) 
Nephroroxins (ATN, drug-induced acute interstitial 

nephritis) 
Diseases of the renal interstitium 
Primary glomerular diseases 
Vascular nephropathies 
Obstruction of the urinary tract (post renal ARF) 
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ther the result of a direct toxic effect on renal 
tubules or the secondary consequence of an is
chemic insult. Under the latter condition, 
however, with only a few exceptions (e.g., the 
ATN following the temporary interruption of 
blood flow during renal transplantation), ATN 
is usually preceded by a functional ARF, better 
known as pre renal ARF . We may define the 
prerenal ARF as that abrupt impairment of 
renal function that occurs in conditions of renal 
hypoperfusion that may be reversed by ade
quate fluid replacement (in the form of blood, 
plasma, and/or saline solutions). Should pre
renal ARF remain uncorrected for a prolonged 
time, ATN will result. 

2. Hypovolemic ARF 
The normal kidney is able to withstand wide 
variations in renal perfusion pressure, main
taining practically unchanged RBF and GFR; 
this phenomenon is called renal autoregulation 
{3}. When renal perfusion pressure falls below 
the lower limit of autoregulatory range (i.e., 
below a blood pressure of 80 mm Hg), RBF 
and/or glomerular capillary pressure are re
duced, thus leading to a decrease in GFR. On 
the other hand, the diminution of blood vol
ume may stimulate the adrenergic nervous sys
tem and release vasoconstrictor factors; both 
phenomena will cause renal vasoconstriction, 
which leads to more severe renal hypoperfusion 
and/or greater fall in glomerular capillary pres
sure. The immediate consequence is a reduc
tion in GFR, which is mirrored by the rise in 
serum creatinine. However, the hypoperfusion 
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of renal parenchyma secondary to Eev deple
tion causes tubular overreabsorption, occurring 
mainly, but not exclusively, in proximal tu
bules, with the aim of normalizing the blood 
volume and consequently the renal perfusion. 
A reduced volume of highly concentrated 
urine, with very low sodium concentration (so
dium is reabsorbed more avidly than water), 
will be produced with normal urinalysis. This 
is typically a functional, prerenal ARF. 

Severe hypovolemia (i.e., diminution of total 
intravascular volume) may result from external 
or internal fluid losses. External fluid losses in
clude hemorrhage and renal and extrarenal 
losses. Internal fluid losses include internal hem
orrhage, intestinal sequestration of fluid, peri
tonitis, and acute pancreatitis. 

2.1 HEMORRHAGE 

Severe hypovolemia may obviously result from 
external acute blood loss following trauma or 
from gastrointestinal bleeding. The latter may 
not be immediately apparent; nasogastric suc
tion, inspection of the stool, or even gastric or 
rectal endoscopy may help in the diagnosis. 
Gross hematuria in uremic patients with poly
cystic renal disease may sometimes cause hy
povolemia and acute worsening of renal func
tion. Trauma on the kidney (as from a heavy 
abdominal blow) may cause perirenal hema
toma andlor gross hematuria, with severe hy
povolemia and hypotension. 

Internal hemorrhage (hematomas, hemoperi
toneum, hemothorax) should be suspected any 
time hypovolemia occurs without evident blood 
loss or salt depletion. 

Severe hemorrhage causes a fall in blood 
pressure and requires immediate blood transfu
sion. The faster the replacement of the lost 
blood, the less the risk of ATN. 

2.2 RENAL FLUID LOSS 

Much salt and water may be lost by the kidney 
itself. Thus, some uremic patients may lose 
great amounts of sodium with the consequent 
contraction in EeV, fall in blood pressure, and 
worsening of renal function {4}. This represents 
the so-called "salt-losing nephritis," usually 
secondary to chronic urinary obstruction, poly-

cystic kidney disease, phenacetin nephropathy, 
and chronic pyelonephritis with urinary infec
tion {5}. A classical cause of prerenal ARF in 
chronic uremic patients, this condition is read
ily reversed by salt replacement (figure 2-1). 

Severe diabetic acidosis represents another 
condition characterized by renal loss of salt and 
water that may cause ARF (figure 2-2). As 
blood sugar rises in untreated (or inadequately 
treated) patients, the filtered load of sugar in
creases, exceeding the maximal capacity of the 
proximal tubule to reabsorb glucose (Tmglucose). 
In this condition glucose behaves as a nonreab
sorbable solute, preventing the reabsorption of 
water and salt and leading to a greater urine 
output (osmotic diuresis). This osmotic diuresis 
will be the major cause of water, sodium, and 
chloride losses in diabetic patients, causing 
EeV contraction, renal hypoperfusion, and 
prerenal ARF {6}. In this form of ARF, the 
associated hyponatremia is due to a continuous 
diffusion of water from the intracellular com
partment to the extracellular fluids because of 
the increase in effective osmotic pressure due to 
high glucose levels; if hypernatremia is present 
despite hyperglycemia, it indicates a great de
gree of water loss from the body, which is 
markedly in excess of sodium {6}. Taken to
gether these data clearly demonstrate that pa
tients with severe diabetic acidosis have to be 
treated with parenteral administration of large 
volumes of water and salt (water in excess of 
salt). In patients with marked Eev depletion 
and severe hypotension or hypovolemic shock, 
isotonic saline should be given first and in ad
equate volume (e. g., two to three liters i. v.) 
{6} (see chapter 21). Should these patients re
main untreated too long, pre renal ARF will be 
converted into A TN. 

Diuretics may cause EeV contraction or, 
more frequently, may worsen pre-existent salt 
depletion. Too frequently, in fact, patients 
who become oliguric following vomiting, diar
rhea, severe sweating, or other conditions of 
extrarenal fluid losses are mistakenly treated 
with high doses of loop diuretics (usually furo
semide). The resulting functional ARF is diffi
cult to evaluate by urinary tests because of the 
high urinary sodium concentration and FENa; 
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FIGURE 2- 1. Salt-losing nephritis. A 41-year-old male patient with paraplegia and permanent catheter for bladder 
drainage was first admitted to our unit in February 1982. A sodium intake of 480 mmoll24 hours was necessary to 

balance urinary sodium excretion . Under such circumstances blood pressure was 130175 mm Hg , urine output 3 ,800 
mll24 hours, serum creatinine 248 /-Lmolll (2.8 mg/dl), plasma urea 10.82 mmolll (65 mg/dl), and serum protein 4 . 1 
g/dl (the patient had marked proteinuria due to renal amyloidosis) . The patient was discharged on 1 March 1982 with 
sodium intake of 480 mmoll24 hours . Many months later , the patient decided ro reduce sodium intake . On 29 Decem
ber, he was admicced again ro our unit. Blood pressure was 110170 mm Hg, urine output 2,000 mll24 hours, urinary 
sodium excretion 100 mmoll24 hours, serum creatinine 1,087 /-Lmolll (12.3 mg/dl), plasma urea 35 . 13 mmol/l (211 
mg/dl), serum protein 5.8 g/dl. This prerenal ARF was readily reversed by adequate sale replacement. 

the diagnosis should be based on the history 
(revealing extrarenal fluid losses and diuretic 
therapy) and physical examination (revealing 
signs of severe dehydration) (see chapter 7). 

2.3 EXTRARENAL FLUID LOSS 

2.3. 1 Vomiting and N asogastric Suction 
Vomiting, even without food expulsion (the 
patient frequently denies vomiting because of 
lack of food expulsion), is responsible for loss 

of fluid with hydrochloric acid, sodium, and 
potassium, leading to Eev depletion, hypo
kalemia, and alkalosis. The extent of these 
losses is variable depending on the extreme 
variation in the composition of the gastric con
tent; the latter may vary according to the basal 
or stimulated gastric juice secretion, the swal
lowed saliva, and the degree of fluid refluxing 
from the duodenum {7}. Obviously, the met
abolic consequences of nasogastric suction or 
spontaneous gastric fistula are similar to those 
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of vomiting. It should be stressed that the oc
currence of metabolic alkalosis and potassium 
depletion under such circumstances is due not 
only to the gastrointestinal losses of water, 
acid, sodium, and potassium, but also to the 
increased renal tubular secretion of hydrogen 
and potassium [7-9) (see chapter 7). 

2.3.2 Diarrhea and Intestinal Drainage or 
Fistula Severe diarrhea may cause a daily loss 
of 5 to 10 liters of fluid containing sodium, 
potassium, and bicarbonate, leading to ECV 
depletion, hypokalemia, and acidosis. The 
metabolic consequences of spontaneous intes
tinal fistulae or post-surgical intestinal drain
age are similar to those of diarrhea with some 
variations on cation and anion losses, depend
ing on the site of the fistula or drainage (see 
chapter 7). 

2.3.3 Excessive Sweating Excessive sweating 
may lead to ECV depletion because of loss of 
water and salt (concentration of sodium in 
sweat ranges from 18 to 97 mmolll with a 
mean of 45 mmolll) (10) and potassium deple
tion (concentration of potassium in sweat 
ranges from 1 to 15 mmolll, with a mean of 
4.5 mmolll) (10). 

(KUSSMAUL> 

FIGURE 2-2. Metabolic consequences of untreated dia
betic acidosis. 

Losses of water and sodium from sweating 
are too frequently disregarded even though 
they may become life threatening. Excessive 
sweating usually occurs in subjects living in 
hot climates, but it may be observed in ill pa
tients with hyperpyrexia. Severe water deple
tion is unusual in healthy sweating subjects 
since the sensation of thirst will induce the in
dividual to drink. But sodium losses may be 
substantial and will not be replaced by simple 
water-drinking unless salt supplements are 
given. A sick patient, sweating because of in
creased body temperature and allowed to drink 
but not to eat (as may occur in the first days 
following myocardial infarction), may develop 
severe salt depletion and consequently prerenal 
ARF (figure 2-3). 

2.3.4 Burns ECV depletion with a signifi
cant reduction of effective arterial blood vol
ume may occur following extensive and severe 
burns. The thermal injury of the skin, when 
involving epidermis and dermis either in part 
(second-degree burns or partial-thickness 
burns) or totally (third-degree burns or full
thickness burns) will be associated initially 
with local edema and subsequently with severe 
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FIGURE 2-3. Salt depletion and prerenal ARF after myo
cardial infarction. The use of diuretics and the occurrence 
of fever with profuse sweating (with no food or salt intake 
for several days) were followed by a fall in urine output 
and rise in serum creatinine. The patient was in excellent 
condition. The i .v. infusion of 154 mmol/l (0.9 g/dl) 
NaC 1 normalized urine output and renal function. (Re
printed with permission from Andreucci VE and Dal Can
tOn A, Proc, EDTA 17: 123-132, 1980.) 

evaporation of water from the wound surface 
and, sometimes, with diffuse edema (lI}. 
Burn edema is due to a rapid leak of fluid from 
the vascular bed into the wound and occurs 
mainly in the first six to eight hours (but may 
continue up to 48 hours) after injury; it is 
caused by dilatation and increased permeability 
of the damaged capillaries so that the edema 

--° __ 0 
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J6.0 SERUM K' 
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fluid has the same COmpOSltlOn of plasma with 
a protein content of 40 to 50 gil [ll}. 

In the days following, when full-thickness 
burns involve more than 30% of body surface, 
diffuse edema may occur in undamaged areas 
quite far from the site of thermal injury; this 
edema has been attributed to a fall of oncotic 
pressure resulting from the massive loss of 
plasma protein into the wound (lI}. Finally, 
after the initial thermal injury, a long-lasting 
and serious fluid loss from the burn surface oc
curs because of water vaporization; this loss 
may vary with the temperature and humidity 
of the room (it may be decreased by heating the 
room and saturating the air with water vapor) 
and with the extension of the thermally dam
aged skin. Thus, water loss, in full-thickness 
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burns, may reach 300 mllhourlsquare meter of 
burned skin between the fifth and the tenth 
post burn days [II}. This water loss will con
tinue, even though at a much lower rate, with 
burn eschar and terminates only when the 
wound has been completely covered by epithe
lium. 

Thermal trauma may cause local thrombosis 
and may damage circulating erythrocytes tra
versing the wound area during burning; this 
may lead to immediate and delayed hemolysis 
and to RBC agglutination, with loss of eryth
rocyte mass. 

Loss of plasma into the burn wound, evap
oration of water from the wound surface, and 
hemolysis causes a severe decrease of blood vol
ume with renal hypoperfusion and prerenal 
ARF. Furthermore, direct thermal injury and 
secondary tissue hypoxia may cause potassium 
release from tissue cells, metabolic acidosis, 
and superimposed bacterial infection. 

When prerenal ARF in burned patients is 
not adequately treated or when adequate pro
tein, salt and fluid replacement are given too 
late after thermal injury, ATN (frequently a 
nonoliguric form) may result, which usually 
requires early and intensive dialysis therapy and 
high-calorie feeding because of severe hyperca
tabolism [I2}. 

2.4 INTERNAL SEQUESTRATION OF FLUID 

Severe plasma volume depletion may also occur 
during the course of intestinal obstruction or 
ileus, because of intestinal sequestration of sev
eral liters of fluid. Mechanical obstruction of 
the gut, in fact, results in decreased absorp
tion from distended bowel and then in intra
luminal secretion of sodium and water; the 
damage of the intestinal mucosa leads to pro
tein loss from blood to the intestinal lumen, 
with bacteria and their toxins moving in the 
opposite direction; resulting peritonitis causes 
further loss of fluid into the peritoneal cavity, 
which will greatly contribute, with associated 
vomiting, to severe hypovolemia (7}. 

Similar effects may follow adynamic or spas
tic ileus (functional obstruction of the bowel), 
which is commonly observed in association 
with peritonitis [7}. Under such circumstances 
both severe hypovolemia and endotoxemia may 

account for the shock condition leading to ARF 
and frequently to death. 

Internal sequestration of fluid, with hypo
volemic ARF may occur following acute pan
creatitis. Under such circumstances, hypovole
mia with hemoconcentration and severe 
hypotension are accounted for by a tremendous 
subcapsular and peripancreatic edema, accu
mulation of bloody peritoneal exudate (chemi
cal peritonitis) and intestinal sequestration of 
fluid (paralytic ileus) and may be worsened by 
associated vomiting. Hypotension may be ag
gravated by pancreatic release of kallikrein and 
the consequent production of vasodilator bra
dykinin. In acute hemorrhagic pancreatitis, 
blood loss from circulation may greatly con
tribute to refractory hypotension and shock and 
requires immediate blood transfusion. 

As mentioned elsewhere in this chapter, 
however, ARF may also occur in acute pan
creatitis without hypovolemia and/or hypoten
SIOn. 

Peritonitis, whether due to bacterial or 
chemical injury, causes fluid loss into the peri
toneal cavity. The peritoneum, with its large 
surface area, normally allows fast transport of 
water and electrolytes from the peritoneal cav
ity to the circulating blood. In peritonitis this 
transport system is impaired and fluid is se
questered into the peritoneal cavity; this se
questration is further increased by the concom
itant exudation of plasma protein (7). 
Hypovolemia, hypotension, and ARF may fol
low and may be initially reversed by adequate 
protein and fluid replacement. 

2.5 POSTSURGICAL ARF 

ARF is undoubtedly frequent after surgical 
procedures. In a review of lO4 cases of ARF, 
82 patients had undergone surgery [13}. Many 
factors favor post-surgical ARF. As mentioned 
elsewhere in this chapter, anesthesia may play 
an important role. But, undoubtedly, hypo
volemia is usually predominant and may result 
from (a) preoperative fluid restriction, (b) sur
gical fluid loss, (c) surgical blood loss, or (d) 
gastric and/or enteric drainage of fluids [I4}. 
The resulting hypovolemic ARF may be aggra
vated by prophylactic use of nephrotoxic anti
biotics. Under such circumstances, the toxic 



2. ISCHEMIC/TOXIC ACUTE RENAL FAILURE 57 

injury is added to the ischemic damage on tu
bular epithelium. 

3 Endotoxin-Induced ARF in Septic 
Shock Patients 
Invasion of the blood stream by bacteria may 
follow urinary tract infection, biliary or intra
peritoneal sepsis, or sepsis following abortion, 
pelvic surgery or severe trauma with exposed 
wounds. Sometimes the portal of entry is not 
evident. Bacteremia is usually characterized by 
a sudden fever, with chills, dyspnea, mental 
confusion, and, frequently, unexplained hypo
tension. Prolonged hypotension characterizes 
the shock syndrome and consequent ARF. 

In recent years, great importance has been 
attributed to the role played by endotoxemia in 
septic shock not only for the "shock lung" 
(acute respiratory distress syndrome) but also 
for the "shock kidney" [l5}. 

Endotoxin is the lipopolysaccharide compo-

leucopaenia 

nent of the cell wall of gram-negative bacteria. 
The real toxin is the lipid-A, which is con
cealed within the bacterial cell; when lipid-A 
is liberated, its fatty acids insert into the phos
polipids of the cell membranes, causing those 
cellular reactions that are typical of endotoxin 
shock [l6}. 

3. 1 EFFECTS OF ENDOTOXEMIA 
IN SEPTIC PATIENTS 

As pointed out by Wardle, in septic patients 
endotoxemia may cause many effects, either di
rectly or indirectly (figure 2-4): (a) decrease in 
effective arterial blood volume due to enhanced 
capillary permeability (with the consequent es
cape of protein-rich fluid), pooling of blood in 
the splanchnic area, opening of arteriovenous 
shunts; (b) decrease in venous return and car
diac output; (c) arteriolar vasoconstriction (due 
to sympathetic nervous activation and increase 
in catecholamine release); (d) endothelial cell 
damage with release of tissue thromboplastin 
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FIGURE 2-4. Endotoxin effects in septic patients. (RES = reticuloendothelial system; DIC = disseminated intravascular 
coagulation). 
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leading to microthrombi formation and dissem
inated intravascular coagulation (DIC); (e) 
platelet damage with release of serotonin and 
exposure of lipoprotein platelet factor 3 (acti
vating coagulation); (f) thrombocytopenia, due 
to removal from circulating blood of entotoxin
carrying platelets by the reticuloendothelial 
system (RES) and to DIC; (g) leukopenia; (h) 
complement activation (by triggering both 
classical and alternate pathways); (i) hypergly
caemia with increase in plasma insulin levels 
and, then, lactic-acidemia with hypoglycemia; 
(j) increased lipolysis with high blood levels of 
free fatty acids and, then, hyperlipidemia; (k) 
hyponatremia, hypocalcemia, hypophospha
temia [17}. 

The consequences of a combined number of 
these direct or indirect endotoxin effects will be 
(a) hypovolemic shock with reduced cardiac 
output and severe hypotension; (b) DIC; (c) tis
sue necrosis in gastrointestinal mucosa (ulcers), 
liver (RES blockade), lung (shock lung), and 
kidneys [17}. 

3.2 ENDOTOXIN EFFECTS 
ON RENAL FUNCTION 
At the renal level, ARF due to endotoxemia 
may result from the following endotoxin ef
fects: (a) the renal hemodynamic consequences 
of severe hypovolemia and low cardiac output; 
(b) the severe renal arteriolar constriction, in
duced both directly and indirectly through the 
activation of the sympathetic nervous system 
and the release of catecholamines; (c) the acti
vation of the renin-angiotensin system; (d) the 
intravascular coagulation (DIC) resulting from 
direct damage to white cells, platelets, and 
endothelial cells and from activation of both 
complement and coagulation cascades [15, 17, 
18}. With mild endotoxemia, the production 
of kinins and prostaglandins partially protects 
against renal vasoconstriction, while adequate 
protection against DIC is given by the fibrino
lytic activity of blood and the removal of 
thromboplastins, fibrin complexes, and endo
toxins by RES cells (Kuppfer cells in particular) 
[17}. Prerenal ARF may result, which can be 
reversed by improving renal perfusion. More 
severe endotoxemia causes severe vasoconstric
tion with hemostasis, local acidosis, and co-

agulation, while endothelial damage prevents 
prostacyclin release and its protective effect as 
vasodilator and inhibitor of platelet aggrega
tion; meanwhile the toxic effect on Kuppfer 
cells and vasoconstriction within the liver im
pairs the protective role normally played by 
RES [16}. ATN results, greatly worsening the 
prognosis of these severely ill patients. Condi
tions of defective fibrinolysis (such as during 
pregnancy or following trauma) or poisoning of 
Kuppfer cells by alcohol or general anesthetics 
greatly decrease the natural defenses against 
DIC and may be fatal [17}. 

There is direct experimental evidence that 
endotoxemia may cause ARF. Thus, when 
Escherichia coli endotoxin was injected i. v. in 
rats, an immediate fall in urine output and in 
PAH and inulin clearances occurred, secondary 
to endotoxin-induced increase in renal arterio
lar resistances, which was followed by tubular 
necrosis [19-21J. This observation is very im
portant when we recall that there is great spe
cies difference in the degree of endotoxin resis
tance and that while rats are usually resistant, 
man is particularly sensitive [16}. Unfortu
nately, normal humans do not have protective 
antiendotoxin (antilipid-A) antibodies unless 
they have chronic pyelonephritis or inflamma
tory bowel disease or have suffered previous 
gram-negative infections [17, 22, 23}. 

3.3 PREVENTION AND TREATMENT 
OF ENDOTOXIN SHOCK 
When nephrotoxic bactericidal antibiotics are 
used in patients with sepsis for gram-negative 
bacteremia, it is frequently difficult to decide 
whether the ARF is due to the antibiotic or to 
the secondary endotoxemia or to both [16}. 
Even though only a few studies have been per
formed to detect endotoxin at the onset of ARF 
{24}, it has been suggested that patients should 
not be loaded with bactericidal antibiotics 
alone (for fear of a massive release of endotoxin) 
but should receive them in combination with 
short-term steroids in massive doses {16}. 

Promising preliminary experimental results 
have been obtained with prostacyclin (PGI2), 

which appeared to protect against lethal endo
toxemia (25} and against the onset of ARF 
{26}. PGI2 , in addition to its potent renal va-
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sodilatation and inhibition of platelet aggrega
tion (see chapter 1) minimizes cell damage by 
raising intracellular cyclic AMP, particularly in 
platelets and white cells {l6}. 

Hemoperfusion through charcoal or resin 
seems to be particularly useful for removing 
endotoxin from circulating blood [27}. 

4 ARF Secondary to Acute 
Myocardial Infarction 
Pre renal ARF (less commonly ATN) is widely 
known to follow acute myocardial infarction. 
This occurrence is usually believed, however, 
to be only in association with massive myocar
dial infarction, severe hypotension, and cardio
genic shock. It has been stated, in fact, that 
"when failure of the cardiac pump is so severe 
as to lead to ARF," the poor prognosis is de
termined by the pump failure [28}. 

However, ARF may occur a few days after 
mild myocardial infarction, when the patient 
appears in excellent clinical condition (al
though renal function is severely impaired), 
and the ARF may fail to be diagnosed for some 
time, unless reduction in urine output attracts 
the attention of the physician {l4} (figure 2-3). 

In a recent report, a significant fall in GFR 
has been observed, on the third postinfarction 
day, in as many as 11 out of 40 patients with 
acute myocardial infarction (an incidence, 
therefore, of 27.5%) [29}. 

4.1 THE PATHOGENETIC ROLE OF THE LOW 
CARDIAC OUTPUT 

In terms of left ventricular function, acute 
myocardial infarction cannot be regarded as a 
single disease, but should be considered as a 
series of different hemodynamic conditions that 
include (a) hyperdynamic ventricular function, 
a rare condition (4% incidence) with high 
stroke work (SW) and reduced left ventricular 
filling pressure (LVFP); (b) normal left ventric
ular function (11 % incidence) with SW and 
L VFP, which are both normal; (c) left ventric
ular failure (53% incidence) with low SW and 
elevated LVFP; (d) cardiogenic shock (28% in
cidence) with very low SW and elevated LVFP; 
(e) hypovolemic condition (4% incidence) with 
SW and LVFP both reduced [3D}. The cause of 

these conditions is usually impairment of left 
ventricular performance. This causes either left 
ventricular failure (with pulmonary congestion 
and dyspnea), which is a predominant "back
ward failure" of the left ventricle, or cardio
genic shock (with reduced left ventricular out
put), which is a predominant "forward failure" 
[31}. Less frequently, left ventricle function is 
either normal or even hyperdynamic (presum
ably because of circulating catecholamines) or 
associated with hypovolemia [30}. 

Thus, cardiac output is frequently reduced 
even in patients without clinical shock [31}; 
this reduction may by itself cause renal hypo
perfusion and pre renal ARF. A proportional 
fall in cardiac output and in RBF (with a RBF
cardiac output ratio maintained around the 
normal value of 0.20) has been reported in hy
potensive patients with myocardial infarction, 
but without shock [32}. 

The hypoperfusion of renal parenchyma sec
ondary to low cardiac output is "sensed" by the 
kidneys as a real EeV depletion even though 
only the effective blood volume is reduced. The 
renal response will be a markedly increased tu

bular reabsorption, occurring mainly, but not 
exclusively, in proximal tubules with the aim 
of normalizing renal perfusion. A reduced vol
ume of highly concentrated urine, with very 
low sodium concentration (sodium is reab
sorbed more avidly than water), is produced, 
but urinalysis is normal. This retention of salt 
and water is an appropriate compensating 
mechanism when the kidney is hypoperfused 
due to volume depletion, but is not appropri
ate in conditions of low cardiac output without 
hypovolemia [33}. 

4.2 ACUTE MYOCARDIAL INFARCTION 
AND HYPOVOLEMIA 

While ARF appears secondary to reduced car
diac output in most cases of myocardial infarc
tion, on some occasions hypovolemia may con
tribute to the renal shutdown (figure 2-3). 

Hypovolemia may result from increased ex
ternal loss of extracellular fluid through vom
iting and/or sweating, especially in conjunc
tion with reduced food (and salt) intake {l4}. 
Internal shift of intravascular fluid (sequestra
tion of plasma in low-flow areas and/or extra-
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vasation of fluid out of the vascular bed because 
of the increase in capillary hydrostatic pressure) 
[31} may also contribute greatly to the fall in 
effective blood volume. This is due to activa
tion of the sympathetic nervous system, which 
has been demonstrated in the acute phase of 
myocardial infarction [34, 35}. Sympathetic 
nervous stimulation and circulating catechol
amines, on the other hand, will also cause di
rect renal vasoconstriction, particularly in pa
tients with shock. Thus, a reduced renal 
fraction of cardiac output (i.e., a RBF-cardiac 
output ratio much less than 0.20) has been ob
served in patients with myocardial infarction a 
few hours after shock developed (36}. Under 
such circumstances, part of the original renal 
blood flow is made available to other vascular 
areas with greater needs for blood perfusion 
[31}. 

Obviously, when myocardial infarction is as
sociated with hypovolemia, the salt and water 
retention of pre renal ARF works to the pa
tient's advantage, and diuretics are contraindi
cated; their use, in fact, will aggravate hypo
volemia and lead to A TN. The right ther
apeutic strategy relies on controlled volume 
loading (figure 2-3). 

4.3 CLINICAL EVALUATION OF PATIENTS 
WITH MYOCARDIAL INFARCTION 

L VFP should be measured in patients with 
acute myocardial infarction by continuously 
monitoring pulmonary capillary wedge pres
sure. Should the latter be too high (more than 
18 to 20 mm Hg, "backward failure"), pul
monary congestion or even acute pulmonary 
edema (values greater than 30 mm Hg) would 
ensue. Under such circumstances, diuretic 
therapy is necessary with the aim of lowering 
pulmonary wedge pressure below those levels 
that cause pulmonary congestion (i.e., below 
18 mm Hg) but not so much as to reduce car
diac output (i.e., not below 15 mm Hg) (30}. 
Should pulmonary capillary wedge pressure be 
too low (i.e., below 15 mm Hg) as occurs in 
hypovolemia, stroke volume may be reduced 
and may be imptoved with volume loading un
til a pulmonary capillary wedge pressure of 15 
mm Hg is achieved; further increase in pul-

monary capillary wedge pressure should be 
avoided since it does not increase stroke volume 
but may cause pulmonary congestion [30}. 

5 ARF Following Open-Heart Surgery 
The occurrence of ARF in the first few days 
following open-heart surgery is not uncom
mon. An overall incidence as high as 30% has 
been reported [37, 38}. The occurrence of non
oliguric ARF is more frequent (25%) than that 
of oliguric ARF (3 to 5 %) [37, 38}. 

Presumably, this ARF is hemodynamically 
mediated (39}. It may occur as prerenal ARF, 
with a transient reduction of renal function 
that is readily reversed with the improvement 
of cardiac performance [37-40}, or as ATN, 
which may be so protracted as to require di
alysis therapy (41}. 

During cardiopulmonary bypass, the kidneys 
are underperfused (200 to 500 mllmin) and 
GFR is markedly reduced [39}. At the end of 
surgery, however, GFR returns to normal in 
most patients, provided cardiac output is sat
isfactory. 

5.1 PRERENAL ARF 

The prerenal ARF observed in some patients 
usually results from a cardiac functional 
impairment lasting for a few days following 
surgery. Myers et al. (39} have recently dem
onstrated, in patients with prerenal ARF ob
served one to four days after open-heart sur
gery, that the fall in GFR was associated with 
a reduction (a) in left ventricular function (low 
left ventricular stroke work and low cardiac 
output), (b) in systemic blood pressure, and (c) 
in renal blood flow (RBF). This occurred de
spite an EeV expansion (15% body weight 
gain) induced by i. v. infusion of lactate Ring
er's solution, with added mannitol, prior to 
surgery and maintained throughout cardiopul
monary bypass and in the early postoperative 
period. The fall in GFR in these patients, how
ever, was disproportionate to the decrease in 
RBF. A reduction in transcapillary glomerular 
pressure and in glomerular ultrafiltration coef
ficient K f (see chapter 1) (which was inge
niously calculated by the authors) accounted for 
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this severe fall in filtration fraction and were 
attributed to severe hypotension and decrease of 
cardiac output (39}. It has therefore been sug
gested that serum creatinine should be moni
tored in these patients when using vasodilator 
drugs (such as sodium nitroprusside, given to 
reduce systemic vascular resistance) since a fall 
in blood pressure below the autoregulatory 
range may greatly reduce GFR (39}. 

5.2 ATN 

Following open-heart surgery, however, ATN 
may occur, probably as a result of more severe 
and prolonged impairment in renal hemody
namics. Under such circumstances a backleak 
of filtered inulin has been demonstrated by 
clearance techniques (41, 42}. Thus, when 
clearances of inulin (molecules with radius of 
13.5 A) and of larger dextran molecules (radius 
of 22 to 28 A) were simultaneously performed 
in patients with ATN following open-heart 
surgery, the clearance of dextran exceeded that 
of inulin, although limitation of filtration was 
predicted for the large dextran molecules but 
not for inulin. This observation suggested that 
the leak of filtered inulin through necrotic tu
bular epithelium exceeded that of dextran (41-
43}. Since the damaged tubular epithelium is 
permeable to inulin, it must be permeable also 
to other constituents of tubular fluid. Thus, a 
trans tubular back leak of glomerular filtrate is 
peculiar to this human form of ATN and has 
been even suggested as a test to differentiate 
prerenal ARF (no backleak) from ATN (43}. 

Myers et al. (41} have also observed that 
there was no delay in the urinary appearance of 
the inulin infused intravenously. Therefore, 
should tubular obstruction occur in these pa
tients, it cannot be homogeneous, but a sub
population of tubules must remain widely pa
tent (41}. 

6 ARF Secondary to Nonsteroidal Anti
Inflammatory Drugs (NSAID) 
Many reports have demonstrated that aspirin, 
indomethacin, and other new nonsteroidal 
anti-inflammatory drugs (NSAID), such as 
ibuprofen, naproxen, and fenoprofen, may 

clearly decrease RBF and/or GFR in patients 
with pre-existent renal disease. Since these 
drugs, which are structurally dissimilar, are 
well known inhibitors of prostaglandin (PG) 
synthesis and PGs playa very important role in 
regulating renal hemodynamics (see chapter 1), 
it has been suggested that such inhibition of 
PG synthesis is responsible for the renal func
tional impairment by NSAID. 

When given to normal subjects, indometh
acin may cause a slight reduction of renal func
tion; but when previously volume depleted, 
these subjects exhibit a significant fall in GFR 
with indomethacin (44, 45} or aspirin (46}. 
This observation is consistent with the major 
role played by vasodilator PGs in preserving 
renal function when vasoconstrictor stimuli are 
challenging the kidneys; under such circum
stances, in fact, PG synthesis is clearly en
hanced (47-50}. 

Vasoconstrictor stimuli (angiotensin, cate
cholamines) are potentiated in all conditions of 
effective blood volume depletion. These in
clude, therefore, ECV depletion, cirrhosis 
with ascites, nephrotic syndrome, low-ourput 
heart failure (when the kidneys perceive a salt 
depletion state) (51, 52}. Should indomethacin 
or aspirin or other NSAID be given under such 
circumstances, ARF might either occur or be 
potentiated (44, 45, 51-53}; vasoconstrictor 
stimuli, in fact, will no longer be balanced or 
attenuated by PGs, the synthesis of which has 
been inhibited (see chapter 1). The resulting 
enhanced vasoconstriction may cause a func
tional ARF (prerenal ARF), which is readily 
reversed with drug withdrawal (44, 45, 51, 
54-56}. When the resulting ischemic insult is 
more severe, however, A TN may result. This 
was the case, for instance, with the patient 
with lupus nephritis reported by Kimberly et 
al. (57) who was treated with aspirin and ibu
profen; renal biopsy revealed patchy ultrastruc
tural ischemic changes in proximal tubular ep
ithelium. Similarly, in two other patients 
reported by Fong and Cohen (58}, ibuprofen 
(800 mg three times daily) significantly in
creased serum creatinine in a few days of ther
apy (in one patient dialysis was necessary); 
renal biopsies revealed proximal tubular lesions 
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by light and electron microscopy: disruption of 
brush border, fragmentation of cytoplasm, and 
even disintegration of cells with debris accu
mulation in the rubular lumina. 

On the basis of the above clinical experi
ence, aspirin, indomethacin, and all NSAID 
must be used with caution in conditions of 
renal hypoperfusion (including salt depletion, 
heart failure, cirrhosis, nephrotic syndrome) 
and in patients with underlying renal disease 
[54, 59}, particularly lupus nephritis [55, 
57, 60}. According to Kimberly et al. [60}, 
patients with systemic lupus erythematosus 
have high levels of urinary PG excretion. Cau
tion is also necessary in the use of NSAID in 
association with triamterene, since prerenal 
ARF has been observed in healthy subjects re
ceiving combined triamterene and indometha
cin [56}. Serum creatinine should be monitored 
during treatment and the drug withdrawn im
mediately if any impairment of renal function 
is observed. 

As mentioned elsewhere in this chapter, 
NSAID may also cause acute interstitial ne
phritis. 

7 Aminoglycoside-Induced ARF 
in Humans 
Aminoglycosides are very important antibiotics 
used extensively in the treatment of infections 
caused by gram-negative bacteria. It has been 
stated that as many as 4 million people are 
treated yearly with these drugs [61, 62}. Un
fortunatel y, all of these drugs are nephrotoxic, 
hence, any structural modification in newer 
aminoglycosides with the purpose of increasing 
their antibacterial activity is also accompanied 
by an increase in nephrotoxicity [63}. 

Neomycin is no longer available for paren
teral use because of its toxicity; for the same 
reason, treatment with kanamycin is usually 
avoided. 

7.1 INCIDENCE 

Among the most widely used aminoglycosides, 
nephrotoxicity is similar for gentamicin and 
amikacin [64-67} while tobramycin is some
what less toxic [68-71}. The last observation is 
still a matter of debate. Thus, in a prospective 

randomized clinical trial, Fong et al. [n} ob
served that nephrotoxicity occurred in lO% of 
patients treated with gentamicin and in 8% of 
those treated with tobramycin, but the differ
ence was not statistically significant. According 
to the authors, however, it is possible that 
longer duration of treatment and larger doses 
may result in minor toxicity of tobramycin. In 
randomized studies, Smith et al. [70, 7l} 
have observed, in fact, an incidence of neph
rotoxicity of lO to 12% with tobramycin, and 
21 to 26% with gentamicin, and Kumin [61} 
an incidence of 15% and 55.2%, respectively, 
using similar doses (3.33 mg/kg/day with a 
mean cumulative dose of 2.2 g/patient for to
bramycin, and 3.37 mg/kg/day with a mean 
cumulative dose of 2.1 g/patient for gentami
cin). 

Sisomicin has nephrotoxicity as great as or 
even greater than that of gentamicin [63}. 

Netilmicin, a new semisynthetic derivative 
of sisomicin, seems to be less nephrotoxic and 
ototoxic than other aminoglycosides. Thus, in 
only 8 our of 890 courses of netilmicin, in 
doses ranging from 3 to 8 mg/kg b.w./day 
i. m. or i. v., a significant impairment of renal 
function was observed, with an incidence of 
0.9%; the incidences of ototoxicity and vesti
bular dysfunction were 0.4% and 0.6% respec
tively [73}. In a review of prospective studies 
on the effect of netilmicin on renal function, 
however, the incidence of "probable" nephro
toxicity appeared to range from 0 to 11.5% 
(mean of 4%) and that of "probable but in sev
eral cases doubtful" nephrotoxicity appeared to 
range from 0 to 30% (mean of 12.6%) [74}. 

Streptomycin is the least nephrotoxic ami
noglycoside in experimental animals [63}, and 
no cases of ARF have been reported after this 
drug. 

It has been stated that a better knowledge of 
aminoglycoside nephrotoxicity has decreased 
the incidence of renal functional impairment, 
especially in patients with pre-existing renal 
disease [75}; thus Hewitt [76} observed that 
the 7.7% incidence of gentamicin nephrotox
icity in the years 1965 and 1966 fell to 2.9% 
in the years 1970 to 1973. However greater 
incidences in recent years have been reported 
by others (as mentioned above). 
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7.2 AMINOGLYCOSIDE NEPHROTOXICITY 
AND PATIENT AGE 

Nephrotoxicity of aminoglycosides in newborn 
infants is rarely described. The relative toler
ance of neonates to aminoglycosides has been 
attributed to a preferential distribution of RBF 
to the juxtamedullary cortex at birth; this will 
prevent the accumulation of the drug in the 
outer cortex where the more numerous superfi
cial nephrons are located [77}. The centrifugal 
redistribution of RBF with increasing age in
creases the delivery of aminoglycosides to su
perficial nephrons which will no longer be pro
tected. 

In advanced age the susceptibility to ami
noglycoside nephrotoxicity is greatly increased 
{78}. 

7.3 PATHOGENESIS AND RENAL PATHOLOGY 

In chapter 1 we extensively discussed the path
ogenesis of gentamicin-induced ARF. The 
pathogenetic mechanism is presumably not dis
similar for other aminoglycosides. In human 
renal biopsies, aminoglycoside nephrotoxicity 
has shown pathologic changes in the proximal 
tubule varying from ultrastructural, subcellular 
damage (increase in lysosomes, presence of nu
merous myeloid bodies in lysosomes, etc.) to 
overt cell necrosis (79-84} in a fashion quite 
similar to that of experimental gentamicin-in
duced ARF (chapter 1). It is interesting to note 
that in at least one case, gentamicin has in
duced acute interstitial nephritis (AIN, biopsy 
diagnosis), which was reversed by high-dose 
methy lprednisolone [85}. 

7.4 CLINICAL FEATURES 

Aminoglycosides also cause nonoliguric ARF in 
humans, with an increase in urine volume, 
which usually precedes the fall in GFR [86}. 
Sometimes, however, oliguric ARF occurs [14, 
87}. But it is undoubtedly very difficult to fig
ure out the single pathogenetic contribution of 
so many coexisting factors. These factors in
clude, in addition to aminoglycosides, other 
nephrotoxic drugs (such as cephalosporin, loop 
diuretics, etc.)--the primary disease for which 
these drugs (including aminoglycosides) have 
been prescribed-any pre-existing renal dys
function, advanced age (78}, EeV depletion 

[86}, and metabolic acidosis [88}. Thus, al
though it has been demonstrated that nephro
toxicity is dose-dependent, and despite the 
statement that excessive levels of the drug pre
cede the rise in serum creatinine [63}, it is to
day well established that renal damage may oc
cur despite serum drug concentrations 
maintained within the accepted therapeutic 
range [64, 7 1, 72, 89-91}. On the other hand, 
high serum levels of aminoglycosides in treated 
patients may represent only the consequence 
rather than the cause of the fall in GFR since 
these drugs are excreted almost entirely by glo
merular filtration [90, 92, 93}. That is why, 
in my opinion, determination of serum concen
trations of the drugs is unpractical and unnec
essary. 

After discontinuation of treatment, amino
glycosides are excreted in the urine for many 
days, being continuously released from tissue 
stores [94}. This urinary excretion may last 
more than 10 days after tobramycin and even a 
month after the last dose of gentamicin [61}; 
it has been stated that gentamicin can be de
tected in the urine of humans as long as six 
months after the end of the therapy [62}. 
Thus, especially with gentamicin, renal injury 
may continue and ARF may occur and fre
quently persist several days and even several 
weeks after treatment ends [95, 96}, when the 
cause-and-effect relationship is no longer so ev
ident. 

ARF secondary to aminoglycoside nephro
toxicity is usually reversible after discontinua
tion of the drug, but it may require dialysis 
and may even lead to uremic death [63}. Some
times the return of renal function to normal 
may be very slow [63, 97}. We have recently 
observed a 57-year-old male patient who was 
dialyzed for two months (thrice weekly) for 
gentamicin-induced ARF; his renal function 
returned to complete normality only after a 
year. 

7.5 ASSOCIATION OF AMINOGLYCOSIDES 
WITH OTHER NEPHROTOXIC AGENTS 

As mentioned in chapter 1, in contrast with 
experimental animals in which cephalosporins 
may even protect against aminoglycoside neph
rotoxicity, the administration of an aminogly-
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coside combined with a cephalosporin (not only 
cephaloridine, but also cephalothin) in humans 
will greatly increase the incidence and severity 
of renal injury [14, 87, 89, 94, 98-104]. 
Thus, in the series of Klastersky et al. [101], 
the incidence of renal functional impairment in 
patients treated with the association cephalo
thin + tobramycin was 21 % against an inci
dence of 6% with the association tircacillin + 
tobramycin and 2% with the association tirca
cillin + cephalothin. Similarly, in a prospec
tive, randomized, double-blind trial, Wade et 
al. [89] found a significant rise in serum creati
nine in 30.4% of the patients treated with 
cephalothin + gentamicin, in 20.8% of those 
treated with cephalothin + tobramycin, 
against an average incidence of 7% in patients 
treated with combined methicillin + amino
glycoside (gentamicin or tobramycin). Finally, 
in a large trial by the EOR TC (International 
Antimicrobial Therapy Project Group) [105]' 
nephrotoxicity was observed in 16% of patients 
receiving combined gentamicin + cephalothin 
against 6% and 3% incidences in patients 
treated with carbenicillin + cephalothin and 
carbenicillin + gentamicin, respectively. 

All of these studies appear, undoubtedly, to 
be strong evidence for the potentiation of ami
noglycoside nephrotoxicity by cephalothin, 
which has to be taken into account when pre
scribing antibiotic therapy [104]. 

Similarly, other medications, which are fre
quently administered in conjunction with ami
noglycosides to critically ill patients, may en
hance their nephrotoxicity. Among these 
medications we should mention furosemide 
[106, 107], methoxyflurane [108], cis-plati
num [109], amphotericin B [110], and clin
damycin [111]. 

Finally, there are clinical conditions that 
have been shown to potentiate aminoglycoside 
nephrotoxicity: dehydration [112], sodium de
pletion [86, 107, 113], potassium depletion 
[114], metabolic acidosis [88], and pre-exist
ing renal dysfunction. 

Aminoglycosides should never be given to 
salt-depleted patients. Furthermore, serum 
creatinine should be monitored during treat
ment of severely ill patients. In patients with 

CRF, drug dosage should be adjusted to the 
degree of renal function impairment (see chap
ter 3). 

8 ARF Secondary to C ephalosporins 
It is demonstrated that cephaloridine may cause 
proximal tubular necrosis at therapeutic dosage 
[115]. This observation has raised some con
cern about the clinical use of all cephalospo
rins, especially the widespread practice of us
ing them in combination with aminoglycosides 
[102]. The association of cephalosporins and 
aminoglycosides has shown an additive toxicity 
in humans [14, 89, 100, 101, 116] but not 
in rats [102, 117-120] nor in rabbits [121]. 
This discrepancy between humans and animals 
is not surprising since a great difference in sen
sitivity to antibiotic nephrotoxicity has been 
observed between species [122]. Thus, while 
rats are resistant to cephalosporins [115, 123, 
124], rabbits, guinea pigs, monkeys, and hu
mans are not [14, 115, 116, 124]. 

There is increasing evidence that furose
mide, even at moderate doses, will increase 
the nephrotoxicity of cephalosporins [125-
127]. 

8.1 CEPHALORIDINE 

Undoubtedly, cephaloridine IS cytotoxic to 
proximal tubular cells [115, 128, 129]; this 
cytotoxicity is prevented by probenecid [128, 
130, 131]. Its excretion, however, is accom
plished by glomerular filtration without any 
net tubular secretion [122]. There is evidence 
that the drug is actively transported into prox
imal tubular cells at the antiluminal membrane 
by an organic anion secretory carrier (probably 
the same involved in PAH secretion) [132, 
133] but without any further movement from 
the cell to the tubular fluid [122, 133, 134]. 
Thus, the high concentration in the renal cor
tex, observed after cephaloridine administra
tion, is mainly due to the intracellular frac
tion; probenecid, in fact, will greatly reduce 
the cortical concentration of cephaloridine 
without affecting its urinary excretion [122]. 

One to five hours after cephaloridine injec
tion, proximal tubular cells exhibit focal losses 



2. ISCHEMIC/TOXIC ACUTE RENAL FAILURE 65 

of brush border, an increase in apical vacuoles 
and in membranous structures, loss of basola
teral interdigitations, and rounded shape of 
mitochondria (122, 129}; these changes then 
progress to widespread tubular necrosis (115}. 
Although the mechanism of cellular toxicity is 
not known, there is evidence that it is at least 
in part mediated by alterations in mitochon
drial respiration (122}. 

The nephrotoxicity of cephaloridine is exac
erbated (a) by high dosage of the drug (135, 
136} , (b) by pre-existent renal insufficiency, 
and (c) by furosemide (126, 137, 138}. Pre
sumably, the potentiating effect of furosemide 
is due to its capability of increasing the serum 
half-life of the antibiotic by a mechanism not 
yet identified (127}. 

Clinically, the patient becomes oliguric, and 
established ARF frequently requires dialysis. 
Recovery of renal function usually occurs, but 
the patient may die because of complications. 

8.2 CEFAZOLIN 

Cefazolin has been shown to cause proximal tu
bular necrosis in rabbits, rats, and guinea pigs 
when used in very large doses (124, 139, 140}. 
It is filtered by glomeruli and secreted by prox
imal tubules like PAH (122}; its renal cortical 
concentration is usually lower than that of the 
more toxic cephaloridine, but greater than that 
of the less toxic cephalothin {1l8}. Cefazolin 
toxicity is prevented by probenecid (122, 140}. 

It has been stated that cefazolin is not toxic 
in humans (14 1, 142}. Although no cases of 
A TN have been reported up to now, two cases 
of AIN following cefazolin have been recently 
described {l43}. 

8.3 CEPHALOTHIN 

Cephalothin is one of the least nephrotoxic an
tibiotics of the cephalosporin group (124, 144, 
145}. Its renal excretion, only partly due to 
glomerular filtration is mainly due to secretion 
by the proximal tubules (122}. 

Massive administration of cephalothin has 
been shown to cause ARF in rabbits and rats 
[124} and in humans {102, 146} with clinical 
and laboratory changes consistent with ATN. 
It seems that nephrotoxicity similar to that in-

duced by cephaloridine is induced by cephalo
thin when high intracellular concentration of 
the drug is achieved (140}. This nephrotoxicity 
is potentiated by furosemide {l26, 138}. In 
some patients, however, reversible renal failure 
has occurred, associated with eosinophilia and 
rash, with typical renal biopsy appearances, of 
cephalothin-induced AIN (102, 147-149}. 
Furthermore, cephalothin may aggravate AIN 
due to methicillin or nafcillin {l50, 151}. 

It has been stated that prophylactic treat
ment with cephalothin may impair renal func
tion of transplanted kidneys, but this conclu
sion is still a matter of debate {63}. 

As already mentioned, in humans (but not 
in experimental animals) cephalothin will in
crease the incidence and the severity of renal 
injury due to aminoglycosides {l4, 87, 98-
101, 105, 152}. 

8.4 CEPHALEXIN 

Reversible nonliguric ARF has also been re
ported sporadically after therapy with oral ce
phalexin (153-155}. AIN with fever, rash, ar
thralgia, and oliguric ARF has been observed 
during therapy with cephalexin {l38}. 

8.5 OTHER CEPHALOSPORINS 
Cephapirin, cephacetrile, cephradine (136, 
138}, cefadroxil (156}, cefoxitin {63, 157}, 
and cefotaxime (158, 159} have all been re
ported as free of nephrotoxicity, at least when 
given in moderate therapeutic doses. 

A recent interesting observation concerning 
cefoxitin points out that serum creatinine may 
appear falsely elevated with most assay systems 
when determined soon after cefoxitin adminis
tration (160}. 

Lentnek et al. {l61} have recently reported 
one case of cefamandole-induced ARF with 
acute tubular necrosis on renal biopsy: a 52-
year-old patient with Hemophilus parainflu
enzae endocarditis was cured after 20 days of 
cefamandole therapy; for 12 days cefamandole 
was given at high-doses (4 grams every 4 
hours); he became oliguric and was dialyzed for 
three weeks; renal function then returned to 
normal. Since no report of significant nephro
toxicity of cefamandole exists up to now when 
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the drug is used at a therapeutic dosage (i. e. , 
o. 5 to 1 g every 4 to 8 hours with a maximal 
dose of 2 g every 4 hours), it may be concluded 
that for this semisynthetic cephalosporin, there 
is a considerable margin between therapeutic 
and nephrotoxic doses [161}. 

9 Cis platinum-Induced ARF 
Among the antineoplastic agents effective 
against solid tumors, the heavy metal com
pound cis-diamine dichloroplatinum (cispla
tinum), because of its property of interfering 
with DNA synthesis [162}, plays an important 
role, especially in disseminated testicular can
cer, but also in ovarian and urinary bladder car
cinomas and tumors of the neck and head. Cis
platinum is the only platinum compound 
available for clinical use. Its major adverse ef
fects include nausea and vomiting (almost in
variable), hematologic depression, high-fre
quency hearing loss, renal magnesium wasting, 
increased urinary loss of calcium and amino
acids, and, more important, impairment of 
renal function [109, 163-172}. 

Nephrotoxicity of cisplatinum has been 
shown to be dose-related in experimental ani
mals in which an experimental model of ARF 
has been produced (see chapter 1). Since neph
rotoxicity is also dose-related in humans, the 
adverse effect of cisplatinum on renal function 
represents a dose-limiting factor in its clinical 
use. 

9.1 RENAL DAMAGE BY CISPLATINUM 

The tubular lesions caused by cisplatinum in 
experimental animals have been fully described 
in chapter 1. Those in humans have been lo
cated mainly in distal convoluted tubules and 
in collecting ducts [163, 165}, but also in the 
S3 segment ("pars recta") of proximal tubules; 
they consist of epithelial necrosis, tubular di
lation, and cast formation in the tubular lumen 
[163, 165, 167, 169, 173}. 

9.2 INCIDENCE AND SEVERITY OF RENAL 
FUNCTION IMPAIRMENT 

Renal function impairment by cisplatinum, 
when given alone, occurs in as many as 50 to 
75% of treated patients [171}. In combination 

with other nephrotoxic drugs (such as amino
glycosides or cephalosporins), both the inci
dence and the severity of renal damage is in
creased [109, 165 }. 

ARF is usually of nonoliguric type but may 
on occasion be oliguric [163}' It has been con
sidered a reversible ARF, but many patients 
never regain their pretreatment level of renal 
function [109, 166}. 

Urinary magnesium wasting is another 
common adverse effect of cisplatinum even 
in patients without renal function impairment; 
hypomagnesemia, hypocalcemia, and hypoka
lemia may result from magnesium deficiency 
[171, 172, 174, 175}. It may be potentiated 
by the association of aminoglycoside antibiotics 
[176}. 

9.3 PROTECTIVE EFFECTS OF CHLORIDE
CONTAINING VEHICLES 

Experimental studies in animals have indicated 
that the administration of cisplatinum in chlo
ride-containing vehicles (such as 0.9% saline 
solution) rather than in chloride-free solutions 
may reduce the nephrotoxicity of the drug. Ap
parently, when dissolved in water, cispla
tinum undergoes an aquation reaction and con
sequent transformation into the monochloro
monoaquo-diammine-platinum or diaquo
diammine-platinum; these aquation products 
are involved both in the antineoplastic and 
nephrotoxic effects of the drug [171}. But the 
aquation reaction does not occur in chloride
containing solutions (e.g., 0.9% saline solu
tion); since the intracellular chloride concentra
tion is very low (i.e., 10 to 15% of that in 
extracellular fluid), aquation of cisplatinum can 
occur intracellularIy [171}. On the basis of 
these observations, it may be postulated that 
the use of chloride-containing vehicles will pre
vent the aquation reaction until cisplatinum 
has reached the intracellular compartment. In 
favor of this theory are experimental studies in 
rats that have demonstrated that the adminis
tration of cisplatinum (9 mg/Kg b. w.) in dis
tilled water was followed by death of 100% of 
the treated rats; this percentage was reduced to 
66% and 0% when the vehicle for cisplatinum 
was either 0.9% saline or 4.5% saline, respec
tively [171}. No protective effect was observed 
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when hypertonic saline was infused simulta
neously {but at a different site} with cispla
tinum dissolved in distilled water {I71}. Ap
parently, the solvent vehicle does not affect the 
antineoplastic efficacy of cisplatinum {I71}. 

9.4 PROTECTIVE EFFECT OF HYDRATION 
AND SALINE INFUSIONS 

As mentioned, tubular lesions due to cispla
tinum are mainly located in distal tubules and 
collecting ducts, i.e., in that part of the neph
ron where urine becomes highly concentrated. 
The massive administration of water in patients 
treated with cisplatinum, therefore, by greatly 
reducing tubular water reabsorption in the dis
tal nephron, will decrease cisplatinum concen
tration in the tubular fluid, thereby decreasing 
its toxic effects. Thus, when intensive i.v. hy
dration was performed before, during, and after 
cisplatinum administration, the incidence of 
renal function impairment was greatly reduced 
{In}. 

However, cell damage also occurs in the 
proximal tubules. ECV expansion by i.v. infu
sion of isotonic saline is the best way to dilute 
cisplatinum in proximal tubular fluid by inhib
iting proximal tubular reabsorption. The dilu
tional effect will simultaneously protect proxi
mal and distal tubular cells. The i. v. infusion 
of saline has been shown to decrease the renal 
tissue content of platinum and to increase its 
urinary excretion {17 1, In}. 

9.5 TREATMENT AND PREVENTION 

Once established, cisplatinum-induced ARF 
should be treated as any other form of is
chemic/toxic ARF (see chapters 21 and 22), in
cluding, when necessary, hemodialysis (see 
chapter 23) or peritoneal dialysis (see chapter 
24). It is, however, much more important to 
prevent cisplatinum-induced ARF, through re
duction in dosage of the drug, adequate hydra
tion, saline infusion, and use of mannitol or 
loop diuretics (see chapter 3). 

10 Radiocontrast-Induced ARF 
Half a century ago, clinicians and radiologists 
were really concerned about the possible neph
rotoxicity of radiographic contrast materials 

that had been introduced to clinical practice. 
Thus, intravenous pyelography (IVP) was con
sidered as contraindicated in renal disease or at 
least in renal failure. In 1963, however, 
Schwartz et al. {178} suggested the routine use 
of IVP with high doses of diatrizoate (Hy
paque®) (approximately twice the usual dose) 
in patients with chronic renal failure (CRF); 
the authors demonstrated its diagnostic utility 
and safety. Schencker {179} introduced the 
drip infusion pyelography (DIP) technique for 
CRF patients. The essential feature of DIP was 
the slow administration of the large dose of 
contrast agent (2.2 ml/Kg b.w. of Hypaque 
50%) diluted with an equal volume of 278 
mmoUl (5g/dl) glucose solution. Since then 
high-dose IVP and DIP have been widely used 
as diagnostic procedures in chronic uremia. It 
was later demonstrated that the same urinary 
concentration of contrast agent is obtained if 
the same amount is given by i.v. injection or 
by drip infusion, so that DIP remained a con
venient technique for delivering large volumes 
of contrast agents {I80}. 

In recent years many reports of contrast ne
phropathy have appeared in the literature. 

Contrast nephropathy or radiocontrast-in
duced ARF may be defined as an acute deteri
oration of renal function (usually an increment 
of at least 88.4 IJ.-moUI {Img/dl} in serum cre
atinine) associated with the use of radiocontrast 
agents, when no other etiologic factor appears 
responsible for the renal damage. In other 
words, it is an iatrogenic ARF that usually 
follows (a) the use of diatrizoate, iothalamate, 
or metrizoate for IVP, angiography, and even 
computerized tomography (CT); (b) the use of 
sodium bunamiodyl or iopanoic acid for chole
cystography; or (c) the use of iodipamide for 
cholangiography. 

The increasing incidence of deterioration of 
renal function following contrast media in re
cent years (mainly in the last 10 years) is in 
part due to the increased use of contrast 
agents, in part to the increase in their dosage 
{l81}; but it is also partly due to the careful 
evaluation of renal function in the days fol
lowing the radiographic procedures. Thus, 
changes in serum creatinine, which would have 
not been recognized because of lack of clinical 
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symptoms and their usual reversibility, are to
day recorded and taken into consideration. 

This ARF may range from a subclinical, 
transient, slight impairment of renal function 
(in most cases) to an abrupt oliguric ARF. 

It should also be mentioned that in surveys 
on acute reactions to contrast media conducted 
by radiologists, nephrotoxicity might have 
been omitted because contrast-induced ARF 
usually occurs hours to days after the radio
graphic procedure, when the patient is no 
longer under the observation of the radiologist 
(181}. 

It has been stated that radiocontrast-induced 
ARF accounts for 2 to 9% of all cases of ARF 
(170}. 

10.1 RADIOCONTRAST MEDIA 
Radiocontrast media are radiopaque compounds 
used in diagnostic radiology and are also com
monly called contrast agents or materials or 
dyes or drugs; the term contrast drugs seems 
quite appropriate since they behave as drugs 
even though their pharmacologic activity is 
very weak (181}. And as for other drugs, con
trast media exhibit untoward side reactions, 
such as renal toxicity in the form of ARF. 

All contrast agents used in clinical practice 
are tri-iodinated derivatives of benzoic acid, 
which may be chemically distinguished from 
each other by the substitution on the carbon 
atoms of the benzene ring and by the compo
sition of the side chains (182}. Thus, oral cho
lecystographic agents, namely sodium buna
miodyl (Orabilex®) and iopanoic acid 
(Telepaque®, Cistobil®), have no substitution 
on the carbon atom at position 5 of the benzene 
ring. The cholangiographic agent iodipamide 
(Cholografin®, Biligrafin®, Endocistobil®) is a 
two-ring compound also with incomplete sub
stitution. Contrast agents commonly used for 
IVP, angiography, and CT-namely sodium or 
meglumine diatrizoate (Urografin®, Angio
grafin ®, Selectografin ® , H ypaque® , Reno
grafin®) iothalamate (Conray®), and metrizoate 
(lsopaque®)-have, instead, a fully substituted 
benzene ring (182}. The contrast agents with a 
completely substituted benzene ring are not 
consistently bound to plasma proteins and are 
highly water soluble and lipid insoluble; thus 

they distribute in the extracellular space, are 
freely filtered by the glomeruli, and are not 
reabsorbed by the tubules (they are not se
creted, at least in man), being readily excreted 
in the urine (181}; this allows a ready visual
ization of kidneys and urinary tract. 

Incompletely substituted compounds are 
strongly bound to albumin so they cannot be 
freely filtered by glomeruli but undergo hepatic 
excretion (182}. Thus, they can be used for 
oral cholecystography and cholangiography. 10-
panoic acid (Telepaque®, Cistobil®) is a lipid
soluble compound and is conjugated by the 
liver to form a water-soluble compound subse
quently undergoing hydrolysis in the gallblad
der; iodipamide (Cholografin®, Biligrafin®, 
Endocistobil®), instead, is excreted by the liver 
without conjugation (182}. These compounds, 
therefore, allow the visualization of the biliary 
tract. 

The contrast media used for IVP, angiogra
phy, and CT are usually given intravenously or 
intra-arterially as hyperosmotic solutions. Their 
plasma concentration is a function of the dose, 
the speed of the injection, and the body size 
(182}. After a fast i.v. injection, a peak value 
is obtained almost immediately; the plasma de
cay curve exhibits an initial steep slope due to 
mixing of the contrast medium throughout the 
blood pool, which is followed by a less steep 
slope due to urinary excretion with a tY2 of ap
proximately 2 hours in normal man (181-
183}. In conditions of reduced GFR, the de
cline in plasma concentration of the contrast 
medium is reduced. 

The slow i.v. infusion of a contrast medium 
for IVP does not give the initial peak but a 
lower sustained plasma concentration {182}. 

10.2 ARF DUE TO UROGRAPHIC AND 
ANGIOGRAPHIC CONTRAST AGENTS 

10.2.1 Predisposing factors Contrast-induced 
ARF is undoubtedly favored by one or more of 
the following predisposing factors. 

10.2.1.1 PRE-EXISTING IMPAIRMENT OF RENAL FUNC

TION. This appears the most frequent risk fac
tor: 90% of the reported cases of contrast-in
duced ARF occurred in patients with impaired 
renal function [l84}. No correlation has been 
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observed between the occurrence of contrast ne
phropathy and the type of pre-existing renal 
disease (185]. 

In a survey of IVP in 377 hospitalized pa
tients, the incidence of contrast-induced ARF 
(abrupt increase of serum creatinine by more 
than 88.4 J.Lmol/l, 1mg/dl even without oli
guria] was 4.8%; but the percentage fell to 
0.6% when the study was limited to 169 pa
tients with no evidence of renal disease (186]. 
In a careful retrospective study by Cattell's 
group, only 3 out of 40 patients with CRF 
exhibited a transient, slight rise in serum cre
atinine without oliguria following high-dose 
IVP (600mg I/Kg b.w. of sodium diatrizoate
Hypaque 45®] (187]. Retrospective studies, 
however, are not accurate and may not include 
all patients undergoing the radiologic proce
dures. 

In a prospective study on the effect of IVP 
on renal function in 124 patients, transient de
terioration of renal function, without oliguria, 
was observed in 27 cases (21.8%); the inci
dence fell to 15.3% when only 85 patients 
with normal renal function were considered, 
and increased to 55% in the 20 patients with 
CRF (l8S}. In another prospective study in 
378 hospitalized patients undergoing nonrenal 
angiography, the incidence of contrast-induced 
ARF (usually subclinical ARF) was 2% in sub
jects with normal renal function and 33% in 
patients with CRF (189]. 

ARF has been observed following CT proce
dures since CT is usually performed with the 
aid of contrast enhancement (see chapter 9). 
Thus, ARF has been reported in patients fol
lowing head or body scan using sodium or 
meglumine iothalamate with iodine doses rang
ing from 0.59 to 2. llg/Kg (190,191]; most 
of these patients had pre-existing renal insuffi
ciency (191]. 

It seems that the greater the degree of pre
existing renal failure, the greater the risk of 
nephrotoxicity by contrast media (186]. Thus, 
as many as 40% of patients with serum creati
nine greater than 398 J.Lmolll (4.5 mg/dl) had 
acute decrement of their renal function (186]. 

10.2.1.2 DIABETES MELLITUS Diabetes mellitus is 
considered another important risk factor of con
trast-induced ARF. More than 50% of the re-

ported cases of contrast nephropathy were, in 
fact, diabetics, but almost all of them also had 
CRF (184]. Taken together, the observations 
reported in the recent literature suggest the fol
lowing three conclusions. First, diabetic pa
tients (especially with juvenile onset or type-I 
diabetes) (192] with CRF are at prohibitively 
high risk of exacerbation of their renal failure, 
a condition that may frequently require per
manent hemodialysis (184, 186, 192, 193}. It 
has been shown that the higher the pre-existing 
serum creatinine in diabetic patients, the 
greater the risk of permanent exacerbation of 
renal failure by contrast media (192}. Blood 
hyperviscosity, reduced deformability of eryth
rocytes, increased platelet aggregation, and, 
more important, the severe vascular lesions par
ticularly in the afferent and efferent glomerular 
arterioles-all are typical changes of diabetes 
mellitus, represent important predisposing fac
tors; the abnormal rheology and the basal im
pairment of renal perfusion may, in fact, be ag
gravated by contrast media (194}. Obviously, 
the association of other predisposing factors, 
such as dehydration, salt and water depletion, 
severe hypertension, or high dosage of contrast 
dye may potentiate the risk of renal function 
impairment (194}. The second conclusion is 
that at similar degrees of CRF, the risk is 
greater in diabetic patients than in nondiabetic 
ones (186}. The third and final conclusion is 
that diabetes mellitus associated with normal 
renal function does not seem to represent a risk 
factor (184, 186, 189]. Thus, only 3 out of 49 
type-2 diabetic patients with serum creatinine 
less than 177 J.Lmolll (2mg/dl) developed re
versible impairment of renal function (194], 
while none of 19 diabetics with serum creati
nine less than 13 3 J.Lmol/l O. 5 mgl dl) exhib
ited any renal function deterioration (186}. It 
has therefore been stated that IVP can be safely 
performed in type-2 diabetic patients with cre
atinine clearance greater than 35 mllmin pro
vided that proteinuria is not greater than 2 gl 
24 hours and other disposing factors are not 
associated (194}. It should be mentioned, how
ever, that irreversible deterioration of renal 
function has occasionally been reported in dia
betics with creatinine clearance of 50 mllmin 
(serum creatinine of 133 J.Lmol/l, 1.5 mg/dl) 
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and proteinuria much less than 2 g/24 hours 
[195}. 

10.2.1.3 VASCULAR DISEASES INVOLVING THE KID

NEYS. Vascular diseases involving the kidneys, 
such as nephrosclerosis, diabetic nephropathy, 
or polyarteritis nodosa, may predispose to con
trast nephropathy. Thus, ARF has been ob
served after angiography in a case of polyarter
itis nodosa with impairment of renal function 
that was largely irreversible [196}. 

Hypertension has been reported to increase 
the incidence of contrast-induced ARF in pa
tients with and without pre-existing renal in
sufficiency [188}. 

10.2.1.4 DEHYDRATION. In the early days of 
IVP, fluid restriction was advised before the 
radiographic procedure in order to visualize 
better the urinary tract. Undoubtedly, since 
modern radiocontrast media are filtered by glo
meruli and neither reabsorbed nor secreted by 
tubules, their intratubular concentration pro
gressively increases along the tubule reaching 
the maximum in the collecting duct. Thus, 
fluid restriction, by increasing ADH secretion 
and consequently water reabsorption in the dis
tal nephron, may raise the concentration of 
contrast media in tubular fluid; this occurs, 
however, only in the collecting tubules, 
thereby limiting the contribution of dehydra
tion to predisposing to contrast nephrotoxicity. 
On the other hand, ARF by contrast agents 
has also been observed in well-hydrated pa
tients [184, 193}. 

However, even though there is no clear evi
dence that the incidence of contrast nephropa
thy is reduced by hydration, it is commonly 
accepted that adequate hydration will prevent 
oliguria and permanent renal damage, espe
cially in high-risk patients (184}. 

10.2.1.5 SALT AND WATER DEPLETION. Perhaps too 
much attention has been given to dehydration 
as a predisposing factor, and too little attention 
to the role of salt and water depletion [182}. 
Undoubtedly, the proximal tubule is the site of 
maximal salt and water reabsorption (isosmotic 
reabsorption) and, therefore, the site of maxi
mal concentration of unteabsorbable solutes 
(such as contrast media) in tubular fluid. In salt 
and water depletion, proximal tubular reab-

sorption is markedly enhanced; the same occurs 
in any other condition of renal underperfusion, 
such as congestive heart failure. This will pro
long the transit time of the contrast medium 
through the nephron and increase its intratu
bular concentration, both effects leading to a 
greater nephrotoxicity. On the other hand, the 
osmotic activity of the contrast agent within 
the tubular lumen will initially limit water 
reabsorption and subsequently (through a de
crease of sodium concentration in the tubular 
fluid) sodium reabsorption, leading to salt and 
water diuresis (osmotic diuresis); this diuretic 
effect is less marked when effective blood vol
ume is reduced [182}. 

It is therefore advisable to avoid the use of 
diuretics and preparation of patients by clean
sing enemas and to correct any volume deple
tion prior to radiographic procedures. 

10.2.1.6 MULTIPLE MYELOMA. It is commonly 
known that multiple myeloma represents a pre
disposing factor to ARF following radiographic 
procedures. The pathogenetic mechanism of 
this ARF, however, seems to be different than 
that usually observed in contrast nephropathy. 
The impairment of renal function is, in fact, 
due to tubular obstruction by protein casts that 
are formed by precipitation of abnormal pro
teins by the contrast agent. It is therefore pre
dictable that dehydration or salt and water de
pletion will facilitate this mechanism. 

With the use of diatrizoate and its isomers, 
the incidence of ARF following radiocontrast 
procedures in patients with multiple myeloma 
has greatly decreased; this is probably due to a 
decreased protein binding of these contrast me
dia compared to the older ones [l84}. Thus, in 
a review of 508 patients with multiple my
eloma exposed to contrast media, only five pa
tients exhibited ARF (18I} and at least two of 
them had pre-existing impairment of renal 
function [197J. It seems, therefore, that the 
coexistence of CRF, multiple myeloma, and 
salt and water depletion or dehydration will in
crease the risk of ARF [184, 197J. 

10.2.1.7 MARKED PROTEINURIA. Apparently, 
marked proteinuria is not, by itself, a predis
posing factor, but it may become so when as
sociated with other predisposing conditions. 
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Thus, in patients with CRF who developed ra
diocontrast nephrotoxicity, proteinuria was 
greater than in those who did not exhibit ARF 
following IVP [l98, 199). On the other hand, 
it has been shown that both serum albumin 
and urographic contrast agents decrease the sol
ubility of Tamm-Horsfall mucoprotein in the 
urine (see below); it is conceivable that their 
effects are cumulative. 

10.2.1.8 ADVANCED AGE. Nephrotoxicity of con
trast media has been stated to be greater in ad
vanced age. It has been shown, in fact, that 
most of the cases of contrast-induced ARF re
ported in the literature occurred in patients be
tween 50 and 80 years of age; this relationship 
to age, however, seems to reflect the incidence 
of radiographic procedures [l81}. On the other 
hand, in the older population, underlying vas
cular disease and reduction in renal mass may 
predispose to renal damage by radiocontrast 
media {200}. 

10.2.1.9 DOSAGE OF THE CONTRAST AGENT. Nephro
toxicity seems to be favored by large and re
peated doses of contrast agents {I8S, 193}, 
even though (a) some authors have not observed 
any correlation between dosage and incidence 
or severity of contrast nephropathy {200, 201}; 
(b) the dosage of the contrast agent used for 
performing angiography in patients who then 
developed ARF ranged from 30 to 146 g iodine 
(i.e., 12 to 42 g iodine/hour) {202}; and (c) in 
a recent review of the literature, ARF has been 
observed to occur frequently after doses of me
dia in common use {181}. 

It has been therefore suggested that the low
est possible dose should be used in high-risk 
patients and that frequent exposure to contrast 
procedures over a short period of time should 
be avoided in order to prevent cumulative ef
fects {184, 18S}. 

It must be mentioned, however, that dos
age apart, site (e.g., peripheral vein or renal 
artery) and rate of injection (e.g., bolus or con
tinuous infusion) may vary the dilution of con
trast media in the blood perfusing the kidney 
{I81}. Thus, should a rapid achievement of 
very high plasma concentration of contrast me
dia be the crucial point for nephrotoxicity, 
ARF would be expected to occur more fre-

quently following arteriography than after IVP 
{l81}. From the clinical data, however, this 
does not seem to be the case. Thus, in a recent 
prospective study of 378 hospitalized patients 
undergoing nonrenal angiography (cases of 
renal angiography were excluded to avoid the 
influence of underlying renal disease), no influ
ence of the site of injection was observed on the 
incidence of ARF [l89}. 

It seems that no difference in toxicity exists 
between diatrizoate, iothalamate, metrizoate, 
and ioxithalamate and between sodium and 
meglumine salts {l81}. 

10.2.2 Renal histopathology With the excep
tion of the form occurring in multiple my
eloma (in which tubular casts have been ob
served), very little is known concerning the 
renal histopathology of contrast-induced ARF. 
In a retrospective study in which renal biopsy 
was performed in 211 patients wtihin 10 days 
of IVP or renal arteriography employing diatri
zoate, iothalamate, or ioxithalamate, tubular 
lesions of "osmotic nephrosis" (vacuolization of 
cytoplasm in tubular epithelium), limited to 
the proximal convoluted tubules, were ob
served in 47 renal specimens (incidence of 
22%) {203}. "Osmotic nephrosis" was more 
frequent in patients with impaired renal func
tions, with a positive correlation between the 
amount of injected iodine, the severity of renal 
failure, and the extent of epithelial "osmotic" 
lesion {203}. Even six anuric ARF patients ex
hibited diffuse or focal "osmotic nephrosis." 
Most of the cases with this lesion have been 
biopsied less than four days after contrast injec
tion, while "osmotic nephrosis" was never ob
served in 514 patients who underwent renal bi
opsy more than 10 days after the radiographic 
procedure {203}. In 27 out of 47 renal speci
mens, partial and/or focal tubular necrosis or 
atrophy was observed {203}. 

It is difficult to understand the possible con
sequences of this "osmotic" lesion. Osmotic 
swelling of cytoplasm of the tubular cells in 
proximal convoluted tubules cannot cause anu
ria through mechanical tubular obstruction 
since "osmotic nephrosis" was also observed in 
patients whose renal function was preserved in-
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tact [203}. On the other hand in another study 
in which renal biopsy was performed, in two 
patients with contrast-induced ARF, one and 
14 days after IVP, structural changes of ATN 
were reported [l86}. 

Thus, the morphologic basis of contrast-in
duced ARF is still not known [l8I}. 

10.2.3 Clinical Features and Outcome 

10.2.3.1 OLIGURIC ARF. In a recent review of 
the literature on the reports of ARF secondary 
to contrast media, the most common clinical 
feature of nephrotoxicity was an oligo-anuric 
ARF (200 cases), with a severe fall in urine 
output occurring usually within 24 hours after 
the radiographic procedure without significant 
associated symptoms [l81}. The decrease of 
GFR was mirrored by the rise in serum creati
nine, which reached a peak most frequently on 
the third day (but in some cases even on the 
seventh to eighth day) after the administration 
of contrast media [l81}. The outcome of these 
cases of oliguric ARF was (a) complete recovery 
of renal function (with serum creatinine not 
more than 44 fJ.molll, 0.5 mg/dl, greater 
than control), 66% of the 200 cases; (b) recov
ery but with partial permanent impairment of 
renal function (serum creatinine more than 44 
fJ.molll, 0.5 mgt dl, greater then control), 
13%; and (c) death or RDT or transplantation, 
2 1 % [181}. There appeared to be the same de
gree of renal impairment with nonrenal angiog
raphy as with IVP [l81}. 

Complete or partial recovery of renal func
tion usually occurs within one to two weeks 
[l85, 186}. 

10.2.3.2 NONOLIGURIC ARF. Nonoliguric ARF 
has also been reported, even though less fre
quently than the oliguric form (with a relation 
of 1 to 6) [l81}. The outcome of this nonoli
guric form was similar to that observed in the 
oliguric ARF, with incidence of 67%, 10%, 
and 23%, respectively, for complete recovery; 
partial recovery; and permanent dialysis or 
transplantation, or death [l81}. 

10.2.3.3 HYPERSENSITIVITY REACTION TO CONTRAST 

MEDIA. An anaphylactic reaction is the most 
severe and unpredictable complication of the 
use of radiocontrast agents. It may occur with 

and without severe hypotension, and it may 
cause ARF by itself or as the consequence of 
the severe fall in blood pressure and in renal 
perfusion [l8I}. 

The sensitivity reaction may vary in type and 
severity, extending from nausea, vomiting, 
"hot flush," maculopapular rash with eosino
philia [204-206}, to severe respiratory, neuro
logic, and cardiovascular disturbances that may 
be fatal [206}. Symptoms usually begin one to 
three minutes after the start of injection and 
are complete within the first ten minutes. 
Among the severe reactions, grand mal epilep
tic seizures, angioneurotic edema, asthma, and 
laryngeal edema have been reported [205, 
206}, The most frequent reactions, however, 
are cardiovascular: hypotension with erythema
tous rash, bradycardia, or arrhythmia; the pa
tient may be in shock, unconscious, with relax
ation of tongue, and laryngeal muscles; this 
may cause airway obstruction, anoxia, and car
diac arrest [206}. 

Fortunately, these severe reactions are rare 
(from 111,100 to 1114,000 in different statis
tical studies). Mortality from IVP is excep
tional (from 1140,000 to 11116,000 in differ
ent statistical surveys) [205, 206}. 

Occasionally, serum antibodies against the 
contrast medium (iothalamate) [207} and re
versible nephrotic syndrome with proliferative 
glomerulonephritis on renal biopsy, maculopa
pular rash, and eosinophilia [204, 208} have 
been reported. 

When ARF occurs, it is usually reversible 
even though proteinuria may last for a long 
time. Transient or even massive proteinuria 
may sometimes be observed following IVP or 
renal angiography; it should be noted, how
ever, that urinary acidification may cause visi
ble precipitation, which may give false positive 
results for any test for urinary protein that re
quires acidification [l81}. 

A higher incidence of reactions to radiocon
trast agents has been observed in patients with 
a history of clinical hypersensitivity (e.g., 
asthma, allergic conditions, etc.) [206}. It is 
interesting to note, however, that patients 
who have experienced a reaction to a contrast 
agent do not necessarily exhibit clinically im
portant reactions on reinjection of the same 
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agent for re-examination (206}. It is advisable 
whenever re-examination becomes necessary, 
however, to pretreat with corticosteroids and 
antihistamines those patients who have a his
tory of severe reactions (206}. 

Unfortunately, sensitivity tests to identify 
those patients who may exhibit reactions to 
contrast agents have completely failed; hence 
intradermal, subcutaneous, ocular, sublin
gual, or intravenous tests are completely use
less (205, 2J6}. 

10.2.3.4 ALLOGRAFT REJECTION. There is some 
evidence that following renal transplantation 
radiocontrast media may increase the incidence 
of allograft rejection (209}. 

10.2.4 Diagnosis Contrast-induced ARF is 
frequently asymptomatic and may go unrecog
nized, especially in its nonoliguric form, un
less renal function is carefully evaluated follow
ing radiographic procedures. Thus, in patients 
at risk, especially in those with pre-existing 
renal insufficiency, it is advisable to measure 
serum creatinine 24 and 48 hours after contrast 
infusion (189} and to examine a radiographic 
abdominal flat plate, in order to detect persis
tence of nephrographic contrast material 24 
hours after the radiographic procedure. It has 
been demonstrated, in fact, that a dense, late 
(24-hour) nephrogram (following an early nor
mal excretory pyelogram) is the most sensitive 
index of contrast nephropathy (189, 21O}. It 
is undoubtedly an inaccurate test by itself since 
the false-positive rate is high (76%); but false 
negatives have not been observed (189}. 

BUN also increases, in contrast-induced 
ARF, although its increment (2.86 mmolll, 8 
mg/dl, per 88.4 /-Lmolll, lmg/dl, of creatinine) 
is less than usual (l81}. 

Careful examination of urine sediment may 
help in recognizing contrast nephropathy, es
pecially when a rise in serum creatinine is pres
ent, but less than 88.4 J..Lmolll (l mg/dl, the 
increment commonly used to recognize a sig
nificant impairment of renal function). A point 
system for an ARF index based on urinary sed
iment has been recently defined (189}: detec
tion of white blood cells in urine sediment rep
resent 1 point; isolated renal tubular cells or 
hyaline casts or granular casts, 2 points; casts 

of renal tubular cells, 3 points; and dark, 
coarsely granular casts, 4 points. This ARF in
dex is positive when, after the exposure to ra
diocontrast media, an increment of at least five 
points is observed above the baseline (obtained 
prior to the radiographic test); it is borderline 
with increments of 3 to 4 points (189}. 

In the oliguric form, oliguria occurs within 
24 to 48 hours persisting, usually for two to 
three days (l86} (sometimes up to five days) 
despite treatment with loop diuretics or vol
ume expansion, so that dialysis may be re
quired (in about 25% of the cases). 

Urinary concentration of sodium (UNa) has 
been reported usually to be low, with values 
less than 30 mmolll (186, 196, 211}. In a re
cent report on 12 consecutive patients with oli
guric radiocontrast-induced ARF, UNa values 
ranged from 1 to 17 mmolll, with a mean of 
7.5 mmolll (212}. 

The fractional excretion of sodium (FENa) is 
also low, consistently less than 1 %; it ranged 
from 0.03 to 0.9% in the above report on 12 
cases of oliguric contrast-induced ARF (212}; 
FENa remains low throughout the oliguric 
phase of ARF (212}. In patients with CRF who 
were hydrated with i. v. saline solution in the 
12 to 16 hours preceding the IVP, FENa was 
high (greater than 1 %) prior to the radio
graphic procedure and increased significantly 
only in those patients exhibiting ARF (199, 
201]. 

Urinary osmolali ty has been reported to 
range from 350 to 400 mOsm/Kg water, with 
a mean value of 350 mOsm/Kg water (n = 12 
patients) (212}. 

The urine-to-plasma-creatinine ratio (U/P 
Cr) has been reported to range from 6 to 42 
[212}. When hydration with i.v. saline was 
performed in patients with CRF prior to IVP, 
U/P Cr decreased only in those cases exhibiting 
ARF (199}. 

10.2.5 Pathogenesis The following mecha
nisms have been suggested as responsible for 
contrast-induced ARF. 

10.2.5. I DECREASE IN RBF. Contrast-induced 
ARF may be due to reduction in renal perfu
sion with consequent ischemic damage. Exper
imental studies in dogs have shown a biphasic 
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response to the administration of contrast me
dia into the renal artery: an initial transient 
renal vasodilation with a rise in RBF is fol
lowed by a prolonged renal vasoconstriction 
with decrease in RBF [200, 213, 214}. This 
vasoconstriction appears to occur only in the 
kidney [200} and has been attributed to ECV 
depletion resulting from diuresis and natri
uresis secondary to osmotic load and, possibly, 
to a direct depressive effect of contrast media 
on active sodium transport [200, 215}. Thus, 
while some authors have observed similar tran
sient changes in RBF and GFR following i.v. 
injection of either diatrizoate or osmotically 
similar mannitol-containing solution [214}, 
others have demonstrated that the natriuretic 
effect of contrast media is greater than that of 
equiosmolar loads of mannitol [216} and that 
diuresis by contrast agents occurs within three 
minutes of their i. v. injection [217}. 

When ECV depletion was prevented by re
placement of urine volume, vasoconstriction 
did not occur [n}. 

Renal vasoconstriction may be enhanced by 
salt depletion and the resulting renal ischemia 
may be prolonged and intensified in patients 
with pre-existent renal impairment. 

N ewer contrast media, such as iopamidolo 
(Iopamiro®) with an osmolality (400-800 
mOsm/Kg water) much lower than that of 
commonly used agents (approximately 1500 
mOsm/Kg water) are expected to cause less 
hemodynamic changes [200}. 

It should be noted, however, that other fac
tors, such as erythrocyte aggregation and in
crease in blood viscosity, induced by contrast 
media, may contribute to the fall in RBF. 

In favor of the "prerenal" nature (i. e., re
duced renal perfusion) of radiocontrast-induced 
ARF appear the low values of both urinary con
centration of sodium and FENa. 

Two observations, however, argue against 
an ischemic mechanism: (a) the early excretory 
pyelogram is normal, and the initial normal 
opacification of pelvis, ureter, and bladder 
suggests that glomerular filtration is initially 
preserved; and (b) acute, severe hypotension 
during radiographic procedures utilizing con
trast agents was, in many occasions, not fol
lowed by ARF [l81}. 

10.2.5.2 TUBULAR OBSTRUCTION. If the decrease 
in RBF represents the initiating factor, tubular 
obstruction may account for the maintenance 
phase of contrast-induced ARF. 

Tubular obstruction may result from (a) pre
cipitation of contrast agents, (b) precipitation 
of other urinary solutes, or (c) interaction be
tween contrast media and some components of 
the urine [181}. 

Precipitation of contrast media. Since modern 
contrast media (i. e., the salts of triiodinated 
derivatives of benzoic acid) are extremely solu
ble, it is unlikely for their solubility limits to 
be exceeded even after severe dehydration or 
salt depletion [181}. 

Precipitation of other urinary solutes. Tubular 
obstruction may be due to uric acid crystals. 
Radiocontrast media, in fact, have been shown 
to have a uricosuric effect. This effect, partic
ularly evident also with cholecystographic 
agents [218, 219} results from an enhanced tu
bular secretion of uric acid. The increased uric 
acid excretion coupled with the maximal urine 
concentration (resulting from volume depletion 
secondary to osmotic diuresis) will greatly in
crease intra tubular concentration of uric acid 
and cause precipitation of uric acid crystals in 
collecting ducts [219}. If this mechanism is 
operative, hyperuricemia is expected to favor 
contrast-induced ARF and to worsen its prog
nosis. Renal biopsy findings consistent with 
acute urate nephropathy have been reported in 
a patient with CRF and hyperuricemia follow
ing IVP [l84}. But when plasma uric acid be
fore the radiographic procedure was evaluated 
in relation to the urine output and the outcome 
of ARF due to contrast agents, no correlation 
was observed [18I}. Intraluminal precipitation 
of oxalate has also been implicated as a possible 
cause of tubular obstruction in patients with 
pre-existing renal insufficiency undergoing an
giographic procedures; urinary excretion of ox
alate, in fact, was found clearly increased after 
angiography with diatrizoate in 14 patients 
[220}. The increase in oxalate excretion (from 
29 to 44 mg/24 hours) was, however, too low 
to represent the sole cause of ARF [184}. 

Interaction between contrast media and some com
ponents of the urine. It has been stated that in
teraction between contrast media and Tamm-
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Horsfall mucoprotein may cause tubular ob
struction {l81}. Tamm-Horsfall protein is a 
normal component of the urine and a major 
constituent of urinary casts; synthesized and se
creted by the cells of the ascending limb of the 
loop of Henle and early distal tubule, this mu
coprotein may be normally detected within 
these tubular cells as well as in the lumen of 
the tubule; its excretion is increased following 
acute renal lesions when the protein may be de
tected also in the renal interstitium {l81}. 
Tamm-Horsfall mucoprotein becomes less sol
uble in the presence of urine with low pH, or 
high salt concentration, or serum albumin, or 
Bence-Jones protein. Its solubility is also de
creased by urographic contrast agents {181, 
221}. Since an increased urinary excretion of 
Tamm-Horsfall protein has been reported dur
ing the recovery phase of contrast-induced ARF 
(210}, it has been suggested that urographic 
contrast agents cause precipitation of Tamm
Horsfall protein, formation of luminal casts, 
and, consequently, tubular obstruction (210, 
221}. It is interesting to note that, in recent 
prospective studies on the incidence of con
trast-induced ARF in patients with CRF, pro
teinuria was greater in those patients who de
veloped ARF compared to patients "protected" 
by mannitol or diuretics {l98, 199}' It is pos
sible that serum albumin and urographic con
trast agents have cumulative effects in decreas
ing the solubility of Tamm-Horsfall muco
protein in the urine. 

10.2.5.3 DIRECT TOXICITY OF CONTRAST MEDIA ON TU

BULAR EPITHELIAL CELLS. The occurrence of enzy
muria following the use of radiocontrast agents 
{222} has suggested a direct toxic effect on tu
bular epithelium. But the tubular damage re
sponsible for the enzymuria may result from 
the hypertonicity of contrast media. Enzymuria 
was, in fact, observed not only after iodinated 
agents, but also following i. v. infusion of non
iodinated hypertonic solutions {223}. On the 
other hand, as already mentioned, renal biop
sies in human subjects, performed within 10 
days of radiocontrast procedures, have fre
quently exhibited a vacuolization of proximal 
tubular cell cytoplasm {203}. Furthermore, 
when diatrizoate and iothalamate salts and 
equiosmolar control solutions were tested "in 

vitro," in isolated toad bladders, a depression 
of sodium transport was detected with all hy
pertonic solutions (215}. 

A direct toxic effect due to triiodinated con
trast molecules and unrelated to hypertonicity 
has also been suggested as contributing to epi
thelial damage (200}. 

10.2.6 Treatment There is no effective ther
apy for contrast-induced ARF. Neither hyper
tonic mannitol nor furosemide, in fact, have 
demonstrated any effect in helping recovery 
when ARF occurred in patients with CRF after 
IVP {l99}. Clinical management of patients 
with contrast nephropathy is similar to that of 
any "organic" ARF. 

10.3 ARF FOLLOWING BILATERAL 
RETROGRADE PYELOGRAPHY 

ARF has also been reported after bilateral ret
rograde pyelography (224, 225}. The resulting 
anuria may be due either to ureteral edema 
causing obstructive uropathy (225} (in this case 
ureteral recatheterization will restore urine 
flow) or to intrarenal obstructive nephropathy 
(224}. The latter condition has been accounted 
for by a pyelorenal backflow of contrast me
dium for which there has been clear radiologi
cal evidence; in this case the reinsertion of ure
thral catheters did not result in the return of 
urine flow (224}. 

10.4 ARF DUE TO CHOLECYSTOGRAPHIC 
AND CHOLANGIOGRAPHIC AGENTS 

ARF has been reported in several occasions 
following a single dose (226}, but, more fre
quently, multiple doses of oral cholecysto
graphic agents, namely, sodium bunamiodyl 
(Orabilex®) (227-231} and, more recently, io
panoic acid (Telepaque®, Cistobil®) (232, 
233}. ARF has also been associated with the 
use of meglumine iodipamide (Cholografin®) 
for intravenous cholangiography (233}' The pa
tients who developed this type of ARF usually 
had clinical and/or laboratory evidence of bili
ary tract or hepatocellular disease. Some of 
them also had renal impairment (232}, but in 
others renal function was normal (231, 233}. 

The triiodinated aromatic nucleus of oral 
cholecystographic media has been considered 
responsible for renal toxicity; since aromatic 
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compounds are usually excreted by hepatic con
jugation, reduced clearance due to liver disease 
may expose the kidneys to a large load of these 
nephrotoxic media {233}. 

The uricosuric effect of iopanoic acid (Tele
paque®, Cistobil®) (which is the most potent 
uricosuric agent, comparable in magnitude to 
that of probenecid) {226} and meglumine io
dipamide (Cholografin®) has suggested the pos
sibility of acute urate nephropathy {218, 
219}, which may be favored by hyperuricemia 
and dehydration {233}. Urinalysis with massive 
amounts of amorphous urates that dissolved 
immediately upon alkalinization of the urine 
have been reported in some cases {226}. The 
uricosuric effect of cholecystographic agents, 
however, has been shown to increase the ratio 
of urinary uric acid/creatinine concentration, 
but this ratio never exceeded 0.90 {218}. Since 
in acute urate nephropathy this ratio is greater 
than 1 {234}, ARF following radiocontrast 
procedures cannot be regarded as acute urate 
nephropathy {200}. 

Tubular obstruction by calcium oxalate-con
taining crystals has also been suggested as a 
possible pathogenetic mechanism of ARF due 
to oral cholecystographic agents {227, 229}' 

11 Acute Renal Failure 
Following Anesthesia 
The first observation that anesthesia may dam
age the kidneys goes back to the beginning of 
this century, when Dublin surgeons observed 
that ether anesthesia was followed by a fall in 
urine volume and a decrease in urinary excre
tion of nitrogenous metabolites {235}. Since 
then other anesthetics have been used, and 
nephrotoxicity has been demonstrated particu
larly for methoxyflurane. 

Nephrotoxicity due to anesthetic agents is 
difficult to investigate. Unless anesthetics are 
tested in normal volunteers, in fact, it is not 
easy to separate the effects of anesthesia itself 
from those of surgery, other drugs given si
multaneously or subsequently, and other con
ditions, such as hypotension, hypovolemia, 
and disturbances of pulmonary gas exchange 
{235}. 

Furthermore, the evaluation of renal blood 

flow by clearance technique is not adequate 
since it has been well demonstrated that tubu
lar transport of P AH is depressed by inhala
tional agents; this makes PAH clearance mean
ingless unless the renal extraction of P AH is 
also measured {235}. 

General anesthesia is based on the sequential 
administration of premedicants and induction 
and inhalational agents; all of these agents may 
impair renal function. 

11. 1 PREMEDICANTS 

Morphine is the most commonly used narcotic 
analgesic drug. It may cause, in clinical dos
age, reduction in urine output and in solute 
excretion, increase in urine concentration, pre
sumably through enhanced ADH release, and a 
reversible fall in GFR and RBF {235}. The lat
ter is apparently a hemodynamic effect second
ary to the increased secretion of catecholamines 
that follows morphine administration {236}. 

Phenothiazines, at least in small doses, and 
atropine do not affect RBF and GFR in man, 
while there are no studies on the effect of ben
zodiazepines on renal function {235}. 

11.2 INDUCTION AGENTS 

Urine volume, RBF, and GFR usually show a 
transient fall after barbiturate induction of 
anesthesia as a result of the hemodynamic ef
fects of barbiturates (impairment of myocardial 
contractility, reduction in cardiac output, hy
potension). Similar minor and transient dis
turbances of renal function are expected 
after althesin and propanidid and have been 
demonstrated after neuroleptanesthesia (e.g., 
with fentanyl + droperidol, 50: 1 {235}. 

11.3 INHALATIONAL ANESTHETIC AGENTS 

Today, anesthesia is usually maintained by 
fluorinated inhalational anesthetic agents. These 
agents (methoxyflurane, in particular) have 
been implicated as responsible for many cases 
of ARF following surgery. 

11.3.1 Methoxyflurane In 1964, Paddock et 
al. {2 3 7} reported three cases of reversible ARF 
secondary to methoxyflurane anesthesia. In 
1966, Crandell et al. {238} described a toxic 
nephropathy in 16 out of 94 patients who re-
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ceived methoxyflurane during its first year of 
use. Many other retrospective reports then fol
lowed attributing postoperative impairment of 
renal function to this fluorinated anesthetic 
agent. 

The first prospective study was that of Mazze 
et al. {239}, who compared the renal function 
of 12 patients anesthetized with methoxyflur
ane with that of 10 patients receiving halo
thane. Methoxyflurane caused an increase in 
serum concentration of creatinine, blood urea 
nitrogen, and uric acid; polyuria; and pro
longed reduction in renal concentrating ability 
unresponsive to vasopressin injection. 

The ARF due to methoxyflurane is usually of 
nonoliguric type. It was polyuric in 74 out of 
104 cases reviewed by Churchill et al. {240}, 
while in six cases the urine output was normal; 
only in 10 cases ARF was oliguric; in the re
maining 14 it was uncertain. 

The degree of renal dysfunction has been 
correlated to the dose of anesthetic adminis
tered {241, 242} and to the serum level of in
organic fluoride reached after methoxyflurane 
anesthesia {243}. 

In most cases ARF was reversible, but some 
patients failed to recover normal renal function 
{238, 240, 244}. 

11.3.1.1 PATHOPHYSIOLOGY OF METHOXYFLURANE-IN

DUCED ARF. Methoxyflurane is metabolized to 
inorganic fluoride and oxalic acid {245, 246]. 
Both metabolites have been implicated in the 
nephrotoxicity of methoxyflurane {240, 241, 
247}. 

Both serum concentration and urinary excre
tion of inorganic fluoride have been reported to 
be significantly increased after methoxyflurane 
anesthesia {241, 245, 246]. The vasopressin
resistant concentrating defect observed in man 
following methoxyflurane has been attributed 
to its fluoride metabolite {240, 241], since in
organic fluoride has been demonstrated to cause 
vasopressin-resistant polyuria {248}, presum
ably through inhibition of the adenyl cyclase 
enzyme {246]. But being an inhibitor of aner
obic metabolism, fluoride may also impair the 
concentration mechanism of urine by inhibit
ing sodium chloride reabsorption in the ascend
ing limb of the loop of Henle {240, 249]. It 
seems that renal toxicity by methoxyflurane (in 

the form of polyuria unresponsive to vasopressin 
and an increase in serum uric acid) occurs when 
peak serum inorganic fluoride levels exceed 
50 I-Lmollliter {240, 242, 243, 250}. Severe 
clinical toxicity usually occurs with more than 
5 MAC-h exposure (serum fluoride above 90 
/J-moilliter) (see note Ion page 104) {235, 242]. 

Urinary excretion of oxalate is also signifi
cantly increased following anesthesia with me
thoxyflurane, especially in those cases exhibit
ing nephrotoxicity {246]. The high urinary 
excretion of oxalate and the extensive deposi
tion of oxalate crystals in the renal tissue in 
cases of methoxyflurane-induced ARF have fo
cused attention on oxalic acid as the nephro
toxic metabolite of methoxyflurane {240], al
though it is quite possible that it represents a 
secondary phenomenon since oxalate nephropa
thy is usually associated with oliguria and not 
with polyuria {251}. Oxalate crystals, in fact, 
may be observed occasionally in the kidney in 
any form of ARF with prolonged oliguria 
{252}; the number of these crystals, however, 
is much greater after methoxyflurane anesthesia 
{253} when deposition of oxalate crystals has 
also been observed in lungs and meninges 
{244}. This may be due to an increased oxalate 
load following methoxyflurane. The chronic in
terstitial fibrosis observed as a long-term result 
of methoxyflurane-induced ARF has been at
tributed to a reaction to the oxalate crystals 
{240, 244} although it has also been observed 
after long-term fluoride ingestion {240]. 

The controversy as to whether inorganic 
fluoride or oxalate was the nephrotoxic met
abolite of methoxyflurane seemed to be solved 
by Cousins et al. {247J. These authors ob
served that rats receiving fluoride to such an 
extent as to reach a serum concentration simi
lar to that obtained with methoxyflurane ex
hibited polyuric nephrotoxicity, while rats re
ceiving oxalic acid did not show any renal 
damage. 

11.3.1.2 PATHOLOGY OF METHOXYFLURANE-INDUCED 

ARF. The renal lesions in methoxyflurane-in
duced ARF, as observed by light and electron 
microscopy, include {240, 241} tubular epithe
lial cell degeneration, ranging from swelling to 
frank necrosis mainly in the proximal tubules 
{241}; deposition of birefringent crystals of cal-
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cium oxalate in the tubular lumina (mainly in 
the cortical tubules), and also, occaslOnally, 
within the epithelial cells and in the intersti
tium (240, 244, 253}; tubular dilatation; and 
interstitial edema (240}. Glometuli are nor
mal. 

11.3. 1.3 PREDISPOSING FACTORS TO METHOXYFLURANE

INDUCED ARF. 

a. A large total dose of the anesthetic, depen
dent on the depth and duration of anes
thesia, will undoubtedly favor ARF (240}. 
Mild nephrotoxicity has been observed with 
the MAC-hour value exceeding 2.5, more 
severe toxicity with 5.0 MAC-hours. 

b. Methoxyflurane nephrotoxicity seemed to be 
potentiated by some antibiotics such as 
tetracycline (238, 254-256}, penicillins 
(253}, and gentamicin (108, 240, 257} 
given either preoperatively or postopera
tively. It should be borne in mind that gen
tamicin interferes with urinary excretion of 
inorganic fluoride (257) and that methoxy
flurane may persist in fat deposits for as 
long as one week (l08}. Thus, the additive 
nephrotoxic effects of methoxyflurane and 
gentamicin may occur several days after the 
anesthesia, especially in obese patients (see 
below). 

c. Obesity is undoubtedly a predisposing fac
tor, the adipose tissue functioning as a res
ervoir of methoxyflurane. This is, in fact, 
a highly lipid-soluble anesthetic agent with 
very high oil-water solubility, which is 
around 970 (i.e., the agent is 970 times as 
soluble in oil as in water); this lipid solu
bility makes methoxyflurane the most po
tent inhalational agent {235, 255}. But its 
high water-gas solubility (13 at 37°C) is re
sponsible for slow induction and recovery 
from anesthesia (235}. 

d. Long-term treatment with barbiturate or 
tolbutamide has been suggested predis
posing to methoxyflurane nephrotoxicity 
{240}. There is experimental evidence that 
long-term phenobarbital treatment signifi
cantly enhances defluorination of methoxy
flurane {258}. 

e. Methoxyflurane nephrotoxicity seems to 
be intensified by hydropenia, presumably 
through a reduction in inorganic fluoride 
renal clearance {235}. 

11.3.2 Enfturane Enflurane is a fluorinated 
methylethyl ether, chemically more stable than 
methoxyflurane {259}; furthermore, because its 
fat solubility is lower, the substrate pool for 
post-anesthetic metabolism is smaller {250}. 
Thus, although enflurane is also metabolized 
to inorganic fluoride, nephrotoxic serum levels 
of this metabolite are not usually reached 
{260}. 

Mazze et al. {261} have observed a peak 
serum level of 33.6 ,.....molliiter of inorganic flu
oride in healthy volunteers after prolonged en
flurane anesthesia (9.6 MAC-h). Jarnberg et al. 
{262} found a mean maximal plasma fluoride 
level of 17.4 ,.....molliiter two hours after the end 
of enflurane anesthesia in seven women under
going histerectomy. Only occasionally were 
high peak values of fluoride observed following 
enflurane: 52 ,.....molliiter in one obese patient 
and 106 ,.....molliiter in another patient receiving 
multiple medication {263}. It is, however, a 
common observation that ARF does not occur 
in patients with normal renal function follow
ing enflurane anesthesia {243, 264} although 
slight decreases in RBF, GFR, and urine flow 
and fractional excretion of sodium were ob
served during anesthesia {243, 265} as de
scribed also for halothane and isoflurane {266}. 
Even prolonged (eight hours) and repeated 
(twice at seven-day intervals), anesthesia with 
enflurane has not caused renal damage in dogs 
as observed by light and electron microscopy 
{250}. 

There are three reports of ARF following en
flurane anesthesia, but all the patients had pre
existing renal disease. Thus, Eichhorn et al. 
{267} reported a case of anuric ARF occurring 
two days after six-hour enflurane anesthesia in 
a 66-year-old man; peak value of serum inor
ganic fluoride was 93 ,.....moi/liter on the second 
postanesthetic day (the true peak might have 
been even higher soon after the anesthesia). 
Loehning et al. (268} have also reported a po
lyuric form of ARF following enflurane in a pa
tient with a failing transplanted kidney with 
acute damage of proximal tubules on renal bi
opsy (in addition to the typical changes of 
chronic allograft rejection). Finally, Hartnett 
et al. {269} described a case of transient poly
uria with renal function impairment, although 
serum fluoride was not measured. 



2. ISCHEMIC/TOXIC ACUTE RENAL FAILURE 79 

It is possible that a diseased kidney may 
have a lower urinary excretion of inorganic flu
oride allowing the occurrence of high, toxic 
serum levels of fluoride that do not occur in 
normal subjects. It has also been postulated 
that the threshold for fluoride-induced nephro
toxicity is lower in the diseased kidney so that 
ARF occurs even with normal serum levels of 
inorganic fluoride [268}. 

Fluoride kinetic studies in man have shown 
that fractional fluoride excretion is decreased 
during enflurane anesthesia and that, in the 
postanesthetic period, tubular reabsorption of 
fluoride is inversely related to tubular fluid pH; 
it has been therefore suggested that alkaliniza
tion of urine may increase fluoride excretion 
and protect from enflurane nephrotoxicity 
[265}. According to Schiffl and Binswanger 
[270}, on the other hand, fractional excretion 
of fluoride positively correlates with water ex
cretion while urine pH has no effect. 

Since enflurane like methoxyflurane, is me
tabolized to oxalic acid and inorganic fluoride 
[243}, deposition of oxalate crystals in the kid
neys has been predicted after enflurane anes
thesia. Wickstrom and Stefansson [250}, how
ever, did not observe any increase in urinary 
oxalate excretion, nor deposition of oxalic acid 
crystals in renal tissues of dogs after prolonged 
enflurane anesthesia; thus the authors have sug
gested that enflurane is not completely defluo
rinated to oxalic acid [250}. 

It may be concluded that enflurane is a safe 
anesthetic. Care must be taken during long 
anesthesia, especially in obese patients, in 
those receiving multiple medication, and in 
patients with pre-existing renal disease [235}. 

11 .3.3 Isoflurane Apparently, isoflurane is 
better than enflurane [271}. It has been re
cently released for general use in the United 
States and in Canada. 

Isoflurane is the structural isomer of enflu
rane, therefore belonging to the fluorinated 
methyl-ethyl ethers. Its original synthesis oc
curred in 1965, but it was not used for many 
years because of suspected carcinogenic poten
tial; this was then completely excluded. 

Isoflurane is similar to enflurane, but with 
lower solubility in blood and tissues and lower 
susceptibility to biodegradation; thus, uptake, 

distribution, and elimination are fast and the 
onset and recovery from anesthesia very rapid 
[271}. 

Following 3 MAC-h isoflurane anesthesia, 
serum fluoride levels never exceeded 5.5 /J-moll 
liter, being comparable to those following hal
othane, much less than those found after me
thoxyflurane, and even enflurane anesthesia 
[266}. 

Mazze et al. [266} have reported a mean 
peak of serum inorganic fluoride of 4.4 /J-mol/ 
liter six hours after isoflurane anesthesia in nine 
surgical patients. Intra-anesthetic fall of RBF, 
GFR, and urine flow was similar during iso
flurane (nine patients) and during halothane 
anesthesia (in six control surgical patients); but 
in both groups postanesthetic renal function, 
including the response to vasopresslO, was 
completely normal [266}. 

11.3.4 Halothane Halothane is the most 
widely used volatile anesthetic agent. There are 
no reports on renal damage after prolonged hal
othane anesthesia. 

Furthermore, halothane is a lipid-soluble 
agent, but its oil-water partition coefficient is 
330, i.e., much less than that of methoxyflur
ane. Halothane is not metabolized to inorganic 
fluoride to such an extent as to reach toxic 
serum levels of this metabolite [247, 272}; the 
maximal mean concentration achieved in man 
following halothane anesthesia is around 20 
/J-mol/liter [263, 265}. 

Prolonged (eight hours) and repeated (twice 
at seven-day intervals) anesthesia with halo
thane has not caused any renal damage in dogs 
even on electron microscopic study [250}. The 
intra-anesthetic slight fall of RBF, GFR, and 
urine flow are followed by complete normali
zation of renal function, including response to 

vasopressin, in the postanesthetic period [266}. 

11 .3.5 Effect of Ventilation on Renal 
Function Very frequently, patients treated by 
intermittent positive pressure ventilation retain 
sodium and water by a mechanism still not elu
cidated. Hemodynamic changes, presumably 
related to the decreased venous return with a 
consequent reduction in cardiac output, seem 
to account for this phenomenon, which may 
cause pulmonary edema. 
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Hypocapnia may contribute to the salt and 
water retention in hyperventilated patients, 
while hypoxia may result in renal vasoconstric
tion (secondary to sympathetic stimulation) and 
fall in GFR {235}. 

12 ARF Secondary to Ethylene 
Glycol Intoxication 
Acute ethylene glycol intoxication is an unfre
quent but quite severe condition that may 
cause ARF. The ingestion of the poison may 
occur by error or by humans attempting sui
cide. 

Ethylene glycol is an odorless, colorless liq
uid commonly used in many commercial prod
ucts, including, for instance, radiator anti
freeze. 

12.1 CLINICAL OUTCOME OF ETHYLENE 
GLYCOL INTOXICATION 
When ingested in large amounts (more than 
1.4 mllkg b.w.), it will cause a severe acute 
poisoning due to its rapid conversion, in the 
liver and in the kidneys, to toxic metabolites: 
aldehydes (which inhibit glycolysis and Kreb's 
cycle), lactic acid (which causes severe meta
bolic acidosis), and oxalate (which causes cal
cium oxalate crystallization in many organs) 
{273}. 

The clinical outcome of this poisoning has 
been divided into three stages {274}. The stage 
1 or neurologic stage, occurs 30 minutes to 12 
hours after the ingestion and is characterized by 
neurologic symptoms: the patient is inebriated 
(but without alcohol odor on breath); ophthal
moplegia, nystagmus, papilledema, seizures, 
and depressed reflexes may all occur and may 
be followed by coma. If the patient survives, a 
stage 2 or cardiopulmonary stage, will follow, 
with tachicardia, tachypnea, cyanosis, and 
pulmonary congestion. Should the patient sur
vive this severe cardiopulmonary derangement, 
he enters the stage 3 or renal stage, in which 
flank pain and oliguric ARF may occur. 

12.2 RENAL INJURY BY ETHYLENE GLYCOL 

Calcium oxalate crystallization occurs in many 
organs, but mainly in the kidneys {275, 276} 
so that the observation of oxalate crystals in the 
urinary sediment is of great diagnostic value. 

ARF may result from intratubular precipita
tion of calcium oxalate or from toxic tubular 
damage by metabolites such as glycolic acid, 
glyoxylic acid, and glycoaldehyde; renal lesions 
include dilation of proximal tubules, degener
ation of tubular epithelium, and deposition of 
oxalate crystals in the cells and in tubular lu
mina [273, 274}. 

12.3 CLINICAL DIAGNOSIS OF ETHYLENE 
GLYCOL POISONING 

In acute ethylene glycol poisoning, a marked 
anion gap (sodium glycolate replacing sodium 
bicarbonate) metabolic acidosis occurs, associ
ated with a clear increase in delta osmolality. 
Delta osmolality is the difference between the 
measured and the calculated plasma osmolality 
(calculated as POsm = 2 ({Na +} + (K +}) + 
BUN (mg/dl)/2.8 + blood glucose (mg/dl)/ 
18), which does not usually exceed 5 mOsm/ 
kg water {277}. When plasma delta osmolality 
is greater than 5 mOsm/kg water, a solute 
other than urea, glucose, sodium, and potas
sium and their anions is present in the circulat
ing plasma; in ethylene glycol poisoning this 
solute is either ethylene glycol itself or its met
abolic products. The association of a wide 
plasma anion gap and a high plasma delta os
molality is typical of either methanol or ethyl
ene glycol intoxication, but it is combined 
with calcium oxalate crystals in the urine only 
in the latter {274}. Hypocalcemia, requiring 
calcium therapy intravenously, and leukocyto
sis may also occur. 

12.4 TREATMENT OF ETHYLENE 
GLYCOL POISONING 

Since ethylene glycol is oxidized to toxic deriv
atives by alcohol dehydrogenase, ethyl alcohol 
is a competitive inhibitor of this oxidation 
[278, 279}. Hence, treatment of ethylene gly
col intoxication is based (after gastric lavage, 
which is, however, of limited benefit since the 
poison is rapidly absorbed) on immediate oral 
(via nasogastric tube) load of 0.6 g of 50% 
ethanol/kg b. w., with an oral maintenance 
dose of 109 of 20% ethanol/kg b.w./hour (237 
mg/kg b.w./hour during hemodialysis) [280} 
in order to maintain a blood level of 100-200 
mg/dl of ethyl alcohol [274}. Ethyl alcohol, 
however, enhances the formation of lactic acid 
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from pyruvate, making the metabolic acidosis 
more marked. Hence an immediate i.v. infu
sion of bicarbonate is also necessary (i. v. cal
cium infusion will prevent tetany) before and 
in addition to dialysis therapy. 

Dialysis should be instituted promptly not 
only because the large amounts of sodium bi
carbonate required to treat metabolic acidosis 
will represent a large sodium load that cannot 
be excreted by the patient, but also in order to 
prevent rather than treat ARF (281}. Hemodi
alysis, possibly with bicarbonate-containing di
alysate [274} is more effective than peritoneal 
dialysis in removing ethylene glycol, oxalate, 
and their toxins from the body (274, 280-
282}. Large doses of thiamine and pyridoxine 
may be useful, since these vitamins are essen
tial in promoting the degradation of ethylene 
glycol to less toxic derivatives (283}' When 
plasma oxalate has reached very high levels, it 
becames almost impossible to lower it even by 
dialysis therapy [282}. Survival after ingestion 
of large amounts of ethylene glycol has been 
obtained when therapy was started within two 
hours of poison ingestion (273}. 

13. Acute V ric Acid Nephropathy 
(VAN) 
Hyperuricemia and hyperuricosuria may cause 
renal injury by three different mechanisms: (a) 
deposition of sodium urate crystals in the renal 
interstitium thereby causing chronic urate ne
phropathy and leading to progressive CRF; (b) 
precipitation of uric acid in the urinary tract, 
resulting in uric acid nephrolithiasis-but the 
enhanced uric acid excretion will also promote 
calcium oxalate stone formation; and (c) depo
sition of uric acid in collecting ducts (284, 
285} causing an intrarenal obstructive nephrop
athy known as acute uric acid nephropathy 
(UAN) [234, 286}. 

Impairment in renal function may "per se" 
cause hyperuricemia. Renal failure is, in fact, 
characterized by retention of waste products of 
nitrogen metabolism. These include uric acid, 
the serum concentration of which is increased 
with the fall of renal function, even though 
this hyperuricemia is blunted by the increase in 
uric acid clearance per residual nephron (uric 
acid clearance to creatinine clearance is, in 

fact, increased) (see below). It is not surpris
ing, therefore, that hyperuricemia is observed 
in both CRF and in ARF. There are condi
tions, however, in which serum uric acid is 
increased out or proportion of the degree of 
renal failure. This is quite frequent, although 
not constant [234} in UAN, in which hyper
uricemia is regarded as the cause rather than 
the consequence of renal shutdown. 

13. 1 URIC ACID METABOLISM 

Uric acid is the end-product of purine metab
olism (287, 288}. The purines adenine and 
guanine are present in the body mainly as com
ponents of nucleic acids, ribonucleic acid 
(RNA), and deoxyribonucleic acid (DNA). The 
major source of uric acid production is the hy
drolysis of endogenous nucleic acids, while less 
than 20% of uric acid production derives from 
hydrolysis of ingested nucleic acids. The enzy
matic oxidation of adenine and guanine leads 
to inosinic acid, hypoxanthine, xanthine, and 
uric acid. The enzyme xanthine oxidase cata
lyzes the oxidation of hypoxanthine to xanthine 
and then of xanthine to uric acid. Xanthine 
oxidase is inhibited by a structural analogue 
of hypoxanthine, allopurinol, which reduces, 
therefore, the formation of uric acid. 

Of the 700 mg of uric acid produced daily 
in man, about 500 mg (normally never more 
than 600 mg/24 hours) are excreted by the kid
ney involving glomerular filtration, tubular se
cretion (in proximal tubules), and tubular reab
sorption (in proximal and/or distal tubules); the 
remainder is eliminated by intestinal uricolysis 
(288}. 

Uric acid is an organic acid with a pK of 
5.75. Since urine pH may be frequently below 
5.75, the solubility of uric acid in urine is low; 
it has been demonstrated, in fact, that it falls 
from 12 mmolll (200 mg/dl) to 1.27 mmolll 
(15 mgt dl) as urine pH is decreased from 7.4 
to 5.0 (289}. An increase in serum levels of 
uric acid increases its renal excretion by raising 
both the filtered load and the tubular secretion. 
Hence hyperuricemia leads to hyperuricosuria. 
But hyperuricosuria may occur in the absence 
of hyperuricemia. Thus, ECV expansion (e.g., 
by saline i. v. infusion) will increase the uric 
acid clearance by decreasing tubular reabsorp
tion. Conversely, hyperuricemia may result 
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from a reduced tubular secretion or increased 
tubular reabsorption of uric acid. The reduced 
tubular secretion may occur in conditions of ei
ther retention or increased production of other 
organic acids that compete with uric acid for 
the secretory site in the kidney; this may be 
the case during ketoacidosis of diabetes or lac
tic acidosis of exercise, alcohol ingestion, or 
toxemia of pregnancy. Even low doses of as
pirin or i. v. infusion of sodium lactate may 
cause hyperuricemia by inhibiting uric acid se
cretion [288}. An increase in tubular reabsorp
tion of uric acid may occur in congestive heart 
failure, in cirrhosis, in prerenal ARF, and, typ
ically, in long-term treatment with diuretics, 
particularly thiazides; in the latter condition, 
however, interference of diuretics with organic 
acid secretory mechanism has also been sug
gested as a contributory factor [288}. 

13.2 RENAL INJURY FOLLOWING 
HYPER URICEMIA 

Hyperuricemic ARF usually occurs in patients 
with malignancies (in particular leukemias, 
lymphomas, and, less frequently, multiple 
myeloma and large solid tumors), that is, in 
conditions of massive destruction of tumor 
cells, being the rule during chemotherapy or 
radiation therapy. Thus, it may occur prior to 

cytolytic therapy in patients with rapidly grow
ing solid tumors, but, more frequently, dur
ing aggressive treatment of the neoplastic dis
orders. 

The release of great amounts of nucleopro
teins and their metabolites because of cell de
struction and the consequent formation of un
usual amounts of uric acid causes severe 
hyperuricemia (values greater than 5.35 mmoll 
1, 90 mg/dl, have been reported), which may 
lead to ARF [290}. 

Severe hyperuricemia (which may lead to 
ARF) may occur in other disorders associated 
with increased production of uric acid (because 
of accelerated breakdown of tissue nucleotides) 
and, consequently, enhanced uric acid excre
tion. This is the case in primary gout (20% to 

25% of gouty patients have a primary increase 
in uric acid production) [289}, in hypercata
bolic states, and in conditions of severe tissue 
hypoxia (such as acute myocardial infarction, 

cardiomyopathy, cardiogenic or hemorrhagic 
shock, rhabdomyolysis) [291}. The underlying 
disorder responsible for the hyperuricemia, 
however, is not always apparent (figure 2-5). 

Oliguric ARF of VAN has been attributed 
to massive intratubular crystallization of uric 
acid that has been demonstrated in the collect
ing ducts [284} where tubular fluid becomes 
very concentrated and uric acid solubility is de
creased because of the acidic pH [286}. This 
widespread tubular obstruction by uric acid 
crystals results in an increase in intratubular 
pressure in proximal and distal tubules, dila
tation of these tubular segments, and fall in 
GFR [284}. A decline in RBF has also been 
observed [286} and attributed to obstruction of 
the distal renal vasculature either due to urate 
deposits in deep cortical and medullary vessels 
or to compression of these vessels secondary to 
the increases in tubular and interstitial pressure 
or both [284}. But tubular obstruction un
doubtedly plays the primary pathogenetic role, 
and dehydration, by markedly concentrating 
the urine, result in an oversaturated state that 
favors uric acid precipitation in the collecting 
ducts [290}. From these observations it appears 
evident that it is the hyperuricosuria (rather 
than the hyperuricemia) with the high urinary 
concentration of uric acid that is of primary 
importance in VAN; this disorder will never 
occur in patients with hyperuricemia due to re
duced urinary excretion (such as that due to 
CRF or prolonged use of diuretics) [289]. As 
mentioned elsewhere in this chapter, the hy
peruricosuria (due to enhanced tubular secre
tion of uric acid) that follows the use of uro
graphic or cholecystographic agents has been 
invoked as playing a pathogenetic role in radio
contrast-induced ARF [218, 219}' 

More rarely, ARF is of postrenal type due to 

obstruction of the ureter by uric acid stones. In 
these cases, symptoms of acute obstructive uro
pathy may occur, such as colicky pain or back 
pain. It has been stated that acute obstructive 
uropathy occurs predominantly in those cases 
exhibiting gradual onset of hyperuricemia, 
while intrarenal obstructive nephropathy is 
typical of a sharp rise in serum uric acid [290}. 
The obstructive uropathy may be demonstrated 
by ultrasonography, high-dose IVP, or gamma 
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FIGURE 2-5 . Acute uric acid nephropathy. A pregnant 
woman (28th week of gestation) with a history of stones 
in the right kidney , was admitted to the hospital because 
of lumbar pain. Oligo-anuria occurred with acidic urine 
(Ph = 5). Ultrasonography of both kidneys was negative 
for renal stones or pyelocalyceal dilation. Adequate hydra
tion, alkalinization by NaHC03 infusion, and allopurinol 
normalized urine output and renal function. Two months 
later , a healthy girl was born . After delivery, IVP did not 
show renal stones . (Reprinted with permission from An
dreucci VE and Dal Canton A, Proc EDTA 17 : 123-132, 
1980.) 

camera renography (see chapter 19). It is, how
ever, possible for the two conditions (obstruc
tive nephropathy and uropathy) to coexist in 
the same patient, both contributing to renal 
shutdown. 
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In some patients with malignancies, the se
vere hyperuricemia that follows antineoplastic 
treatment is associated with an extremely high 
serum concentration of phosphorus that is out 
of proportion to the degree of renal failure 
[290}. This hyperphosphatemia has been at
tributed to a release of intracellular phosphorus 
because of the extensive cell destruction. The 
practical consequence is the danger of meta
static calcification, which may be prevented by 
aluminum hydroxide administration prior to 

the onset of chemotherapy [290} . As men
tioned in this chapter, in some patients with 
acute lymphoblastic leukemia whose serum uric 
acid was kept normal by pretreatment with al-
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lopurinol, ARF that followed cytolytic therapy 
was attributed to acute nephrocalcinosis due to 
the massive phosphate release [292, 293}. 

13.3 CLINICAL COURSE OF UAN 

Usually, the patient experiences an abrupt on
set of oliguria or even anuria without any 
symptom or, on occasion, just a flank pain 
that may be due to associated ureteral obstruc
tion. Many patients with nephrolithiasis, how
ever, may have no symptoms at all. Serum cre
atinine and BUN increase, but frequently 
there is a disproportional increase in serum uric 
acid that usually exceeds 0.89 mmolll (15 mg/dl), 
up to 5.35 mmolll (90 mg/dl) or even more 
(whereas in uncomplicated renal failure it is 
usually less than 0.70 mmolll, 12 mg/dl) 
[289} (figure 2-5). 

The extensive tissue breakdown is frequently 
associated with release of intracellular ions; hy
perkalemia and hyperphosphatemia may result, 
which require adequate treatment; hypocal
cemia may follow the hyperphosphatemia be
cause of precipitation of calcium phosphate 
[289}. 

13.4 DIAGNOSIS OF UAN 

Since UAN is readily and completely reversible 
with appropriate early treatment, an early di
agnosis is absolutely necessary. 

The use of serum-uric-acid-to-BUN ratio 
[294} has been proven to be inadequate to 
identify all patients with UAN [234}. 

It has been stated that urine sediment of 
UAN patients will show many uric acid crys
tals or amorphous urates [295}. This is not al
ways true and may be limited to early phases 
since in several reported cases of proven U AN 
no crystals have been found in the urine and 
urinalysis was normal [234, 296}. Occasion
ally, microscopic or gross hematuria may occur 
[295}. 

Urinary excretion of uric acid may increase 
earlier and to a greater extent than serum uric 
acid in patients who will then develop UAN; 
thus, patients with mild hyperuricemia and 
urinary uric acid excretion greater than 5.95 
mmo1l24 hours (1,000 mg/24 hours) should be 
considered at risk for UAN [289}. 

It has been demonstrated that the urinary 

excretion of uric acid is reduced with the 
decrease in GFR, but less than expected from 
the impairment in renal function; thus, the 
uric-acid-clearance-to-creatinine-clearance ratio 
(CUA/CCr) usually rises as GFR falls, reflecting 
the relative preservation of uric acid secretion 
[297}. This behavior is similar in gouty and 
nongouty individuals at comparable levels of 
serum uric acid [297}. For GFR values between 
170 and 190 mllmin, CUA/CCr averaged 0.06, 
while it averaged 0.26 with GFR between 3.7 
and 20 mllmin [297}. In VAN uric acid clear
ance may easily exceed 26% (figure 2-5), re
flecting a striking hyperuricosuria. Conse
quently, the ratio urinary uric acid/creatinine 
concentration (normal values 0.30-0.90) has 
been suggested as a useful test for differentiat
ing UAN (ratio greater than 1) from ARF due 
to other causes (ratio less than 1) [234}. Thus, 
while in five patients with UAN, the ratio av
eraged 1.68 ± 0.63 SD (the lowest value 
being 1.0), in 27 patients with ARF from 
other causes this ratio averaged 0.43 ± 0.19 
SD (the highest value being 0.9) [234}. More 
recently, it has been stated that the ratio 
should be measured in 24-hour urine specimens 
rather than in spot urine samples [298}. 

When these tests are associated with a his
tory of neoplastic disease and the institution of 
cytolytic therapy, the diagnosis is very easy. 

It may be useful to mention that two other 
disorders are associated with ARF and hyperur
icemia: (a) prerenal ARF and (b) ATN second
ary to trauma or hypotension. In prerenal ARF, 
proximal tubular reabsorption is increased in 
the attempt to correct ECV depletion; hence, 
not only sodium but also uric acid is retained 
with a consequent rise in serum uric acid out 
of proportion to the degree of renal failure. The 
laboratory findings typical of prerenal ARF (see 
chapter 7) and a urinary uric acid/creatinine ra
tio less than 1 will exclude UAN [289}. The 
same ratio will differentiate U AN from A TN 
secondary to trauma or hypotension in which 
the severe tissue breakdown may mimic U AN 
[289}. 

Intravenous pyelography is of no help in 
UAN since obstruction of collecting ducts does 
not allow an adequate pyelocalyceal visualiza
tion; retrograde pyelography may only visualize 
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associated uric acid stones (when present) in the 
urinary tract [289}. Dric acid stones are radio
lucent and cannot be seen on plain films of the 
abdomen. 

13.5 TREATMENT OF UAN 
As mentioned, this oliguric ARF secondary to 
severe hyperuricemia with hyperuricosuria may 
be reversed if adequately treated (figure 2-5). 
The following procedures are suggested: 

a. A high urinary flow rate should be pro
duced as early as possible in order to flush 
out obstructing uric acid crystals. This may 
be achieved either by the use of loop diuret
ics (e. g ., high -dose furosemide) or by i. v. 
infusion of saline and/or glucose solutions or 
both. The use of mannitol has also been 
suggested. Both solute and water diuresis 
may prevent further uric acid deposition 
within the collecting ducts by diluting uric 
acid in the urine, thereby enhancing its sol
ubility. In volume-expanded patients, sa
line infusion may be hazardous and loop di
uretics may be used alone. 

b. Alkalinization should be performed by a 
constant i. v. drip infusion of sodium bicar
bonate (lactate is contraindicated since it in
hibits tubular secretion of uric acid) in or
der to increase the solubility of urinary uric 
acid. Alternatively, sodium bicarbonate 
may be given per os in frequent divided 
doses in order to obtain a urine pH between 
6.5 and 7 (greater values may increase the 
hazard of crystallization of calcium salts and 
monosodium urate) [295, 299}' 

c. Sometimes acetazolamide should be com
bined with sodium bicarbonate administra
tion in order to reduce tubular reabsorption 
of bicarbonate and to alkalinize the urine 
(particularly during the night) [234, 299}. 
In volume-expanded patients, bicarbonate 
infusion may be hazardous; in these patients 
acetazolamide may replace sodium bicar
bonate administration [288, 290}. Since 
acetazolamide inhibits hydrogen ion secre
tion leading to metabolic acidosis, it is con
traindicated in lactic acidosis (which may 
complicate leukemia) [288}. 

d. Allopurinol, the specific competitive inhib-

itor to xanthine oxidase has to be given at 
high dosage (300 to 900 mg daily) partic
ularly in patients with extremely high levels 
of serum uric acid [290}. Particular care 
should be used in patients treated with 6-
mercaptopurine, azathioprine, or cyclophos
phamide, since allopurinol potentiates their 
action and toxicity; hence, the dosage of 
these drugs should be appropriately reduced 
[295, 300}. As mentioned in this chapter, 
allopurinol may cause, in some patients, 
AIN [301, 302}, which may account for 
the occurrence of refractoriness in recovery 
from DAN. Thus, it is worthwhile to per
form a renal biopsy in refractory ARF. 

e. Patients with hyperphosphatemia should be 
given aluminum hydroxide in large 
amounts in order to prevent metastatic cal
cification [290} and acute nephrocalcinosis. 

f. Severe hyperkalemia should be treated im
mediately, even before starting dialysis (see 
chapter 21). 

g. If hemodialysis becomes necessary in pa
tients with hyperuricemic ARF secondary to 
antineoplastic chemotherapy and hyper
phosphatemia, dialysate calcium should be 
decreased in order not to elevate serum cal
cium too rapidly (which may cause meta
static calcification) [290}. Hemodialysis is 
10 to 20 times more efficient than perito
neal dialysis in removing uric acid [290}. 
But even peritoneal dialysis may be of great 
help (see chapter 24). 

h. If the patient responds to conservative man
agement (alone or combined with dialysis) 
with a dramatic increase in urine output, 
hydration, alkalinization, and allopurinol 
administration has to be pursued until a 
complete recovery of renal function and the 
return of serum uric acid to normal values. 

13.6 PROPHYLAXIS IN PATIENTS 
WITH MALIGNANCIES 
Experimental studies in rats have clearly dem
onstrated that high tubular fluid flow rate, 
whether induced by solute diuresis (high-dose 
furosemide) or water diuresis (Brattleboro rats 
with pituitary diabetes insipidus) plays a pri
mary role in protection against DAN [285}. 
Hence, a high urinary flow rate must be the 
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crucial aim for preventing VAN in patients 
with rapidly growing solid tumors and in pa
tients with any neoplastic disease who have to 
be submitted to aggressive chemotherapy or ra
diation therapy. V rine output should possibly 
exceed three liters daily (289}. This may be ob
tained by i. v. saline infusion alone or associated 
with loop diuretics (solute diuresis) and/or i. v. 
infusion of glucose solution (water diuresis). 

Adequate hydration (urine output should 
probably exceed three liters daily) (289}, alka
linization, administration of allopurinol, and, 
eventually, aluminum hydroxide should be 
started several days before institution of che
motherapy (290} and continued throughout the 
treatment, adjusting the doses according to 
urine output and pH and according to the 
serum levels of uric acid and phosphorus (see 
chapter 3). 

14 ARF Secondary to Multiple Myeloma 
Renal failure is very frequent in multiple my
eloma, occurring in more than 50% of patients 
(303, 304}. It is the second most common 
cause of death in this disease after infection 
(305}. ARF, on the other hand, is not so fre
quent, occurring in only 7.5% of patients 
(306}. 

Many factors may cause ARF in multiple 
myeloma, the most important being the uri
nary excretion of immunoglobulin light chains. 

14.1 ROLE OF IMMUNOGLOBULIN 
LIGHT CHAINS IN CAUSING ARF 
("MYELOMA KIDNEY") 

In multiple myeloma, abnormal plasma cells 
produce monoclonal globulins (containing 
heavy and light chains) and free light chains. 
The latter are filtered by the glomeruli and 
then mostly reabsorbed (and catabolized) by 
proximal tubules; thus, urinary excretion of 
light chains is low, usually less than 30 mg/24 
hours. In about 50% of patients with my
eloma, however, light chain production is mas
sive so that the reabsorptive capacity of proxi
mal tubules is exceeded; a great amount of 
light chains (or Bence Jones proteins) will 

therefore appear in the urine, ranging from 100 
mg to more than 20 g/24 hours (289}. Al
though a good correlation has been found be
tween the occurrence of Bence Jones protein
uria and ARF, high urinary excretion of Bence 
Jones protein is not always followed by ARF 
(303}. 

The mechanism by which light chains may 
impair renal function is not known. The most 
widely accepted theory is that GFR is reduced 
because of tubular obstruction by casts contain
ing light chains and other proteins. Consistent 
with this hypothesis is the frequent observa
tion, in renal biopsy specimens, of intratubular 
casts, with tubular atrophy and degeneration, 
mainly located in distal tubules and collecting 
ducts (303,307, 308}. If this theory is correct, 
the occurrence of ARF in patients with heavy 
Bence Jones proteinuria may be greatly influ
enced by predisposing factors (such as dehydra
tion and acidosis) that favor intraluminal pre
cipitation of casts. Dehydration, particularly 
when associated with acidosis, favors interac
tion between Bence Jones protein and Tamm
Horsfall mucoprotein (306}; the solubility of 
Tamm-Horsfall mucoprotein in urine has been 
demonstrated to be reduced by low pH, high 
salt concentration or the presence of Bence 
Jones protein. Vrographic contrast agents may 
further reduce Tamm-Horsfall protein solubil
ity, thereby accounting for the greater inci
dence of radiocontrast-induced ARF in my
eloma, particularly in dehydrated or salt
depleted patients (see section 10 of this chap
ter). It is therefore advisable to avoid dehydra
tion or salt depletion in all patients with mul
tiple myeloma and to hydrate them before 
radiocontrast procedures. 

Another theory postulates a direct toxic ef
fect of light chains on the epithelium of both 
proximal and distal tubules (309J. Light chains 
may even reach tubular cells from peri tubular 
capillaries. Consistent with this hypothesis is 
the biopsy observation that some patients with 
severe impairment of renal function have only 
a mild degree of tubular casts but diffuse tu
bular necrosis (303, 308, 309}' The occurrence 
of heavy Bence Jones proteinuria without ARF 
may be accounted for by difference in the neph-
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rotoxicity of light chains (which are chemically 
different from patient to patient) [289}. 

Whatever the mechanism, both kappa and 
lambda light chains may impair renal function 
and cause ARF. This may therefore be reversed 
by those therapeutic measures that decrease 
serum concentration of light chains. Treatment 
of primary tumor by melphalan (or other alky
lating agent) and prednisone will reduce light 
chain production and improve renal function. 
Peritoneal dialysis has been proven to remove 
moderate amounts of light chains [305, 308}. 
But, undoubtedly, plasmapheresis is the best 
therapeutic measure for rapidly decreasing 
serum levels of light chains and frequently re
versing ARF [308, 310, 311}. 

14.2 HYPERVISCOSITY SYNDROME AND ARF 

Because of the important contribution of 
plasma proteins to blood viscosity, the hyper
viscosity syndrome may occur in multiple my
eloma (in 5 to 15% of patients) as a result of 
production of abnormal gamma globulins. Hy
perviscosity is more frequent in myeloma of 
IgG and IgA type and when there is a high 
serum concentration of monoclonal protein. 
The syndrome often causes hemorrhagic dia
thesis, central nervous system dysfunction, 
ocular disturbances, and Meniere's syndrome. 
Sometimes ARF occurs as a result of alterations 
in renal microcirculation [305, 310}. Rapid re
duction in serum viscosity has been obtained in 
such patients by plasmapheresis [31O}. A sin
gle plasmapheresis, exchanging two to three li
ters of plasma, has been shown to decrease 
serum immunoglobulin and light chain levels 
by 50% [308}. Peritoneal dialysis may also be 
useful [305}. Obviously, chemotherapy andlor 
irradiation therapy should be given in combi
nation. 

14.3 ACUTE URIC ACID NEPHROPATHY 
IN MULTIPLE MYELOMA 

Hyperuricemia is frequent in multiple my
eloma, and UAN may occur in some patients 
either spontaneously or, more frequently, as a 
consequence of chemotherapy [305} (see section 
13 of this chapter). Prevention and treatment 
in such circumstances will be those of UAN. 

14.4 ACUTE HYPERCALCEMIC NEPHROPATHY 
IN MULTIPLE MYELOMA 

Hypercalcemia is frequent in multiple my
eloma, its incidence varying from 40% to more 
than 60% [304, 307, 312}. Hypercalcemia 
may result either from direct bone destruction 
by the neoplasia of plasma cells (which are nor
mal constituents of bone marrow) or from the 
action on bone of an osteoclast-activating factor 
that is produced by myeloma cells [313}. Im
mobilization may further increase calcium re
lease from bone. Acute hypercalcemic nephrop
athy may result in some cases, causing ARF. 
Under such circumstances, the treatment will 
be that of acute hypercalcemic nephropathy (see 
section 15 of this chapter). 

14.5 TREATMENT OF ARF SECONDARY 
TO MULTIPLE MYELOMA 

As mentioned above, ARF secondary to my
eloma will frequently exhibit a beneficial effect 
from treatment of primary tumor with mel
phalan alone or in the form of triple alkylating 
regimen (melphalan, cyclophosphamide, and 
carmustine) in combination with prednisone, 
under careful monitoring of leukocyte and 
platelet counts. In some patients high doses of 
furosemide andlor saline infusion may be useful 
presumably by flushing out obstructing protein 
casts. Plasmapheresis is undoubtedly the best 
procedure for lowering serum light chains and 
reversing ARF. Hemodialysis or peritoneal di
alysis may be particularly useful in patients 
with hypercalcemia or hyperuricemia. Hyper
uricemic patients should also be given allopu
rinol and sodium bicarbonate. 

Myeloma patients are susceptible to infec
tions, which require antibiotic therapy. Ap
parently, the nephrotoxicity of nephrotoxic 
antibiotics is increased in myeloma. These an
tibiotics should possibly be avoided or at least 
used with caution. 

15 Acute Hypercalcemic Nephropathy 
ARF may also be caused by severe hypercal
cemia, in the so-called acute hypercalcemic ne
phropathy. 

Hypercalcemia is usually due to an increase 
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in bone resorption, which is commonly second
ary to malignancies (such as solid tumors, lym
phomas, multiple myeloma) through direct 
bone invasion or osteolytic metastases, or to 
primary hyperparathyroidism through a release 
of parathyroid hormone. Less frequently, hy
percalcemia may result from increased intes
tinal absorption of calcium, such as in hyper
vitaminosis D, sarcoidosis, and the milk-alkali 
syndrome. 

15.1 PATHOGENESIS AND 
RENAL PATHOLOGY 

The mechanisms by which hypercalcemia may 
cause ARF include (a) a decrease in renal blood 
flow (RBF), (b) reduction in glomerular capil
lary ultrafiltration coefficient (Kf) , and (c) tu
bular obstruction. 

15.1.1 Decrease in RBF The fall in GFR ob
served after acute hypercalcemia has been at
tributed to a reduction in RBF (314, 315}. 
Actually, hypercalcemia may increase the in
tracellular calcium concentration. An increase 
in the calcium content of smooth muscle cells 
of afferent arterioles may cause vasoconstriction 
and consequently a marked fall in RBF {315}; 
this phenomenon has also been postulated as 
the initiating mechanism of ischemic ARF 
{316, 317}. Consistent with this cellular effect 
of calcium is the observation that verapamil, a 
blocker of calcium influx into cells, protected 
the dogs against the ischemic experimental 
model of ARF. A similar effect has been ob
served with mannitol. In both circumstances, 
the calcium content of mitochondria from the 
renal cortex has been found to be clearly re
duced (316, 317}. 

15.1.2 Reduction 0/ Kf Experimental studies 
have clearly demonstrated that the significant 
decline in GFR observed in rats with acute hy
percalcemia is due primarily to a reduction in 
glomerular capillary ultrafiltration coefficient 
(Kf) {318, 319J. Since this effect on GFR and 
K f was not observed in thyroparathyroidectom
ized rats but was reproduced by the combined 
infusion of calcium chloride (to induce acute 
hypercalcemia) and PTH, the reduction in K f 

(and the consequent decline in GFR) after acute 

hypercalcemia must depend on the presence of 
PTH {319}. Thus, even though circulating 
PTH is expected to be reduced in patients with 
acute hypercalcemia, at least some of the hor
mone must be present to elicit the fall in K f . 

On the other hand, it has been demonstrated 
that PTH itself causes reduction in K f and 
GFR {320}. 

15. 1 . 3 Tubular Obstruction The increased fil
tered load of calcium and its increased transit 
across the proximal tubular epithelium may 
damage tubular cells. In their attempt to main
tain a normal intracellular concentration of cal
cium, mithocondria swell, increase their cal
cium content, and disintegrate; necrosis of 
tubular epithelial cells results (3 15}. Calcified 
cellular debris will form, obstructing casts 
within the tubular lumen {321}; tubular ob
struction in turn will cause a fall in GFR. 

Calcium phosphate deposition within the 
kidney (which is the histological lesion typical 
of hypercalcemia) and consequent ARF may 
also occur in conditions of acute and marked 
hyperphosphatemia {289}. Thus, severe hyper
phosphatemia (with hypocalcemia) has been re
ported to cause ARF in patients with acute 
lymphoblastic leukemia following cytolytic 
therapy {292, 293}. In these cases, hyperurice
mia had been prevented by allopurinol admin
istration, and the ARF was therefore attributed 
to acute nephrocalcinosis secondary to the mas
sive phosphate release following the rapid cell 
lysis; the serum calcium-phosphorus product 
was in fact extremely high {292, 293}. 

15.2 CLINICAL OUTCOME 

Hypercalcemia may be discovered incidentally 
since it is usually asymptomatic when less than 
3 mmolll (12 mg/dl). On some occasions, 
symptoms may include asthenia, anorexia, nau
sea, vomiting, dry mouth and metallic taste, 
polydipsia and polyuria, abdominal pain, con
stipation, impaired memory, lack of concentra
tion, headache, confusion, and lethargy. Hy
pertension is frequently observed, probably due 
to the vascular effects of calcium or to increased 
renin secretion {289}. Band keratopathy (cal
cium deposition along the margins of the cor
nea) may be seen on slit-lamp examination. 



2. ISCHEMIC/TOXIC ACUTE RENAL FAILURE 89 

Anorexia, vomltmg, and polyuria (due to im
paired renal-concentrating ability resistant to 
ADH) may cause dehydration, volume deple
tion, and hypokalemia. An increase in the uri
nary excretion of phosphate may lead to hypo
phosphatemia. When ARF is established, 
however, hyperphosphatemia and hyperkalemia 
will occur. 

In all cases of acute hypercalcemic nephrop
athy, a plain film of the abdomen with nephro
tomography becomes necessary to rule out ne
phrocalcinosis and nephrolithiasis. 

15.3 TREATMENT OF ACUTE 
HYPERCALCEMIC NEPHROPATHY 

First of all, hypercalcemic patients should re
ceive an i. v. infusion of isotonic saline to cor
rect the hypovolemia that frequently coexists. 
Second, attempts should be made to decrease 
the serum calcium level since normalization of 
serum calcium may reverse ARF or at least im
prove renal function. 

Furosemide is effective in reducing serum 
calcium by inhibiting sodium and calcium 
reabsorption at the ascending limb of the loop 
of Henle, thereby enhancing urinary excretion 
of sodium, calcium, and potassium; obviously, 
the diuretic response to furosemide will require 
adequate replacement of the urinary losses of 
sodium and potassium. I. V. infusion of iso
tonic saline is also very effective in increasing 
urinary excretion of calcium; the resulting ECV 
expansion, in fact, will reduce sodium and cal
cium reabsorption, especially in the proximal 
tubule. The combined use of furosemide and 
isotonic saline will potentiate their calciuric ef
fects, thus speeding up the normalization of 
serum calcium. The high tubular flow rate ob
tained with furosemide and with isotonic saline 
will also flush out intratubular casts (if they are 
present), re-establishing the patency of renal 
tubules. 

It should be stressed that i. v. infusion of 
278 mmol/l (5 g/dl) dextrose (or similar salt
free solutions) is completely ineffective in re
ducing serum calcium since water diuresis does 
not increase urinary excretion of calcium. 

Immobilization of the patient should possi
bly be avoided since it may increase calcium 
release from bones. Thiazide diuretics must be 

avoided because they increase tubular reabsorp
tion of calcium. 

Corticosteroids (e. g., 40 mg/kg b. w./ day of 
prednisone) are effective in lymphomas and 
multiple myeloma by antagonizing bone re
sorption, and in sarcoidosis, hypervitaminosis 
D and milk-alkali syndrome by blocking the 
action of vitamin D on intestinal calcium ab
sorption. Steroids are ineffective in primary hy
perparathyroidism and in some tumors {289}. 

Calcitonin may be used at doses of 100 to 
200 MRC (Medical Research Council) units to 
reduce bone resorption and works better when 
combined with corticosteroids. 

Hemodialysis and peritoneal dialysis may be 
necessary to correct severe hypercalcemia. 

16 Drug-Induced Acute Interstitial 
Nephritis (A IN) 
The other major mechanism accounting for 
drug-mediated nephrotoxicity involves the ac
tivation of immunological responses. Acute in
terstitial nephritis (AIN) may result, the diag
nosis of which may be suspected clinically but 
can be confirmed only by renal biopsy. The lat
ter will show interstitial infiltrates of inflam
matory cells (usually mononuclears, lympho
cytes, and plasma cells), disrupted tubules, and 
spared glomeruli. 

Actually, an immunological mediated drug
induced ARF may occur in man in the form of 
acute glomerulonephritis (by penicillin G or 
sulfonamides) {322, 323}, acute angiitis (by 
penicillin G, sulfonamides, thiazides, allopuri
nol) {322-325} and AIN. In this section the 
discussion will be limited to AIN. 

16.1 DRUGS RESPONSIBLE FOR AIN IN MAN 

First described during treatment with methicil
lin {151, 326--333}, drug-induced AIN has 
since been reported after the therapeutic ad
ministration of many different drugs: penicillin 
{322, 327, 334-339}; ampicillin {334, 340-
344}; rifampicin {345-349}; sulfonamides 
{344, 350, 351}, and co-trimoxazole in par
ticular {85, 352-355}; the anticoagulant 
phenindione {356--361}; the analgesic drugs 
glafenin {362-370} and antrafenin {371}; di
phenylhydantoin {372, 373}; and, less fre-
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quently, cephalothin {102, 148, 149, 374, 
375}; cephalexin {155, 344}; cefazolin {143}; 
cephradine {376}; nafcillin {63}; oxacillin 
{147}; amoxicillin {377}; carbenicillin {378, 
379}; tetracycline and in particular minocyc
line {380}; gentamicin {85}; polymixins {381}; 
piromidic acid {382}; diuretics and in particu
lar furosemide {383-385} and hydrochlorothia
zide {344, 383, 385, 386}; allopurinol {301, 
302}; nonsteroidal anti-inflammatory agents, 
such as naproxen {387}, ibuprofen {344}, fen
oprofen {388-392}, indomethacin {393}, as
pirin {394} , pyrazolon derivatives such as 
phenazone (antipyrine) {395}, and phenylbu
tazone {396-398}; the histamine Hrreceptor 
antagonist cimetidine {399-401}; the urico
suric agent sulfinpyrazone {344}; phenobarbital 
{402}; azathioprine {403}; para-aminosalicylic 
acid {404}; gold and bismuth salts {405}; the 
angiotensin-converting-enzyme inhibitor cap
topril {406}. 

Undoubtedly, the incidence of this type of 
ARF is increasing with the increasing practice 
of performing renal biopsy in those cases of 
ARF in which the cause is obscure. Thus, 
among 218 out of 976 patients with ARF in 
whom renal biopsy was performed, Richet et 
al. {407} observed AIN in 29 cases; this rep
resents an incidence of 14% of biopsied pa
tients (3% of all cases of ARF). An incidence 
of 10% was similarly reported by Wilson et al. 
{408} in 84 biopsied patients with unexplained 
ARF. 

It should be borne in mind, however, that 
an acute inflammatory lesion of renal intersti
tium, which is also AIN, may occur in various 
infections, as we will mention later in this 
chapter. Furthermore, even in ATN a cellular 
interstitial reaction may be observed, which 
may make the differential diagnosis by renal 
biopsy very difficult with the AIN {409-41O}, 
especially if we consider that many drugs (such 
as gentamicin, cephalothin, and cephalexin) 
may cause either ATN or AIN. For this rea
son, some authors have sometimes defined the 
adverse renal reaction to drugs as "acute tub
ulo-interstitial nephropathy" in order to indi
cate an "intermediate phase" between ATN 
and AIN {41O}. 

Things are even more difficult if we consider 

that in other diseases, such as irradiation ne
phritis, medullary cystic disease, and even 
some types of glomerulonephritis (membra
nous, membranoproliferative, SLE) {411}, the 
interstitium may present a moderate to severe 
infiltrate in the form of a "chronic" inflamma
tory pattern {344, 409} so that drug nephro
toxicity in these conditions may create prob
lems for diagnosis by renal biopsy. 

Drug-induced AIN may occur in patients 
with glomerulonephritis and may appear clini
cally simply as progressive degradation of renal 
function. This situation was experienced by 
Lyons et al. {383}. These authors decided to 
repeat the renal biopsy in a patient with ne
phrotic syndrome and membranous glomerulo
nephritis treated by diuretics, just because of 
the observation of persistently normal kidney 
size despite a slow (in terms of months) but 
progressive deterioration of renal function. A 
diagnosis of superimposed diuretic-induced 
AIN was made, and the deterioration of renal 
function was interrupted by withdrawing di
uretic therapy {383}' 

Thus, the only way to recognize the causa
tive role of a drug dissociated from the under
lying disease is the observation of the reversi
bility of the renal damage when the drug is 
withdrawn {151, 344}. Sometimes a second 
and even a third episode of ARF has occurred 
in the same patient after assumption of the 
same drug even at very low dosage {395}. 
Things are more difficult when several drugs 
are given simultaneously, as usually occurs in 
severely ill patients. 

Recurrent episodes of AIN due to different 
drugs (co-trimoxazole and gentamicin) have 
also occurred in the same patient and were re
versed by drug withdrawal and by a short 
course of high-dose steroid therapy (1 gram 
methyl prednisolone i. v. for a few days) {85}. 
On the other hand, cross-reactivity between 
methicillin and ampicillin was earlier reported 
by Gilbert et al. {334}: ampicillin, inadver
tently given to a patient sensitive to methicil
lin, reproduced a typical picture of AIN. 

16.2 PATHOGENESIS OF AIN 

The activation of immunological responses in 
drug-induced AIN is suggested by its frequent 
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(but not constant) occurrence with symptoms 
such as fever, cutaneous rash, and arthralgia, 
sometimes associated with (a) an increase in 
numbers of eosinophils in blood, urine, and 
renal tissue; (b) increase in serum IgE levels 
[328, 344}; and (c) detection of hemagglutin
ating antibodies to the responsible drug (e.g., 
ampicillin or methicillin) [340}. 

16.2.1 Experimental AIN As recently re
viewed by van Ypersele [41O}, AIN may be in
duced experimentally by three immunologic 
mechanisms: (a) formation of immune com
plexes; (b) formation of anti tubular basement 
membrane (anti-TBM) antibodies; and (c) in
duction of delayed hypersensitivity. 

16.2.1.1 FORMATION OF IMMUNE COMPLEXES. Re
peated injection of either homologous cyto
plasmic tubular antigens or heterologous bo
vine albumin in rabbits causes AIN; in the for
mer case the immune complexes (cytoplasmic 
tubular antigens diffusing from tubular cells 
plus circulating antibodies arriving from blood 
flow) are formed "in situ"; in the latter case 
immune complexes (bovine albumins plus anti
bovine albumin antibodies) are brought to the 
kidney through the circulation. 

16.2.1.2 FORMATION OF ANTI·TBM ANTIBODIES. In
jection of rabbit tubular membranes into 
guinea pigs induces the formation of circulat
ing anti-TBM antibodies, complement activa
tion, and induction of AIN with linear deposits 
of IgG and C3 along the tubular basement 
membrane. 

16.2.1.3 INDUCTION OF DELAYED HYPERSENSITIVITY. 

This experimental model is based on the injec
tion of bovine gamma globulins into guinea 
pigs or rats; if the aggregated bovine gamma 
globulins are then injected into the kidneys 
(subcortical injection), AIN is induced. 

16.2.2 AIN in Man So far as clinical AIN 
is concerned, if we limit the discussion to the 
forms unaccompanied by glomerular lesions, 
we may distinguish, as suggested by Richet (a) 
an AIN with interstitial infiltration of poly
morphonuclear cells and (b) an AIN with inter
stitial infiltration of mononuclear cells. 

16.2.2.1 AIN WITH INTERSTITIAL INFILTRATION OF POLY

MORPHONUCLEAR CELLS (ACUTE BILATERAL PYELONEPHRI

TIS). This type is usually secondary to septi
caemic states with or without bacterial endo
carditis; interstitial infiltrates may form 
microabscesses in both kidneys; there is pyuria, 
and renal failure is progressive and only par
tially reversible if adequately and promptly 
treated [412}. This is obviously a form distinct 
from acute pyelonephritis secondary to urinary 
tract infection. 

The incidence of this type of AIN was 6% 
in the Richet series of 218 biopsied patients 
with unexplained ARF [407}. 

16.2.2.2 AIN WITH INTERSTITIAL INFILTRATION OF 

MONONUCLEAR CELLS This type of AIN may be 
induced both by infections and by drugs and is 
termed "acute" because of the acute clinical 
presentation, despite the infiltration of mono
nuclear cells (mainly lymphocytes) [409}. 

Among the infections that may cause AIN, 
the following have been reported: diphtheria, 
scarlet fever, brucellosis, syphilis, leptospiro
sis, toxoplasmosis, measles, mononucleosis, 
and Mycoplasma pneumoniae infection [323, 
410, 413}. However, AIN may also be caused 
by many different drugs when given at their 
normal dosage, or even at dosages much lower 
than normal. 

It has been postulated that the etiological 
factor (bacterial or viral antigen in infection
induced AIN, and the responsible drug in 
drug-induced AIN) reaches the renal intersti
tium either with blood flowing within the per
itubular capillaries or from the tubular lumen 
through the damaged tubular wall. Once in the 
renal interstitium, it causes either local for
mation of antibodies by plasmocytes or the ar
rival of delayed hypersensitivity lymphocytes, 
which will create an inflammatory reaction 
[41O}. 

Undoubtedly, in some patients with drug
induced AIN, an immunological reaction of 
antibody-mediated type is suggested by the de
tection of circulating anti-TBM antibodies or 
antibodies to the responsible drug (e.g., am
picillin, methicillin) [340} and by linear de
posits of IgG, C3, and, on occasion, even 
drug (methicillin) antigen along the TBM 
[327, 328, 332, 351}. The responsible drug 
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may alter the antigemclty of the TBM; anti
TBM antibodies will be formed that will react 
with TBM, thus stimulating an interstitial in
flammatory reaction. 

In many patients, however, there is no evi
dence of anti-TBM antibodies. Thus, cell-me
diated immunity may be postulated as respon
sible for the AIN; the interstitial infiltration of 
mononuclear cells, particularly lymphocytes, 
is suggesting a delayed hypersensitivity reac
tion {327, 344, 355, 394,414, 415}. 

In favor of a cell-mediated type of immune 
response are the following tests reported as pos
itive in a number of patients: intradermal skin 
test to the responsible drug {327, 328}, lym
phocyte blast transformation test [373, 394}, 
leukocyte migration inhibition test and baso
phil degranulation test [416}. 

It is possible, however, that, in some cases 
of drug-induced AIN, both antibody-mediated 
and cell-mediated types of immune response 
occur in the same patient [416, 417}. 

16.3 HYPERSENSITIVITY REACTION 
TO RIFAMPICIN 

The oliguric ARF that has been reported in pa
tients who have taken rifampicin intermittently 
deserves special mention. It is a hypersensitiv
ity reaction to rifampicin that may appear 10 

two different forms, AIN and ATN (347). 

16.3.1 The Rifampicin-Induced AIN This is a 
rare condition, with interstitial edema and in
filtration with mononuclear cells typical of 
drug-induced AIN; it occurs days after the on
set of treatment, sometimes with no clinical 
symptoms at all [351, 418}. 

16.3.2 The Rifampicin-Induced ATN This 
condition is a more frequent one that starts 
clinically a few hours after the ingestion of a 
single low dose of the drug, with an anaphy
lactic reaction, followed by oliguric ARF. 

Symptoms may include fever, chills, dizzi
ness, skin rash, lumbar and/or abdominal 
pain, nausea, vomiting, diarrhea, oliguria, 
and, more rarely, hemolysis and thrombocy
topenia. These clinical manifestations occur on 
assumption of a dose of the drug days or even 
months after the preceding treatment with the 

same drug. Sometimes linear deposits of C3 or 
even IgG on tubular membrane have been ob
served {347, 351}. Antirifampicin antibodies 
have been detected in the serum of some pa
tients with this peculiar form of rifampicin-de
pendent ARF {345, 346, 416, 419-423}, 
and symptoms have been attributed to the in
teraction of circulating antibodies with the re
introduced antigen [424, 425}. An interesting 
observation has been reported by Decroix et 
al. [346}: serum antirifampicin antibodies were 
detected in their patients during the reaction 
to rifampicin and, five months later, when 
they were no longer detected, the administra
tion of 300 mg of rifampicin did not elicit any 
reaction. 

Lymphocyte transformation test and leuko
cyte migration test have been reported positive 
in some patients [416, 426, 427}. 

In some cases, however, general symptoms 
of intolerance have occurred after the first dose 
of rifampicin [425}. 

It should be mentioned that while A TN has 
been usually observed on renal biopsy {347, 
428}, on some occasions renal biopsy showed 
essentially normal glomeruli and tubules with 
little or no change in the interstitium [425}. 

It has been proposed that a vasomotor sub
stance is produced from a reaction between an
tigen and antibody (local activation of renin
angiotensin system?) that may cause renal isch
emia {345, 429}. However, this type of ARF 
is reversible with return of renal function in 
days or weeks [425, 430}. Permanent renal 
damage has, however, been reported [429}. 

16.4 CLINICAL DIAGNOSIS OF AIN 

As described above symptoms of fever, skin 
rash, and/or arthralgia associated with ARF in 
patients under treatment with any drug should 
suggest drug-induced AIN. 

Laboratory findings usually include mild to 
moderate proteinuria, microscopic hematuria, 
and leucocyturia, which represent nonspecific 
signs of renal damage. 

Macroscopic hematuria has been reported es
pecially with the first observations of methicil
lin-induced AIN [151}. 

Heavy proteinuria (16 to 17 g/24 hours) 
with nephrotic syndrome has been described in 
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some patients with drug-induced AIN (330, 
388, 392, 431}; when a renal biopsy was per
formed, a typical pattern of AIN with a num
ber of eosinophils was observed, which was as
sociated with a fusion of epithelial foot 
processes as the only glomerular lesion, typical 
of the minimal change nephrotic syndrome. 
The observation of high serum IgE and eosino
philia in some cases and the recovery upon 
withdrawal of the incriminated drug clearly 
demonstrated that an adverse drug reaction was 
the cause of the AIN with nephrotic syndrome. 

While the observation of leukocyturia is not 
specific and does not help in the diagnosis of 
AIN, it is helpful to demonstrate numerous 
eosinophils in the urine sediment by Wright's 
stain (344}. Eosinophils may represent more 
than 33% of all urinary leukocytes (355}, but 
this finding is not constant and is helpful only 
if positive. 

More frequent (60 to 100% of reported 
cases) is the increase in eosinophil count 
(greater than 0.7 X 109/1); but for this test 
too, a normal count does not exclude AIN 
(344}. 

Increased serum levels of IgE (greater than 
80 I-Lg/dl) have been found in about 50% of 
cases of AIN in which the diagnosis was con
firmed by renal biopsy (330, 344, 432}. 

Other immunologic tests may represent use
ful support for the diagnosis of drug-induced 
AIN: the detection of serum anti-TBM anti
bodies, Coombs reaction, inhibition of lym
phocyte migration, lymphoblastic transforma
tion, intradermal skin test to the responsible 
drug (41O}. 

Urine-to-plasma osmolality ratio does not 
show a constant behavior (1 to 1.4 values have 
been reported) (344}. 

Recently, evidence has been presented that 
abdominal scanning after intravenous injection 
of gallium citrate (67 Ga) shows an intense and 
uniform renal uptake of 67Ga in AIN, but not 
in ATN (344, 433}. Gallium citrate scanning 
may therefore represent a useful test for sepa
rating patients with AIN from those with 
A TN (344}. Some patchy and less intense 
67Ga uptake may be observed in other condi
tions, such as glomerulonephritis and pyelo
nephritis; intense and diffuse uptake similar to 

that of AIN has been reported in patients with 
minimal change nephrotic syndrome, and at
tributed either to the increased glomerular 
permeability or to a functional alteration of 
glomerular mesangial cells (344}. 

16.5 CLINICAL COURSE OF AIN 

16.5.1 Acute Bilateral Pyelonephritis Secondary 
to Septicemia As mentioned above, this condi
tion occurs in patients with septicemic states, 
especially those due to group A streptococci or 
coagulase-positive staphylococci (409}. There 
may be a bacterial endocarditis. 

There is no way to differentiate clinically 
this type of ARF from that due to ATN in the 
course of septicemia. It may be suspected in 
septic patients without shock, with clear pyu
ria, with no evidence of drug toxicity and with 
no signs of glomerular disease. In the forms 
due to group A streptococci, however, acute 
glomerulonephritis may occur in association 
with acute pyelonephritis (409}. 

16.5.2 Drug-Induced AIN In the typical 
case, drug-induced AIN is characterized by the 
association of acute renal impairment and acute 
allergic reaction with the triad of fever, skin 
rash, and arthralgias (151, 344, 434}. But 
these clinical manifestations are by no means 
constant since it is becoming more and more 
evident that quite frequently one or more of 
these symptoms are missing. Thus, although 
the diagnosis may be sometimes suspected on 
clinical grounds, it should be considered in all 
cases of unexplained ARF (344}. 

Fever is the most frequent but not specific 
symptom with an incidence of 60 to 100% 
(151, 355, 416, 434}. The skin rash is fre
quent too, with an incidence of 45% (344}; it 
is erythematous, maculopapular, and transient 
(151, 344, 355}. Arthralgia is less frequent 
and is rarely prominent. Severe lumbar pain 
has been reported in several cases, presumably 
related to capsular distention because of kidney 
enlargement due to interstitial edema; it is 
usually bilateral but in a few occasions it was 
unilateral (41O}. 

The delay between the exposure to the drug 
and the onset of ARF may vary from a few 
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hours (presumably in presensitized patients) to 
45 days (416}. It may be, for instance, quite 
short (a few hours) with rifampicin, clearly 
longer (12 to 56 days) with phenindione. 

Renal function deteriorates suddenly; but 
sometimes renal failure develops insidiously. 
The resulting ARF is nonoliguric in 30 to 40% 
of cases (330, 355}. Sometimes dialysis is nec
essary for a certain period of time. 

Renal specimens obtained by renal biopsy 
(sometimes at autopsy) reveal infiltrates of 
mononuclear cells, usually lymphocytes, but 
also plasma cells and eosinophils, in the renal 
interstitium and, in some patients, epithelioid 
cell granulomata with giant cells (416}. Tu
bules are often disrupted, but glomeruli are 
spared. 

It has been suggested recently that (bilateral) 
renal papillary necrosis may complicate drug
induced allergic AIN (344}. 

16.6 TREATMENT OF DRUG-INDUCED AIN 

ARF due to drug-induced AIN is a reversible 
condition provided that the responsible drug is 
withdrawn. Readministration of the same drug 
will reproduce ARF (383}' If the condition is 
not recognized and the drug administration 
continued, it may even lead to death (327). 
Recovery of ARF is usually followed by nor
malization of renal function; but permanent re
sidual impairment of renal function has been 
reported on some occasions (329, 355, 360, 
416, 435-43 7}. There are reports of patients 
who could never stop dialysis following drug
induced AIN (394}. 

Follow-up renal biopsies carried out by Pas
ternack et al. (438} have shown that chronic 
interstitial changes are frequent. 

Recovery seems to be favored by steroid 
therapy (85, 344, 355, 377, 383, 385, 
434, 439-441}. Thus, Galpin et al. (355} 
have reported recovery of renal function in an 
average of 9.6 days in patients with methicil
lin-induced AIN treated with 60 mg daily of 
prednisone while 54 days were necessary for re
covery of untreated patients. Linton et al. 
(344} have observed a clear improvement of 
renal function within two days of therapy with 
prednisone (60 mg/day) in seven patients with 
drug-induced AIN who were not showing re-

covery of renal function. Frommer et al. (441} 
have reported a patient on regular dialysis 
treatment for three months; when a renal bi
opsy was finally performed and AIN observed, 
steroid treatment was instituted and shortly 
followed by significant recovery of renal func
tion. Saltissi et al. (85} succeeded on three oc
casions in reversing ARF due to drug-induced 
AIN by giving high-dose steriod therapy. 

17 Other Toxic Forms of ARF 

17.1 PARACETAMOU(ACETAMINOPHEN)
INDUCED ARF 
Paracetamol (acetaminophen) is an analgesic 
compound that is usually without adverse side 
effects when used in therapeutic doses. How
ever, overdosage may cause fulminant hepatic 
failure that may be fatal. 

ARF has been reported to occur after parac
etamol poisoning, usually in association with 
massive hepatic necrosis with hepatic failure 
dominating the clinical setting (442-444}. 

In recent years, however, several reports 
have emphasized that ARF may occur after par
acetamol overdosage even without fulminant 
liver failure (445-447). It usually took the 
form of oliguric ARF, with high values of both 
urinary sodium concentration and FENa (447, 
448}, in the absence of hepatic failure, hypo
tension, andlor volume depletion. Liver func
tion in these cases was only mildly impaired, 
the clinical picture being dominated by ARF, 
with associated nausea, vomiting, and abdom
inal pain. 

17.1.1 Pathophysiology The toxic effect of 
paracetamol has been attributed to its meta
bolic deactivation to an arylating metabolite by 
the microsomal cytochrome P-450 oxygenase 
system that controls most drug oxidations in 
the liver, kidney, and other tissues. Since this 
enzyme system is more concentrated in renal 
cortex and in liver, these are the sites of toxic 
injury by paracetamol (445}. Apparently, glu
tathione is capable of binding the reactive me
tabolite, thereby protecting against its toxic 
effect. The greater concentration of glutathione 
in renal cortex than in liver may account for 
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the usually greater resistance of the kidney 
against paracetamol toxicity [170}. When the 
availability of glutathione is reduced, parace
tamol exerts a greater toxic effect [170}. Thus, 
depletion of glutathione by diethylmaleate in 
rats has been shown to increase paracetamol 
nephrotoxicity, whereas the administration of 
cysteine, a precursor of glutathione, reduces it 
(445}. This is why acetylcysteine has been sug
gested for the treatment of paracetamol poison
ing (449}. 

The occurrence of severe renal damage with
out major hepatic injury has been attributed to 
a gradual (over a period of many hours) inges
tion of high doses of the drug rather than to a 
single large ingestion. In the latter condition, 
a high serum peak of the drug is rapidly 
achieved, particularly in the portal vein, ex
plaining the severe hepatic damage; in the for
mer condition, peak serum levels will be less 
high but more protracted, allowing renal in
jury (448}. However, the picrure of dominant 
ARF has been observed after a single large (16 
grams) ingestion of paracetamol (446}. 

17 .1.2 Renal Pathology In one case of parac
etamol-induced ARF in which the renal dam
age dominated the clinical picture, a pathol
ogical study was carried out on a renal biopsy 
obtained in the oliguric phase. Light and elec
tron microscopy sections showed severe epithe
lial necrosis, particularly in the proximal tu
bules, with the tubular lumina filled with shed 
cells and necrotic debris; frequent breaks in in
tegrity of rubular basement membrane were 
also observed (446}. 

17.1.3 Clinical Course The possibility of an 
ARF after paracetamol overdosage without 
clinical signs of severe hepatic failure should 
warn physicians to inquire about the recent use 
of analgesic preparations containing paraceta
mol when taking the history of patients with 
ARF of unknown origin. Too frequently, pa
tients do not spontaneously mention the con
sumption of analgesic drugs; they consider 
these drugs to be safe since no prescription is 
needed (448}. 

The clinical course is that of oliguric ARF 
secondary to a renal toxic insult, worsened by 

a concomitant more or less severe hepatic fail
ure. 

Prognosis is undoubtedly grave, particularly 
when hepatic failure dominates. ARF, how
ever, is reversible, and complete return of 
renal function may be observed (446}. 

17.1.4 Prevention 0/ Hepatic and Renal Failure 
after Paracetamol Overdosage Early treatment of 
paracetamol poisoning with intravenous N-ace
tylcysteine has been found very successful in 
preventing hepatic and renal failure. Thus, 
Prescott et al. (449} have demonstrated com
plete protection against liver damage in 40 pa
tients who received acetylcysteine within eight 
hours after ingestion of the poison; the efficacy 
decreased progressively with increases in the in
terval between ingestion and treatment, to be
come completely ineffective after 15 hours. 
When patients given supportive treatment only 
were compared with patients given acetylcy
steine, the incidence of severe liver damage fell 
from 58% (33 out of 57 patients) to a little 
more than 1 % (lout of 62 patients) (449}. 
Important protection was also observed against 
renal damage; thus, when acetylcysteine was 
given within 10 hours after paracetamol inges
tion no patients exhibited a rise in serum cre
atinine over 300 /-Lmolll (3.4 mg/dl), whereas 
in untreated patients with paracetamol poison
ing, ARF occurred in 11% of the cases (in 6 
out of 57 patients) (449}. 

The following management protocol has 
been suggested (449}: 

a. Gastric aspiration and lavage should be per
formed in all patients who are admitted 
within four hours after paracetamol inges
tion or in those in coma. 

b. Acetylcysteine should be given i.v. (oral ad
ministration has been proven unsuccessful) 
at an initial dose of 150 mg/Kg b.w. 10 

200 ml of 278 mmol/l (5g/dl) dextrose, 10 

15 minutes. 
c. Then 50 mg/Kg b. w. of acetylcysteine 10 

500 ml of 278 mmolll dextrose should be 
infused i. v. over a four-hour period, fol
lowed by 100 mg/Kg in 1.000 ml of 278 
mmol/l dextrose over the next 16 hours. 
Overall treatment, therefore, will be 300 
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mg/Kg b. w. of acetylcysteine over 20 hours 
(449l 

d. This treatment should start within 15 hours 
(better within 8 hours) after paracetamol 
ingestion. 

e. Since treatment with acetylcysteine is not 
harmful and has no side effects, it may be 
instituted even if the interval between 
ingestion and treatment is 15 to 24 hours 
(449}. 

17.2 GLAPHENIN-INDUCED ARF 

Glaphenin is an analgesic compound widely 
used in France where it represents one of the 
most common causes of toxic ARF {450}. The 
first case of glaphenin-induced ARF was re
ported in 1972 {362}. In some patients, an 
immunoallergic acute interstitial nephritis 
(AIN) has been postulated {369, 370}, while 
in others hypersensitivity phenomena have been 
absent despite histopathological findings com
patible with AIN on renal biopsy specimens 
{362, 363, 451} (see section 16 of this chap
ter). 

In most patients, ARF occurs following the 
ingestion of extremely high doses (up to lO 
grams) of glaphenin, frequently in a suicide at
tempt (450}, or when the usual therapeutic 
dose (maximum l. 2 g daily) is ingested in a 
single dose rather than in divided doses {369}. 

Recent experimental studies in rats have pro
duced clear evidence that tubular obsttuction 
plays a predominant role in the pathogenesis of 
this nonoliguric form of ARF, in a fashion 
quite similar to that due to folic acid or uric 
acid (450l A marked increase in intratubular 
hydrostatic pressure (three times higher than 
normal) was recorded by micropuncture tech
niques in proximal convoluted tubules 90 min
utes after glaphenin administration and re
mained significantly elevated throughout the 
following days. Intratubular deposits of a gla
phenin metabolite (hydroxyglaphenin acid) 
were observed, on the other hand, in renal his
tophathological preparations, taken 90 min
utes after the oral administration of glaphenin, 
mainly in the medullary collecting ducts, but 
also in the distal tubules; these deposits in
creased with time up to 24 hours later (450, 
452}. 

While inhibition of the renin-angiotensin 
system by SQ 14, 225 (captopril) did not pre
vent glaphenin-induced ARF, increase in urine 
output by saline infusion and/or furosemide ad
ministration had a clear protective effect, pre
sumably through an increase in tubular fluid 
flow rate with the consequent wash-out of in
tratubular preci pi tates. However, nonsaline
loaded Brattleboro rats (with congenital diabe
tes insipidus), were not protected, presumably 
because water diuresis raises the tubular fluid 
flow rate only in the terminal portion of the 
collecting duct while intratubular deposits in 
glaphenin-induced ARF occur in the proximal 
segments {45 O}. An increase in nephrotoxin 
clearance and in medullary blood flow, by re
ducing the nephrotoxin accumulation in the 
papillary region, may also contribute to pro
tection following saline loading and/or furo
semide {450}. It does not seem that the inhi
bition of prostaglandin (PGE2) synthesis by 
glaphenin has an important pathogenetic role 
in glaphenin-induced ARF, since salt-loaded 
rats were protected from ARF despite low 
PGE2 synthesis (as mirrored by the reduced 
urine excretion of PGE2) {450}. 

17.3 ARF SECONDARY TO HERBICIDE 
POISONING (PARAQUAT, DIQUAT) 

Paraquat and diquat are two bipyridilium com
pounds used as weed killers. Their activity and 
toxicity in mammalians are due to liberation of 
hydrogen peroxide; this leads to tissue destruc
tion (453l 

Both paraquat and diquat are commercially 
available either as liquid concentrate or as gran
ular preparations, the former being used in 
farming and forestry work, the latter in do
mestic gardening. Poisoning may occur from 
accidental ingestion or as a suicide attempt. In
halation of paraquat spray droplets has been 
also reported as a possible way of poisoning in 
agricultural workers {454, 455}. 

Large quantities of paraquat or diquat lead 
to death in several hours to a few days by pul
monary edema or hemorrhage and necrosis of 
heart, liver, and kidney. Smaller quantities 
may cause delayed symptoms; vomiting, ab
dominal cramps, diarrhea, and erosion of oral, 
esophageal, and gastrointestinal mucosa occur 
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more slowly and may be followed by an asymp
tomatic period of 24 to 48 hours [453, 456, 
457}. This period of lack of serious symptoms 
is misleading and may give a false sense of se
curity; symptoms of poisoning, in fact, will 
reappear, and the patient may die from pul
monary fibrosis and progressive respiratory fail
ure after paraquat poisoning or from gastroin
testinal or cerebral haemorrhage after diquat 
poisoning [453}' Sometimes, intestinal paral
ysis with gastrointestinal fluid sequestration 
and hypovolemic shock may occur following 
diquat ingestion [453}' 

ARF after diquat or paraquat poisoning may 
result from hemodynamic alterations (hypovo
lemia, decrease in cardiac output, shock). But 
in some cases ARF occurred in the context of 
preserved hemodynamic status, suggesting a 
direct toxic effect on tubular epithelium [453}' 
Renal pathology was that of diffuse necrosis in 
proximal tubules [453-455, 458, 459}. 

Therapeutic measures include gastric and in
testinal lavage, administration of absorbents 
(e.g., Fuller's earth) [460} and purgatives; 
when the poison is in the circulation, repeated 
sessions of hemoperfusion or, less efficiently, 
hemodialysis become necessary [45 7}. Large 
quantities of fluid (isotonic saline) infused i. v. 
to force diuresis may protect the kidney from 
damage, provided that ATN has not occurred 
as yet. 

It should be stressed that a symptom-free in
terval after poison ingestion should not delay 
therapeutic measures. Furthermore, after di
quat ingestion, (a) gastric and intestinal lavage 
requires special care because of the risk of gas
tric or intestinal perforation; (b) intestinal se
questration of fluid requires adequate hydra
tion; and (c) the risk of cerebral hemorrhage 
should suggest special caution (reduced dosage) 
with heparin for dialysis [453}. 

17.4 AMPHOTERICIN B NEPHROPATHY 

This antifungal agent (Fungizone), which is so 
important for treating life-threatening fungal 
infections, when given at high dosage may 
cause ARF sometimes preceded by renal tubu
lar acidosis of the distal type, hypokalemia 
(due to enhanced urinary loss of potassium), 
and impaired concentrating ability [461}. 

Renal biopsy usually shows tubular necrosis 
and nephrocalcinosis. The renal damage has 
been attributed to renal vasoconstriction [461} 
and/or a direct toxic effect on tubular epithe
lium [170}. Alkalinization of urine and admin
istration of mannitol have been reported to re
duce the nephrotoxicity of amphotericin in 
experimental animals but not in patients 
[170}. 

17.5 COLISTIN (COLOMYCIN)-INDUCED ARF 
Colistimethate or colistin (colomycin) is a very 
toxic antibiotic. Its toxicity includes neurolog
ical reactions and renal impairment in the form 
of A TN. Renal function may continue to de
teriorate for about a week after the end of ther
apy, as happens with aminoglycosides [462). 
In combination with a cephalosporin, it seems 
to enhance its nephrotoxicity. Pre-existent 
chronic renal failure represents a predisposing 
factor and requires reduction in dosage (see 
chapter 3). 

17.6 MUSHROOM POISONING AND ARF 

The ingestion of as little as 50 grams of Amani
ta phalloides mushroom is sufficient to kill 
an adult. Death usually occurs from hepatic 
coma. Amanitine is the main toxin (10 to 20 
times more toxic than phallotoxins), which 
causes cell death by impairing RNA synthesis 
(463). The first symptoms occur 8 to 12 hours 
after ingestion and include acute abdominal 
pain, nausea, vomiting, and watery or bloody 
diarrhea, with consequent severe volume de
pletion (with extreme thirst), shock, and ARF 
(464); 36 to 40 hours after ingestion, hepatic 
disease will start dominating the clinical course 
leading to hepatic coma; death from acute yel
low atrophy of the liver usually occurs within 
four days of ingestion. Adequate replacement 
of fluid and electrolyte losses (due to vomiting 
and diarrhea) may prevent ARF (463). Aman
itatoxins, however, must be removed from cir
culation to improve survival, and this should 
be done within 36 hours after ingestion. Forced 
diuresis (by saline infusion and/or mannitol), 
hemodialysis, hemoperfusion, and plasma
pheresis have all been suggested for this pur
pose [170, 463}. However, mortality remains 
high. 
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17.7 ARF SECONDARY TO INFECTION 
BY RICKETTSIA RICKETTSII 

ARF has been observed as a common compli
cation of severe cases of Rocky Mountain spot
ted fever, an infection by Rickettsia rickettsii. 
Despite the observation of focal perivascular in
terstitial nephritis on histologic sections of the 
kidney, and the demonstration of Rickettsia 
rickettsii by immunofluorescence in renal tis
sue, the pathogenesis of ARF seems to be re
lated to hypovolemia and hypotension; volume 
depletion may, in fact, result from the severe 
increase in capillary permeability due to the 
rickettsial-induced diffuse vasculitis [465}. 

17.8 ARF FOLLOWING SNAKEBITE 

Snakebite may cause ARF by one or more of 
the following mechanisms: intravascular hemo
lysis, disseminated intravascular coagulation, 
shock or severe hypotension, or direct nephro
toxic effect of the snake venom [466}. Renal 
histopathology may vary from acute prolifera
tive glomerulonephritis (on a hypersensitivity 
basis) [467} to ATN [468} and patchy to dif
fuse bilateral renal cortical necrosis [468, 
469}. ARF frequently required dialysis and was 
usually reversible; in some cases, however, the 
patients had irreversible renal failure [468, 
469}. 

17.9 ARF SECONDARY TO 
ACUTE P ANCREA TITIS 

It has been reported that ARF occurs in as 
many as 78% of patients with acute pancreati
tis [470}. As already mentioned, acute pan
creatitis may cause hypovolemic ARF, through 
blood, plasma, and fluid losses, hypotension 
and shock. If this functional ARF remains in
adequately treated (by blood transfusion and/or 
i.v. infusion of plasma, human albumin, and 
electrolyte solutions), ATN ensues, greatly 
worsening the prognosis of the disease. 

ARF, however, has also been reported by 
Goldstein et al. [471} in patients with mild 
forms of acute pancreatitis (serum amylase 
ranging from 290 to 1,450 units/dl and urine 
amylase from 960 to 4,000 units/dl) who did 
not develop shock, hypotensive episodes, or 
ECV depletion. It was an oliguric ARF (requir
ing peritoneal dialysis in one case), with high 

urinary sodium concentration (greater than 53 
mmol/l), low urinary osmolality (less than 435 
mOsm/kg H 20), normal urinalysis, and no uri
nary uric acid crystals. ARF occurred early 
(within 24 hours) after the onset of symptoms 
of pancreatitis and was constantly associated 
with severe hyperuricemia (serum uric acid 
ranging from 0.89 to 1.43 mmolll, 15 to 24 
mg/dl). This marked increase in serum uric 
acid was attributed to the enhanced tissue 
breakdown secondary to the pancreatic release 
of proteolytic enzymes; but acute uric acid ne
phropathy was ruled out as responsible for the 
renal impairment since the hyperuricemia did 
not adversely affect but actually decreased, 
with recovery of renal function and without 
specific treatment [471}. It has been postulated 
that toxic products of pancreatic autodigestion, 
pancreatic release of proteolytic enzymes, intra
vascular coagulation, and/or pancreatic release 
of vasoactive factors (activation of kallikrein
kinin system) may contribute to renal dysfunc
tion/damage in these mild forms of acute pan
creatitis [470-472}. 

17. 10 ARF WITHOUT HISTOLOGICAL LESIONS 
ON RENAL BIOPSY 

The types of different compounds reported to 
be responsible for renal shutdown are tremen
dously numerous. ARF has even been reported 
following oral consumption of an herbal medi
cine "impila" (Callilepsis laureola) , prescribed 
by a witch-doctor among a Bantu population 
for the treatment of impotence [473}. The list 
of nephrotoxic substances will undoubtedly in
crease with time. Renal biopsy has clarified in 
recent years the underlying renal lesion in 
many instances. For many compounds, how
ever, the histological pattern of the failing kid
ney is not known, since renal biopsy is still 
frequently avoided in patients with ARF, usu
ally because of possible postbiopsy complica
tions. 

Finally there are reports of ARF in which no 
renal damage has been observed on renal bi
opsy. Jones et al. [474}, for instance, have re
ported a patient with meningococcal purulent 
pericarditis due to Neisseria meningitidis who 
developed a reversible form of ARF; renal bi
opsy did not show any significant abnormality 
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on light microscopy, immunofluorescence, and 
electron microscopy. 

Desferrioxamine, used as a nonchelating 
agent in the parenteral (subcutaneous or intra
venous) treatment of secondary hemosiderosis, 
has been reported to cause ARF without any 
evidence of significant glomerular, tubular, or 
interstitial damage in the kidney when studied 
by light and electron microscopy [475}. 

A tranquilizing drug, chlorprothixene, usu
ally nontoxic at therapeutic dosage (400 mg/ 
day) has been reported to cause ARF in a case 
of overdosage (3,000 mg as a single dose in a 
suicide attempt); renal biopsy did not show any 
lesion by light microscopy or by immunofluo
rescence [476}. 

17.10. 1 C yclosporin A (C yA) C yclosporin A 
(CyA), the metabolite from the fungi Cylindro
carpon lucidum and Trichoderma polysporum, re
cently introduced in the treatment of trans
planted patients for its immunosuppressive 
properties, has been shown to impair renal 
function in a reversible fashion [477, 47 8} 
without glomerular, tubular, or interstitial le
sions on light or electron microscopy [479-
481}. It has been suggested that adequate hy
dration and mannitol infusion performed before 
starting CyA therapy may protect the kidney 
[478, 479}' CaIne et al. [479} have delayed the 
administration of CyA until it was clear that 
the transplanted kidney was making urine six 
hours after transplantation; if there was no di
uresis, the use of CyA was avoided. Klintmalm 
et al. [477}, on the other hand, suggest a pre
operative initiation of CyA therapy; since the 
toxic effect of CyA on the kidney is relatively 
late (it occurs within a week of starting ther
apy), early anuria would indicate acute rejec
tion or ATN rather than CyA nephrotoxicity. 

It has been stated that nontoxic CyA dosage 
ranges from 7.4 to 14 mg/kg b.w.lday (mean 
9.2 mg/kg b.w.lday) in liver recipients with 
normal renal function; in renal recipients, in
stead, nephrotoxicity occurred in doses as low 
as 5.2 mg/kg b.w.lday [477}, suggesting that 
normal renal function reduces CyA nephrotox
icity. For this reason, it appears advisable to 
delay CyA therapy until adequate renal func
tion is obtained from transplanted kidneys. 

While it has been demonstrated that early 
CyA nephrotoxicity is reversed on CyA with
drawal, it has recently been reported that long
term treatment with CyA will permanently im
pair renal function even though such impair
ment does not seem to be progressive [481}. 
Histological studies of renal biopsy specimen 
obtained from transplant recipients treated 
long term with CyA have shown that fibrosis, 
tubular atrophy, and interstitial inflammation, 
is a nonspecific feature, possibly reflecting 
chronic low-grade rejection [481}. 

17. 10.2 Captopril-induced ARF Captopril is 
the first inhibitor of angiotensin-converting en
zyme-kininase II, which is effective, when 
given orally, as an antihypertensive agent. Its 
administration is followed by increase in 
plasma renin activity, presumably because 
there is no longer the negative feedback nor
mally exerted by angiotensin II (All) on renin 
release [482}. Since the converting enzyme
kininase II is responsible both for converting 
AI to All and for inactivating bradykinin 
(which is a prostaglandin stimulator) [483}, its 
inhibition by captopril is expected to decrease 
vasoconstrictors such as All and increase vaso
dilators such as bradykinin and prostaglandins 
(PGs), thereby leading to the observed hypo
tensive effect. 

These effects of captopril on kinin and PG 
levels have been recently demonstrated [484, 
485}. Significant increments in plasma concen
trations of kinins and PGErM (a metabolite of 
PGE2) have been observed by Swartz et al. 
[484} even after doses as low as 12.5 mg of 
captopril. The increments of PGErM (but not 
those of kinins) were dose related and were sig
nificantly correlated with the fall in diastolic 
blood pressure. Although bradykinin has been 
demonstrated to release PGs from several tis
sues, only slight increments of kinins have 
been found after captopril in acute studies 
{484, 485} and no change at all after long
term treatment [486}, making it unreasonable 
that the increase in PGE2 production is kinin 
mediated. Since the hypotensive effect of cap
topril was blunted by inhibition of PG synthe
tase by indomethacin, it may be concluded 
that PGs contribute to captopril's anti hyper-
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tensive effect and that nonsteroidal anti-inflam
matory drugs (aspirin, indomethacin, etc.) 
should be avoided in order to maximize the hy
potensive effect of captopril [485}. 

Captopril is excreted mainly in the urine, so 
that its dosage must be reduced in chronic 
renal failure. Adverse effects of the drug in
clude proteinuria (greater than 19/day) in 1.2% 
of the patients, sometimes with nephrotic syn
drome and the histological picture of membra
nous glomerulopathy [482}. Reversible ARF 
has recently been reported in a number of cases 
on treatment with captopril [487-492}. This 
ARF was initially attributed to a direct toxic 
effect on the kidney [487}, to a sudden fall in 
systemic blood pressure and, consequently, in 
renal perfusion [489}, and to a drug reaction 
in the form of acute interstitial nephritis [488}. 
More recently it has been observed that ARF 
occurs when therapy with captopril is per
formed in patients with either bilateral renal 
artery stenosis [491} or renal artery stenosis in 
a solitary kidney [490, 491}, such as in a 
transplanted kidney [487, 489, 492}. Under 
such circumstances, ARF is promptly resolved 
by discontinuation of the drug, suggesting a 
functional form of ARF (prerenal ARF). It has 
even been proposed to use this reversible im
pairment of renal function by captopril as a di
agnostic tool for stenosis of the transplanted 
renal artery in the allograft recipient [492}. 

Reduction in renal perfusion secondary to a 
drug-induced decrease in systemic blood pres
sure has been ruled out as the pathogenetic 
mechanism; ARF, in fact, also occurred when 
blood pressure was not reduced by captopril, 
but did not occur when a decrease in systemic 
blood pressure was obtained by other antihy
pertensive agents after discontinuation of cap
topril [491, 492}. 

That the causal role was played by the inhi
bition of a converting enzyme is demonstrated 
by one of the cases reported by Hricik et al. 
[491}. A 65-year-old hypertensive (230/100 
mm Hg) woman with a bilateral marked 
(greater than 95%) renal artery stenosis was 
treated first with captopril; blood pressure fell 
to 175/85 mm Hg but serum creatinine in
creased from 160 J.Lmolll (1.8 mg/dl) to 420 
J.Lmolll (4.8 mg/dl). Upon discontinuation of 

captopril, serum creatinIne fell immediately 
and stabilized at 210 J.Lmolll (2.4 mg/dl). 
When another converting enzyme inhibitor 
(MK 421) was given, serum creatinine rose 
again to 690 J.Lmolll (7.8 mg/ dl) and fell to 
220 J.Lmolll (2.5 mg/dl) upon discontinuation 
of MK 421 [491}. 

From these observations, it appears evident 
that the transient ARF secondary to the admin
istration of converting-enzyme inhibitors is a 
functional impairment in the autoregulation of 
GFR induced by these drugs in conditions of 
marked reduction in renal perfusion pressure. 

It has been postulated that when renal per
fusion pressure is markedly reduced, the mech
anism by which GFR is maintained (through 
an increase in glomerular capillary pressure, 
GCP) is an All-dependent efferent arteriolar 
constriction [493, 494J. Should this hypothe
sis be correct, converting enzyme inhibitors 
would impair this protective mechanism, and 
the resultant decrease in GCP would cause a 
fall in GFR [491, 492J. According to Hricik 
et al. [491}, the above sequence of events after 
captopril would not occur in the absence of 
renal artery stenosis, because renal perfusion 
pressure remains within the range in which 
GFR autoregulation does not rely on an intact 
renin-angiotensin system (RAS). 

I do not agree with this hypothesis. Against 
a critical role of efferent arteriolar constriction 
in renal autoregulation are anatomical and ex
perimental studies. Anatomical studies have 
demonstrated that efferent arterioles have a 
very thin wall, with very few muscle cells 
[495, 496J. They are therefore predicted to 
have a feeble muscular activity and to be prac
tically unable to constrict in response to neural 
and humoral stimuli. Support for this concept 
stems from the micropuncture studies in exper
imental animals. Andreucci et al. [497J have 
demonstrated in rats that in several experimen
tal conditions in which hemodynamic pressure 
in glomerular capillaries of superficial nephrons 
was varied widely, the percentage of pressure 
dissipated across the efferent arterioles re
mained constant. This observation appeared to 
provide evidence against an active role for effer
ent arterioles in regulating filtration fraction. 
On the other hand, micropuncture studies in 
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dogs by Navar et al. [498} could not support 
the contention that blockade of RAS by a con
verting-enzyme inhibitor (SQ 20,881) results 
in a preferential reduction in efferent arteriolar 
resistance. 

In my opinion, in the underperfused kidney 
the impairment of renal function following 
treatment with captopril is due to Eey deple
tion, which will further reduce the already im
paired renal perfusion. Since captopril has been 
shown to stimulate PG release [484, 485} and 
PGs are known to reduce tubular sodium reab
sorption thereby increasing urinary sodium ex
cretion [498}, I hypothesize that long-term 
treatment with captopril in high dosage will 
cause Eev depletion through a sustained PG
mediated increase in urinary sodium excretion. 
Brenner et al. [499} have demonstrated that a 
filtration pressure equilibrium is achieved at 
the efferent end of glomerular network when 
glomerular plasma flow (GPF) is low; under 
such circumstances GFR is GPF dependent. 
Since a kidney with severe renal artery stenosis 
has reduced perfusion, its GFR will be GPF 
dependent; under such circumstances even a 
modest contraction of Eey (as may occur with 
high doses of captopril), which would not have 
any effect in a normal (without renal artery ste
nosis) kidney, will significantly reduce GFR. 

Support for this hypothesis stems from the 
following observations: 

a. While the effect of captopril on arterial 
blood pressure is very rapid, clearly dem
onstrating the rapid hormonal response to 
the drug, the rise in serum creatinine re
quires days of therapy. This delayed effect 
on renal function fits with progressive salt 
depletion but not with RAS inhibition. 

b. Unlike most antihypertensive drugs (with 
the exception of diuretics), which reduce 
urinary sodium excretion with the fall in 
blood pressure, captopril has been shown to 
increase sodium excretion and urine output 
[498, 500}. 

c. Significant and marked increments of PGE2 

production have been demonstrated to fol
low captopril administration in hyperten
sive patients on high- or low-sodium intake 
[484}. 

d. In transplanted kidneys with renal artery 
stenosis, the rise in serum creatinine fol
lowing captopril administration was associ
ated with a fall in renal plasma flow [492}. 
This reduction in renal perfusion may be ac
counted for by volume depletion, but not 
by release of the postulated efferent arteriole 
constriction. 

e. In all reported cases of captopril-induced 
ARF, the drug was given in high doses 
and/or associated with diuretics. Under 
such conditions a significant urinary loss of 
sodium may have occurred, resulting in 
Eey depletion. 

f. In a boy with a transplanted kidney and 
renal artery stenosis who was studied in my 
unit, serum creatinine rose significantly 
when captopril was given either in high 
doses or combined with a diuretic agent; 
under such circumstances urinary sodium 
excretion and urine output increased and 
body weight fell. Serum creatinine, on the 
other hand, remained at basal levels when 
captopril was given at low dosage (12.5 mg 
daily) and without diuretics; under such 
circumstances urine output and urinary so
dium excretion were relatively low (figure 
2-6). 

g. In two cases with transplant renal artery 
stenosis, renal biopsy did not show ATN 
or any other organic damage to the kidney 
[487,489}. 

Should my hypothesis be correct, prerenal 
ARF after captopril, in underperfused kidneys, 
would be prevented by ensuring adequate re
placement of urinary salt losses. 

18 ARF Secondary to Incompatible 
Blood Transfusion 
Transfusion of mismatched blood (usually a 
nursing error) may cause a hemolytic reaction 
with ARF and an hemorrhagic diathesis that 
may be life-threatening. 

A functional, readily reversible ARF occurs 
following the transfusion of small amounts of 
incompatible blood; after transfusion of 200-
500 ml, ATN results; however, unreversible 
bilateral acute cortical necrosis is rare [50 I}. 
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The hemorrhagic diathesis has been attributed 
to disseminated intravascular coagulation (DIC) 
(see chapter 6) initiated by intravascular hemo
lysis. 

18.1 PATHOGENESIS 

It has been stated for a long time that hemo
globin had a direct toxic effect on tubular epi
thelium, even though such toxicity had not 
been clearly proven. Convincing experimental 
evidence against the nephrotoxicity of hemo
globin has been given in dogs and monkeys: 
the i. v. infusion of large quantities of stroma
free hemoglobin in these animals was, in fact, 
followed by massive hemoglobinuria without 
any impairment of renal function {502, 503}. 
Conversely, when hemoglobin-free incompati
ble erythrocyte stroma was infused i. v. in two 
patients, both subjects developed ARF {504}. 
The latter study clearly demonstrates that he
moglobinemia and hemoglobinuria are not nec-
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FIGURE 2-6. Effect of different doses of captopril and 
combined captopril-furosemide on blood pressure, urine 
output, sodium excretion, and renal function in a 12-
year-old boy with renal artery stenosis of a transplanted 
kidney. 

essary for the induction of ARF that follows 
incompatible transfusion; however, incompati
ble erythrocyte stroma is the single factor re
sponsible for renal shutdown {50 I}. Thus, it 
has been postulated that a specific antigen-an
tibody reaction is the cause of ARF that follows 
incompatible blood transfusion {50 1, 504}. 
This ARF will result from the combined effects 
of intrarenal vasomotor alterations and DIC 
both triggered by the antigen-antibody reac
tion and leading to renal ischemia {50 I}. In
compatible red blood cells, as soon as infused 
intravenously, react with preformed antibodies 
(figure 2-7): the antigen-antibody complexes 
(a) activate the Hageman factor and, through 
this, the kinin system; (b) act on platelets caus-
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FIGURE 2-7. Renal effects of incompatible blood transfu
sion. 

ing the release of histamine, serotonin, and 
platelet factor 3; (c) activate the complement 
system with release of anaphylatoxins, hista
mine, and serotonin and the activation of co
agulation; (d) act on leukocytes causing the re
lease of thromboplastin; (e) activate the 
sympathetic nervous system and release cathe
colamines, both directly and indirectly through 
the shock that usually follows the hemolytic re
action. The resulting alterations in renal hemo
dynamics lead to ARF (figure 2-7). 

18.2 CLINICAL OUTCOME OF MISMATCHED 
BLOOD TRANSFUSION 

Symptoms suggestive of acute hemolytic reac
tion include fever; shivering; pain in the back, 
chest, or elsewhere; dyspnea; hypotension; and 
shock. Some or all of these symptoms may oc
cur within hours or even during the blood 
transfusion. In the latter case, transfusion must 
be stopped immediately. A specimen of pa-

tient's blood should be immediately taken and 
centrifuged, and the plasma examined by na
ked eye. If the plasma is not pink, hemolysis 
has not occurred and symptoms are due to 
other causes (other proteins contained in the 
blood may have caused reaction, blood may 
have been infected); under such circumstances, 
blood transfusion may be continued using a 
fresh bottle of blood [5}. If the plasma is pink, 
hemoglobin is present (at least 25 mg/dl) , in
dicating that hemolysis has occurred; no fur
ther blood can be given, and the patient should 
be immediately treated to prevent ARF. It 
should be stressed however, that severe compli
cations are rare after transfusion of less than 
200 ml of red blood cells [50l}. 

18.3 TREATMENT OF ACUTE HEMOLYTIC 
REACTION TO INCOMPATIBLE BLOOD 

Once the diagnosis of acute hemolytic reaction 
has been supported by the pink color of the 
patient's blood, renal vasoconstriction second
ary to hypovolemia, hypotension, and shock 
should be overcome by intensive intravenous 
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infusion of fluids. The i. v. infusion of large 
amounts (1 to 2 liters) of plasma expanders 
(such as low-molecular-weight dextran) has 
been suggested, associated with oxygen admin
istration to increase the plasma-oxygen tension 
and compensate the resulting anemia [5}. Al
ternatively, isotonic saline solution should be 
given in great amounts in order to expand ECV 
and maintain high urine output. 

Loop diuretics (e.g., furosemide 20 to 80 
mg i. v.) have also been suggested in addition 
to saline infusion [50 I}. If diuretics are used, 
however, the resulting increase in urine output 
should be compensated with adequate salt and 
water replacement. 

In case of severe reaction, it has also been 
suggested that heparin should be started im
mediately in order to prevent DIC [50 I}. 
When haemorrhagic diathesis occurs, in fact, it 
is an expression of a severe degree of DIC; at 
this point it is too late to begin anticoagulation 
[505}. Heparin may be given as 5,000 units 
loading dose to be followed by continuous i. v. 
infusion of 1,500 units per hour, for 6 to 24 
hours (until the danger of DIC has passed), un
less serious complications exclude anticoagula
tion [501}. 

Immediate exchange transfusion has been 
claimed to prevent ARF following mismatched 
transfusion by removing hemoglobin and cir
culating immune complexes [5}. 

Note 
1. The MAC of an anesthetic agent is the !!!inimal 

!!lveolar Eoncentration of the anesthetic necessary to pre
vent movement in response to surgical incision in 50% of 
the patients. MAC-hour is one hour of anesthesia at a 
concentration of 1 MAC; thus two hours of anesthesia 
with 0.5 MAC will correspond to 1 MAC-hour. 
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3. PREVENTION OF ISCHEMIC/TOXIC 
ACUTE RENAL FAILURE IN HUMANS 

Vittorio E. Andreucci 

1 . Introduction 
ARF is a preventable disease. Statistical evalu
ation of the frequency of ARF appears to sup
port this view. Thus, during World War II, 
one in every 20 casualties developed ARF; dur
ing the Korean War, the incidence fell to one 
in every 800; during the Vietnam War, it fur
ther fell to one in every 1,800 casualities. The 
incidence of ARF in patients who have under
gone cardiovascular surgery has recently fallen 
from 30 to 2.7% [l}. 

Undoubtedly early replacement of blood, 
fluid, and electrolytes plays a primary role in 
the prevention of ARF secondary to hemor
rhage or to renal or extrarenal losses of salt and 
water. But this measure alone is not sufficient 
to reduce the incidence of ARF, particularly in 
severely ill patients and also in patients with 
mild infections. 

Further general precautions should always be 
taken into consideration [lJ: 

a. Reduction in dosage of aminoglycosides in 
elderly patients (in whom creatinine clear
ance is presumably lowered) and in patients 
with pre-existent renal insufficiency. 

b. Prevention of volume depletion in patients 
treated with nephrotoxic antibiotics or re
ceiving radiocontrast media or undergoing 
general anesthesia. 

c. Non use of long-term treatment with ami
noglycosides, or aminoglycoside with ceph
alosporin, aminoglycoside with furose
mide, or aminoglycoside with nephrotoxins 
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(such as radiocontrast media or methoxy
flurane). 

d. Maintenance of cardiac output, particularly 
in surgical patients (very important in 
open-heart surgery), by dopamine hydro
chloride or volume expansion [1, 2}. 

e. Maintenance of a high urine output with al
kalinization of urine when hyperuricemia is 
expected (such as during treatment of ma
lignancies with cytotoxic drugs). 

f. Caution in the concurrent use of aminogly
cos ide antibiotics and intravenous infusion 
of amino acids (in a program of parenteral 
nutrition) in severely ill patients; it has 
been recently demonstrated, in fact, that 
daily i. v. infusion of commercially available 
mixtures of amino acids (Freamine, Ne
phramine) in rabbits and rats treated with 
gentamicin or tobramycin increases severity 
and rapidity of onset of aminoglycoside-in
duced ARF (3}. 

g. Non use of nonsteroidal anti-inflammatory 
drugs in those clinical conditions in which 
vasoconstrictor forces are operative (4}: vol
ume depletion, nephrotic syndrome, cir
rhosis with ascites and congestive heart fail
ure. These represent, in fact, clinical 
conditions of reduced effective blood vol
ume in which indomethacin and other non
steroidal anti-inflammatory drugs may cause 
ARF (see chapter 2, section 6). 

But this list of precautions represents a sim
plification of a very complex problem, since 
ARF has usually a multifactorial etiology. 

In many reports, while listing the different 
~or~s of ARF, only the main cause is usually 
tndlcated. This information is not correct. It is 
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actually misleading. It has been clearly dem
onstrated, in fact, that an additive interaction 
usually occurs among different acute insults 
[5}. In particular, when a careful analysis of 
causes and risk factors was performed in 143 
patients with ATN, it was observed that most 
patients without pre-existing renal disease had 
more than one insult [5}. The typical example 
is given by sepsis, which has been usually in
dicated as an important cause of ARF in man, 
with an incidence as high as 58% [6}. Ac
tually, in patients without pre-existing renal 
disease, no causal relationship has been found 
between sepsis and ARF, unless other factors, 
such as volume depletion and/or hypotension 
and/or aminoglycoside nephrotoxicity, were as
sociated [5}. 

This observation is obviously of great impor
tance for the purpose of prevention. Thus, in 
septic patients it becomes crucial to prevent 
volume depletion and hypotension, and partic
ular attention has to be paid when using ami
noglycoside antibiotics. 

The frequency of a single isolated acute in
sult is, on the other hand, greater in patients 
with pre-existing renal disease; in these pa
tients, for instance, dehydration was the sole 
acute insult in 27 % of the cases of ARF and 
hypotension in 23% [5}. These latter data 
stress the importance of preventing dehydration 
and hypotension in chronic uremic patients. 
Such prevention becomes crucial in the elderly, 
probably in relation to a greater incidence of 
hypertension in older patients; and chronic hy
pertension has been demonstrated to be a great 
risk factor when hypotension is one of the pre
cipitating events [5}. 

Experimental studies in animals and/or clin
ical trials in humans have given some evidence 
in favor of a protective role of some drugs such 
as propranolol, clonidine, mannitol, and furo
semide. In this chapter, we will first analyze 
these drugs and then suggest preventive mea
sures against some forms of ARF. For preven
tion of other forms of ARF, the reader is re
ferred to the specific chapters. 

2. Propranolol 
Many reports in recent years have given evi
dence of a partial protective effect of beta-ad-

renergic antagonists against post-ischemic ARF 
in experimental animals [7 -14}. 

The mechanism of this protection, still a 
matter of debate, was initially attributed to the 
reduction in renin release that follows beta-ad
renergic blockade [8}. But the degree of renal 
impairment could not be correlated with 
plasma renin activity, nor with renal renin con
tent [9}. On the other hand, protection by beta 
blockers also occurs under angiotensin II recep
tor blockade by saralasin [8, 9}. 

Recent experimental studies in rats have 
clearly shown that the alleviation of ischemic 
ARF by propranolol and practolol is due to 
specific tubular beta-adrenergic blockade [15}. 

More recently, it has been demonstrated in 
rats with post-ischemic ARF that pretreatment 
with propranolol results in a minor increase in 
proximal intratubular pressure, a minor de
crease in GFR, and no change in RBF; these 
data suggest a substantial relief of tubular ob
struction by propranolol, which is presumably 
independent of its effect on renal hemody
namics [14}. The mechanism by which pro
pranolol may reduce tubular obstruction fol
lowing ischemia is not known; it has been 
attributed to metabolic effects within the cells, 
since the drug penetrates cells exerting an an
esthetic effect; the latter may reduce the isch
emic epithelial necrosis in proximal tubules 
[14}. 

There are no reports on beneficial effects of 
propranolol in ARF in humans. 

3 . C lonidine 
The antihypertensive agent clonidine has been 
shown to partially protect experimental animals 
against post-ischemic ARF [16, l7}. The 
mechanism of this protection is not known. 
Clonidine has been shown to have many effects 
on the kidney undergoing ischemic insults: (a) 
it can reverse (rather than prevent) the podo
cyte changes (flattening of cell body and 
spreading of cytoplasm on glomerular capillar
ies with loss of foot processes) observed in post
ischemic ARF in transplanted human kidneys 
[18} and in rabbits following renal artery 
clamping [18, 19}; the reversion of these 
changes (which may represent the morphologic 
counterpart of a decrease in K f) may imply an 
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enhancing effect on K f (see chapter 1); (b) it 
inhibits renin release [20}; (c) it decreases the 
renal responsiveness to vasopressin, thereby re
sulting in a diuretic effect [17}; and (d) it pre
vents the ischemic microvascular injury in the 
outer medulla [l7}. It has been postulated that 
the latter effect is of primary importance in 
protection; better perfusion of the outer me
dulla in fact, would lessen desquamation of 
damaged tubular cells, thereby reducing tu
bular obstruction; decreased responsiveness of 
distal nephron to vasopressin induced by clon
idine, by increasing tubular fluid flow rate, 
might further reduce tubular obstruction [17}. 

Unforrunately, there is no reported experi
ence on possible protective effects of clonidine 
against ARF in humans. 

4 Mannitol 

4.1 OSMOTIC DIURESIS 

The increase in urine output following the uri
nary excretion of nonreabsorbable (such as man
nitol) or mildly reabsorbable (such as urea) sol
utes is called "osmotic diuresis." Osmotic 
diuretics are low-molecular-weight substances 
that are readily filtered by glomeruli and not 
reabsorbed (or only poorly reabsorbed) by renal 
tubules. Mannitol is the typical osmotic di
uretic; it is a sugar (mol wt 182) that is dis
tributed throughout the extracellular compart
menr once injected i.v. (usually for the 
therapeutic purposes); it is not metabolized, is 
freely filtered by glomeruli, and does not un
dergo tubular reabsorption (reabsorption is 
minimal). Similar behavior is exhibited by glu
cose when injected i. v. in large amounts; when 
the filtered load of this sugar exceeds, in fact, 
the reabsorptive capacity of proximal tubules, 
the nonreabsorbed amount will function as an 
osmotic diuretic. The same occurs in untreated 
diabetes mellitus with high blood levels of glu
cose. Even urea, which is only partially reab
sorbed, may behave as an osmotic diuretic 
when injected i.v. in large amounts; the same 
occurs in patients with untreated chronic renal 
failure and high levels of plasma urea. In clin
ical practice, osmotic diuresis is also observed 
following the use of radiocontrast media, the 
unreabsorbable compounds employed for uro
graphic and angiographic procedures. 

4.2 MANNITOL INFUSION 

A normal subject given 100 grams of mannitol 
i.v. will readily increase urine output up to 10 
mllmin and sodium excretion up to 0.5 mmoll 
min; with larger amounts of mannitol, the 
fractional excretion of filtered water may reach 
20 to 30%, and that of filtered sodium 10 to 
15% [2l}. This huge diuretic effect is due to a 
reduction in tubular reabsorption of water and 
salt, occurring both in proximal tubules and in 
loops of Henle (figure 3-1). 

Three phenomena take place in proximal tu
bules following the i. v. injection of mannitol: 
First, a significant fall in water reabsorption: 
because of the intraluminal presence of osmot
ically active solute, in fact, water will not be 
reabsorbed in association with sodium, as usu
ally occurs. Under such circumstances, since 
sodium conrinues to be removed from tubular 
fluid by active tubular transport, its concentra
tion will fall as filtered fluid proceeds along the 
proximal tubule. But this phenomenon will 
lead to the second phenomenon, a decrease in 
net reabsorption of sodium: the active sodium 
transport is, in fact, progressively reduced 
since it has to occur against an increasing con
centration gradient; the latter, on the other 
hand, will favor the passive backflux of sodium 
inro the tubule. And third, the Eev expansion 
that follows the acute i.v. infusion of mannitol 
may further contribute to reducing proximal 
tubular reabsorption [2l}. The combined result 
of these phenomena will be a distal delivery of 
a great amount of salt and especially of water. 

A further reduction in tubular reabsorption 
occurs in the loop of Henle. Mannitol is known 
to increase renal medullary blood flow. The re
sulting wash-out effect on renal medulla will 
greatly reduce the medullary hypertonicity, 
thereby impairing the passive water reabsorp
tion from the thin descending limb of the loop 
of Henle [2l}. This factor, however, will also 
influence salt reabsorption. Evidence has been 
given, in fact, that sodium chloride reabsorp
tion occurring in the thin ascending limb of 
Henle is a passive phenomenon: salt would 
move out of the tubular lumen down its con
centration gradient [22}. The impaired water 
reabsorption in the thin descending limb will 
reduce or even abolish the favorable sodium 
concentration gradient in the thin ascending 
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limb. The result will be a severe impairment 
in overall salt reabsorption in the loop of 
Henle, which is only blunted by a maintained 
or even increased active salt reabsorption in the 
thick ascending limb. {21}. 

In addition to the reduction in water and 
salt reabsorption in proximal tubules and loops 
of Henle, mannitol has been shown to increase 
the glomerular filtration rate {GFR} in experi
mental animals. The i.v. infusion of mannitol, 
in fact, by increasing the osmolality of extra
cellular fluid, causes an osmotic shift of water 
from cells (erythrocytes included) to the extra
cellular compartment with consequent ECV ex
pansion, decline in blood viscosity, increase in 
cardiac output, decrease in renal renin release, 
lowering in renal vascular resistance, and in
crease in renal blood flow (RBF) (figure 3-1). 
The increase in GFR has been shown to result 
(a) from the increase in glomerular plasma flow 
and in glomerular capillary pressure (GCP) sec
ondary to afferent arteriole dilation and (b) 
from the reduction in systemic oncotic pressure 
[23}. The increase in GFR will obviously con
tribute to the high water and salt excretion 
that follows mannitol infusion. 

Because of the effects of mannitol on proxi
mal tubular reabsorption and on medullary 
blood flow (with loss of medullary hypertonic
ity), after mannitol infusion urine osmolality 
tends to approach that of plasma (with a clear 
impairment of the renal capacity to concentrate 
and dilute urine) and urinary sodium concen
tration tends to be high (greater than 50 
mmol/l). This should be taken into account 
when a patient with ARF is first observed by a 
nephrologist; the patient may have already 
been treated with mannitol or may have under
gone radiographic procedures with radiocon
trast compounds. Under such circumstances, 
urinary indexes for differentiating prerenal 
ARF from ATN become meaningless (see chap
ter 7). 

4.3 HAZARDS OF MANNITOL INFUSION 

As described above, the i.v. infusion of man
nitol causes an osmotic shift of water from cells 
to extracellular compartment leading to ECV 
expansion, dilutional hyponatremia, hypochlo
remia, and expansion acidosis (due to bicarbon-

ate dilution). Thus, if the patient has oliguric 
A TN, the ECV expansion that may follow 
mannitol infusion (200 g mannitol may expand 
ECV by more than 2 liters) may cause pulmo
nary congestion or even pulmonary edema in 
the presence of heart disease [21}. But even 
when this complication does not occur, man
nitol intoxication may be severe with a hyper
osmolar state, severe dilutional hyponatremia, 
hypochloremia, and intracellular dehydration, 
which may cause the patient to be confused and 
disoriented with extremely dry tissues {24}. 
Under such circumstances, hyponatremia does 
not reflect hypoosmolality, but is instead asso
ciated with hyperosmolality, as may be calcu
lated (see chapter 2/section 12.3) or directly 
measured. 

Iatrogenic mannitol intoxication, which 
usually occurs in oliguric ATN, should be im
mediately treated by dialysis {24}. 

The effect of mannitol infusion on serum po
tassium is variable and seems to depend on the 
dose of mannitol, its infusion rate, and the in
sulin response. The abrupt rise in osmolality of 
extracellular fluid, in fact, causes not only wa
ter but also potassium flux out of the cells; 
should insulin response not occur (as it does 
not in diabetics, for instance), hyperkalemia 
results [23}. 

At the renal level the osmotic diuresis caused 
by mannitol (a) will reduce tubular reabsorp
tion of filtered potassium and (b) will increase 
tubular secretion of potassium at its secretory 
sites in the distal nephron, as a result of in
creased distal delivery of sodium; the combined 
result will be a urinary loss of the cation. 

Should the patient exhibit a clear increase in 
urine output and salt excretion after i. v. infu
sion of mannitol, adequate replacement of uri
nary loss of water and salt must be carefully 
performed in order to prevent volume deple
tion. 

It should be stressed that the use of mannitol 
is hazardous in the condition of severe dehydra
tion and/or acidosis. 

4.4 PROPHYLAXIS OF ARF BY MANNITOL 

A substantial body of evidence exists in exper
imental animals that mannitol prevents anuria 
and improves renal function when given pro-
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phylactically in many experimental models of 
ARF. This beneficial effect has been attributed 
(a) to increase in RBF and GCP and (b) to an 
increase in osmolar clearance [25, 26}. 

4.4.1 Increase in RBF and GRF After Mannitol 
Infusion As mentioned, mannitol infusion has 
been shown to increase GFR by increasing RBF 
and GCP and by decreasing systemic oncotic 
pressure. This occurs even at normal renal per
fusion pressure and has been attributed to ECV 
expansion. 

Recent experimental studies in rats have 
demonstrated that the increase in RBF induced 
by mannitol is even greater in conditions of 
renal hypoperfusion [27] and that under such 
circumstances the improvement in RBF is due 
to a primary reduction in afferent arteriole re
sistance (27] with maintenance of glomerular 
filtration (28). The afferent arteriole dilation is 
mediated, in large part, by an increase in pros
taglandin (PGI2) activity [29]. Pretreatment 
with indomethacin or meclofenamate (which 
block PG synthesis) greatly reduced the rise in 
RBF after mannitol in rats with hypoperfused 
kidney, while the renal response to mannitol 
was blunted by previous renal vasodilation by 
PGI2 infusion; in contrast, pretreatment with 
converting enzyme inhibitor teprotide (SQ 
20,881) or kallikrein inhibitor aprotinin failed 
to influence the effect of mannitol on RBF of 
hypoperfused rat kidney [29}. Blockade of PG 
synthesis, however, did not reduce the renal re
sponse to mannitol in rats with normal renal 
perfusion, suggesting that the rise in RBF after 
mannitol infusion under normal circumstances 
is not PG mediated [29]. 

These observations suggest that in condition 
of renal hypoperfusion, the benefical effect of 
mannitol on renal hemodynamics is not limited 
to the renal consequences of ECV expansion 
but is also due to increase in PG synthesis (fig
ure 3-1). 

4.4.2 The Protective Effect of the Increase in Os
molar Clearance The increase in osmolar clear
ance (solute diuresis) rather than in urine our
put "per se" (water diuresis occurs more 
distally) has a further protective effect on renal 
function [25, 30}, presumably by preventing 

tubular obstruction by cell debris or protein
aceous material (figure 3-1). This effect has 
been demonstrated by a variety of studies. 
Thus, "in vivo" microperfusion of proximal tu
bules in dogs with unilateral NE-induced ARF 
was followed by an increase in intratubular 
pressure behind the microperfusion site, sug
gesting tubular obstruction; this increase in 
tubular pressure was not observed in dogs 
pretreated with mannitol [26]. "In vitro" 
microperfusion of isolated tubular segments 
dissected from kidneys of rabbits with post-is
chemic ARF has shown the formation of cellu
lar debris with the onset of the microperfusion 
and a severe impairment of transport capacity 
of proximal tubules [31]. Pretreatment of rab
bits with 5 g/dl (275 mmol/l) mannitol (or fu
rosemide) resulted in preservation of tubular 
integrity (with no formation of cellular debris) 
and maintenance of normal (near normal with 
furosemide) epithelial function of proximal tu
bules [31]. 

Recent studies have given evidence of an in
crease in calcium content of mitochondria from 
the renal cortex of dogs with NE-induced 
ARF; this may result from impaired mitochon
drial respiratory activity (mitochondrial oxygen 
uptake has been found impaired after ischemia) 
and might contribute, in the ischemic kidney, 
to tubular epithelial cell necrosis and afferent 
arteriole vasoconstriction (because of an increase 
in cytosolic calcium in the smooth muscle cells 
of afferent arterioles) [32}. This hypothesis is 
supported by the observation that verapamil (a 
blocker of slow-channel calcium influx into 
cells) prevents the fall in renal function in the 
ischemic experimental model of ARF (2l. Pre
treatment of experimental animals with iso
tonic mannitol prevented both impairment of 
mitochondrial respiratory activity (mitochon
drial oxygen uptake was no longer impaired, 
and calcium content of mitochondria was nor
mal) and fall in renal function (renal vasocon
striction would not have occurred) [2, 32]. 

4.4.3 The Prophylaxis with Mannitol in Clini
cal Practice Prophylactic use of mannitol has 
been suggested for preventing AFR in those 
high-risk clinical conditions in which renal im
pairment is predictable: general surgery in 
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high-risk patients and, in particular, cardiovas
cular surgery; shock; radiographic procedures 
with radiocontrast media; therapy with neph
rotoxic drugs [33-41J. Thus, for instance, in a 
randomized study of 22 patients undergoing 
abdominal aorta resection, no oliguria occurred 
in mannitol-treated patients (25 grams of man
nitol before and 40 grams during surgery); oli
guria was observed in three untreated patients 
[35 J. Similar beneficial effects have been ob
tained with mannitol in preventing radiocon
trast-induced ARF and cisplatinum-induced 
ARF (see below). 

Obviously, volume depletion should be cor
rected before mannitol infusion. Furthermore, 
urinary losses of salt and water during mannitol 
administration should be carefully replaced. It 
has been stated that negative salt balance dur
ing mannitol infusion is prevented by infusing 
10 g/dl (550 mmolll) mannitol in a half-nor
mal saline solution (77 mmolll NaCl) [42}. 

The following schedule has been suggested 
for prophylaxis: 250 ml of 20 g/dl (1,098 
mmolll) mannitol solution (i.e., 50 grams of 
mannitol) are infused i. v. over one hour; then 
a urine output of 50 mllhour is maintained by 

L _____________________________ ...1 

FIGURE 3-1. Effects of mannitol in preventingltreating 
acute renal failure. 

i.v. infusion of a solution with 275 mmol/l (5 
g/dl) mannitol, 20 mmolll of sodium chloride, 
and 2.33 mmolll (1 gil) of calcium gluconate 
[23J. 

For the use of mannitol in the prevention of 
ARF due to therapy with cisplatinum and di
agnostic procedures with radiocontrast media, 
the reader is referred to the respective sections 
later in this chapter. 

4.5 "REV ASCULARIZATION" (REPERFUSION) 
SYNDROME: MANNITOL IN PREVENTION 

There is some evidence that hypertonic manni
tol is also effective in preventing the revascu
larization syndrome that follows vascular recon
struction (thromboembolectomy or arterial 
bypass) after acute ischemia of human limbs 
(usually the lower extremities) [43}' 

It is well known that reperfusion of acutely 
ischemic extremities is followed by a relatively 
high mortality. Actually, mortality seems to 
be greater after restoration of blood flow than 
before re-establishing circulation, suggesting 
that (a) reperfusion of ischemic muscles is as-
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sociated with flushing out of metabolites (e.g., 
lactic acid) and substances (e.g., myoglobin), 
which may damage other organs such as kidney 
(ARF) and heart (myocardial depression), and 
lead to death [43-45}; and (b) metabolic activ
ity of muscles does not return to normal im
mediately after muscle reperfusion [46} so that 
"toxins" may continue to be released into the 
general circulation. 

Experimental data have demonstrated that, 
after reperfusion of ischemic limbs, blood flow 
is not restored to normal and that limb hypo
perfusion is associated with increase in local 
vascular resistance, local edema, and high tis
sue pressures [43}. The latter phenomena may 
further reduce the local blood flow and favor 
thrombosis. 

When hypertonic mannitol was injected in
travenously prior to reestablishing blood flow 
(l00 ml of 1,098 mmolll, 20 g/dl mannitol 
as a bolus) and continued (i.v. infusion of 550 
mmollhour, 10 g/hour) for many hours (up to 
24 hours), signs and symptoms of the reperfu
sion syndrome were not observed [43}. The im
portant role of mannitol in preventing an in
crease of local vascular resistance, limb 
hypoperfusion, edema, and compartment syn
drome was demonstrated by the rapid (within 
a few hours) swelling of the limb when man
nitol was discontinued and a decrease in limb 
swelling when mannitol infusion was reinsti
tuted [43}' 

5 Furosemide 
Furosemide is the loop diuretic most often 
used, both in clinical practice [47-49} and in 
experimental models of ARF [50-52}, to pre
vent or even reverse renal impairment. The re
sults obtained by its use are controversial. 
Thus, while some authors have claimed short
ening of ARF in humans by the use of this 
diuretic [47, 53}, others have denied such 
beneficial results [48, 49, 54, 55}. Similarly, 
in experimental ARF, furosemide has been 
claimed to prevent ARF [51}, to partially re
verse renal impairment [50, 56}, to increase 
urine output without affecting renal function 
[57, 58}, to have no effect at all [56}, or to be 
even harmful [51, 52, 59-62}. It appears 

therefore worthwhile to review experimental 
and clinical studies reported in the literature on 
this contention. 

5. 1 FUROSEMIDE IN EXPERIMENTAL ARF 

In unilateral norepinephrine (NE)-induced ARF 
in dogs, the administration of furosemide be
fore or immediately after NE infusion, associ
ated with complete replacement of urinary 
losses of water and salt, was followed by com
plete normalization of RBF (against a value 
36% of control in untreated dogs) and clear 
improvement of renal function (inulin clearance 
56% of control values against the 2% in dogs 
that did not receive furosemide) [63}. Under 
such circumstances, the protective effect of fu
rosemide could not be attributed only to its va
sodilatory properties, since in identical experi
mental conditions, intrarenal infusion of 
acetylcholine also normalized RBF but did not 
improve renal function. The dramatic increase 
in urine output and solute excretion observed 
under furosemide but not under acetylcholine 
appeared to support a primary protective role 
of high solute excretion; in other words, the 
inhibition of tubular reabsorption of salt and 
water induced by furosemide, by increasing the 
tubular flow rate, may have prevented or re
lieved the tubular obstruction (by cellular de
bris) that usually occurs after ischemic tubular 
necrosis (see chapter 1). The observation that 
chlorothiazide and benzolamide, which reduced 
RBF in the same experimental conditions, did 
not improve renal function despite the increase 
in solute excretion nO} would stress the need 
for both vasodilation and increase IS osmolar 
clearance for obtaining protection, at least in 
this ischemic model of ARF. 

A further demonstration of the beneficial ef
fect of furosemide on ischemic ARF is given by 
microperfusion studies "in vitro": the micro
perfusion of isolated tubular segments dissected 
from kidneys of rabbits with post-ischemic 
ARF pretreated with furosemide (or 5 g/dl, 
275 mmolll, mannitol) did not exhibit cellular 
debris within the tubular lumen at the on
set of the microperfusion nor the severe im
pairment in transport capacity of proximal 
tubules as observed instead in nonprerreated 
animals [3 I}. 
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Other studies, however, have denied any 
protection by furosemide against ischemic 
ARF. Thus, in rats undergoing 45 minutes of 
bilateral warm ischemia, furosemide did not 
show any protective influence on GFR when 
given either before or after the ischemic insult, 
either in low or in high doses (56). Similarly, 
in dogs with ischemic ARF due to renal artery 
clamping, the diuretic, given immediately af
ter releasing the clamp, did not show beneficial 
effect on renal function, despite the increased 
urine output and sodium excretion [58}. 

Conflicting results have also been obtained 
in nephrotoxic models of ARF. Thus, furose
mide given alone immediately after uranyl ni
trate (UN) infusion in dogs did not protect the 
renal function of the animals despite reversal of 
renal vasoconstriction [64}. Under identical 
circumstances, while dopamine alone was also 
ineffective in protection, the combined admin
istration of furosemide and dopamine induced 
(a) a marked renal vasodilation, (b) a greatly 
attenuated reduction in renal function, and (c) 
a brisk diuresis and natriuresis [64}. In other 
studies in rats, however, furosemide alone im
proved renal function when given either before 
or after UN administration, suggesting both a 
prophylactic and curative action of the diuretic 
in this model of ARF [56}. 

In the mercuric chloride model of ARF in 
rats the prophylactic use of furosemide was ef
fective in protection only when very low doses 
(2 mg/Kg b.w.) of HgCl2 were used [51}. No 
protection was observed when usual doses of 
HgCl2 (4.7 mg/Kg b.w.) were employed. Un
der such circumstances, in fact, neither low 
doses nor high doses of furosemide given before 
[51} or early after [57} HgCl2 injection in rats 
modified the decrement in GFR commonly ob
served in HgClrinduced ARF. In the same ex
perimental model, when repeated doses of di
uretic were given in order to evaluate the 
efficacy in shortening the duration of ARF, low 
repeated doses were ineffective while high re
peated doses were even harmful. The worsening 
effect of these high doses, however, was due to 
volume depletion secondary to the saluretic ef
fect of furosemide; it was, in fact, abolished by 
adequate replacement of urinary losses of so
dium [57}. 

Bailey et al. [51) have demonstrated that 

prophylactic administration of furosemide con
ferred protection against the ARF induced in 
rats (a) by the combined administration of 
cephaloridine, furosemide, and 50 g/dl glycerol 
in subnephrotoxic doses and (b) by nephrotoxic 
doses of cephaloridine alone. When furosemide 
was administered together with cephaloridine, 
however, the severity of ARF was greatly po
tentiated [51). This detrimental effect on renal 
function of furosemide when given at high 
doses in association with nephrotoxic antibiot
ics has been reported by others [59-62}. Since 
high doses of furosemide alone did not impair 
renal function of normal rats (57), any intrinsic 
toxicity of the diuretic was ruled out. Appar
ently, furosemide can potentiate, by a still un
defined mechanism, the nephrotoxicity of some 
antibiotics and possibly of some other nephro
toxins. Thus, both prophylactic (51) and ther
apeutic [52} administration of furosemide has 
been shown to increase the severity of glycerol
induced ARF in rats. Surprisingly, in methe
moglobin-induced ARF, the administration of 
diuretic after methemoglobin has been shown 
to improve GFR [50}. 

Taken together all these experimental stud
ies suggest that furosemide may be effective in 
preventing and/or reversing some forms of 
ARF. They also provide some useful informa
tion with very important clinical implications: 

a. Solure diuresis (such as that obtained by fu
rosemide or mannitol) but not water di
uresis (such as that obtained by i. v. infusion 
of glucose solutions) has a clear protective 
effect against ischemic ARF, provided that 
renal vasodilation is associated. 

b. Protection by furosemide is exerted not only 
when given before but also immediately af
ter the ischemic insult. 

c. For this protection, it is essential that uri
nary losses of salt and water are replaced by 
i. v. infusion of isotonic saline. 

d. Furosemide may potentiate the renal dam
age by nephrotoxic antibiotics when given 
concurrently. 

5.2 THE MECHANISM OF PROTECTION 

The protective effect exerted by furosemide on 
renal function as well as the therapeutic effect 
reported in some forms of ARF have been at-
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tributed to (a) renal vasodilation, (b) blockade 
of tubuloglomerular feedback, and (c) an in
crease in osmolar clearance. 

5.2.1 Renal Vasodilation Furosemide is 
known to cause renal vasodilation. This effect 
has been suggested as prostaglandin (PG) me
diated nO}, since it is completely blocked by 
indomethacin [65}. On the other hand, the ad
ministration of furosemide is followed by an in
crease in urinary excretion of PGs [66, 67}, 
which is reversed by indomethacin [67}. How
ever, experimental studies in animals failed to 
confirm an important role for the renal vasodi
lating effect of furosemide in preventing ARF 
[64}. Only with combined dopamine plus fu
rosemide did a marked renal vasodilation and a 
clear improvement in GFR occur, which were 
significantly correlated to each other, suggest
ing some role of vasodilation in protection 
[64}. Renal vasodilation may increase not only 
RBF but also K f through the increase in capil
lary surface area (see chapter 1). 

It is interesting to note that in some cases of 
ATN in humans, combined dopamine and furo
semide significantly increased urine output [68]. 

5.2.2 Blockade of Yubuloglomerular Feedback 
(YGF) Microperfusion of the loop of Henle 
with furosemide has been shown to completely 
block TGF [69, 70]. This blockade is probably 
related to inhibition of active chloride transport 
at the macula densa level [70]. To the extent 
that TGF plays a major role in the pathogenesis 
of ARF (see chapter 1), blockade of TGF may 
represent the main protective mechanism of fu
rosemide. Since renal vasoconstriction, which oc
curs in the early phase of ARF, may prevent ade
quate access of furosemide to the macula densa, 
the vasodilation induced by combined dopamine 
and furosemide may favor the delivery of the di
uretic to the macula densa, thereby allowing its 
blocking effect on TGF [64}. 

5.2.3 Increase in Osmolar Clearance As de
scribed above, an important role in protection 
is played by the increase in tubular flow rate 
that follows the inhibition of sodium chloride 
reabsorption in the loop of Henle. Since water 
diuresis resulting from inhibition of water 
reabsorption in the most distal part of the 

nephron has no protective effect despite the in
crease in urine output, protection appears re
lated to increase in osmolar clearance (solute di
uresis) rather than in urine output [25, 30}. It 
has been suggested that the high tubular flow 
rate induced by furosemide will prevent (or re
verse) tubular obstruction by flushing out cell 
debris and proteinaceous material and will 
maintain (or re-establish) the patency of renal 
tubules in a fashion similar to that obtained 
with mannitol [56, 64] (figure 1-2). It is 
therefore obvious that water diuresis is ineffec
tive because it raises tubular flow rate too dis
tally to adequately flush out all intratubular 
material. Consistent with this interpretation is 
the lack of protection of water diuresis (in 
water-drinking or diabetes insipidus rats) against 
glycerol-induced ARF [71, 72]. 

5.3 PROPHYLAXIS OF ARF IN 
HUMANS BY FUROSEMIDE 

Mannitol has usually been preferred to furo
semide as a prophylactic measure in high-risk 
patients. In a few reports on the use of furo
semide in critically ill surgical patients, no 
clear benefit from diuretic prophylaxis has been 
demonstrated: furosemide did cause a marked 
increase in urine output and in salt excretion, 
but did not protect against ARF [73, 74]. 

As discussed in other sections of this chap
ter, furosemide has been suggested as an im
portant measure for preventing ARF, which 
may follow severe hyperuricemia, therapy with 
cisplatinum, or diagnostic use of radiocontrast 
media. 

The literature is more extensive on the thera
peutic use of furosemide in oliguric ARF, for 
which the reader is referred to chapter 21. 

6 Prevention of Radiocontrast
Induced ARF 
The use of radiocontrast materials for diagnos
tic purposes is expected to increase in future 
years since contrast media are also required for 
modern radiographic techniques, such as com
puterized tomography and computerized intra
venous arteriography. 

In computerized tomography scanning, the 
contrast agent is used for image enhancement, 
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which frequently allows the demonstration of 
lesions not visualized without contrast. 

As far as computerized intravenous arteriog
raphy is concerned, the use of i.v. injection of 
contrast media rather than direct injection into 
extrarenal arteries is not expected to decrease 
their nephrotoxicity since these iodinate con
trast media are not detoxicated by the liver or 
by the lung [75}. 

In outpatients with normal renal function, 
the slight subclinical impairment of renal func
tion, which may occur (with a relatively low 
incidence) following the use of contrast media, 
will usually subside in 7 to 10 days without 
further problems. In these patients there is no 
need for routine evaluation of renal function af
ter radiographic procedures (75}. 

However, special caution is mandatory in 
high-risk patients. As described in chapter 2, 
pre-existing impairment of renal function, di
abetes mellitus, vascular diseases involving the 
kidneys, congestive heart failure, reduction in 
effective blood volume, dehydration, multiple 
myeloma, and advanced age represent predis
posing factors in radiocontrast-induced ARF. 
They may be variously combined, thereby in
creasing the risk of renal function impairment. 
Grey-scale sonography and radionuclide scan
ning should be preferred whenever possible. In
travenous pyelography (IVP) will not usually 
provide useful information for management in 
diabetic patients unless they exhibit acute de
terioration in renal function or recent symp
toms suggesting reversible urologic problems. 
Sometimes tomography alone may be useful 
and sufficient for detecting the occurrence and 
even the cause of obstructive uropathy. 

Should a radiocontrast procedure be unavoid
able in high-risk patients, adequate hydration, 
saline infusion and/or alkalinization, and main
tenance of solute diuresis by mannitol or furo
semide have been suggested as preventive pro
cedure. 

6.1 HYDRATION 
Even though there is no clear evidence that the 
incidence of contrast-induced ARF is reduced 
by hydration, free access to water should be 
permitted to all patients before radiocontrast 
procedures. 

6.2 SALINE INFUSION 

It has been claimed that adequate hydration 
with normal saline rather than water or dex
trose solution prevents radiocontrast-induced 
ARF [76}. Thus, in a prospective study of 537 
consecutive patients undergoing cerebral [295} 
and abdominal or peripheral [242} angiography 
followed by i.v. infusion of normal saline (250 
mllhr as flush solution during and 550 mllhr 
after the procedure), no case of ARF (increase 
in BUN of 50% or 20 mg/dl and/or increase in 
serum creatinine by 88.4 J.Lmoll 1, 1 mgt dl) 
was observed within 24 hours of the angio
graphic procedure [76}. A very important 
drawback of this study, however, was the 
short duration of the postangiographic obser
vation; it was limited to 24 hrs. It is, in fact, 
well known that serum creatinine reaches a 
peak most frequently on the third day (in some 
cases even on the seventh or eighth day) after 
the administration of the contrast medium (see 
chapter 2). Hence, this observation of a protec
tive effect of saline infusion in patients under
going angiography does not appear conclusive. 

The results obtained by Shapiro's group in 
patients undergoing IVP who were similarly 
hydrated with i. v. saline solution are quite dif
ferent [77}. In this study 40 patients with 
CRF were treated with i.v. infusion of 1,500 
ml of 86 mmolll (0.5 g/dl) NaCl solution in 
278 mmol/l (5 g/dl) dextrose in the 12 to 16 
hours preceding the IVP. The latter was per
formed by i.v. drip infusion of 300 ml of 30 
g/dl sodium diatrizoate in 10 to 15 minutes. 
ARF (increase in serum creatinine of at least 
25%) occurred within five days post-IVP in 28 
patients with an overall incidence of 70%; as 
many as 11 out of the 12 diabetic patients de
veloped ARF following the IVP; the incidence 
of ARF in nondiabetics was also very high (17 
out of 28 cases) [77}. From this study, it ap
pears that saline infusion by itself has no pro
tective effect against radiocontrast nephrotox
icity. 

6.3 MANNITOL AND FUROSEMIDE 

The protective effects of mannitol (250 ml of 
20 g/dl mannitol i.v. in 60 minutes) or furo
semide (mg 4,000 divided by creatinine clear
ance at a rate of 100 mg/5 minutes) have been 
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evaluated by Shapiro and his coworkers in two 
further groups of similarly hydrated patients 
(37 treated with mannitol and 17 with furo
semide) {40, 41]. These two groups were 
matched with the previously described control 
group for age, sex, percent diabetics, renal 
function, proteinuria, urine output, and so
dium excretion. The infusion of mannitol or 
furosemide was performed 60 minutes after the 
start of diatrizoate infusion and was followed 
by i. v. infusion of 77 mmolll (0.45 g/dl) NaCl 
solution in 278 mmol/l (5 g/dl) dextrose, at a 
rate equal to the hourly urine output, for the 
next 24 hours. The incidence of radiocontrast
induced ARF fell from 70% of the control 
group (hydrated with i.v. saline) to 22% (8 out 
of 37 patients) in the mannitol group and to 
18% (3 out of 17 patients) in the furosemide 
group {40, 41}. None of the patients had oli
guria at any time; only three out of nine dia
betics in the mannitol group and only one out 
of four diabetics in the furosemide group ex
hibited a significant nephrotoxic response to 
the contrast agents. No correlation was ob
served between the occurrence of ARF and 
baseline FENa; furthermore, the weight of the 
patients remained unchanged prior to and fol
lowing IVP in all groups, thereby ruling out 
any ECV expansion in mannitol or furosemide 
treated patients (who underwent i. v. fluid 
infusion post-IVP to replace urinary losses) 
{40, 41]. 

The results of Shapiro's group on the protec
tive effect of mannitol are consistent with a ret
rospective study by other authors {78}. When 
six patients wth CRF were infused intrave
nously with 5 g/dl mannitol solution over sev
eral hours within an hour of the radiocontrast 
procedure, no changes in serum creatinine 
were observed; but five control patients not 
given mannitol developed a significant increase 
in serum creatinine {78}. 

Taken together these interesting studies dem
onstrate that both mannitol and furosemide, 
given i.v. 60 minutes after the administration of 
radiocontrast agents, significantly protect pa
tients with CRF against radiocontrast nephropa
thy. This protection may occur through a reversal 
of renal vasoconstriction and/or prevention of 
tubular obstruction {41} (see chapter 2). 

6.4 RECOMMENDED PROTOCOL FOR 
PREVENTION OF ARF DUE TO UROGRAPHIC 
AND ANGIOGRAPHIC CONTRAST AGENTS IN 
HIGH-RISK PATIENTS 

a. Even though the use of laxatives during 
routine preparation for IVP has not been 
shown to increase contrast-induced ARF, 
the association of laxatives and enemas in 
high-risk patients should be avoided in the 
12 to 24 hours preceding radiocontrast pro
cedures {79}. This precaution is important 
in patients with CRF, particularly in those 
who are already on a salt-restricted diet. 
Volume depletion should, tn fact, be 
avoided before the study. 

b. Minimal doses of contrast agent compatible 
with a satisfactory radiographic study 
should be used, allowing sufficient interval 
between doses to permit complete renal 
clearance. A contrast dose containing 0.75-
Ig iodine/kg b.w. has been suggested for 
IVP in CRF patients. 

c. It is advisable to avoid, if possible, a sec
ond radiographic study in patients who 
have previously developed contrast nephrop
athy since these patients are particularly sus
ceptible to a further episode on re-exposure 
to the same contrast agent. In patients who 
have, in their history, systemic reactions to 
contrast media, a steroid pretreatment has 
been suggested before contrast rechallenge; 
this may protect against anaphylactic reac
tion, but it has not been proven that this 
pretreatment will prevent ARF. 

d. Mannitol should be infused intravenously 
according to one of the following protocols: 
First, the i. v. infusion, at a rate of 150 mll 
hour, of a solution of mannitol (137 
mmol, 25g) and sodium bicarbonate (100 
mmol) in one liter of 278 mmol (5g/dl) 
dextrose; this infusion should start one-half 
to one hour prior to the contrast procedure 
{80}. Or second, the i. v. infusion of hyper
tonic mannitol (1,098 mmolll, 20g/dl, 
250 ml i. v. in 60 minutes), delaying its 
administration to one hour after the infu
sion of the contrast medium (30 g/dl so
dium diatrizoate) in order to avoid the cu
mulative hyperosmotic effect of 30 g/dl 
sodium diatrizoate (943 mOsm/kg H 20) 
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and 20 g/dl mannitol (1,098 mOsm/kg 
H 20) (40}. 

Whatever the protocol, mannitol admin
istration should be followed for the next 24 
hours by infusion of half-normal saline (77 
mmol/l, 0.45 g/dl NaCl) in 5 g/dl (278 
mmolll) dextrose, at a rate equal to the 
hourly urine output, in order to replace 
urinary losses of water and electrolytes. 

e. Furosemide may replace mannitol, particu
larly in patients with heart failure. The dose 
of furosemide may be calculated by dividing 
mg 4,000 by the creatinine clearance in 
mllmin (e.g., 200 mg in a patient with 
creatinine clearance of 20 mllmin); the in
fusion should begin 60 minutes after the 
start of contrast infusion, with an infusion 
rate of 100 mg of furosemide/5 minutes 
(41}. Furosemide administration should be 
followed by continuous replacement of uri
nary losses of fluid and electrolytes for the 
next 24 hours (e.g., 77 mmolll, 0.45 g/ 
dl NaCl, in 278 mmolll, 5 g/dl dextrose 
intravenously at a rate equal to the hourly 
urine output). 

f. Any cause of volume depletion should be 
removed. Alternatively, any (renal or ex
trarenal) loss of fluid and electrolytes should 
be quantitatively replaced. 

g. Serum creatinine should be measured every 
day at least for the following three days. 
This is particularly important when the pa
tient has to face a further radiocontrast pro
cedure, a surgical operation, or the use of 
nephrotoxic drugs. 

6.5 RECOMMENDED PROTOCOL FOR 
PREVENTION OF ARF DUE TO ORAL 
CHOLECYSTOGRAPHIC AGENTS 

a. Since there is no evidence that fluid restric
tion improves gallbladder visualization by 
oral cholecystography agents, fluid intake 
should be encouraged during the 12 to 24 
hours preceding the radiographic procedure 
(79}. 

b. It is better to avoid the use of laxatives and 
enemas in the 36 hours preceding the cho
lecystographic procedure in order to avoid 
salt depletion (79}. 

c. Since ARF following oral cholecystographic 

agents usually occurs after a second double
dose of the dye, it is suggested that this 
double-dose should be avoided. Should a 
satisfactory visualization not occur follow
ing a single dose, another single dose of the 
agent may be given 24 hours later (79}. 

d. Tomography of the gallbladder and common 
bile duct may sometimes obviate the use of 
additional doses of contrast agents (79}. 

e. Ultrasonic cholecystography may also pre
vent a further dose of oral cholecystographic 
agents following nonvisualization after the 
first dose (81}. 

7 Prevention of C is platinum
Induced ARF. 
The widespread use of cisplatinum for treating 
solid tumors, such as testicular or bladder can
cer, ovarian carcinoma, and tumors of neck 
and head (see chapter 1 and 2), and the high 
incidence of iatrogenic renal damage in treated 
patients requires well-defined precautions for 
reducing risk factors that may be involved in 
causing or increasing toxicity. 

7.1 DRUG DOSAGE 

It is well demonstrated that the nephrotoxic ef
fects of cisplatinum are cumulative and that the 
severity of renal damage is directly proportional 
to the total dosage (82}. A single course with 
an overall dosage of 2 mg/kg b. w. (or 50-75 
mg/m2 body surface area) has been suggested as 
safe and adequate therapy; alternatively, 15 to 
20 mg/m2 body surface area/day repeated for 5 
days may be used (83}. Higher doses will in
crease the frequency and severity of renal im
pairment. The rapidity of cisplatinum infusion 
seems to be an important factor; it has been 
stated that impairment of renal function is less 
frequent when the infusion rate of cisplatinum 
does not exceed 1 mg/kg b.w.!hour (84, 85}. 
Fractionation of the total dose over five days 
does not seem to reduce the incidence of renal 
injury although it may delay it (86}. 

7.2 HYDRATION OF THE PATIENT 

Adequate hydration of the patient (urine out
put should possibly exceed three liters daily) 
has been suggested for diluting urinary cisplat-
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Inurn and consequently decreasing its nephro
toxicity [85} (see chapter 2). The intensive i.v. 
hydration may be carried out with 278 mmolll 
(5 g/dl) dextrose solution, 150 to 200 mllhour 
throughout the treatment and continued up to 
six hours after cisplatinum administration [85}. 

7.3 INFUSION OF SALINE SOLUTION 

The i. v. infusion of isotonic saline solution is 
another very important precaution. It is based 
on the following reasons: (a) cisplatinum al
most constantly causes vomiting, which may 
lead to salt depletion that potentiates cisplati
num nephrotoxicity, and platinum compounds 
should never be administered to patients with 
volume depletion; (b) Eev expansion will de
crease proximal tubular reabsorption, thereby 
diluting cisplatinum already in the proximal 
tubular fluid (this will result in a minor toxic
ity on proximal and distal tubular cells); (c) sa
line infusion has been shown to decrease the 
renal tissue content of platinum and increase its 
urinary excretion; and (d) when saline solution 
is used as vehicle for cisplatinum administra
tion, the nephrotoxicity of the drug is greatly 
reduced, presumably by preventing the aqua
tion reaction in extracellular fluid (see chap
ter 2). 

It has been suggested that the i. v. infusion 
of isotonic saline should be started 12 hours 
prior to cisplatinum administration, at an in
fusion rate of 100 mllhour [86, 87}; cisplati
num may then be added to the infusion solu
tion. Saline infusion should be continued for 
two to three days after cisplatinum therapy in 
order to maintain a urine volume of three to 
four liters/24 hours [83}. 

7.4 MANNITOL 

Intravenous infusion of mannitol (5g/hour) dur
ing and up to six hours after cisplatinum ad
ministration has been suggested in order to re
duce nephrotoxicity of the drug [39}. Mannitol 
has not been proven to give more protection 
than hydration and saline infusion; but since it 
will increase both the percentage of serum-free 
cisplatinum (i.e., unbound to a serum proteins) 
[88} and the urinary excretion of the drug 
[89}, it is worthwhile adding this precaution, 
which does not impair the antineoplastic activ-

ity of the drug. Furthermore, its use may allow 
the administration of greater amounts of fluid, 
thereby offering better protection [85}. Thus 
mannitol administration should be followed by 
fluid replacement with one-half normal saline. 

7.5 FUROSEMIDE 

There is still controversy as to whether furo
semide or other loop diuretics may have any 
role in reducing incidence and severity of cis
platinum nephrotoxicity. Promising results 
have been obtained in rats when furosemide 
was given prior to cisplatinum [90}. Only a 
few reports claim to have demonstrated some 
protective effect of furosemide in humans [91, 
92}. When using diuretic therapy, however, it 
is important to provide adequate replacement 
of urinary losses of salt and water. 

7.6 THE POSSIBLE PROTECTIVE ROLE OF 
GLUCOSE LOADING 

It has been demonstrated that rats made dia
betic by streptozotocin injection are completely 
protected against cisplatinum nephrotoxicity 
[93}. It is possible that this protection is re
lated to the enhanced glucose reabsorption in 
proximal tubules. If this is the case, glucose 
load prior to and during cisplatinum treatment 
may protect patients against cisplatinum neph
rotoxici ty. 

7.7 ASSOCIATION WITH OTHER 
NEPHROTOXIC DRUGS 

Association with other nephrotoxic drugs must 
be avoided. This is particularly important for 
aminoglycosides; when associated with cisplati
num, these antibiotics caused a greater decre
ment in renal function [94}. 

7.8 RECOMMENDATION IN PATIENTS WITH 
PRE-EXISTENT RENAL INSUFFICIENCY 

Although there is no experience concerning 
treatment of patients with pre-existent renal 
insufficiency, lower doses of cisplatinum 
should be used in these patients since the drug 
is excreted by the kidney. Only in the case of 
postrenal ARF due to urinary tract obstruction 
by platinum-sensitive tumor should a full-dose 
treatment be used. This treatment may lead to 
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regression of the tumor, release of the obstruc
tion, and improvement of renal function {85J. 

7.9 CAREFUL EVALUATION 
OF RENAL FUNCTION 
Renal function should be carefully evaluated in 
all patients before, during, and after treat
ment. Serum creatinine by itself may be mis
leading in these patients with continuous loss 
of body muscle mass because of their malignant 
disease; the creatinine clearance will undoubt
edly be a more accurate measure of renal func
tion {85}. 

7.10 MAGNESIUM WASTING 

It is not known how to prevent renal magne
sium wasting during cisplatinum therapy. 
Serum magnesium concentration should be 
measured frequently during treatment and hy
pomagnesemia (and hypocalcemia) corrected by 
parenteral administration of magnesium (and 
calcium) salts (oral magnesium salts may cause 
diarrhea). Prophylactic magnesium salt admin
istration should be avoided in view of the pos
sibility of renal impairment by cisplatinum and 
the consequent danger of hypermagnesemia 
{85J. Hypokalemia is also corrected by potas
sium replacement. 

8 Prevention of ARF Due to Fluorinated 
Inhalational Anesthetic Agents 
General anesthesia may itself cause ARF (see 
chapter 2, section 11) or may contribute to the 
occurrence of postsurgical ARF (see chapter 2, 
section 2.5). Thus, it is important, first of all, 
to choose the least toxic anesthetic. Obviously, 
such anesthetic agents as enflurane, halothane, 
and isoflurane are preferable to methoxyflurane. 
The following guidelines may help in prevent
ing renal toxicity. 

a. Since the total dose of the anesthetic is an 
important factor for its nephrotoxicity, it is 
very important to limit the concentration of 
the anesthetic and the duration of the anes
thesia as much as possible {95}. A light me
thoxyflurane anesthesia (exposure limited to 
2 MAC-h) {96J for short periods has been 
shown to be non nephrotoxic {97, 98J. 

b. Whenever possible other nephrotoxic agents, 
particularly aminoglycosides but also tetra
cyclines and penicillins, should be avoided 
preoperatively and in the immediate post
operative period {95}. 

c. Dehydration should be avoided by adequate 
fluid replacement during and after surgery 
or corrected immediately if occurring. Ad
equate water excretion during anesthesia 
would increase inorganic fluoride excretion 
and therefore protect against the nephrotox
icity of the anesthetic agent {99}. It should 
be borne in mind, however, that patients 
under intermittent positive pressure venti
lation tend to retain sodium and water. 

d. Careful attention should be paid to patients 
with hyperoxaluria or who have been 
treated for a long time with barbiturate or 
tolbutamide {95}. 

e. Methoxyflurane should be avoided in pa
tients with renal disease {96, lOOJ and, 
possibly, in obese patients. The latter, in 
fact, absorb more drug and develop neph
rotoxicity after a short exposure [lOl}. Pre
vious recent exposure to fluorinated anes
thetic agents should also represent a 
contraindication to methoxiflurane anes
thesia. 

f. Renal function and possibly serum fluoride 
levels should be regularly monitored in the 
postoperative period. The development of 
renal impairment may easily be missed in 
the early phase because ARF may be nonoli
guric {95J. 

g. Should ARF occur following methoxyflu
rane anesthesia, hemodialysis should be per
formed as early as possible to prevent per
manent damage {95} since both oxalic acid 
and fluoride are readily dialyzed {102}. 

h. Particular care should be given to the ven
tilation of the patient. It is well demon
strated, in fact, that mechanical ventilation 
and alteration in pulmonary gas exchange 
may impair renal function {lOO}. This is 
even more important in patients with 
chronic uremia. 

It should be borne in mind that the oxygen 
carrying capacity of the blood of patients with 
renal failure is greatly reduced (usually half 
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normal); thus, hypoxia should be avoided dur
ing and following anesthesia (103), 

In renal failure patients, Mazze et al. [104} 
suggest the following protocol for general anes
thesia: (a) induction by thiopentone, (b) succi
nylcholine for endotracheal intubation, (c) 
maintenance by halothane in a mixture of ni
trous oxide and oxygen, and (d) intraoperative 
muscular relaxation by D-tubocurarine. In the 
same patients, Lawson [105} suggests (a) pre
medication with atropine and morphine in nor
mal dosage; (b) induction by sodium thiopen
tone or nitrous oxide and oxygen; (c) 
maintenance by halothane or nitrous oxide and 
oxygen; and (d) muscular relaxation by tubo
curare. According to Lawson [105}, succinyl
choline may cause a dangerous release of potas
sium from muscles. Muscle relaxants are 
potentiated by hypokalemia, by polymixin, 
and by aminoglycosides [105}. 

9 Prevention of H yperuricemic ARF in 
Patients With Malignancies 
Because of the rapid and massive production of 
uric acid in patients with malignancies (leuke
mias, lymphomas, multiple myeloma, large 
solid tumors), particularly during aggressive 
treatment (see chapter 2, section 13), adequate 
pretreatment of these patients should start two 
to three days before chemotherapy or radiation 
therapy in order to prevent acute uric acid ne
phropathy. 

The following protocol is suggested: 

a. Allopurinol. Starting two days before anti
tumor therapy, allopurinol (a xanthineoxi
dase inhibitor) should be given in a dosage 
of at least 300 mg daily in order to mini
mize uric acid production. There is appar
ently no risk of xanthine nephropathy sec
ondary to the increase in xanthine following 
allopurinol administration. 

b. Hydration. A high urine output (greater 
than three liters daily) should be obtained 
before and maintained throughout the pe
riod of antineoplastic therapy. This is 
achieved by i.v. infusion of saline (154 
mmolll, 0.9 g/dl NaCl solution) and/or 5 

g/dl (278 mmolll) glucose solution. Loop 
diuretics may also be used, provided that 
the amounts of water and salt excreted with 
urine are adequately replaced by i.v. infu
sions. 

c. Alkalinization. The alkalinization of urine 
may be obtained, throughout the period of 
therapy, by i. v. infusion of isotonic (1/6 
M, 167 mmolll, 1.4 g/dl) sodium bicar
bonate solution (e.g., 500 ml daily). 

d. Aluminum hydroxide. Starting two days be
fore antitumor therapy, aluminum hydrox
ide should be given orally (doses ranging 
from 1. 5 to 5 grams daily) in order to pre
vent hyperphosphatemia (resulting from 
massive cell necrosis) and to minimize the 
risk of metastatic calcification and acute ne
phrocalcinosis (see chapter 2, section 15). 
The dosage of aluminum hydroxide should 
be adjusted according to the serum level of 
phosphate. 

Adequate hydration, alkalinization, and ad
ministration of allopurinol and aluminum hy
droxide should be pursued throughout antineo
plastic therapy. Meanwhile, renal function and 
serum concentration of uric acid, calcium, and 
phosphate should be monitored carefully. 

10 Precautions When Using 
Nephrotoxic Antibiotics 
Any time physicians are forced to use antibiot
ics to treat infections, their choice should be 
based on benefit-toxicity ratio, especially in se
verely ill patients with uncertain or reduced 
renal function and potentially lethal infections. 
It should be borne in mind that many antibiot
ics are nephrotoxic and any further fall in renal 
function will increase their blood levels and 
consequently the exposure to their toxic ef
fects. 

The toxic effects of the antimicrobial drugs 
are also related to the conditions in which the 
drugs are administered, such as type of the un
derlying infection for which the antibiotic is 
required, possible alteration in renal blood flow 
occurred during the disease, pre-existent renal 
insufficiency, condition of dehydration and salt 
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depletion due to fluid loss (because of diarrhea, 
vomiting, sweating resulting from fever), or 
concomitant use of other nephrotoxic drugs 
{l06}. 

As a general rule, nephrotoxic drugs (includ
ing antibiotics) should never be given to dehy
drated and/or salt-depleted patients. Thus, at 
the first observation of an infected patient, se
vere fluid and electrolyte abnormalities should 
first be corrected; then antibiotics may be 
given; a few hours of delay in antimicrobial 
therapy will do no harm. 

In patients with pre-existent renal insuffi
ciency, the dosage of antibiotics should be ad
justed to renal function. The latter is usually 
mirrored by the serum creatinine (SCr) level. 
The use of SCr for evaluating renal function, 
however, may lead to several types of errors 
[107}. First, slight rises (e.g., from 1 to 1.5 
mg/dl, 88 to 133 /J-mol/l) in SCr are frequently 
and mistakenly ignored; they may represent a 
signficant fall in clearance (from 95 to 65 mIl 
min in the example above, if the patient is a 
40-year-old male, 70 kg b.w.). 

Second, the same SCr (e.g., 1 mg/dl, 88 
/J-molll) may represent normal renal function 
(95 mllmin) in a 40-year-old man, 70 kg b. w. 
(normal muscle mass), but renal insufficiency 
(clearance 40 mllmin) in a 70-year-old woman, 
50 kg b. w. (reduced muscle mass). It is there
fore preferable to base the dosage schedule on 
creatinine clearance (rather than on SCr), which 
may be calculated as follows [108}: 

Creatinine clearance (140 - age in years) X kg b.w. 

(ml/min) 72 X Sc, (in mg/dl) 

(The result should be multiplied by 0.85 
for female patients). Unfortunately for some 
drugs (e.g., netilmicin), no data are available
on dosage based on creatinine clearance; even 
more precautions are necessary when using 
them. 

And finally, SCr reflects renal function in 
steady-state conditions but not when rising 
each day as in ARF (see chapter 7, section 4); 
under such circumstances, the dosage of the an
tibiotic based on SCr (or on the relative calcu
lated clearance) will be excessive [107}. 

11 Prevention of Aminoglycoside
Induced ARF 
Undoubtedly, aminoglycosides are the typical 
nephrotoxic antibiotics. As a matter of fact, an 
experimental model of ARF has been created 
with one of them: gentamicin (see chapter 1, 
section 3). 

ARF secondary to the use of aminoglycosides 
is seen very frequently in clinical practice (see 
chapter 2, section 7). 

The severe toxicity of aminoglycosides has 
prompted research, in recent years, toward 
the discovery of new and less toxic cephalo
sporins and penicillin analogs for treating 
gram-negative bacterial infections [109}. The 
new synthetic penicillin piperacillin represents 
a successful example in this respect. 

But the forecast for antibacterial drugs indi
cates that aminoglycosides will continue to 
play an important role in antibiotic therapy 
throughout the 1980s [l09}. 

Recent experience with commercially avail
able aminoglycosides and the expected appear
ance of newer aminoglycosides because of the pre
dictable occurrence of resistant gram-negative 
bacteria have suggested some guidelines for the 
use of any antibiotic of this group, especially 
in severely ill patients in whom the underlying 
disease may enhance drug nephrotoxicity. 
These guidelines may refer to the modality of 
treatment and to patient's conditions. 

11.1 MODALITY OF TREATMENT 

When choosing treatment with aminoglyco
sides, we must be sure, first of all, that the 
risk of renal injury is adequately balanced by 
the benefits expected from therapy. We 
have, then, to bear in mind the following 
points. 

11.1.1 Choice 0/ the Aminoglycoside. The 
choice of the aminoglycoside should be based, 
for anyone bacterial sensitivity, on the lower 
toxicity. Thus, since gentamicin and tobra
mycin have a similar spectrum of antibacterial 
activity, but the former has a greater cortical 
accumulation, prolonged excretion, and, ap
parently, greater ototoxicity and nephrotoxic
ity, it is advisable, whenever possible, to se-
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lect tobramycin for sensitive bacterial infections 
[l1O}. The U.S. Federal Food and Drug Ad
ministration has warned about the toxicity of 
gentamicin by officially stating that nephrotox
icity is less frequent with tobramycin than with 
gentamicin [109}. Apparently, the nephrotox
icity of amikacin is similar to that of gentami
cin [l11-114}. Netilmicin, the new semisyn
thetic derivative of sisomicin, seems to be the 
least nephrotoxic aminoglycoside [l15}. 

11 . 1 .2 Daily Dosage 0/ Aminoglycoside The 
daily dose of aminoglycoside must be adjusted 
(i.e., reduced) to the renal function. This is par
ticularly important in elderly patients [l16}. 
The dosage schedules shown in table 3-1 are 
suggested on the basis of data from recent lit
erature [117-122} (see table 3-1: Gentamicin, 
Tobramycin, Sisomicin, Amikacin, Kanami
cin, and Streptomycin). 

Recent studies have demonstrated that min
imum inhibitory serum concentrations of netil
micin for most negative bacilli are obtained, in 
subjects with normal renal function (creatinine 
clearance equal to or greater than 80 mllmin) 
with 2 mg/kg b. w. of the antibiotic every 8 to 
12 hours i.m. or i.v. (i.v. infusion over 30 to 
60 minutes); usually for urinary tract infec
tions, a dose of 2 mg/kg b. w. every 12 hours 
i.m. is sufficient [l23}. In patients with CRF, 
in order to achieve the minimum inhibitory 
serum concentrations of the drug, the interval 
between doses should be extended to three 
times the half-time (T 112) in hours. The follow
ing formula may be used for calculating T 1I2in 
these patients [l23}: 

T 112 (hours) = 2.27 5 

X serum creatinine (mg/dl) + 2.865. 

For practical purpose, similar values of inter
vals in hours may be obtained by multiplying 
the serum creatinine (SCn mg/dl) by 8. For 
high values of SCn however, peak serum levels 
with a normal dose (2 mg/kg b. w.) are too 
high [l23}. When SCr is greater than 6 mg/dl 
(530 /J-mol/l), therefore, it is suggested that 
half-dose (1 mg/kg b. w.) should be used at 
shorter intervals, calculated by multiplying SCr 
(mg/dl) X 4 (= intervals in hours). Since 

these calculations are based on serum creatinine 
concentration (SCr) rather than on creatinine 
clearance (see section 10 in this chapter), they 
are valid only for adult patients with rela
tively normal muscle mass and with stable 
values of SCr (see chapter 7, section 4). Netil
micin is effectively removed by hemodialysis 
{124} and should be given after each dialysis 
session {l23}. Table 3-1 gives the suggested 
dosages for netilmicin. 

When deciding the doses of aminoglycoside 
antibiotics, we should bear in mind that they 
do not penetrate adipose tissue [125}. Thus, 
dosage should be related to the ideal rather 
than to the total body weight [121, 126}. 
Blouin et al. [127} have suggested, for in
stance, that tobramycin dosage in the obese pa
tient should be based on 58% of the adipose 
weight of the patient. 

Despite these dose adjustments to renal 
function, however, aminoglycoside nephrotox
icity remains high. 

11.1.3 Frequency 0/ Administration 0/ the 
Aminoglycoside It has been demonstrated that 
the same daily dosage is less toxic in a single 
dose than in divided doses [l28}. Thus, not 
only a greater efficacy of treatment but also a 
reduced toxicity of the drug are obtained with 
single doses at greater intervals rather than 
with divided doses at short intervals [l16}. 
The suggested dosage schedules (table 3-1) 
take into consideration this important point. 

11.1.4 Duration 0/ Treatment The longer the 
duration of treatment, the greater the incidence 
of nephrotoxicity, presumably in relation to the 
increased renal cortical accumulation of the 
drug [129, l30}. Under normal circumstances, 
it takes 9 to 10 days of therapy for a clinical 
nephrotoxicity to develop [l09}. The risk is in
creased and the time shortened by the coexis
tence of other predisposing factors. 

In order to reduce the incidence and severity 
of nephrotoxicity, the course of therapy with 
aminoglycosides should be shortened as far as 
possible. For this reason, in cases of infection 
due to gram-negative bacilli, it has been sug
gested that an aminoglycoside should be given 
at first and then changed to a less toxic anti
biotic (e.g., ampicillin) to which the microor-
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TABLE 3-1. Recommended dosages of nephrotoxic antibiotics* 

Gentamicin, Tobramycin, Sisomicin 
GFR DOSE (PARENTERAL USE) 

>70 mllmin 1 mg/kg b.w. every 8-12 
hours 

50-70 mllmin 1 mg/kg b.w. every 12-16 
hours 

30-50 mllmin 1 mg/kg b.w. every 24 

10-30 mUmin 

5-10 mUmin 

Hemodialysis 

Amikacin, Kanamicin 

GFR 

>70 mUmin 

50-70 mUmin 

30-50 mllmin 

10-30 mllmin 

5-10 mUmin 

Hemodialysis 

Streptomycin 

GFR 

>70 mUmin 
30-70 mUmin 
10-30 mUmin 
<10 mllmin 
Hemodialysis 

Netilmicin 

GFR 

;;;'80 mUmin 

hours 
0.5 mg/kg b.w. every 24 

hours 
0.5 mg/kg b.w. every 48 

hours 
1 mg/kg b. w. after each 

dialysis session 

DOSE (PARENTERAL USE) 

7 mg/kg b.w. every 10-12 
hours 

7 mg/kg b.w. every 12-14 
hours 

7 mg/kg b.w. every 14-18 
hours 

3.5 mg/kg b.w. every 9-20 
hours 

3.5 mg/kg b.w. every 20-
36 hours 

3.5 mg/kg b. w. after each 
dialysis session 

DOSE (PARENTERAL USE) 

1 g/day 
0,5 g/day 
0.25 g/day 
0.25 g twice a week 
0.25 g after each dialysis 

session 

DOSE (PARENTERAL USE) 

2 mg/kg b.w. every 8-12 
hours 

<80 mUmin 
up to Sc, = 6 mg/dl 

for Sc, > 6 mg/dl 

Hemodialysis 

Ce/azolin 

GFR 

>50 mllmin 
30-50 mllmin 

5-30 mllmin 

Hemodialysis 

Cephalothin 

GFR 

>30 mllmin 

5-30 mllmin 

Hemodialysis 

Cephalexin 

GFR 

>75 mllmin 
50-75 ml/min 
20-50 mllmin 
5-20 mllmin 
Hemodialysis 

2 mg/kg b.w. at intervals 
in hours = Sc, (mg/dl) 
X 8 

1 mg/kg b.w. at intervals 
in hours = Sc, (mg/dl) 
X 4 

2 mg/kg b. w. after each 
dialysis session 

DOSE (PARENTERAL USE) 

500 mg every 6 hours 
500 mg as loading dose; 

then 250 mg every 6 
hours 

500 mg as loading dose; 
then 250 mg every 12 
hours 

500 mg as loading dose; 
then 250 mg after each 
dialysis session 

DOSE (PARENTERAL USE) 

15-35 mg/kg b.w. every 
4-6 hours 

20 mg/kg b.w. every 6-12 
hours 

2-4 g as loading dose; then 
1 g after each dialysis 
session 

DOSE (ORAL USE) 

500 mg every 6 hours 
500 mg every 8 hours 
500 mg every 12 hours 
500 mg every 24 hours 
500 mg every 24 hours 

(after dialysis in the day 
of dialysis) 

·Creatinine clearance (140 - age in years) X kg b.w. (the result should be multiplied by 0.85 for female patients) 
(mllmin) 72 X Sc, (in mg/dl) 

ganism has been proven to be susceptible, even 
when initial aminoglycoside therapy appears 
satisfactory [131}. 

11.2 PATIENT'S CONDITION 

11.2.1 Age 0/ the Patient Undoubtedly the 
advanced age of the patient is an important 
predisposing factor to aminoglycoside nephro-

tOXICIty [130, 132, 133J. Thus, amikacin
induced ARF occurred in 7% of patients aged 
16 to 30, but in 15% of those aged 46 to 60 
and in 20% of those over the age of 75 [132}. 
Hence, even more care should be taken when 
treating old patients. 

11.2.2 Renal Function One should never 
start a therapy with aminoglycosides without 
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TABLE 3-1. (Continued). 

Cefamandole 

GFR DOSE (PARENTERAL USE) 

>50 mllmin 0.5-1 g every 4-8 hours 
(maximum 2 g every 4 
hours) 

10-50 mllmin 125-500 mg every 4-8 
hours 

<10 mllmin 50-250 mg every 4-8 
hours 

Cephapirin 

GFR DOSE (PARENTERAL USE) 

>10 ml/min O. 5-1 g every 6 hours or 
30-80 mg/kg b.w.l24 
hours (in 4 divided doses) 

<10 mllmin 0.5-1 g every 12 hours or 
30-80 mg/kg b.w.l24 
hours 

Cephradine 

GFR DOSE (ORAL OR PARENTERAL 
USE) 

>50 mllmin 2-4 g/24 h or 50-100 
mg/kg b.w.l24 hours (in 
2-4 divided doses) 

10-50 mllmin 1-2 g/24 hours or 25-50 
mg/kg b.w.l24 hours 

<10 mllmin 0.5-1 g/24 hours or 12.5-
25 mg/kg b.w.l24 hours 

Cefadroxil 

GFR DOSE (ORAL USE) 

>50 mllmin 500 mg every 6 hours 
25-50 mllmin 500 mg every 8 hours 
10-25 mllmin 500 mg every 24 hours 
<10 mllmin 500 mg every 48 hours 

Cefotaxime 

GFR DOSE (PARENTERAL USE) 

>50 ml/min 15 mg/kg b.w. every 6 
hours 

30-50 mllmin 15 mg/kg b.w. every 6-8 
hours 

10-30 mllmin 15 mg/kg b.w. every 8-12 
hours 

knowing the renal function of the patient. 
Serum creatinine should be measured immedi
ately in order to decide the right dosage in re
lation to renal function according to the sug
gested dosage schedules. Renal function should 
then be monitored throughout the treatment 
(e.g., serum creatinine measured every other 
day) and even later (for at least one more 

<10 mllmin 15 mg/kg b.w. every 
18-24 hours 

Hemodialysis 15 mg/kg b.w. every 24 
hours (after dialysis in 
the day of dialysis) 

Cefoxitin 

GFR DOSE (PARENTERAL USE) 

>50 mllmin 15 mg/kg b.w. every 3-6 
hours 

30-50 ml/min 15 mg/kg b.w. every 8-12 
hours 

10-30 mllmin 15 mg/kg b.w. every 
12-24 hours 

<10 mllmin 15 mg/kg b.w. every 
24-36 hours 

Hemodialysis 15 mg/kg b.w. or 1-2 g 
after each dialysis session 

Colistin (Colomycin) 

GFR DOSE (PARENTERAL USE) 

>80 mllmin 2.5 mg/kg b.w. every 12 
hours 

40-80 mllmin 1.5 mg/kg b.w. every 12 
hours 

5-40 mllmin 1. 5 mg/kg b. w. every 
18-36 hours 

Hemodialysis 2 mg/kg b.w. every 12 
hours 

Vancomycin 

GFR DOSE (PARENTERAL USE) 

>85 mllmin 30 mg/kg b. w.l24 h (in 
divided doses) 

60-85 mllmin 15-25 mg/kg b.w.l24 
hours 

35-60 mllmin 10-15 mg/kg b.w.l24 
hours 

20-35 mllmin 10-20 mg/kg b.w.l48 
hours 

10-20 mllmin 6-10 mg/kg b.w.l48 hours 
<10 mllmin 4.5 mg/kg b.w.172 hours 
Hemodialysis 1 g every 7 -10 days 

week), since toxicity may occur more than four 
days after discontinuation of therapy [134J. 

A computer model has been proposed for 
prospective identification of the prenephrotoxic 
state during gentamicin therapy by monitoring 
the serum concentration of the drug through
out the treatment period [135}. Whether or 
not this approach is successful has not been es-
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tablished as yet [136}. However, since it is 
well established that renal damage may occur 
despite maintaining serum drug concentration 
within the accepted therapeutic range [111, 
116, 137-140}, in my opinion determination 
of serum drug concentration is unpractical and 
not necessary. 

Pre-existing renal dysfunction is an impor
tant predisposing factor to aminoglycoside 
nephrotoxicity [55, 116, 132}. Thus, in a re
view by Lane et al. [132}, the incidence of 
amikacin nephrotoxicity (i.e., deterioration in 
renal function) appeared proportional to the 
pretreatment level of serum creatinine, being 
8.6% when pretreatment serum creatinine was 
less than 1.3 mg/dl, 15.9% when it was be
tween 1.3 and 2.0 mg/dl, and 20.8% when it 
was greater than 2 mg/dl. 

11.2.3 State 0/ Hydration 0/ the Patient 
Dehydration and salt depletion represent pre
disposing factors to aminoglycoside nephrotox
icity [55, 109, 141-143}. In particular, salt 
depletion should be avoided prior to and dur
ing treatment or immediately and adequately 
corrected (with infusion of saline solutions 
rather than glucose solutions) if it occurs. Ac
rually, ECV should be expanded whenever pos
sible. There is, in fact, experimental evidence 
in rats that ECV expansion with isotonic so
dium chloride or sodium bicarbonate will in
crease urinary excretion of gentamicin [144} 
and protect against its nephrotoxicity. 

11.2.4 Metabolic Acidosis There is evidence 
that metabolic acidosis is another predisposing 
factor to aminoglycoside nephrotoxicity [145l 
Patients with chronic renal failure are usually 
in mild metabolic acidosis [122}; this will in
crease the risk of renal damage by aminoglyco
sides in these patients. But in all patients who 
experience a decrease of renal function due to 
the drug toxicity, the consequent occurrence of 
metabolic acidosis will create a vicious circle 
with progressively increasing impairment of 
renal function. 

11.2.5 Potassium Depletion Potassium deple
tion, experimentally induced in dogs by a low
potassium diet associated with the administra-

tion of DOCA, has been shown to increase gen
tamicin nephrotoxicity [146l On the other 
hand, gentamicin may, by itself, cause potas
sium wasting [146}, creating a vicious circle. 
Since potassium depletion may occur in se
verely ill patients through vomiting or diarrhea 
or in surgical patients through drainage from 
the gastrointestinal tract, any potassium loss in 
these patients should be monitored and ade
quately replaced. 

11.2.6 Previous Exposure to Aminoglycosides In 
contrast with the acquired insensitivity observed 
in experimental animals, as mentioned in chap
ter 2, the recent previous exposure of the patients 
to the same or different aminoglycosides repre
sents a potentiating factor for aminoglycoside 
nephrotoxicity [132}. Thus, repetitive courses 
of these drugs should be avoided [131l 

11.2.7 Concurrent Administration 0/ Furose
mide Whenever aminoglycoside nephrotoxic
ity is suspected, neither furosemide nor other 
diuretics should be used. It has been, in fact, 
demonstrated that diuretics (furosemide in par
ticular) potentiate aminoglycoside nephrotoxic
ity [109, 142, 147}. 

11.2.8 Concurrent Exposure to Other Nephrotoxic 
Agents Recent or simultaneous exposure to 
other nephrotoxins-such as X-ray contrast 
media [116, 148}, anesthetic agents [116, 
149}, cis-platinum [94}, or other toxic anti
biotics, cephalosporins in particular [55, 
132}-should be avoided because of their dem
onstrated additive toxic effects. 

11 .2.9 Intravenous I n/usion 0/ Aminoacids 
Even the i. v. infusion of amino acids in pa
tients under treatment with aminoglycosides 
may represent a hazard [109l 

It should be stressed that despite attention 
to these guidelines, aminoglycoside nephrotox
icity may occur during or even after completion 
of treatment [116, 137, 150l Whether a 
mild, subclinical renal dysfunction or a nonoli
guric ARF or a severe oliguric ARF occurs, it 
may depend on the coexistence of other unde
fined factors related to the clinical condition of 
the patients. 
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11.3 PREDICTABILIlY OF AMINOGLYCOSIDE 
NEPHROTOXICIlY 

A low-molecular weight (11,800 daltons) pro
tein, beta2-microglobulin, is freely filtered by 
the glomerulus and then reabsorbed and cata
bolized by the epithelial cells of the proximal 
tubule; its enhanced urinary excretion has 
therefore been suggested as an index of prox
imal tubular damage (15 1, 15 2}. Several re
ports in the recent literature have suggested the 
usefulness of detecting an increased urinary ex
cretion of betarmicroglobulin for predicting a 
fall in renal function during aminoglycoside 
treatment (134, 153, 154}. The increased ex
cretion of betarmicroglobulin corresponds, in 
fact, to the described ultrastructural lesions oc
curring in the proximal tubular cells as early 
manifestations of aminoglycoside nephrotoxic
ity (see chapter 2). On the same basis, an 
enhanced urinary excretion of proximal tubu
lar enzymes, such as N-acetyl-J3-D-glucosa
minidase (N.A.G.), alanine aminopeptidase 
(A.A.P.), and J3-glucuronidase, has also been 
suggested as a useful although nonspecific pre
dicting test (134, 155-158}. 

Sethi and Diamond (134} have described 
three different patterns of betarmicroglobulin 
excretion in patients developing aminoglyco
side nephrotoxicity: (a) a linear increase, (b) a 
single late peak, and (c) a double peak (while 
a single early peak was observed in five patients 
who did not develop any fall in renal function); 
this increase in betarmicroglobulin preceded 
any rise in serum creatinine by four to five 
days. The authors therefore suggest that betar 
microglobulin excretion should be monitored 
throughout aminoglycoside treatment in high
risk patients (betarmicroglobulin can be easily 
measured by radio-immunoassay in any hospi
tal laboratory with results available on the same 
day) (134}. 

12 Prevention of Renal Damage 
by Cephalosporins and Other 
Nephrotoxic Antibiotics 
As widely discussed in chapter 2 (section 8), 
cephalosporins may cause severe renal damage. 
Nephrotoxicity is increased in humans by the 
combination of aminoglycosides with furose-

mide. Therefore, these combinations should be 
avoided. Nephrotoxicity caused by the various 
cephalosporins listed hereafter differ from that 
due to other antibiotics. 

12.1 CEPHALORIDINE 

The nephrotoxicity of cephaloridine has greatly 
limited its clinical use in humans (106, 159, 
160}. In my opinion, cephaloridine should 
probably be avoided, particularly in patients 
with CRF (122}. 

12.2 CEFAZOLIN 

Although cefazolin has not shown significant 
nephrotoxicity in humans (161, 162}, it 
should be used with caution, especially in 
large doses, or in combination with aminogly
cosides, or in patients with creatinine clearance 
less than 50 mllmin; in the latter condition, 
dosage should be reduced as shown in table 3-
1 [122}. 

12.3 CEPHALOTHIN 

Cephalothin is one of the least nephrotoxic 
cephalosporins (see chapter 2, section 8). On 
the basis of reported toxicity, cephalothin 
should be used at reduced dosage in patients 
with severely impaired renal function (GFR less 
than 30 mllmin) especially when associated 
with other nephrotoxic drugs [106}. Table 3-
1 lists the doses that have been suggested 
[120, 122, 163, 164}. 

12.4 CEPHALEXIN 

Reduced doses of this oral cephalosporin should 
be used when renal function is less than 75 mIl 
min. The recommended schedule is shown in 
table 3-1 (118, 120, 122}. 

12.5 CEFAMANDOLE 

As mentioned in chapter 2 (section 8) cefaman
dole may cause ARF only at very high dosage. 
Thus, a considerable margin exists between 
therapeutic and nephrotoxic doses of this anti
biotic. Table 3-1 gives the suggested schedule 
[165}. 

12.6 CEPHAPIRIN 

For this antibiotic, no nephrotoxicity has been 
reported in humans. Dosage should be reduced 
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only in advanced renal failure. {l65, 166}. 
Table 3-1 gives the recommended dosages. 

12.7 CEPHRADINE 

This antibiotic, available for oral or parenteral 
use, requires reduced doses when GFR is less 
than 50 mllmin [165}. See table 3-1 for rec
ommended doses. 

12.8 CEFADROXIL 

Doses of cefadroxil should be reduced when 
GFR is less than 50 mllmin (see table 3-1), 
which allows adequate plasma and urinary con
centration of the antibiotic {l67}. 

12.9 CEFOTAXIME 

Since nonrenal mechanisms of elimination of 
cefotaxime become important when renal func
tion is reduced, only moderate reduction in 
dosage is necessary {l68}. The dosage schedule 
shown in table 3-1 may be used {l68, 169}. 

12.10 CEFOXITIN 

For cefoxitin, the recommended dosage sched
ule is shown in table 3-1 [170]. 

12.11 COLISTIMETHATE OR 
COLISTIN (COLOMYCIN) 

Cephalosporins seem to enhance the nephrotox
icity of colistin [l31}. Their association, there
fore, should be avoided. Table 3-1 gives the 
recommended dosage schedule for colistin pa
tients with reduced renal function [118, 119, 
122}. 

12.12 VANCOMYCIN 

This antibiotic, which is very efficient for 
treating staphylococcal infections, is poten
tially nephrotoxic and ototoxic. Hearing loss 
has been observed only in patients with renal 
failure treated with high doses [l31}. 

In order to reduce the risk of nephrotoxicity 
and ototoxicity, Moellering et al. [171} have 
recently constructed a nomogram for vancomy
cin dosage adjustment in patients with various 
degrees of renal failure. From that nomogram, 
the recommended dosage schedule shown in 
table 3-1 has been derived. Patients on RDT 
have been successfully treated with 1 gram in
travenously every 7 to 10 days [131}. 

13 Prevention of Drug-Induced Acute 
Interstitial Nephritis (AIN) 
Our experience in drug-induced AIN (see chap
ter 2, section 16) should warn all doctors 
about the use of drugs. We must remember 
that practically any drug can cause AIN. Thus, 
the occurrence of unexplained fever, skin rash, 
andlor hematuria during the administration of 
any drug must suggest its withdrawal since its 
continued use may lead to irreversible ARF. 

13.1 PREVENTION OF RENAL DAMAGE BY 
HYPERSENSITIVITY REACTION TO RIFAMPICIN 

As widely discussed in chapter 2 (section 16), 
discontinuation of treatment with rifampicin 
followed by resumption days to months later, 
or change of continuous daily medication into 
an intermittent regimen are the conditions that 
usually elicit the reaction to rifampicin. For 
this reason, when using rifampicin we prefer 
continuous daily therapy; the patient should be 
warned about the hazards of restarting therapy 
once it has been discontinued [172, 173}' 
Should we be forced, for any reason, to restart 
therapy after a preceding course, careful atten
tion must be given to the first signs of intol
erance; in this case rifampicin must be imme
diately withdrawn. Testing for circulating 
antirifampicin antibodies is not a useful screen
ing since reaction may occur even in the ab
sence of serum antibodies [174}. 

14 Prevention of Postsurgical ARF 
Because of the high incidence of postsurgical 
ARF, particular attention should be addressed 
to all patients undergoing surgical operations. 
Problems concerning renal function may arise 
from anesthesia, fluid and electrolyte abnormal
ities, and prophylactic use of antibiotics. 

14.1 ANESTHESIA 

As widely discussed in chapter 2 (section 11), 
anesthesia may by itself cause ARF. In section 
8 of this chapter, a detailed guidline for pre
venting renal damage by anesthetic agents was 
given. 

14.2 HYDRATION BEFORE SURGERY 

Adequate hydration with salt-containing solu
tions should precede surgical operation in order 
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to prevent dehydration and salt depletion dur
ing and after operation. This precaution is im
portant in patients with CRF who are particu
larly sensitive to dehydration because of their 
impaired ability to conserve sodium and water 
[l75}. 

14.3 BLOOD, FLUID, AND ELECTROLYTE 
REPLACEMENT DURING AND AFTER SURGERY 
During surgical intervention, blood loss should 
be adequately replaced. Adequate hydration, 
with salt-containing solutions, should be per
formed during operation to replace fluid losses 
that occur in all surgical operations. Further
more, all salt and water losses through nasogas
tric and/or enteric drainage should be carefully 
monitored and precisely replaced. 

14.4 ANTIMICROBIAL PROPHYLAXIS 
IN SURGERY 

The use of prophylactic antibiotics in surgery 
has been a matter of debate for many years and 
is still controversial. Because of this division of 
opinion, it is the view of many physicians that 
antibiotic toxicity is an acceptable risk when 
infection is established but unacceptable when 
there is only the possibility of an infection 
[l76}. 

14.4.1 Rationale for Antimicrobial Prophylaxis 
in Surgery Soon after the arrival of bacteria in 
host tissue, host defenses would immediately 
act against bacterial invasion to prevent the le
sion; apparently, it takes 24 hours for the 
complete development of the classic inflamma
tory lesion, but only four hours for its estab
lishment {l76, I77}. Therefore, antimicrobial 
prophylaxis, in order to supplement host de
fenses, should cover the four hours after bac
terial contamination {I77}. On this basis, an
timicrobial prophylaxis in surgery should be 
performed before rather than after the surgical 
operation. Clinical studies have, in fact, con
firmed that only patients who received antibac
terial prophylaxis were usually protected 
against postoperative infection of the wound; 
this did not occur when antibiotics were given 
after completion of the surgical operation 
[l78, 179}' 

14.4.2 Hazards of Antimicrobial Prophylaxis 
The most common errors in antimicrobial pro
phylaxis include (a) its routine use in all sur
gical patients; (b) excessive dosage of antibiot
ics-it has been recently demonstrated that one 
dose of cephalothin, for instance, is as effective 
as 20 grams given prophylacticly for four days 
{l80}; and (c) prolonged administration of pro
phylactic antibiotics [l8I}. 

The hazards of this procedure include (a) al
lergic drug reaction; (b) selection of resistant 
microorganisms with bacterial superinfection; 
(c) fungal superinfection; and (d) antibiotic 
toxicity, nephrotoxicity in particular. 

14.4.3 Limits and Modality of Antibiotic 
Prophylaxis According to Nichols {182}, who 
has recently reviewed this topic, antibiotic pro
phylaxis may be accepted only under the fol
lowing conditions: 

a. It is limited to patients at high risk for 
postoperative infections; these may include 
patients undergoing operations for bleeding 
or obstructing duodenal or gastric ulcer or 
malignancy; biliary tract operations when 
bile cultures are positive; surgical interven
tions of colon resection; those clean surgical 
procedures in which a prosthetic foreign 
body (e.g., cardiac valve, vascular graft, or 
total hip replacement) is implanted (infec
tion in these cases would be catastrophic) 
{l82}. Routine prophylaxis must be 
avoided. 

b. It starts within one hour prior to operation, 
when the antibiotic agent is given intrave
nously, or within 24 hours before the oper
ation with oral antibiotics as in operations 
of colon resection. This will allow high lev
els of the antibiotic agent in the wound 
during the operation. 

c. It continues for no longer than 72 hours 
(i.e., it should last 24 to 72 hours) in order 
to reduce the risks of drug toxicity, bacte
rial resistance, and bacterial or fungal su
perinfection; on the other hand, prolonged 
treatment will not reduce the incidence of 
further infection. 

Antibiotic agents should be given by fast 
i.v. injection (rather than by continuous i.v. 
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infusion or intermittent i.m. injection) in order 
to obtain more rapidly a high concentration of 
the drug in wound fluid (183]. 

Obviously, even when using antimicrobial 
prophylaxis, strict asepsis is absolutely neces
sary during and after the surgical operation. 

14.5 TREATMENT OF INFECTIONS IN 
SURGICAL PATIENTS 

Should infection occur in surgical patients and 
nephrotoxic antibiotics be unavoidable, their 
use requires all precautions as listed in sections 
10, 11, 12, and 13 of this chapter. 

Obviously, in all surgical patients, renal 
function should be carefully monitored before 
and for many days after operation. 
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4. PATHOLOGY OF ACUTE 
RENAL FAILURE 

Steen Olsen 

1 Introduction 
As appears from the chapter headings of this 
book, acute renal failure (ARF) may be due to 
a multitude of causes. Not surprisingly, there
fore, the histopathology of ARF reflects a cor
responding heterogeneity. However, this is not 
to say that the histopathology of the various 
types always gives clues to the underlying 
pathogenetic mechanisms. On the contrary, 
the acute decrease in renal function often can
not be explained by the structural alterations. 
Exceptions to this are some types associated 
with anatomical changes that are obviously not 
compatible with normal glomerular perfusion 
such as bilateral occlusion of the main renal ar
teries, some glomerular diseases, and wide
spread vascular thrombotic occlusion. 

While it is thus the opinion of this author 
that histopathology has not yet provided con
clusive pathogenetic insight, as regards the 
most frequent types, the morphological picture 
characteristic for a type must of course be taken 
into consideration when pathophysiological hy
potheses are discussed. Another reason why 
knowledge of the histopathology is important 
is that it may have diagnostic implications. 

The following account is mainly based on 
the information provided by renal biopsy spec
imens. Without doubt the introduction of the 
percutaneous biopsy method (1) has presented 
a much more secure base for our knowledge of 
renal structure than autopsy specimens. On the 
other hand, it should be stressed that biopsy 
material is influenced by preparation artifacts. 
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This may be of less importance regarding le
sions such as necrosis and inflammation, but 
may have profound implications for quantita
tive data obtained by morphometry. It is there
fore necessary to be cautious in drawing conclu
sions from measurements such as the size of 
tubular cells and tubular luminal diameter (2). 

ARF may be prerenal, renal, and postrenal. 
This review will deal mainly with the renal (or 
parenchymatous) forms, and the classification 
will be based on morphology (table 4-1) (2). 

The literature on the pathology of ARF is 
very large, particularly on the subject of drug
induced lesions. Although the reference list 
does not claim to be exhaustive, it contains 
some recent review articles, which may be con
sulted for more detailed reference to the litera
ture. 

2 Prerenal ARF 
Experience from autopsy specimens of patients 
dying with prerenal ARF have not indicated 
structural damage, which can be separated 
from known autolytic changes. Since there is 
no indication for renal biopsy in this situation, 
no structural lesions are known. If the glomer
ular hypoperfusion is due to bilateral occlusion 
of the main renal artery and if this occlusion is 
not surgically removed, total necrosis of the 
kidney will result. 

3 Postrenal ARF 
This type of renal failure is due to obstruction 
of the urinary tract. No discussion of the nu
merous causes of this shall be presented here. 
An acute obstruction may sometimes give rise 
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TABLE 4-1. Types of acute renal failure classified according to renal morphology 

Morphologic class (the most important 
structural lesions) Clinicopathological examples 

ARF DUE TO GLOMERULAR AND/OR VASCULAR LESIONS 

1. Glomerulonephritis 

2. Arteriolar microangiopathy 

3. Arteriolar and glomerular capillary 
thrombosis 

Acute postinfectious glomerulonephritis (anuric type) 
Excracapillary glomerulonephritis (crescentic) 

Hemolytic uremic syndtome 
Thtombotic, thrombocytopenic purpura 
Scleroderma 
Malignant hypertension 
Postpartum renal failure 

Disseminated intravascular coagulation 

ARF WITHOUT PROMINENT GLOMERULAR OR VASCULAR LESIONS 

1. Extensive rubular necrosis Toxic and drug-induced (dose-related) ARF (e.g., by HgCJ2 or 
aminoglycosides in high doses) 

2. "Shock kidney," vasomotor 
nephropathy (mild structural 
lesions: tubular dilatation, casts, 
scattered tubular necroses) 

ARF following shock, sepsis, hemolysis, myolysis, etc. 
Some drug-induced or toxic conditions associated with hypovolemia and 

hypersensitivity type (e.g., barbiturates, morphine derivatives, etc.) 

3. Interstitial cellular ifiltration Acute drug-induced interstitial nephritis (AIN) of hypersensitivity type 
(e.g., methicillin) 

Acute interstitial nephritis associated with sepsis 
Malignant lymphoma and leucemia 
Acute (bilateral) pyelonephritis 

4. ARF with extensive tubular 
obstruction 

Methoxyfluorane-induced ARF 
Uric acid deposition in malignant lymphoreticular diseases 
ARF in myeloma with protein casts 

5. ARF with normal structure ARF in nephrotic patients with minor glomerular abnormalities 
Some toxic or drug-induced conditions 

to dilatation of tubular lumina and glomerular 
urinary space, but these changes are not always 
present. If the obstruction is of more than a 
few days duration, PAS-positive material 
(probably Tamm-Horsfall's protein) may accu
mulate in distended periarterial lymph vessels 
and in adjacent interstitial tissue. 

4 Parenchymatous ARF 

4.1 VASCULAR AND GLOMERULAR DISEASE 

Several vascular diseases may be associated with 
extensive arteriolar and glomerular thrombosis. 
These are the visceral form of sclerodermia, 
thrombotic thrombocytopenic purpura, hemo
lytic uremic syndrome, malignant hyperten
sion and the nonhypertension-associated diffuse 

arteriolar necrosis, and thrombosis seen post
partum and rarely in other situations. In these 
conditions, there is such widespread arteriolar 
and glomerular thrombotic occlusion that it is 
easy to understand an effective perfusion pres
sure cannot be maintained (3}. The same can 
be said of the disseminated intravascular coag
ulation occurring in sepsis or other situations. 
The end result of this (and sometimes of some 
of the conditions mentioned above) may be bi
lateral cortical necrosis. 

Although ARF may occur in virtually all 
types of glomerulonephritis, it is most often 
seen in acute poststreptococcal glomerulone
phritis and particularly in crescentic glomeru
lonephritis (4-6}. Ganeval et al. (7} studied 
790 patients treated for ARF and found indi
cation for renal biopsy in 93. Predominantly, 
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FIGURE 4-l. Crescentic glomerulonephritis. From a pa
tient with rapidly progressive glomerulonephritis and an
uria. The capillary tuft (on the left) is strongly com
pressed by the large cellular crescent, which obstructs the 
urinary space. If virtually 100% of glomeruli are affected 
as it occurred in this case, no glomerular filtration is pos
sible (PAS-hematoxylin X 450). 

glomerular lesions were seen in 32 of these. 
The diagnosis may be suggested by the clinical 
presentation, but in many patients the diag
nosis depends on renal biopsy. 

Histologically, the glomerular morphology 
belongs to one of the several types of glomeru
lonephritis (8}, which shall not be discussed in 
detail here. The glomerular lesions often seem 
to explain the oliguria. The compression of the 
tuft by cellular proliferation and accumulation 
of fibrin in the urinary space in the crescentic 
types with 100% glomerular involvement can 
thus be so severe that any significant degree of 
glomerular filtration is precluded (figure 4-1). 
Glomerular thrombosis may also contribute to 

the glomerular hypoperfusion in these cases. 
In acute complex nephritis of the endocapil

lary type-for example, that due to streptococ
cal infection-the glomerular lesions are less 
severe. Nevertheless, thin silver-stained sec-

tions may in such cases show that almost all 
glomerular capillary lumina are occluded by 
proliferating and swollen mesangial and endo
thelial cells (figures 4-2 and 4-3). It should, 
however, be noted that there are patients who 
have renal failure but no glomerular tuft 
compression or obstruction. The last men
tioned cases must be explained by other path
ogenetic mechanisms, possibly identical with 
those operative in ischemic ARF (see also chap
ters 13 and 14). 

4.2 ARF WITH EXTENSIVE 
TUBULAR NECROSIS 

This is the classical example of a toxic nephrop
athy , e.g., due to poisoning with mercuric 
chloride. Most descriptions of this morpholog
ical type of ARF have been based on autopsy 
tissue that introduces the risk of misinterpret
ing autolytic changes. The existence of the type 
is, however, well documented by the few re
ported biopsies as well as by some autopsy 
specimens taken out early after death. The 
interpretations are also reinforced by animal ex
periments with comparable doses. The func
tional effects and the severity of histological 
damage in this type of ARF are strongly dose
related, in contradistinction to other drug-in
duced types, e .g., hypersensitivity-mediated 
interstitial nephritis. 

Mercuric chloride (HgCI2 , corrosive subli
mate) in sufficient doses induces a severe prox
imal tubular necrosis {9} with acute anuric 
renal failure. The initial phase is characterized 
by tubular cell necrosis and desquamation from 
the basement membrane. The necrotic rem
nants of the tubular cells can be seen in the 
lumina of proximal as well as distal tubules and 
collecting ducts. Later on, if the patient sur
vives, the tubular basement membranes are 
covered by regenerating, flat, or cubical epi
thelium with strongly basophilic cytoplasm. 
Gradually, this type of epithelium takes on a 
normal structure . Potassium bichromate and 
uranyl nitrate have also strong tubulotoxic ef
fects. 

Other agents, which may cause extensive tu
bular necrosis, are diethylene-glycol and eth
ylene glycol as well as carbon tetrachloride. 
The latter may, however, also give rise to the 
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"ischemia" type of ARF. Some antibiotics have 
also been reported to cause extensive tubular 
necrosis: cephaloridine in high doses {10), bac
itracin (l1). While the aminoglycosides (l2) 
may cause dose-related focal necrosis of the 
proximal tubules, it is rare that they produce 
confluent necrosis of lengthy segments like 
those seen in mercuric chloride poisoning (fig
ures 4-4 and 4-5). A possible exception is neo
mycin, which proved to be so nephrotoxic that 
it was withdrawn from parenteral use soon after 
its introduction. Autopsy studies have given 
evidence of extensive tubular necrosis following 
this drug . 

Based on autopsy studies and microdissec
tion, it appears that nephrotoxins affect spe
cific segments of the nephron [13}. While po
tassium bichromate affects the first segment of 
the proximal contorted tubule, uranyl nitrate, 
carbon tetrachloride, ethylene glycol, diethy
lene glycol, as well as kanamycin and genta
micin in high doses affect the whole proximal 
convoluted tubule. Mercury, some mushroom
toxins, and cephaloridine lead to necrosis of 
the third segment, that is, to the straight part 
of the proximal tubule. 

FIGURE 4-2. Acute anuric glomerulonephritis of the en
docapillary type. There is global, mesangial, and endo
thelial proliferation with scattered polymorphonuclear 
leucocytes (silver methenamine-hematoxylin X 500). 

Calcification of the necrotic tubular epithe
lium is a well-known sequela to mercuric chlo
ride poisoning. It may also occur after some 
drugs (bacitracin, amphotericin) and following 
treatment with streptozotocin, a f3-cell poison 
(figure 4-6) {l4}. 

4 .3 ISCHEMIC ARF (ACUTE TUBULAR 
NECROSIS, ATN) 

This frequent type of ARF presents some prob
lems of nomenclature (l2). The most fre
quently used term for many years has been, 
and is still, acute tubular necrosis (ATN). Our 
group [2, 14-17) has persistently objected to 
this since tubular cellular necroses are rare and 
probably without pathogenetic significance. 
One more reason why this nomenclature seems 
inappropriate is that another situation exists, a 
situation characterized by extensive tubular 
necroses as discussed above. The name we have 
used formerly, acute tubulo-interstitial neph
ropathy, can, on the other hand, scarcely be 
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FIGURE 4-3. Acute anuric glomerulonephritis. Higher 
magnification from the same biopsy as figure 4-2. The 
swollen endothelial cells are rot ally obstructing the capil
lary lumina, and no glomerular filtration seems possible 
(PAS-hematoxylin X 1,100). 

sustained since, logically, it also would cover 
the methicillin type of ARF. Since circulatory 
shock and hypovolemia have often been pres
ent, the term ischemic ARF is used in the pres
ent context. This type of ARF can also be due 
to septic abortion and follow large surgical in
terventions (I8}. Recent experience points to
ward drugs as the most common eliciting 
factor (e.g., barbiturate poisoning, sulfon
amides, antibiotics). In a comparatively large 
proportion of cases, no responsible factor can be 
found. 

The histopathology of the ischemic type of 
ARF as it appears in the renal biopsy is domi
nated by tubular changes, but they are usually 
rather weak or moderate. In fact, one of the 
most impressive features of this type is the con
trast between the complete breakdown of the 
renal function and the comparatively weak 
morphological lesions [l5-17}. The most con
stant alteration (figures 4-7 to 4-11) is a dila-

FIGURE 4-4. Extensive tubular necrosis. Kanamycin poi
soning. Tubular segments show total cellular disintegra
tion (arrows) (H & E. X 500). 
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FIGURE 4-5. Extensive tubular necrosis. From the same 
biopsy as in figure 4-4. A field with large areas of rege
nerative epithelium (arrows) beneath the granular rem
nants of necrotic proximal epithelium (H & E X 500). 

tat ion of the distal convoluted tubules with 
flattening of the tubular epithelium. The lu
mina may be empty but often contain casts 
consisting of a granular brownish or reddish 
material (H&E staining). They are most prom
inent in ARF following hemo- and myolysis. 
The proximal tubules sometime show slight 
dilatation with a weak flattening of the cells. 
The proximal tubular cells may show severe hy
dropic change with swollen cytoplasma (figures 
4-12 and 4-13). This lesion is, however, only 
present in patients who have been treated with 
i. v. dextran, sucrose, or other hyperosmotic 
fluids. Kaliopenic vacuolation (rather large vac
uoles) may occur in patients with hypokalemia. 
Single cell necroses may be present, mostly in 
distal tubules, but this lesion will be discussed 
in more detail below. Solez and co-workers 
(19} have pointed out that there is a loss of 
PAS-positive tubular brush border. The inter
stitium may be moderately edematous, and a 
slight focal infiltration with mononuclear cells 

FIGURE 4-6. Calcification following tubular necrosis. Au 
topsy specimen from a patient who developed ARF fol
lowing treatment with streprozotocin (a potent l3-cell poi
son used in this patient with the aim of destroying tumor 
tissue from a metastasizing islet cell tumor in the pan
creas). Two areas of calcified proximal tubules (arrows). 
Other tubules are covered by degenerative type of epithe
lium (H & E X 175). 

(mostly lymphocytes) may be present. The glo
meruli and vessels appear light-microscopically 
normal. The venae rectae in the outer zone of 
the medulla may be dilated and contain im
mature cells, mostly lymphocytes and plasma 
cells. Morphometric measurements {20} have 
shown swollen proximal tubular epithelium 
and widening of the interstitial space due to 
edema. 

Light microscopy of autopsy specimens de
viate from the picture described above. The 
proximal convoluted tubules are widely open 
{20}, which is in contrast to biopsies from pa
tients without ARF but also to the collapsed 
state of normal postmortem tubules. The oc
currence of tubular epithelial necrosis in this 
type of ARF is a special problem. It has already 
been touched on in the remarks above about 
nomenclature. We have always stressed that 
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FIGURE 4-7. Ischemic ARF. This biopsy was taken in a 
polyuric phase. There is no cellular necrosis but severe 
distal tubular dilatation and finely granular casts (arrows) 
(PAS-hematoxylin X 200). 

cellular necroses are few and focal (15-17, 21, 
22). The widely held view that extensive necro
ses are present had its origin in a mixing to
gether of this type with that of severe toxic 
renal damage (e.g., due to mercuric chloride) 
but also in an uncritical interpretation of au
topsy specimens with autolysis. 

On the other hand, that focal necroses are 
present is unquestionable (figure 4-9). As 
pointed out by Solez and co-workers [l9}, it is 
difficult to communicate an idea of the extent 
of tubular necrosis by using common words 
such as "gross," "extensive," "patchy," "fo
cal," etc. Furthermore, pathologists who rec
ognize only dead cells will note less necrosis 
than investigators who also noted focal absence 
of cells (denudation of the basement mem
brane). In the light of this discussion, this au
thor has reinvestigated the problem in his ear
lier series as well as in recent biopsies. From 
this reinvestigation, it appears that small, fo
cal tubular necroses evidently are present 1n 

FIGURE 4-8. Ischemic ARF. Strongly dilated convoluted 
distal tubule forming a "pretzel" -like structure, which is 
very characteristic for this type of ARF. There is no ne
crosis, the tubular cells are very thin but cover the whole 
circumference without defects (silver methenamine-hema
toxylin X 250). 
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FIGURE 4- 10. Ischemic ARF. Electron 
micrograph (X 20,000) showing proxi
mal tubular cell with well-preserved 
brush border. 

FIGURE 4-9. Ischemic ARF. In the center of the picture, 
a tubule (the type cannot be identified) with necrosis and 
cellular desquamation . This is a rare phenomenon in this 
type of ARF. Patchy necroses are nearly always unicellu
lar . From a case of ARF following sepsis (silver methena
mine-hematoxylin). 
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FIGURE 4-11. Ischemic ARF. Other proximal tubules 
show atrophic brush border. In some areas, there was no 
brush border present. The basal infoldings are scanty, but 
since it is impossible to identify the exact location of the 
segment, this may be without significance. No cellular ne
croses are present (X 20,000). 

most biopsies from this type of ARF. They can 
appear in two forms. One of these is that 
pointed out by Solez and co-workers [l9}: a 
short denuded part of the tubular basement 
membrane (tubular cell "nonreplacement"). 
The other type is even more characteristic. It 
appears as small foci of degenerated or necrotic 
tubular epithelial cells, usually associated with 
local disruption of the tubular basement mem
brane and surrounded by a small collection of 
mononuclear cells in the interstitium as well as 
in between the (often desquamated) epithelial 
cells. This lesion, which we have called "focal 
tubulo-interstitial lesion" is present in the is
chemic type of ARF and even more in intersti
tial nephritis (23}. Focal tubulointerstitial le
sion is, however, not specific for ARF; it can 
also be found in several types of acute and 
chronic renal disease (e.g., glomerulonephritis) 
without ARF. 

FIGURE 4-12. Ischemic ARF. Hydropic degeneration of 
proximal tubular epithelium. This phenomenon is not as
sociated with ARF, but is caused by infusion of osmotic 
active solutions, in this case dextran (PAS-hematoxylin 
X 500). 



158 

FIGURE 4-13. Ischemic ARF. This electron micrograph 
shows cyroplasm from hydropic changed proximal epithe
lium following dextran. There are a multitude of ex
panded lysosomes with electron lucent content as well as 
small accumulations of electron dense matter, probably 
dextran (X 35,000). 

Ultrastructural studies of tubular structure 
[21, 24, 25} have confirmed the relative rarity 
of tubular necroses (figures 4-10, 4-11, and 
4-14). Early investigations by electron micros
copy [21} showed preserved proximal brush 
border, but recent work [26} including blind, 
semiquantitative technique [24} has demon
strated that the brush border is in fact partially 
absent, thus confirming previous light micros
copy observations [19, 25}. The decrease of 
proximal brush border is so marked that prox
imal tubules may easily be mistaken as distal 
[24}. The basal infoldings are decreased in 
number and height [21, 24}; this has also been 
confirmed by use of a systematic, semiquanti
tative technique [24}. 

Dilated, distal tubules have flat epithelial 
cells with increased number of lysosomes. Glo
merular ultrastructure is normal [27} with the 
only exception being the large cytoplasmic ex
tensions from the podocytes were present in 

some patients. The significance of this phe
nomenon is not clear. 

Immunofluorescent microscopy has not re
vealed immunoglobulins or complement in the 
glomeruli [19, 26}. 

The question of the significance for the renal 
failure and for the oliguria (if present) of the 
various histopathological lesions has recently 
been investigated. Solez et al. [19} studied a 
biopsy series semiquantitatively in order to see 
if one or more of the histopathological lesions 
were present in ARF but not in patients who 
had recently recovered from ARF. Most of the 
changes that were assessed (e.g., leucocyte ag
gregation in the vasa recta, tubular dilatation, 
casts, interstitial inflammation, and edema) 
were in fact more severe in ARF than in con
trols, but they persisted in the recovery group, 
for which reason it was considered unlikely that 
they play any role in causing renal failure. 
Only patchy tubular necrosis and loss of brush 
border were significantly more severe in ARF 
than in the recovery phase. It was therefore 

FIGURE 4-14. Ischemic ARF. Distal tubule with electron 
dense, granular cast. One epithelial cell is necrotic (bot
tom); another, partly represented in the upper left, is 
probably also (X 8,000). 
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proposed that these lesions might be the cause 
of ARF [l9}. 

The present author found by electron micros
copy that the severe reduction of the basal in
foldings in the anuric period is significantly 
less pronounced in recovery {24}, and this is 
probably also valid for the brush border disap
pearance. These observations seem to point to
ward a primary lesion taking place in structures 
concerned with transcellular transport, al
though other interpretations are still possible. 

4.4 INTERSTITIAL NEPHRITIS 

The term interstitial nephritis is applied to 
renal diseases with no primary glomerular af
fection but with severe inflammatory changes 
in the interstitial tissue {28}. This rather ill
defined group of diseases is usually referred to 
as acute and chronic pyelonephritis, chronic 
analgesic nephropathy, and acute interstitial 
nephritis due to an allergic reaction against cer
tain drugs. The last mentioned types (for 
which the term acute interstitial nephritis, AIN, 

FIGURE 4-15. Acute interstitial nephritis following meth
icillin. Low-power micrograph showing interstitial infil
tration with mononuclear cells (silver methenamine-he
matoxylin X 175). 

will be used) is exemplified by the ARF due to 
methicillin {29-34} (see also chapter 2, section 
16). The typical clinical picture is that of a pa
tient who some days or a couple of weeks after 
treatment with the drug develops fever and a 
skin rash. Within a few days, the renal func
tion decreases and oliguric or nonoliguric ARF 
develops. There may be eosinophilia. The pa
tient may need dialysis but usually recovers, 
and only rarely a permanent impairment of the 
renal function follows. Histologically (figures 
4-15, 4-16, and 4-17), the renal biopsy 
shows severe interstitial inflammatory infiltra
tion, most typically with lymphocytes (the 
designation "acute" is appropriate for this con
dition despite the predominant mononuclear 
infiltration since the clinical course is acute). 
The infiltration is present in all parts of the 
cortex, it is somewhat patchy, and the me
dulla may also be involved, but not always and 
to a much lesser degree. Besides small and 
large lymphocytes, histiocytes are also present 
in a considerable number. Plasma cells and 
polymorphonuclear leucocytes are rare. Some 
cases have been described in which eosinophils 
were present in a large number, but this is a 
rare type. There is a severe interstitial edema. 
Focal tubulo-interstitial lesions {23} are very 
conspicuous. They appear as small foci of tu
bules with rupture of the basement membrane, 
degeneration or necrosis of the tubular epithe
lium, which is often desquamated, and infil
tration of the tubular wall with mononuclear 
cells (figure 4-17). It is unclear exactly what 
part of the tubules are affected due to the se
vere degenerative alterations of the tubular 
cells. We have formerly considered this lesion 
to be exclusively distal, but have more re
cently gained the opinion that proximal tu
bules may also be affected. The tubules outside 
these foci are usually normal, and it is partic
ularly important to note that they lack the ten
dency to distal dilatation as well as the haem
casts characteristic for the ischemic type of 
ARF. Morphometry has demonstrated a consid
erable expansion of the interstitial space (in fact 
this disease has the largest interstitium of all 
types of ARF) as well as a comparatively slight 
distension of the distal tubular lumen. The 
proximal tubular cell volume and the size of 
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the proximal lumen are normal [2}. The re
markable distension of the interstitial space 
might give rise to the assumption that 
compression of the tubules was the direct cause 
of anuria or oliguria. We therefore measured 
the relative interstitial volume in a series of 
biopsies from patients with ARF, including 
many with acute interstitial nephritis [25}. Al
though the mean interstitial volume was 
greater in patients with oliguria (43.6%) than 
in those with nonoliguric ARF (35.0%) and 
patients in recovery (38.4%), the large disper
sion of the values excluded this hypothesis 
since normal as well as strongly increased val
ues occurred in all three groups. These data 
demonstrate that a functioning kidney with 
production of a normal amount of urine may be 
compatible with an expansion of the interstitial 
space to about 60% of the total kidney volume. 

Glomerular structure is normal. Arteries and 
arterioles are normal or show slight thickening 
of their walls, which is probably unrelated to 
the acute disease. The intertubular capillaries 
are dilated, and some contain lymphocytes. 
Immunofluorescent microscopy has usually 
been negative [32}, but some cases have been 
described in which antibodies and complement 
were present in tubular basement membranes 
[31, 33, 35}. Electron microscopical studies 
are scarce [26, 29} and have usually confirmed 
the lymphocytic composition of the inflamma
tory infiltrate. No deposits are present in the 
glomerulus or in or near the tubular basement 
membranes. 

Although methicillin has been the most fre
quent responsible agent during later years, this 
drug is by no means the sole offender. The list 
of other drugs implicated is long. The most 
frequently cited in the literature are ampi
cillin, cephalosporins, rifampicin, sulfonamides, 
phenindione, and allopurinol [12, 30, 34}. 
Acute interstitial nephritis has been known 
long before the antibiotic era [36, 37J. It was 
then associated with diphtheria, scarlet fever, 
and sepsis. 

The possibility that the disease may be 
brought about by sepsis or other infections 
makes it sometimes uncertain whether the in
fection for which the patients were treated or 
the drug was responsible. Our report on a se
ries of cases occurring in patients without in-

FIGURE 4-16. Acute interstitial nephritis following meth
icillin. Higher magnificaton from the same biopsy as in 
figure 4-15. There is strong expansion of the intertubular 
space due to the inflammatory infilrrate (silver methena
mine-hematoxylin X 200). 

fection but treated prophylactically demon
strates, however, unmistakably that dtugs may 
be the responsible factor [32}. 

The pathogenesis is not known. Two reports 
[31, 32} showing the presence of penicilloyl 
hapten and IgG in the tubular basement mem
branes were interpreted as indicating an anti
tubular antibody reaction. Most cases are, how
ever, negative (as indicated above), and other 
mechanisms must be sought. 

Acute renal failure may occur in patients 
with bilateral acute or subacute pyelonephritis 
[18, 38}. The biopsy shows a diffuse infiltra
tion with leucocytes, mainly polymorphonu
clear neutrophils, as well as leucocyte casts. 
Microabscesses may be present. The prognosis 
depends on successful removal of the source of 
infection, which is usually urological. Repeat 
biopsies in cases with persisting renal failure 
have shown transition to the picture of chronic 
pyelonephritis with interstitial fibrosis, infiltra
tion with mononuclear cells, and nephronic 
atrophy [38}. 
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FIGURE 4-17. Acute interstitial nephritis following meth
icillin. Centrally, there are cellular remnants of a dis
rupted tubule with disappearance of the basement mem
brane and infiltration with lymphocytes around and 
between the epithelial cells (focal tubulo-imerstitial le
sion) (silver methenamine-hematoxylin X 500). 

4.5 ARF WITH EXTENSIVE 
TUBULAR OBSTRUCTION 
It appears from the discussion above that casts 
in the renal tubules are frequent in ischemic 
ARF (ATN). Their presence in polyuric ARF 
and in the period of restitution following ARF, 
however, does make it improbable that they 
have causative importance for the decrease of 
renal function. 

There are, however, some forms of ARF in 
which material in the tubules or collecting 
ducts is so abundant that the possibility of an 
obstruction becomes possible. 

To this category belongs the acute methoxy
fluorane nephropathy {39} (see chapter 2, sec
tion 11). This drug which was formerly much 
used for anesthesia, could give rise to anuric or 
polyuric ARF. Extensive deposition of calcium 
oxalate crystals was present in the renal tu
bules. Obstruction could be of importance in 

the an uric cases , but scarcely in polyuria, and 
the ARF might also be due to the action of 
fluoride, which (together with oxalate) is a me
tabolite of methoxyfluorane. In ethylene glycol 
poisoning (see chapter 2, section 12), there is 
also heavy deposition of oxalate crystal in the 
tubules. 

Tubular crystalline deposits may occur in pa
tients with leucemia or malignant lymphomas 
treated with cytotoxic drugs. Also in these 
cases, there can be other causes for the renal 
failure, e.g., an action of the elevated serum 
uric acid (see chapter 2, section 13). 

Reactions to sulfonamides with ARF are 
usually associated with a morphologic picture 
of the ischemic type of ARF or AIN, and it is 
unlikely that the rather small number of crys
tals deposited in such cases are of causal impor
tance. 

4.6 ARF WITH NORMAL KIDNEY STRUCTURE 

It is of considerable theoretical interest that this 
severe functional disorder may exist without 
any light microscopical or electron microscopi
cal lesions (figure 4-18). 
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This situation is sometimes met with in pa
tients with minimal change nephrotic syn
drome (5, 40) (see chapter 13, section 2). In 
most of these patients, recovery of renal func
tion occurred after diuretic therapy. It has been 
suggested that this complication may be due to 
a reversible alteration in glomerular hemody
namics related to fluid retention (40). With 
the exception of the interstitial edema noted in 
many of the biopsies, there were no glomeru
lar, tubular, or other lesions by light or elec
tron microscopy. It should particularly be 
noted that no evidence of tubular necrosis was 
present. Normal renal structure in ARF has 
also been reported in some cases of acute poi
soning with lithium (2) and diphenhydramine 
(l4). 

4.7 TRANSPLANT ARF 

Acute decrease in graft function is a complica
tion that may happen at any moment of the life 
of the graft although it occurs most frequently 
during the first weeks. The renal failure may 
be due to rejection or to other causes (see chap
ter 20). 

The most frequent causes of early graft fail
ure are acute rejection, primary graft anuria, 
and vascular occlusion. More rare causes are 
transmission of glomerulonephritis, hyperacute 
rejection, pyelonephritis, and ureteral obstruc
tion. 

In the present context, only hyperacute re
jection, acute rejection, and primary graft an
uria shall be discussed. For a more extensive 
presentation of the pathology of graft disease, 
the reader is referred to a recent review (41). 

The term primary graft anuria refers to the 
situation wherein the function of the graft does 
not begin immediately following opening of 
the anastomoses but only after a period that 
may extend to several weeks. This phenomenon 
is practically only seen in cadaver kidneys. The 
cause of this lack of function is not entirely 
clear, but must be sought in conditions affect
ing the kidney during the disease of the donor, 
the period between cardiac arrest and nephrec
tomy, as well as during the warm and cold 
ischemia. The histopathology of this condition 
is only poorly known since biopsies are usually 
not performed until several days (or more) have 

FIGURE 4-18. ARF with normal renal structure. The 
renal failure, which was reversible, followed intoxication 
with diphenhydramin. Light microscopically as well as 
electron microscopically, there was normal structure (sil
ver methenamine-hematoxylin X 200) . 

elapsed. This means that the picture may be 
complicated to an unknown degree of altera
tions due to incompatibility or to actual rejec
tion, which may be difficult to recognize when 
it occurs in a nonfunctioning graft. 

Some cases present a histopathological pic
ture resembling that of ischemic anuria (as de
scribed above). There is, however, usually more 
focal tubular necrosis and often a rather severe 
interstitial edema, and there may be a slight 
mononuclear cell infiltration. Late biopsies 
from patients with established function have 
shown patchy tubular epithelial calcification as 
a sequel to the necroses of the tubules. 

Solez et al. (42) have recently described a 
peculiar change in one-hour biopsies from renal 
transplants in patients who later showed clini
cal signs of primary transplant anuria. They 
observed by scanning electron microscopy 
podocyte cell bodies and major processes that 
covered the foot processes. The physiological 
significance of the phenomenon is still unclear, 
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but it may be related to a decrease in glomer
ular permeability. It is possible that the cyto
plasmic expansion of podocytes seen in some 
patients with ischemic ARF (in native kidneys) 
described above [27} is related to this phenom
enon. Hyperacute rejection is a graft failure oc
curring very early (i.e., often a few minutes) 
after opening of the anastomoses. It is elicited 
by pre-existing humoral antibodies against the 
graft, due to pregnancies or multiple transfu
sions [43}. Very early biopsies show leucocyte 
accumulation in the glomerular capillaries. 
Soon after an extensive glomerular capillary and 
arteriolar thrombosis occur (figures 4-19 and 
4-20); if the graft is left in situ, it will develop 
total cortical necrosis with a gross pathology as 
well as histopathology identical with that 
known from disseminated intravascular coagu
lation. A similar picture may develop after ma
chine perfusion. 

The acute allograft rejection may occur as a 
graft failure as early as a week after transplan
tation, but it is not restricted to the early post-

FIGURE 4-19. Hyperacute rejection. Virtually all glomer
uli have capillary thrombosis (stained black). There is wide
spread cortical necrosis. Graftecromy specimen (Weigert's 
stain for fibrin X 175). 

FIGURE 4-20. Hyperacute rejection. The same specimen 
as in figure 4-19 in larger magnificaron. Glomerular cap
illary thrombosis stained black with Weigert's stain for 
fibrin ( X 500). 

transplant period, and may set in after several 
years of function. The histopathology of acute 
rejection is dominated by interstitial and vas
cular phenomena (41, 44}. Interstitial edema 
and a patchy infiltration with mononuclear 
cells (lymphocytes, histiocytes, plasma cells) is 
most marked in the inner cortex, but can be 
seen in all parts of the parenchyma. The infil
trate is most marked around small veins. Many 
mononuclear cells are also present in the lu
mina of dilated intertubular capillaries, and 
they may be seen passing through the wall of 
the vessel. 

Medium-sized and small arteries show edema 
and mononuclear cell infiltration of the intima, 
and the lumen of the vessels may be much nar
rowed or totally obstructed (figures 4-21 and 
4-22). Fibrin may appear in the intima as well 
as the media. The glomeruli may show mod
erate mesangial hypercellularity and endothelial 
swelling. In more severe cases of acute rejec
tion, vascular thrombosis affecting glomerular 
capillaries (figure 4-23) and small arteries and 
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FIGURE 4-21. Acute rejection. Small artery with edema 
and lymphocyte infiltration in the swollen intima. There 
is severe interstitial lymphocyte infiltration to the left 
(PAS-hematoxylin X 800). 

FIGURE 4-22. Acute rejection. Arteriole with total occlu
sion of the lumen due to endothelial proliferation. This 
may lead to multiple, small cortical infarctions (PAS-he
matoxylin X 800). 

FIGURE 4-23. Acute rejection. Glomerulus with capillary 
thrombosis (arrows) and moderate cellular proliferation of 
the tuft (PAS-hematoxylin X 450). 

veins may complicate the picture. In such 
cases, there are multiple small cortical infarcts 
with tubular wall necrosis and interstitial hem
orrhage. The terminal stage of a severe acute 
rejection may be complicated with thrombotic 
occlusion of the main renal vessels, eventually 
leading to total graft necrosis. 

Not all histopathological lesions have any 
impact on graft survival. Interstitial cellular in
filtration may be severe, but its degree is not 
related to graft survival. Vascular thrombosis 
and focal tubular cell necrosis, on the other 
hand, indicate a poor prognosis for long-term 
graft function (45}. 

The renal failure in hyperacute as well as 
acute rejection can be related to the widespread 
vascular obstruction due to intimal swelling 
and/or thrombosis, but it is also possible that 
other mechanisms are responsible. Interstitial 
edema and the cellular infiltrate have probably 
no importance since renal function is main
tained in other conditions with severe expan
sion of the interstitial volume (e.g., leucemic 
infiltration and methicillin nephropathy in the 
recovery phase). 
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5. ENDOCRINE SYSTEM IN ACUTE 
RENAL FAILURE 

Franciszek Kokot 

1 Introduction 
Occurrence of endocrine abnormalities in acute 
renal failure (ARF) may be expected for the fol
lowing reasons: (a) The kidney is an important 
endocrine organ, in which erythropoietin an
giotensin I and II, active vitamin D metabo
lites, kinins, and prostaglandins are synthe
sized. (b) The kidney is an important excretory 
and biodegrading organ for hormones. (c) The 
kidney is the target organ of several hormones 
involved in the regulation of its excretory and 
endocrine functions. (d) ARF is caused by dif
ferent etiological factors or is accompanied by 
deep alterations of the internal environment, 
which per se may influence secretion control of 
hormones, their transport, transformation, 
degradation, and binding to target cells. 

There exist several differences between ARF 
and chronic renal failure (CRF), which may in
fluence the function of endocrine organs in dif
ferent ways. Among them the following are to 
be mentioned: (a) In contrast to CRF, in ARF 
the amount of active renal parenchyma is rela
tively well preserved {l-4}. (b) Etiological and 
pathogenetic factors involved in ARF are differ
ent from those of CRF [5-7}. (c) ARF is char
acterized by oliguric and polyuric phases that 
may influence endocrine organs in different 
ways. (d) In ARF severity of reduction of renal 
blood supply and glomerular filtration rate and 
the degree of tubular obstruction and/or back
leakage across the damaged tubule vary from 
one case to another; these may influence the 
endocrine and biodegrading function of the 
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kidneys to differing degrees. In contrast to 
ARF, in end-stage renal failure, the severity of 
reduced renal function is much more homoge
neous. (e) Finally, the nutritional and thera
peutic management of ARF differs from that of 
CRF. 

2 Endocrine Abnormalities in ARF 

2.1 ADENOHYPOPHYSIS 

2.1.1 Growth hormone (HGH, Somatotrophin) 
In patients with ARF during the oliguric 
phase, significantly elevated basal as well as 
insulin-induced HGH levels are found [8]. 
Postdialysis HGH secretion nearly normalizes 
despite maintaining resistance to the hypogly
cemic effect of insulin [8J. Fasting, environ
mental and physical stress, protein and calorie 
undernutrition, and disturbances of the water
electrolyte and acid-base metabolism could be 
excluded as potential factors involved in the 
pathogenesis of abnormal HGH secretion in 
ARF [8]. Since the half-life of HGH estimated 
in CRF after somatostatin secretion is normal 
[9], it seems barely true that impaired renal 
clearance of this hormone is responsible for its 
elevated plasma level in ARF. Thus, it follows 
that increased plasma levels of HGH in ARF 
are rather due to enhanced secretion of this hor
mone. In turn, increased secretion of HGH 
could be caused by an enhanced cellular influx 
of calcium ions stimulated by the existing sec
ondary hyperparathyroidism [10, 11] or by 
other factors. 

The pathophysiological role of elevated 
plasma HGH levels in ARF is still a subject for 
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speculation. That this hormone is involved in 
the pathogenesis of carbohydrate intolerance 
[I2, 13} and increased lipolysis, which are 
commonly observed in ARF, cannot be ex
cluded [8}. As HGH exerts a stimulatory effect 
on intestinal calcium absorption [I4} and 
1,25 -dihydroxycholecalciferol (1,25 -(OHhD3) 
biosynthesis [I5, I6}, increased HGH secre
tion could be regarded as a purposeful mecha
nism counteracting hypocalcemia usually pres
ent in ARF. 

2.1.2 Prolactin (LtH) Basal plasma prolac
tin (LtH) levels are significantly increased in 
patients with ARF both in the oliguric and 
poly uric phases [I7, I8}. After chlorpromazine 
administration, an exaggerated increase of 
plasma prolactin can be observed, while inges
tion of a-bromocriptine is followed by a mod
erately delayed decline of plasma levels of this 
hormone [I7}. In patients with ARF, in the 
oliguric phase, administration of luliberin 
(LH-RH) is followed by an unexpected signifi
cant increase of plasma prolactin concentration 
[I8}. Abnormal responsiveness of serum LtH to 
thyroliberin (TRH) has also been reported 
[IO}. Plasma prolactin levels found in the oli
guric phase are positively correlated to plasma 
estradiol but negatively to plasma testosterone 
levels [I8}. In contrast to other authors [10, 
11, I9}, we could not find a significant cor
relation between plasma LtH and PTH levels 
[I8}. From the results obtained in our labora
tory [I7}, it seems that hyperprolactinemia in 
ARF is due to increased secretion rather than 
to decreased renal biodegradation of this hor
mone. Estrogens [20} and PTH [2I} are un
doubtedly among the potential factors stimu
lating prolactin secretion; as blood levels of 
these hormones are elevated in ARF [I8}, their 
role in the pathogenesis of hyperprolactinemia 
is very suggestive. This does not exclude par
ticipation of other factors (e.g., LH-RH, 
TRH, etc.) in the pathogenesis of increased 
prolactin secretion. As reduced binding of LtH 
to renal receptors has been reported in experi
mentally induced ARF [22}, it seems that hy
perprolactinemia in ARF may be due to renal 
hyporesponsiveness to this hormone. 

The pathophysiologic importance of hyper-

prolactinemia in ARF is not clear. The exis
tence of a negative correlation between plasma 
prolactin and testosterone levels [I8} suggests 
that hypersecretion of LtH may be involved in 
the pathogenesis of depressed function of the 
Leydig cells. As prolactin exerts a stimulatory 
effect on I,25-(OHh D3 biosynthesis [23}, in
volvement of prolactin in the re-establishment 
of normocalcemia in patients with ARF is 
probable. 

2.2 NEUROHYPOPHYSIS: VASOPRESSIN (ADH) 

In oliguric patients with ARF, basal ADH lev
els are sevenfold as high as in normals [24}. 
After morphine administration, an absolute in
crease of plasma ADH levels was observed with 
a peak value appearing at 30 minutes (in nor
mals it occurs at 60 to 90 minutes after mor
phine administration) [24}. In the polyuric 
phase, the morphine-induced ADH curve ap
proaches normal [24}. In patients with ARF, 
ADH plasma levels are not related to plasma 
osmolality. 

As plasma ADH levels in CRF are only 
twice as high as in normals [25}, it seems un
likely that elevated ADH levels in ARF are due 
to impaired renal ADH biodegradation. Partic
ipation of enhanced angiotension II levels 
(which are very often present in patients with 
ARF) [26-29}, in the pathogenesis of elevated 
ADH levels is very suggestive but not yet 
proved. 

From results obtained in experimental ARF 
[30, 3I}, it seems that elevated ADH plasma 
levels may be contributory to the development 
and maintenance of ARF in man. 

2.3 HORMONES OF THE PITUITARY/ 
THYROID AXIS 
In oliguric patients with ARF, the following 
abnormalities in the function of the pituitary
thyroid axis were found: elevated (32} or nor
mal thyrotropin (TSH) levels, decreased thy
roxine (T 4) and triiodothyronine (T 3) levels 
{32}, but elevated [32} or normal reverse T3 
(rT3) levels [33}. During the polyuric phase, 
TSH plasma levels are elevated [32} or normal 
{33}, while T 4 , T 3, and rT3 are usually normal 
mal [32}. Moreover, a blunted response to thy
roliberin (TRH) was reported in oliguric pa-
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tients with ARF (33}. In these patients, 
plasma thyroxine binding globulin (TBG) lev
els are normal (33}, while the T rbinding in
dex (T 31) and the index of free thyroxine (FT 41) 
are significantly elevated (32}. 

Most of the above described abnormalities in 
thyroid function in ARF are very similar to 
those found in CRF (34-38} or in systemic 
nonthyroid diseases (39}, suggesting that they 
are not related to the acute uremic state. As 
rT 3 is biologically inactive but capable of 
blocking the T 3 effect at the subcellular level, 
it seems that depressed T 4 and T 3 and elevated 
rT3 levels (32} are purposeful adaptive mecha
nisms counteracting the catabolic constellation 
existing in patients with ARF. 

2.4 HORMONES INVOLVED IN THE CALCIUM
PHOSPHATE METABOLISM 

2.4. 1 Parathyroid Hormone (PTH) Secondary 
hyperparathyroidism is one of the main endo
crine abnormalities encountered in ARF (40-
48} and is inversely related to the degree of 
hypocalcemia (43, 44, 46} and responsive to 
the suppressive action of calcium ions (43}. El
evated PTH plasma levels persist into the early 
polyuric phase (46, 47}. Peak levels of PTH 
coincide usually with the nadir of 25-hydroxy
cholecalciferol (25-(OH) D 3) concentrations 
[47, 48}. In hypercalcemic patients with ARF, 
normal [49}, elevated (40,41, 50-52}, as well 
as undetectable (53} PTH plasma levels have 
been reported. Plasma PTH levels are not re
lated to plasma calcitonin levels (54}. In con
trast to other authors (10, 11, 19}, we could 
not find any significant relationship between ei
ther plasma PTH and testosterone levels or 
plasma PTH and prolactin levels [18}. Resto
ration of normal renal function is regularly fol
lowed by the return to normal of PTH levels 
[46-48}. 

Secondary hyperparathyroidism in ARF 
seems to be due predominantly to hypocal
cemia (43, 44, 46}. Retention of phosphates 
by failing kidneys (55}, resistance to the skel
etal action of PTH [46}, deficiency of active 
vitamin D metabolites (45, 47, 48, 56, 57}, 
and hypercalcitoninemia [54} are probably con
tributing to the stimulation of the parathyroid 

glands. As skeletal extraction of PTH and 
cAMP release by the bone cells are not im
paired (58}, it seems that skeletal resistance to 
PTH is probably due to a defect located beyond 
the generation of cAMP. As no correlation ex
ists between PTH and plasma creatinine levels 
(47}, it seems unlikely that impaired renal 
PTH degradation is contributing to the ele
vated plasma levels of this hormone. 

Increased PTH secretion seems to be a pur
poseful mechanism counteracting the existing 
hypocalcemia. It may be that hypersecretion of 
PTH, by promoting the cellular Ca influx, may 
also contribute to elevated HGH and prolactin 
secretion [59}. 

2.4.2 Calcitonin (CT) In oliguric ARF, 
plasma CT levels are moderately or extremely 
elevated (60}. Following intravenous calcium 
administration, there is a similar absolute in
crease in serum concentrations of CT as in nor
mals [54}. No correlation was found between 
plasma PTH and CT levels (54}. In contrast, a 
significant positive correlation between plasma 
CT and calcium and a negative one between 
plasma CT and creatinine have been reported 
[60}. In contrast to healthy subjects and poly
uric patients with ARF, no correlation was 
found between plasma CT and gastrin levels in 
patients with oliguric ARF [61}. 

Elevated CT plasma levels seem to be due 
not only to reduced degradation of this hor
mone by the failing kidneys (54} but also to its 
increased secretion triggered by phosphates 
(62} and enterohormones (63, 64}. These sub
stances are known stimulants of CT secretion. 

The pathophysiological importance of hyper
calcitoninemia in ARF is not clear. CT could 
antagonize the osteolytic effect of PTH and 
contribute to the skeletal resistance to the cal
cemic action of PTH (46} and to hypocalcemia 
existing in patients with ARF. 

2.4.3 Active Metabolites of Vitamin D: 25-(OH) 
D3 and l,25-(OH)2 D3 Significantly reduced 
plasma levels of 25-(OH) D3 (45, 47, 48} and 
1,25-(OHh D3 (45} have been reported in 
ARF. The nadir of plasma 25-(OH) D3 level 
coincides with the peak of plasma PTH concen
tration (47, 48}. In oliguric patients, the ap-
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parent half-life of 25-(OH) D3 is three to five 
times shorter than in healthy subjects {47, 48). 
In polyuric patients, normal 25-(OH) D3 {45, 
47, 48) but elevated 1,25-(OH)2 D3 levels {45) 
have been reported. 

According to the results of our own investi
gations, the significant decline of plasma 25-
(OH) D3 levels in oliguric patients seems to be 
caused neither by an insufficient dietary supply 
of vitamin D nor by an altered 25-(OH) D3 
binding capacity of serum proteins {47, 48). 
Rather an increased turnover rate seems to be 
the predominant factor responsible for de
pressed plasma 25-(OH) D3 levels. Whether 
the same mechanism is also responsible for de
pressed 1,25-(OH)2 D3 levels remains to be 
elucidated. 

2.5 ADRENAL CORTEX: CORTISOL 
Basal plasma cortisol levels are usually normal 
during both the oliguric and polyuric phases 
{64, 65). After ACTH administration, a nor
mal or exaggerated response of cortisol secre
tion is observed {65). These findings suggest 
the presence of a normal pituitary-adrenal feed
back in patients with ARF. 

2.6. RENIN-ANGIOTENSIN SYSTEM 
In oliguric patients with noninflammatory 
ARF, plasma renin activity (PRA) {28, 29, 
66-73) and plasma angiotensin II levels {26-
29) are abnormally high, while plasma aldoste
rone levels are normal or moderately increased 
{28, 65, 69). Moreover, in these patients 
plasma renin concentrations and angiotensin II 
levels are significantly correlated {28). Plasma 
renin substrate is usually elevated {28). In con
trast to normals, no significant correlation is 
found between plasma aldosterone and PRA, 
plasma renin concentration {28, 69), angio
tensin II {28), and potassium levels {28, 69). 
In inflammatory ARF, PRA is usually normal 
{67]. In most patients with ARF, a "physio
logical" reaction of PRA to weight loss {68) 
and a normal response of aldosterone secretion 
to ACTH administration {65) can be found. 
The cause of the dissociation of the physiolog
ical relationship between PRA and plasma al
dosterone in ARF is not clear. Presence of sig
nificantly raised plasma levels of angiotensin II 

but normal or only moderately elevated plasma 
aldosterone suggests impaired adrenocortical 
responsiveness to angiotensin II. 

The importance of enhanced activity of the 
renin-angiotensin system in the development 
and maintenance of ARF is a subject of still 
unsolved controversy {5-7, 74-78). As no cor
relation was found between plasma prolactin 
and PRA or plasma aldosterone levels (personal 
unpublished data), prolactin as a potential 
modulator of aldosterone biosynthesis {79) 
seems unlikely. 

2.7 PITUITARY-GONADAL AXIS IN MAN 
In oliguric patients with ARF, basal plasma 
lutropin (LH) levels are significantly elevated, 
displaying a normal or even exaggerated re
sponse to luliberin (LH-RH) administration 
(I8). In contrast to LH, basal plasma FSH lev
els are unexpectedly significantly elevated only 
during the polyuric phase (I9). After LH-RH 
administration, an exaggerated and prolonged 
response of plasma FSH is found (I8). Contrary 
to our results, depressed basal plasma FSH lev
els were reported by other investigators in oli
guric ARF (I9). 

Oliguric ARF is characterized by signifi
cantly depressed plasma testosterone levels 
{18, 19), which are neither responsive to LH
RH {18) nor to human chorionic gonadotropin 
(HCG) {24) administration. These results sug
gest the presence of hyporesponsive Leydig 
cells. During the polyuric phase, plasma tes
tosterone levels are normal or only moderately 
depressed (I8). 

In oliguric male patients, basal plasma es
tradiol levels are moderately though signifi
cantly higher than in normals (I8), but not in 
the polyuric phase. 

In contrast to healthy subjects, both in oli
guric and polyuric patients, no correlation was 
found between plasma LH and testosterone lev
els {18). As already mentioned, in oliguric pa
tients, plasma testosterone levels are negatively 
related to plasma prolactin levels (I8). In con
trast to other authors {II), we did not find a 
significant correlation between plasma PTH 
and testosterone levels (IB). 

From the results obtained in our laboratory, 
it seems that elevated basal plasma gonadotro-
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pin levels in patients with ARF are caused by 
increased secretion rather than by impaired 
renal biodegradation of these hormones {l8}. 
Presence of significantly elevated plasma LH 
and depressed testosterone levels suggests the 
intactness of the physiological feedback be
tween plasma testosterone and hypothalamic 
LH-RH secretion and hyporesponsiveness of 
Leydig cells to LH. As a significant inverse cor
relation was found between plasma prolactin 
and testosterone [I8}, it seems very likely that 
increased prolactin secretion is involved in the 
pathogenesis of depressed Leydig cell function. 
Increased estradiol levels [I8} could also con
tribute to the hyporesponsiveness of Leydig 
cells to LH in male patients. As a positive cor
relation was found between plasma prolactin 
and estradiol levels [I8}, it seems that in
creased estrogen secretion may depress testicu
lar function indirectly by stimulating prolactin 
secretion. 

Function of the pituitary-gonadal axis in 
women with ARF remains to be investigated. 

2.8 PANCREATIC HORMONES 

2.8.1 Insulin In oliguric and polyuric pa
tients with ARF, basal plasma levels of immu
noreactive insulin (IRI) are normal or only 
moderately elevated {l2}. After i. v. adminis
tration of glucose, an excessive response of 
plasma IRI levels has been reported {l2}. He
modialysis does not affect the glucose induced 
plasma IRI curve despite significant improve
ment of glucose tolerance {l2}. Stress, starv
ing, potassium depletion, and acidosis could be 
excluded as potential diabetogenic factors [l2}. 
It seems very likely that increased levels of 
HGH [8} and free fatty acids [8} may be in
volved in the pathogenesis of glucose intoler
ance and ineffective hyperinsulinism in patients 
with ARF. As basal IRI levels are usually nor
mal or only moderately elevated in oliguric 
ARF, it seems unlikely that impaired renal 
clearance of insulin is the predominant factor 
responsible for elevated glucose-induced levels 
of this hormone. It follows that ineffective hy
perinsulinism in ARF is probably due to insu
lin receptor or postreceptor defects caused by 
uremia. 

2.8.2 Glucagon In contrast to CRF in oli
guric and poly uric patients with ARF, basal 
plasma glucagon levels are usually normal or 
only moderately elevated [24}. After adminis
tration of a test meal, a normal or sometimes 
blunted response of plasma glucagon is found 
[24}. In contrast to these findings, a sharp rise 
of plasma glucagon was reported in experimen
tal ARF caused by bilateral ureteral ligation 
[80}. 

From data obtained in man, it seems that 
glucagon is not an important factor in glucose 
intolerance of patients with ARF. 

2.8. 3 Pancreatic Polypeptide ( P P ) Both in 
oliguric and poly uric patients with ARF, basal 
plasma PP levels are significantly elevated. Af
ter administration of a test meal, a "normal" 
absolute increase of plasma PP is found [24}. 
As basal plasma PP levels in the poly uric phase 
are equal to or even higher than those in the 
oliguric phase [24}, it seems barely probable 
that they are due to impaired renal clearance of 
this hormone. The pathophysiological impor
tance of abnormal plasma PP levels remains to 
be elucidated. 

2.8.4 Gastrin In oliguric ARF, basal plas
ma gastrin levels are significantly increased 
[Sl-84J and decline during the polyuric phase 
[S2-84}. In some patients, normal plasma gas
trin levels have been reported while in others 
extremely elevated values were found [82}. Ad
ministration of a test meal [83} or of calcium 
[S4] is followed by a normal absolute increase 
of gastrinemia although the gastrin curves are 
located significantly above the normal range. In 
contrast to normal and polyuric patients, oli
guric patients show no significant correlation 
between plasma gastrin and calcitonin levels 
[61}. 

As both normal and highly elevated levels of 
plasma gastrin were reported in ARF [82], it 
seems that hypergastrinemia, if present, is not 
due to impaired renal degradation of this hor
mone; it could be related to the increased leak
age in the gastric mucosa of H+ ions (unpub
lished personal data), which, by increasing the 
pH of the gastric juice [82}, is triggering gas
trin secretion. As experimental ARF induced 
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by ligation of the ureters is not accompanied 
by hypergastrinemia [85}, it seems that pres
ence of elevated plasma gastrin levels in man 
are not directly related to the uremic state. 

The pathophysiological importance of ele
vated plasma gastrin levels as well as of the dis
sociation of the physiological calcitonin-gastrin 
relationship remain to be elucidated. 

2.9 RENAL HORMONES 
In addition to the renin-angiotensin system and 
the active metabolite of vitamin D, prostaglan
dins and erythropoietin represent the other 
known renal hormones. 

2.9.1 Prostaglandins Investigations on pros
taglandins in patients with ARF are scarce, al
though there exists a vast literature on renal 
vasodilating and natriuretic prostaglandins and 
on the existence of a positive feedback interplay 
between renin and prostaglandin secretion. The 
role of prostaglandins in the pathogenesis of 
ARF has been advocated by some authors [86, 
87} but denied by others [78, 88, 89}' Inhi
bition of prostaglandin synthesis promotes the 
development of ARF in patients with increased 
PGE secretion, in patients who are dependent 
on prostaglandins for maintenance of renal 
function, and in patients with pre-existant 
renal diseases, particularly lupus [90}. More
over, increased renal venous levels of the potent 
vasoconstrictor product of cyclooxygenase activ
ity, tromboxane, have been reported in experi
mental ARF and in vitro perfused hydroneph
rotic kidneys [91}. Unexpectedly, reduction of 
renal vascular resistance and restoration of nor
mal renal blood flow by prostaglandin admin
istration did not alter the glomerular filtration 
rate in ARF [88, 89}' Moreover, infusion of 
prostaglandin El into the renal artery of an an
uric patient was not followed by an increase of 
urine output despite a twofold increase in renal 
blood flow [4}. From the above facts, it follows 
that the role of prostaglandins in the develop
ment and maintenance of ARF is far from 
being elucidated. 

2.9.2 Erythropoietin In most patients with 
ARF, plasma erythropoietin is absent or mark
edly depressed and not related to the degree of 

anemia and severity of uremia [92}. These data 
call in question the importance of this hormone 
in the pathogenesis of anemia in patients with 
ARF. 

2.10 BRADYKININ 

In healthy subjects, activation of the renin-an
giotensin system evoked by sodium depletion 
or upright posture is accompanied by a parallel 
rise in plasma bradykinin [93}. 

Significantly depressed bradykinin levels 
have been reported in patients who develop 
functional renal failure in the course of hepatic 
cirrhosis, despite normally raised PRA and an
giotensin II concentrations [29}. As bradykinin 
is a potent stimulant of prostaglandin synthesis 
[94}, deficiency of this diuretic and natriuretic 
nonapeptide may contribute to the develop
ment and/or maintenance of some forms of 
ARF. 

3 Conclusion 
Endocrine abnormalities in ARF are the result 
of interaction of two factors influencing the en
docrine organs: first, the cause of ARF, which 
per se may change the control of secretion, 
transport, peripheral transformation, or bind
ing to target cells of hormones; and second, the 
impaired function of the kidney as an endo
crine, target, excretory, and degradating organ 
of hormones. In ARF, the following endocrine 
abnormalities may be found: increased growth 
hormone secretion, enhanced but not autono
mous secretion of prolactin, elevated plasma 
vasopressin levels, depressed plasma T 3 and T 4 

concentrations but raised rT 3 and TSH levels, 
hypercalcitoninemia, secondary hyperparathy
roidism, reduced plasma levels of active vita
min D metabolites [25-(OH) D z, 1,25-(OH)z 
D3}, elevated plasma LH, FSH and estradiol 
concentrations, but reduced levels of testoster
one, hyporesponsiveness of Leydig cells to hu
man chorionic gonadothropin, increased activ
ity of the renin-angiotensin system, but dis
sociation of the physiological relationship be
tween the renin-angiotensin axis and aldoste
rone secretion, hypergastrinemia, dissociation 
of the gastrin-calcitonin relationship, and hy
perinsulinism. Glucocorticoid and glucagon se-
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cretion are not altered markedly in ARF. Secre
tion of erythropoietin, kallikrein, and vasodi
latory prostaglandins seems to be reduced, 
while that of vasoconstrictive tromboxanes ele
vated. 

It remains to be elucidated to what extent 
endocrine abnormalities in ARF are life-saving 
adaptations or coincidental side effects of acute 
uremIa. 
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6. COAGULATION SYSTEM IN ACUTE 
RENAL FAILURE 

Alain Kanfer 

Intravascular coagulation (lC) undoubtedly 
takes place in many forms of acute renal failure 
(ARF) , although its pathogenetic role and im
portance are still a matter of debate. Con
versely, acute uremia per se provokes distur
bances of the hemostatic system, with con
comitant bleeding and a hypercoagulable ten
dency. In this chapter, we will deal succes
sively with these two aspects. 

1. Intravascular Coagulation and ARF 
The precise significance of IC in ARF is not 
clearly established, and a reappraisal seems 
timely. Indeed, in the sixties and the early 
seventies, Ie was generally held to be an in
termediary mechanism pathophysiologically im
portant in most types of ARF [1, 2}. In sub
sequent years, IC tended to become neglected 
and in several recent reviews on the pathogen
esis of ARF, it is not even mentioned [3-6}. 
Historically, generalized Shwartzman phenom
enon was the first condition that led to consid
eration of a causal relationship between IC and 
ARF. Postpartum bilateral cortical necrosis, 
hyperacute allograft rejection, and the hemo
lytic uremic syndrome were then admittedly 
thought to be human counterparts of experi
mental Shwartzman reaction. In these relatively 
uncommon diseases, it seems reassuring and 
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probably correct to ascribe renal insufficiency to 
the gross and conspicuous thrombosis of renal 
microvasculature. However in the much more 
frequent cases of ARF due to acute tubular ne
crosis, microthrombi are seldom seen, and a 
role for IC in this situation relies only on in
direct arguments. 

1.1 INTRAVASCULAR COAGULATION: 
DEFINITION, DIAGNOSIS 
IC is defined as the formation and presence of 
thrombin in circulating blood. Nonroutinely, 
thrombin may be found directly by radioim
munologic or chromogenic assay [7, 8}. Usu
ally, diagnosis of IC relies on the demonstrable 
effects produced by active circulating throm
bin, i.e. (a) activation and consumption of 
platelets, factor V, and factor VIII; (b) trans
formation of fibrinogen to fibrin monomers and 
fibrin, with hypofibrinogenemia; (c) presence 
of fibrinous and platelet thrombi; (d) release 
into the circulating blood of fibrin degradation 
products (FDP) resulting from secondary, 
purely local, fibrinolysis (euglobulin lysis time 
being normal) [9-11}. Clinical and experimen
tal conditions associated with IC are multiple 
and often complicated; unfortunately, there is 
not a unique diagnostic criterion. A diagnosis 
of IC is made or presumed in either of the two 
following circumstances: (a) evidence of overt 
consumption coagulopathy, indicating acute 
disseminated intravascular coagulation (DIC) , 
although massive local IC may lead to similar 
systemic hemostatic disturbances; (b) presence 
of high levels of blood FDP and/or fibrin 
monomers (assessed by ethanol-gelation test or 
protamine test), associated with histological 
demonstration of fibrin thrombi, indicating 
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progressive (subacute) IC, which may be dis
seminated or localized. 

1.2 INTRAVASCULAR COAGULATION AND 
EXPERIMENTAL ARF 

Various methods can induce IC and ARF in ex
perimental animals [12]: (a) infusion of throm
bin [12-14); (b) infusion of thromboplastin, 
thus activating the extrinsic coagulation path
way; (c) repeated or protracted injection of 
endotoxin (generalized Shwartzman reaction) 
[15, 16] and injection of immune complexes 
[17], these two methods triggering intrinsic 
coagulation pathway through Hageman factor 
and platelet activation [18-21]; (d) injection of 
glycerol, with release of a procoagulant intra
erythrocytic phospholipid component due to 
hemolysis [22, 23]. 

Each of these protocols for experimental 
ARF leads to (a) intrarenal (glomerular and ar
teriolar) deposition of fibrin or fibrin deriva
tives, (b) renal lesions with tubular necrosis or 
bilateral cortical necrosis, and (c) acute renal 
insufficiency. Renal damage is correlated, on 
the one hand, with the degree of fibrin depo
sition and, on the other hand, with the severity 
of renal failure [13, 16]. The pathogenetic role 
of IC is further emphasized by the efficacy of 
heparin in preventing renal cortical necrosis of 
the Shwartzman phenomenon (24]. 

However, for fibrin deposition to persist and 
renal damage and failure to occur, activation of 
the coagulation system must be associated with 
other factors; in their absence thrombin-in
duced fibrin deposition is only transient (25]. 
Thus, a synergistic interaction of fibrinolysis 
inhibition and vasoactive phenomena with in
travascular coagulation "per se" is of prime im
portance. 

Inhibition of fibrinolysis, as induced by ep
silon-aminocaproic acid or spontaneously occur
ring in pregnant animals, is necessary to obtain 
renal damage after infusion of thrombin (13]; 
it allows the Shwartzman phenomenon to occur 
after one single endotoxin injection [12], and 
it aggravates renal damage of glycerol hemo
globinuric ARF (22]. 

Renal cortical fibrinolytic activity is proba
bly important in the genesis of the Shwartzman 
phenomenon since it decreases after the first in-

jection of endotoxin, the lowest activity being 
correlated with the most severe renal damage 
(16, 26]. The basic pathophysiological impor
tance of vascular factors in IC-induced renal le
sions is demonstrated by the following facts; (a) 
the concomitant injection of angiotensin or 
norepinephrine is essential to produce intrare
nal fibrin deposits and renal failure following 
thrombin infusion [12]; (b) the Shwartzman 
phenomenon is prevented by alpha-blocking 
agents (27, 28]; (c) suppression of renin-angio
tensin system by salt loading or saralasin injec
tion prevents the onset of ARF after the injec
tion of thrombin or glycerol (14, 29]. Finally, 
depending on the experimental protocols, IC is 
apt to induce various renal injuries, with slight 
as well as massive thrombosis leading to acute 
tubular necrosis (A TN) or acute cortical necro
sis (ACN), suggesting the absence of a clear
cut limit between these two lesions. 

1.3 INTRAVASCULAR COAGULATION AND 
HUMAN ARF DUE TO ACUTE TUBULAR 
NECROSIS (ATN) OR ACUTE (BILATERAL) 
CORTICAL NECROSIS (ACN) 

1.3.1 Clinical Presentation Acute DIC with 
overt consumption coagulopathy is present in 5 
to 30% of patients affected with ARF, the 
prevalence of DIC being especially high in ob
stetric ARF (30-35]. The main conditions 
leading to this clinical association are shown in 
table 6-1. The well-known severity of such sit
uations is due to both the hemorrhagic and 

TABLE 6-1. Main causes of association of disseminated 
intravascular coagulation and acute renal failure 

Obstetric conditions 
Preeclamptic toxemia, eclampsia 
Abruptio placenta 
Amniotic embolism 
Intrauterine fetal death 
Septic abortion 
Puerperal sepsis 

Septicemias 

Intravascular hemolytic anemias 

Acute leukemias 

Disseminated cancers 

Acute pancreatitis 
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thrombotic consequences of Ie. Thus, in pa
tients having ARF with DIC, severe protracted 
circulatory shock, mucocutaneous hemorrhages 
and necrosis, and arterial occlusions are strik
ingly frequent features [30, 32, 34]; moreover, 
pulmonary edema or acute cor pulmonale dur
ing the so-called "obstetric shock" is probably 
due to (or at least favored by) the pulmonary 
vasoconstriction triggered by circulating fibri
nopeptides, fibrin-monomers, and FDP [36-
38]. Finally, DIC aggravates the outcome of 
patients with ARF by increasing the frequency 
of lasting renal sequelae (chronic post-ARF) 
(31] and mortality (at least in obstetric condi
tions) [32]. Persisting renal insufficiency might 
be due to partial bilateral cortical necrosis, at 
times demonstrated by arteriography or renal 
biopsy [31, 39]. 

1.3.2 Pathophysiologic Role of Intravascular Co
agulation in Human ARF Presumption of a 
pathogenetic role of IC in A TN or ACN de
pends on the answers to the following ques
tions: (a) May (disseminated) IC appear as the 
single (or main) cause preceding the onset of 
ARF? (b) Do serum and urinary FDP indicate 
intrarenal IC? (c) Is there compelling histolog
ical evidence of IC in such cases? (d) Is it pos
sible to correlate IC phenomena with acute 
renal dysfunction? 

1.3.2.1 DIC PRECEDING ARF. DIC precedes the 
onset of ARF in the absence of any other 
known cause of renal insufficiency (such as 
shock or nephrotoxins) in some instances: se
vere infections [10], neoplastic diseases [11, 
40], acute pancreatitis [41], preeclamptic tox
emia and abruptio placentae [39, 42-44]. Ta
ble 6-2 summarizes the clinical features of four 

obstetric patients in whom DIC appeared as the 
main factor of ARF; microangiopathic hemo
lytic anemia was probably a direct consequence 
of DIC [11]. 

1.3.2.2 SIGNIFICANCE OF FIBRIN/FIBRINOGEN DEGRADA· 

TION PRODUCTS (FDP) IN ARF. More than half of the 
patients with ARF have high serum and uri
nary FDP levels [45-48} even in the absence of 
consumption coagulopathy; the meaning of 
this anomaly is still subject to controversy [48, 
49], 

Systemic fibrino (geno) lysis being excluded 
in ARF-euglobulin lysis time is normal [32, 
34}-serum FDP arise from local lysis of fibrin 
deposits; a renal origin is demonstrated is some 
patients by an FDP level higher in renal vein 
than in renal artery [34}. Urinary FDP might 
theoretically reflect (a) lysis of intrarenal fibrin 
deposits, or (b) filtration of serum FDP 
through glomeruli, or (c) filtration of fibrino
gen then destroyed by urokinase. The latter hy
pothesis is unlikely since urine urokinase activ
ity is low or abolished during ARF [50}. 
Moreover, DIC per se is accompanied by uri
nary excretion of low molecular weight FDP (E 
product), while in ARF (with or without DIe) 
urine contains mainly high molecular weight 
FOP, probably indicating intrarenal lysis and 
"active" renal disease [47}. 

1.3.2.3 HISTOLOGICAL EVIDENCE OF INTRAVASCULAR 

COAGULATION IN ARF. In ATN intra-arteriolar 
and intraglomerular fibrin deposits are occa
sionnaly found [2, 45, 5 1, 52}. There is no 
agreement concerning actual frequency of this 
finding: the high incidence (about 40% of the 
patients have renal biopsy) observed by Clark
son et al. [45} and Conte et al. [34} has not 
been confirmed in a recent study of Solez et al. 

TABLE 6-2. Acute renal failure related to disseminated intravascular coagulation in four pregnant patients 

Onset of ARF Factor V Fibrinogen 
Patient Age (weeks of Hemolytic Platelets (X plasma plasma level Renal 
no. (years) pregnancy) Toxemia anemia 1,000/mm3) level (%) (g/liter) pathology Outcome 

24 32 + + 60 28 2,40 Acute tubular Recovery 
schistocytes necrosis 

2 27 29 + + 54 41 4,10 Recovery 
3 21 32 + + 60 42 1,50 Acute tubular Recovery 

schistocytes necrosis 
4 25 35 + 65 35 0,90 Recovery 
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[53}, showing renal fibrin in only 7% of the 
patients. 

In ACN, on the contrary, massive fibrinous 
thrombosis of microvasculature and glomeruli 
is present in the vast majority of patients [39, 
54}. 

1.3.2.4 CORRELATIONS BETWEEN INTRAVASCULAR CO

AGULATION, RENAL LESIONS, AND ARF In ACN, pa
renchymal destruction is best explained by 
massive reduction or abolition of cortical blood 
flow [39}. 

The pathogenicity of microvascular throm
bosis in this condition is strongly suggested by 
the parallelism in the severity of renal thrombi, 
glomerular destruction, and renal functional 
impairment [39}. In ATN, the pathophysio
logic role of IC is not well defined. 

According to Vassalli and Richet [55}, the 
same etiologic circumstances may lead either to 
ATN or to ACN. 

Probably in both conditions, cortical isch
emia (due to vasoconstriction) is the initial 
event. In patients having ATN, serum and uri
nary FOP and occasional renal fibrin deposits 
or platelet aggregates indicate minor intravas
cular coagulation, which may add some degree 
of mechanical obstruction to the reversible 
functional vasomotor disturbance characteristic 
of this situation; in patients with ACN, mas
sive intravascular thrombosis occurs and leads 
to irreversible parenchymal destruction and 
cortical necrosis. 

Several causal factors might account for the 
extensive character of IC in cortical necrosis: 
inhibition of fibrinolysis induced by pregnancy 
or anti fibrinolytic drugs; DIC of abrupt onset; 
protracted shock with stasis favoring local 
thrombosis; hypercoagulability of pregnancy or 
post-operative period; severe metabolic acidosis 
with decrease of glomerular fibrinolytic activity 
[56}. 

1.3.3 Therapy 0/ ARF Associated With DIC 
So far there is no definite proof that heparin 
therapy is beneficial in ARF associated with 
DIC [57}; thus, treatment of the underlying 
disorder is apt to reverse "per se" hemostatic 
disturbances [32}; nevertheless, heparin ther
apy has been said to reduce the incidence of 
ultimate renal sequels following an episode of 

DIC {31, 34}. Finally, management of ARF 
with DIC might rely on the following some
what subjective principles: 

a. heparin is not indicated when the underly
ing disease or condition (e.g., shock, sepsis, 
pre-eclamptic toxemia) is curable by etio
logic treatment; moreover, anticoagulant 
therapy is obviously dangerous when a local 
cause of bleeding is present (e.g., peptic ul
cer, recent operation). 

b. heparin must be given when a therapeutic 
maneuver may trigger or aggravate intravas
cular coagulation: uterine curettage, che
motherapy of acute promyelocytic leukemia 
(platelet transfusion must also be given in 
this case). 

c. a trial of heparin therapy may also be un
dertaken when underlying disease is not 
rapidly accessible to efficient treatment as 
during certain neoplastic diseases and he
molytic anemias. 

1.4 INTRAVASCULAR COAGULATION AND 
THE HEMOLYTIC UREMIC SYNDROME (HUS) 
HUS is defined as the association of acute ure
mia and microangiopathic hemolytic anemia; 
arteriolo-glomerular thrombi are a constant 
finding on renal examination {58-61}. In in
fancy and childhood, the syndrome appears 
quite often to be idiopathic, although in some 
cases a viral etiology is likely [60}. In adults, 
HUS is not infrequently associated with or pre
ceded by widely different conditions, such as 
pregnancy, oral contraceptive treatment, ma
lignant hypertension, or scleroderma [62, 63}. 
All etiologic forms of HUS share the same he
matologic and pathologic features indicating 
intravascular coagulation, while pathogenesis 
probably varies with the underlying disorder. 

1.4.1 Pathologic Features 0/ Intravascular Coag
ulation in HUS Subendothelial fibrin deposits 
or thrombi are constant findings in HUS [61, 
64, 65}. Immunofluorescent studies reveal that 
fibrin or fibrin derivatives are associated 
with the presence of factor VIII-antigen [66}; 
intravascular platelet aggregates may be shown 
by electron microscopy [67}. Lesions may pre
dominate either in glomeruli or in arterioles, 
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the latter localization pointing to a poorer 
prognosis [64}. Admittedly, glomerular isch
emia, arteriolar occlusive endothelial prolifera
tion, and cortical necrosis are direct conse
quences of intravascular coagulation. 

1.4.2 Hematologic Signs 0/ Intravascular Coagu
lation in HUS Thrombocytopenia affects more 
than two-thirds of patients [58-60, 63}. Plate
let life span is shortened [68}. Platelet aggreg
ability is diminished, probably because of pre
vious exhaustion in renal microvasculature 
{69}. FDP are almost always found in serum 
and urine of patients with HUS [48, 58, 60, 
63}. Concentrations of coagulation factors, es
pecially fibrinogen, are generally normal in 
HUS [64}, and the half-life of labeled fibrino
gen is also normal or minimally shortened [68, 
70}, Interestingly, however, at the very initial 
phase of the disease or later accompanying de
terioration of renal function, hypofibrinogene
mia, decrease of factor V and VIII {60, 71, 
72}, and decrease of circulating antithrombin 
III {73} may be observed. Finally, a complete 
picture of DIC is present in some cases. 

Circulatory fibrinolytic activity is normal in 
HUS [58}; on the contrary, local parietal fibri
nolytic activity of thrombosed microvessels IS 

diminished or even absent {7 4}. 

1.4.3 Pathophysiology 0/ Intravascular Coagula
tion in HUS The mechanism(s) triggering in
travascular coagulation in the HUS is not 
known. Most probably, the etiologic diversity 
of the disease is associated with various patho
genetic pathways. For instance, primum 
movens" of intravascular coagulation might be 
the vascular lesions in malignant hypertension 
or a preexistent blood hypercoagulability in 
pregnancy or during oral contraception. In any 
case, acute hemolytic anemia contributes to 
thrombin formation by releasing intraerythro
cytic procoagulant phospholipid {75}. 

Cure or imptovement of cases of HUS by ex
change transfusion, plasmapheresis, or plasma 
infusion led to the hypothesis that deficiency of 
some plasma component(s) was implicated in 
the pathogenesis of the disease {76, 77}. Re
cently, in a few patients with HUS, Remuzzi 
et al. {77, 78} reported preliminary results 

showing absence of a plasma factor stimulating 
endothelial synthesis of prostacyclin, a factor 
present in normal controls; moreover patients' 
vascular specimens lacked prostacyclin (antiag
gregant) activity, this anomaly being reversed 
after plasma infusion; finally catabolism of cir
culating prostacyclin was found increased [79}. 
Similar results were obtained in some patients 
by other authors {80, 8l}. Thus, HUS might 
be characterized by prostacyclin-thromboxane 
imbalance in favor of the latter, with subse
quent enhancement of in vivo platelet aggre
gation. This attractive theory has to be con
firmed in additional cases, more especially as 
the abnormalities cited above and plasma infu
sion efficiency are inconstant and still a matter 
of controversy [82}. 

1.5 INTRAVASCULAR COAGULATION AND 
ARF OF TRANSPLANT REJECTION 

1 .5.1 Hyperacute rejection 

1.5.1.1 HUMAN DATA. In hyperacute rejection, 
arising a few hours or even a few minutes after 
transplantation in patients presensitized against 
donors' antigen, the pathogenetic role of intra
vascular coagulation is indisputable. Indeed, 
the hallmark of this situation is massive throm
bosis of graft arteries, arterioles, and peritu
bular and glomerular capillaries, eventually 
leading to cortical necrosis of the transplanted 
kidney. Thrombi are made of fibrin and plate
let aggregates [83-86}. In this situation, 
platelets and factors II, V, VIII, and fi
brinogen are sequestered in the allograft to 
such an extent that systemic depletion of 
clotting factors may occur, thus mimicking 
DIC [84}. 

1.5.1.2 EXPERIMENTAL DATA Xenografts (pig to 
dog), and allografts implanted in animals pre
sensitized against donors' lymphocytes or skin, 
are hyperacutely rejected. As in humans, mas
sive thrombosis and cortical necrosis of the 
transplant occurs, with local consumption of 
platelets and coagulation factors (87-89}. 
Moreover, in the rabbit, reduction of graft 
cortical fibrinolytic activity is correlated with 
the onset of cortical necrosis [90}, suggesting 
a pathogenetic role for impaired local fibrino
lysis in perpetuation of thrombosis. 
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15.13 MECHANISMS OF VASCULAR THROMBOSIS IN HY

PERACUTE REJECTION. Graft vascular endothelium 
is the target of complement dependant cyto
toxic antibodies in hyperacute rejection. The 
endothelial lesion is apt to trigger several reac
tions leading to intravascular coagulation: re
lease of factor VIII/von Willebrand factor pro
voking platelet adhesion [91}; release of 
thromboplastin; activation of Hageman factor 
and aggregation of platelets, owing to their 
contact with subendothelial structures (colla
gen, basement membrane). 

1.5.2 Human Acute Allograft Rejection By 
comparison with hyperacute rejection, the role 
of intravascular coagulation in acute rejection 
of renal transplant is much less clear-cut; no
tably, overt consumption coagulopathy is not a 
feature of this condition [92}. 

15.2.1 HISTOLOGICAL FINDINGS. Glomerular cap
illary lumens are often filled with platelet 
clumps and fibrin deposits; in some cases, such 
abnormalities are mild and are found only by 
electron microscopy [85, 93}. Immunopathol
ogic studies disclose deposition of fibrin and 
factor VIII-Ag in glomeruli and renal arterial 
vessel walls [66}. Interestingly, the platelets 
are intact during a reversible rejection crisis, 
while membrane disruption and platelet de
granulation are present in the case of an irre
versible rejection. Renal cortical fibrinolytic ac
tivity, measured by a fibrin-slide method, is 
diminished or even abolished, the lowest activ
ity being associated with the most severe (irre
versible) renal lesion [94, 95}. 

1.5.2.2 LABORATORY DATA. FDP are almost al
ways found in the urine of patients acutely re-

jecting renal transplant [47, 48, 96-98}. FDP 
concentration may reach 50 to 100 mg/liter; 
concomitantly, urine may contain factor VIII 
antigen. Urinary FDP may be simply markers 
of ATN during the first two weeks following 
transplantation; then their predictive value for 
diagnosis of rejection during this period is 
questionable [48, 97, 98}; afterward, there is a 
close correlation between appearance of urinary 
FDP and the onset of acute rejection; urinary 
FDP may even announce the rejection episode 
since they are sometimes found several days be
fore clinical signs. Therefore, it has been rec
ommended to search systematically and regu
larly for their presence in transplanted patients 
[98}. 

An increase of serum FDP levels is less con
sistently found during acute allograft rejections 
[46, 47, 97, 99}; again, the diagnostic value 
of this abnormality appears greater when found 
more than two weeks after transplantation 
[99}. Numetous laboratory data militate for 
the participation of platelets in the pathogene
sis of acute rejection, in keeping with the his
tological findings cited above: (a) radio-labeled 
platelets accumulate in the rejected kidney 
[l00-102}; (b) platelet survival is shortened 
[70} (c) activation of circulating platelets oc
curs, as indicated by release of platelet-factor 4 
and enhanced bioavailability of platelet factor 3 
[l03, 104} (table 6-3); (d) urinary immuno
reactive thromboxane B2 is increased [105}. 
Each of these abnormalities disappears when 
the rejection episode is reversed by successful 
steroid treatment. 

1.5.2.3 PATHOPHYSIOLOGY. Most probably, in
trarenal immunological injury triggers activa-

TABLE 6-3. Platelet factor 3 (PF 3) activities (thrombin generation test)*, 
expressed in NIH thrombin units during 4 renal allograft rejection crises in three patients 

Patients with rejection crisis 

Incubation time AT THE ONSET AFTER SUCCESSFUL 

(min) (I) TREATMENT (2) 

lO 17.25 ± 0.8 lO ± 0.9 
12 18.4 ± 1.7 11.2 ± 1.1 

Control (c) 

8.9 ± 0.5 
9.4 ± 0.5 

Statistical analysis 

1 VS 2 

p < 0.005 
p < 0.01 

1 VS C 

p < 0.01 
P < 0.01 

2 VS C 

ns 
ns 

*Thrombin generation test: Platelets (120,OOO/J.Ll) were added to a plasma substrate deprived of PF 3 activity; after recalcification thrombin generated, at 
any given incubation time depends on PF 3 acciviry from platelets; using fibrinogen clocting time, thrombin generated was measured at intervals of 2 
min. (2 to 14 min.) (see text). 

Source: Reprinted with permission of Transplantation {ref. l04}. 
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tion of the coagulation system and platelets. 
Thus, immune complexes may activate Hage
man factor [2l}; also, they induce profound 
complement-dependant platelet changes: avail
ability of procoagulant factor 3 [19], platelet 
aggregation with subsequent release of hista
mine and serotonin [20, 106], and release of 
platelet factor 4. Renal cortical ischemia is a 
major finding of renal failure in acute allograft 
rejection [107]; conceivably, the coagulation 
system may participate in this abnormality via 
serotonin-induced vasoconstriction and me
chanical obstruction by fibrin and platelet 
thrombi. 

1.5.3 Anticoagulant Therapy in Renal Trans
plant Rejection Heparin therapy prevents the 
onset of hyperacute rejection in presensitized 
dogs [88]. So far, however, there is no proof of 
such a favorable effect in man [83, 84]. The 
same holds for anticoagulant or antiplatelet 
therapy given for acute rejections; indeed, in 
such cases increasing dosage of corticosteroid 
drugs alone is sufficient to reverse the rejection 
episode. In a controlled study, the course of 
renal transplants and notably the incidence of 
rejection episodes were similar in the group of 
patients receiving dipyridamole and prednisone 
by comparison to patients receiving only pred
nisone [103]. This fact (and also the steroid
induced recovery of platelet abnormalities) 
brings evidence that activation of platelets is a 
secondary event, depending on the immuno
logical injury, and is reversible along with it. 

2 Hemostasis and Fibrinolysis 
Disturbances in ARF 

2. 1 THE BLEEDING TENDENCY 

In 20 to 60% of all cases, acute uremia what
ever its cause-consumption coagulopathy 
being excluded-is accompanied by hemor
rhagic symptoms such as ecchymotic purpura 
and mucocutaneous and gastrointestinal bleed
ing; hemorrhages contribute to or directly 
cause death in a variable proportion of patients 
(probably close to 10%) [108-111]. The basic 
defect underlying the hemorrhages of acute 
uremia is thrombocytopathy, bleeding time 

being prolonged while the platelet number is 
normal in a vast majority of patients. Bleeding 
time is especially prolonged in patients who 
bled; relevantly, it is negatively correlated 
with hemoglobin concentration [108]. Analysis 
of platelet dysfunction in ARF indicates de
crease of platelet adhesivity [108, 109], ag
gregability [112], and factor 3 availability 
[113]; recently, an imbalance has been re
ported between diminished platelet thrombox
ane synthesis and increased vascular production 
of prostacyclin, which might play a role in 
genesis of thrombocytopathy [114]. Indeed, 
pathophysiology of bleeding tendency of ARF, 
though not completely elucidated, is at least 
in part caused by elevated plasma levels of 
"uremic toxins." There is a negative correlation 
between blood urea and creatinine concentra
tion and platelet adhesivity [108]. Infusion of 
urea prolongs bleeding time and diminishes 
platelet adhesivity in normal volunteers [108]. 
Moreover, phenols, phenolic acids, and guani
dinosuccinic acid, whose plasma levels are 
greatly elevated in acute uremia, inhibit plate
let aggregability in vitro" [115, 116]. Finally, 
according to the toxin hypothesis, it is not sur
prising that dialysis treatment reduces or even 
reverses uremic platelet abnormalities [ 113] 
and bleeding tendency; likewise, prophylactic 
hemodialysis decreases the incidence and sever
ity of hemorrhages (notably gastrointestinal) 
during ARF [110]. 

2.2 DISORDERS OF COAGULATION FACTORS 
AND FIBRINOLYSIS SYSTEM: THE 
HYPERCOAGULABILITY OF ACUTE UREMIA 

Factor VIII coagulant activity is enhanced, up 
to two- to threefold above the normal level 
[109]; likewise, hyperfibrinogenemia is noted 
in most patients with ARF [109]. Fibrinolytic 
activity is diminished, as shown by decreased 
lysis of fibrin slides by plasma of acutely 
uremic patients [109]; also, levels of circulat
ing inhibitors of fibrinolysis are increased: uro
kinase inhibitors, on the one hand [109], and 
"slow" plasma antiplasmin on the other hand 
[117] . We have demonstrated the latter abnor
mality in most of 20 patients affected with 
ARF independently of the cause of ARF and of 
the presence or absence of DIe (figure 6-1). 
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Patients 

• 
• • • • • 

t + 
• .. 
• 

The significance of coagulation-fibrinolysis sys
tem anomalies in ARF is uncertain. They are 
probably related to the conditions associated 
with or preceding ARF as much as to acute 
uremia "per se"; thus, postoperative or post
traumatic period, protracted infections, or in
flammatory diseases increase the levels of coag
ulation factors and fibrinolysis inhibitors. In 
any case, such potential hypercoagulability 
could favor the occurrence of extrarenal throm
botic episodes that complicate the course of 
some lO% of patients having ARF {110, 1I8} 
and also act as a nonspecific phenomenon facil
itating onset or perpetuation of renal intravas
cular coagulation. 

Controls 

.. 
• .. 
I + 
• • -

FIGURE 6-l. Plasma antiplasmin acriviry in 20 parients 
wirh acure renal failure. Lysis of fibrin plares by human 
plasmin was measured in rhe presence of parienrs' and 
controls' plasma. The area of lysis is negarively correlared 
wirh antiplasmin acriviry . Mean value of rhe lysed area of 
parienrs was significanrly (p < 0 .001) less rhan rhar of 
controls (250.5 ± 5 vs 289 ± 6 mm2) . (Reprinted wirh 
permission of British MedicalJournal [ref. 117J.) 
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1 Introduction 
For practical purposes, we may define acute 
renal failure (ARF) as any abrupt elevation of 
serum creatinine (Scc) above 177 J.Lmolll (2 mgt 
dl) or, in patients with stabilized chronic renal 
failure (CRF) a sudden increase in SCc by 50% 
of the baseline value. This renal shutdown may 
occur with complete anuria or oliguria or with 
preserved urine output (nonoliguric ARF). 

Since ARF is a syndrome of multiple etiolo
gies, a careful history, an accurate physical ex
amination, and a critical evaluation of labora
tory biochemical data may greatly help in 
suggesting the correct diagnosis. 

Undoubtedly, the main difficulty when 
dealing with a patient with acute impairment 
of renal function is the differentiation of pre
renal (functional) ARF from acute tubular ne
crosis (A TN) or any other acute nephropathy 
once postrenal ARF has been ruled out. 

The patient with ARF should be classified as 
early as possible in one of the following cate
gories: acute obstructive uropathy (postrenal 
ARF) (chapter 19); functional ARF (prerenal 
ARF) (chapter 2); the so-called acute tubular 
necrosis (A TN) in both varieties of oliguric 
(chapter 2) and nonoliguric ATN (chapter 10); 
acute interstitial nephritis (AIN) (chapter 2); 
acute glomerulopathy (chapter 13); acute vas-
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cular nephropathy (chapter 14); myoglobinuric 
ARF (chapter 12); hepatorenal syndrome (chap
ter 11); leptospirosis (chapter 15); hemolytic 
uremic syndrome (chapter 16). For specific 
forms of ARF, the reader is referred to the re
spective chapter. 

In this chapter only the general diagnostic 
criteria will be reviewed. 

2 History and Physical Examination 
The history uncovers factors that may help in 
classifying the cause of renal shutdown. Thus, 
for instance, a recent history of hemorrhage, 
burns, fluid loss (vomiting, diarrhea, gastric 
and/or enteric drainage, profuse sweating, di
uretic therapy), especially if the patient is 
thirsty, insufficient or absent salt ingestion, 
myocardial infarction, low-output heart fail
ure, hypotension, and sepsis, may each draw 
our attention to possible prerenal ARF; all the 
above conditions are, in fact, potentially re
sponsible for a reduction in effective arterial 
blood volume. The use of nephrotoxic drugs, 
recent blood transfusions, muscular trauma, or 
exposure to radiocontrast media or to anesthet
ics may instead suggest ATN. Historical evi
dence of urinary tract obstruction (see chapter 
19) points toward postrenal failure. 

Physical examination may uncover signs of 
dehydration (ECV depletion): shriveled and dry 
tongue, poor skin turgor, dry axillas, soft eye
balls, hypotension with resting tachycardia or 
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normal blood pressure in a previously hyperten
sive patient, postural accentuation of supine 
tachycardia and hypotension (suggesting a fall 
in blood volume by approximately 10%) [l}. 

As mentioned in chapter 2, symptoms of fe
ver, skin rash, and/or arthralgia associated with 
ARF in patients under treatment with any 
drug should suggest drug-induced acute inter
stitial nephritis (AIN). 

3 Urine Volume 
Complete anuria (usually a few milliliters 
of urine) occurs rarely and is characteristic 
of bilateral complete ureteral obstruction (see 
chapter 19), renal cortical necrosis, bilateral 
renal artery occlusion, or acute glomerulone
phritis. 

We usually call anuria a urine volume of less 
than 50 ml daily and oliguria a volume of less 
than 500 ml daily, that is, less than 20 mll 
hour if we record hourly urine output as is 
advisable in severely ill patients. In pre
renal ARF, oliguria is the combined result 
of reduced glomerular filtration and increased 
tubular reabsorption, which represents the 
physiologic response of intact renal parenchyma 
to hypoperfusion secondary to a decrease in 
effective blood volume. Oliguria in ATN is 
the expression of reduction in glomerular fil
tration. 

In nonoliguric ARF, urine output is greater 
than 500 ml/24 hours (see chapter 10). 

3.1 URINE OSMOLALITY (UOsm) AND URINE 
SPECIFIC GRAVITY 

In prerenal ARF, the increased release of ADH 
leads to a urine osmolality (UOsm) which is usu
ally at least 50 mOsm/kg water greater than 
that of plasma, with a urine to plasma osmo
lality ratio (U/POsm) {2} greater than 1.15; in 
ATN, urine approximately is osmolar with 
plasma (U/POsm equal to or less than 1.1) is 
produced even if the patient is dehydrated {3}. 
There are, however, exceptions to this general 
rule. Thus, it has been demonstrated that only 
when UOsm is greater than 500 mOsm/kg H 20 
is there a strong possibility of a potentially re
versible prerenal ARF, whereas a UOsm less 

than 350 mOsm/kg H 20 strongly suggests 
ATN {4}. 

Urine specific gravity is of limited usefulness 
since it is influenced by several factors. Thus, 
each g/dl of urinary protein will increase the 
urine density by 3 units, and each g/dl of glu
cose by 4 units (without affecting appreciably 
urinary osmolality) [l}. Nevertheless, in prere
nal ARF urine specific gravity is greater than 
1,013, whereas in ATN it is usually 1,008-
1,012. 

The isosthenuria of ATN has been attributed 
to a decreased sensitivity of collecting tubules 
to ADH. Microperfusion of isolated tubular 
segments dissected from kidneys of rabbits 
with post-ischemic ARF, in fact, has demon
strated a reduced ability of cortical collecting 
tubules to respond to ADH-mediated osmotic 
water flow {5}. 

3.2 URINARY SEDIMENT 

Urinary sediment may be of great importance 
in the diagnosis of ARF. Dirty brown, coarsely 
granular casts, free tubular epithelial cells, and 
epithelial cellular casts have been defined as 
characteristic elements of urinary sediment 
both in oliguric and nonoliguric forms of 
ATN. Modest leucocyturia and microhematuria 
are also observed, but RBC casts and hem-pig
mented casts are unusual in ATN unless he
moglobinuria or myoglobinuria is present. 

Free erythrocytes and in casts are common in 
acute glomerulonephritis and in vasculitis, par
ticularly when associated with heavy protein
uria (greater than 2 to 3 g/24 hours) and hy
pertension. Isolated hematuria may occur in 
vasculitis or in urinary tract obstruction. 

The occurrence of mild proteinuria, micro
scopic hematuria, and leucocyturia with many 
eosinophils in the urinary sediment may sug
gest AIN (see chapter 2). 

When numerous leucocytes, both free and in 
casts, are observed in urinary sediment, they 
are suggestive of pyelonephritis (bacteria are 
also present) or acute papillary necrosis. 

The presence of an indwelling bladder cath
eter, however, may itself cause hematuria and 
leucocyturia, making these findings meaning
less for diagnostic purposes. 
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3.3 URINARY SODIUM CONCENTRATION 
(UN.), FRACTIONAL EXCRETION OF SODIUM 
(FEN.), AND RENAL FAILURE INDEX (RFI) 

In prerenal ARF, kidneys retain sodium avidly 
because of tubular overreabsorption. Thus, a 
urinary sodium concentration (UNa) less than 
20 mmoliliter strongly suggests prerenal ARF; 
a UNa greater than 40 mmoi/liter is typical of 
ATN (4, 6]; values of UNa between 20 and 40 
may occur in all types of ARF (4]. Fractional 
excretion of filtered sodium (FENa) has been 
found to be less than 1 % in 94% of patients 
with prerenal ARF (4, 7, 8} while it is greater 
than 1 % in ATN (4}. It has been stated that 
most patients with A TN have a FENa equal to 
or greater than 6%, many have values between 
3 and 6%, and only a minority have values 2 
to 3% (9}. 

The tendency to lose sodium despite salt de
pletion in ATN has been attributed to an im
paired transport capacity particularly of proxi
mal tubules, but also of the thick ascending 
limb of the loops of Henle; this has been dem
onstrated by microperfusion of isolated tubular 
segments dissected from kidneys of rabbits 
with post-ischemic ARF (5}. 

FENa may be easily calculated from urine and 
plasma concentrations of sodium (UNa and PNa) 
and creatinine (UCr and PCr) determined in si
multaneously collected "spot" samples of blood 
and urine: 

since 

Na excreted 
FEN. = d X 100 

Na filtere 
X 100 

(Concentrations of creatinine and sodium In 

serum and plasma are assumed to be equal). 
If we consider that PNa varies within fairly 

narrow limits, PNa may be disregarded. The re
sulting formula has been called "renal failure 
ratio" or "renal failure index" (RFI) and is ac
tually dependent on FENa (6}: 

The RFI, like FENa, is of important diag
nostic value in differentiating prerenal ARF 
from A TN. It has been found to be less than 
1.0 in 85% of patients with prerenal ARF, 
while no patients with ATN had an RFI of less 
than 1.98 (4, 6]. 

Both FENa and RFI (since plasma sodium 
concentration is usually available, it is not nec
essary to calculate RFI once FENa is known) are 
easily calculated without the need to measure 
urine volume, a very difficult procedure in oli
guric patients. Two conditions that are charac
terized by a reduced tubular reabsorption of so
dium may make these urinary tests meaningless 
for diagnosing prerenal ARF: chronic uremia 
(in which homeostasis is maintained by an in
creased FENa) and the use of powerfuliloop or 
osmotic diuretics. 

Salt-losing nephritis may itself cause prere
nal ARF, in which, obviously, FENa is greatly 
increased (figure 2-1). 

4 Creatinine Concentration in Serum and 
In Urine 
Usually renal function is evaluated as creatinine 
clearance. But it is more practical to measure 
serum creatinine (SCr) alone, which is much 
better than BUN as an index of renal function 
since it is not significantly influenced by pro
tein intake or by the catabolic state of the pa
tient. 

Creatinine clearance may be calculated from 
the value of SCr according to the following for
mula [1O}: 

Creatinine clearance (mil min) 
(140 - age in years) X kg body weight 

72 X Sc, (in mg/dl) 

For female patients the obtained value should 
be multiplied by 0.85. 

It should be pointed out that in some con
ditions, SCr becomes a poor index of renal func
tion, unless adequate precautions are taken: 
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a. After a meal with cooked meat or its broth, 
normal subjects may exhibit an increase in 
SCr that is not an expression of reduced 
renal function. Cooked meat and its broth, 
in fact, contain enough creatinine to raise 
SCr 70.7 to 88.4 J..l.mol/l (0.8 to 1.0 mg/dl) 
[ll}. This will double the SCr of a normal 
man. Thus, SCr should be measured in 
blood samples obtained in a fasting condi
tion. 

b. Both cimetidine and trimethoprim may 
cause a slight increase in SCr without chang
ing the GFR [12, 13}. Apparently, this is 
due to competitive inhibition of creatinine 
secretion by the proximal tubules. 

c. SCr may be falsely elevated with most assay 
systems when determined in blood samples 
taken soon after cefoxitin administration 
[14}. It has therefore been suggested that 
SCr should be determined at least two hours 
after the infusion of cefoxitin in normal 
subjects and at least six hours after cefoxitin 
in moderate renal failure; in severe renal 
failure, SCr determination is inaccurate dur
ing therapy with cefoxitin because of the 
very long half-life of the drug [14}. 

It should be borne in mind that SCr depends 
on muscle mass and exhibits diurnal variations 
even in normal subjects [15}. If glomerular fil
tration suddenly stops, the rise in SCr does not 
continue to reflect changing GFR but the rate 
of release of creatinine from muscles; in this 
state the increment will be 88-177 J..l.mol/ lIday 
(1-2 mg/dl/day); an increment of less than 88 
J..l.mol/ lIday (1 mg/dl/day) suggests a less severe 
impairment of renal function; increments 
greater than 265 J..l.mol/ lIday (3 mg/dl/day) 
suggest rhabdomyolysis [1}. 

As mentioned above, in prerenal ARF an in
creased tubular reabsorption of ultrafiltrate oc
curs. Since creatinine is not reabsorbed by renal 
tubules, its urine concentration will be in
creased. Because of this, it has been suggested 
that the urine-to-plasma-creatinine ratio (VI 
PCr) should be used to differentiate pre renal 
ARF from ATN [16}. A ratio greater than 40 
is usually observed in pre renal ARF [4, 6} and 
also in acute glomerulonephritis [4}, indicat-

ing, in both conditions, the preservation of tu
bular function; a ratio less than 20 is sugges
tive of ATN [4, 6, 16}. 

5 BetarMicroglobulin Concentration 
In Plasma and Urine 
Betarmicroglobulin is a low-molecular weight 
(11,800 daltons) protein, which is freely fil
tered by the glomeruli and then almost com
pletely (99.9%) reabsorbed and catabolized by 
the epithelial cells of proximal tubules. Its en
hanced urinary excretion has therefore been 
suggested as an index of proximal tubular dam
age [17, 18} while its plasma concentration has 
been used as a highly suitable index of renal 
function [19-2lJ. Actually, plasma concentra
tions of betarmicroglobulin have been found 
to correlate more closely with GFR than do 
plasma creatinine concentrations; in particular 
the former were found increased because of re
duction of GFR below 80 ml/minl 1. 73m2 even 
when the latter were still within normal ranges 
[20, 21}. 

Plasma betarmicroglobulin concentration is 
stable throughout the day [21, 22} (whereas 
plasma creatinine concentration exhibits diur
nal variations even in normal subjects) [15}; it 
may be measured by radioimmunoassay in very 
small blood samples (only 10 to 20 J..l.l of 
plasma are required), which may be obtained 
by finger prick; it increases, even without renal 
function impairment, in patients with liver, 
malignant, or immune disease [21}. On the ba
sis of these properties, betarmicroglobulinemia 
may be used for the early detection of renal im
pairment during treatment with nephrotoxic 
drugs and for monitoring renal function when 
GFR is already reduced. 

On the other hand, as mentioned in chapter 
2, the increase in urinary excretion of betar 
microglobulin has been suggested as a useful 
text for predicting a fall in renal function dur
ing aminoglycoside treatment. 

6 Blood Urea Nitrogen (BUN) 
Vrea is the main end product of nitrogen me
tabolism. It is a diamide of carbonic acid 
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(CO(NH2) ) and is derived from protein catab
olism. Urea concentration in blood is fre
quently determined by measuring the amount 
of blood urea nitrogen (BUN) (concentration of 
urea nitrogen in blood, plasma, and serum are 
assumed to be equal) [23}. Since the urea mol
ecule (mol wt 60) contains two nitrogen atoms 
(atomic weight of N = 14; for two atoms the 
weight is 28), blood urea may be calculated by 
multiplying BUN by two (since 28 is approxi
mately half of 60) [23}' 

When renal perfusion is reduced (as occurs 
in prerenal ARF), the consequent decrease in 
GFR leads to a reduction in tubular fluid flow 
rate; in this condition, tubular reabsorption of 
urea increases, leading to a disproportionate 
rise in BUN as compared to Ser. Thus, the ra
tio BUN/Sen which is usually 10: 1 to 15: 1, 
will exceed 20: 1, unless urea production is re
duced by a low protein intake or concomitant 
severe hepatic disease [24}. 

However, BUN is elevated in all other types 
of ARF; this rise is proportional to the fall in 
GFR so that the BUN/Ser ratio is maintained 
around lO:1 to 15:1. The usual rise of BUN in 
ATN is of the order of 7 mmolll/day (20 mgt 
dl/day). Increase in protein intake or in cata
bolic rate may induce a greater increase in 
BUN, which may lead to a BUN/Ser ratio 
greater than 20: 1. Particularly in nonoliguric 
ARF, the rate in BUN increase is related more 
to the catabolic rate than to the degree of renal 
impairment [3}. In hypercatabolic conditions 
(burns, traumatic injuries, heat stroke, and 
complications of ARF, such as fever, sepsis, 
gastrointestinal bleeding, blood sequestration, 
extensive tissue necrosis), the rise in BUN may 
reach 18-21 mmol/llday (50-60 mg/dl/day) 
[3J. 

Since a BUN/Ser ratio greater than 20: 1 may 
be observed even in postrenal ARF because of 
increased urea reabsorption both from tubules 
(due to a reduced tubular fluid flow rate) and 
from pelves, ureters, and bladder (because of 
prolonged contact time), this ratio is sugges
tive but not diagnostic of prerenal ARF. [24}. 
In normal subjects, the urine-to-plasma-urea
nitrogen ratio (U/PUN) is greater than 14 [l}. 
It has been demonstrated that in ATN, since 

urinary excretion of urea is decreased and BUN 
is increased, the U/PUN ratio is reduced [25}, 
usually to less than 8 or even less than 3. In 
prerenal ARF, since the percentage of glomer
ular ultrafiltrate that is reabsorbed by tubules 
(because of their preserved functional integrity) 
exceeds the percentage of the reabsorbed urea, 
the U/PUN is usually greater than 8 [4}. It 
should be noted that values of this ratio greater 
than 8 are also observed in acute glomerulone
phritis [4}. 

An isolated increase in BUN may be ob
served in some normal subjects without renal 
disease and with normal renal function. Pre
liminary clearance studies performed in a num
ber of these subjects in our unit appear to sup
port the hypothesis that this phenomenon is 
due to urea overreabsorption in the distal neph
ron (presumably in the collecting duct); the 
urea nitrogen appearance (UNA, net urea ni
trogen production) in these subjects is, in fact, 
perfectly normal [26}. 

Finally, it is interesting to note that in pa
tients with CRF loop diuretics cause an isolated 
increase in BUN without affecting GFR. We 
have recently demonstrated that this phenome
non is accounted for by an increase in urea 
reabsorption in the distal nephron (presumably 
in the inner medullary collecting duct), sec
ondary to diuretic-induced Eev depletion 
[27}. 

7 Serum Uric Acid 
With the exception of acute uric acid nephrop
athy (UAN) in which hyperuricemia may be 
strikingly severe (see chapter 2), serum uric 
acid in ARF is mildly elevated, usually not ex
ceeding 0.71 mmolll (12 mg/dl) [28J. Urinary 
excretion of uric acid in ARF is reduced be
cause of the fall in GFR, but less than would 
be predicted from impairment of renal func
tion, thereby reflecting the relative preservation 
of uric acid tubular secretion; thus, the uric
acid-clearance-to-creatinine-clearance ratio may 
rise as GFR falls {29}, but not as much as in 
UAN (see chapter 2). Thus, it has been dem
onstrated that urinary uric acid/creatinine con
centration is greater than 1 only in UAN, 
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being less than 1 (as in normal subjects) 10 

ARF due to other causes [30}. 

8 Serum Sodium Concentration and ECV 

8.1 HYPOVOLEMIC HYPONATREMIA 

The normal osmolality (number of solute par
ticles per unit of solvent) in EeV (in which 
sodium accounts for virtually all osmotically 
active solutes) is maintained by the combined 
actions of thirst, ADH secretion, and renal 
concentrating-diluting mechanism, which mod
ify the volume of water in which solutes 
(mainly sodium) are dissolved [3l}. Mild pri
mary deficit of sodium, by causing hypotonic
ity in EeV, inhibits thirst and ADH secretion, 
leading to an immediate equivalent renal loss 
of water; thus, isotonicity is promptly re-estab
lished at the cost of a mild Eev contraction. 
Therefore, mild salt depletion is not reflected 
by changes in serum sodium concentration. If 
hyponatremia is observed in these circum
stances, it indicates changes in hydration (i. e., 
water in excess of sodium) secondary either to 
increase in water intake or to i. v. infusion of 
salt-free solutions. This is usually an iatrogenic 
hyponatremia that requires water restriction 
rather than salt administration for correction 
(see chapter 21). 

When salt depletion is particularly severe 
and EeV contraction assumes more significant 
proportions, the initial priority of maintaining 
a normal osmolality in EeV is sacrificed in or
der to minimize EeV contraction. In these cir
cumstances, the three water-retaining forces are 
stimulated (rather than inhibited, as usually 
expected) and hyponatremia occurs, reflecting 
severe hypovolemia [31, 32}. It is therefore not 
surprising that in pre renal ARF, secondary to 
EeV depletion, hyponatremia is observed. The 
loss of sodium-containing fluid through the 
gastrointestinal tract (vomiting, diarrhea, gas
trointestinal drainage), the skin (severe sweat
ing) or the kidneys (e.g., in salt-losing nephri
tis) stimulates the hypothalamic-renal factors 
leading to renal retention of ingested water. If 
salt-free solutions are given by mouth and/or 
by i. v. infusion, this replacement of sodium-

rich fluid by water will worsen hypotonicity 
and hyponatremia [3l}. 

8.2 HYPERVOLEMIC HYPONATREMIA 

Increased tubular reabsorption of salt and water 
also occurs in those edematous states, which are 
characterized by a decrease in effective arterial 
blood volume. The effective arterial blood vol
ume may be defined as the relative fullness of 
the arterial tree as determined by cardiac out
put, peripheral vascular resistance, and total 
blood volume. The effective arterial blood vol
ume is usually diminished in congestive heart 
failure (because of a reduced cardiac output), in 
cirrhosis with ascites (because of a reduction in 
total peripheral resistance), and in nephrotic 
syndrome or severe burns (because of reduced 
total blood volume secondary to protein losses). 
In these circumstances in which EeV is ex
panded (with edema and/or ascites) but effec
tive arterial blood volume is reduced, the dis
proportionate retention of ingested water leads 
to hypervolemic hyponatremia [3 I}. Renal hy
poperfusion causes pre renal ARF (see chapters 
1 and 2), with oliguria, high urine osmolality, 
and low FENa (see below), which are reversed 
by hemodynamic improvement and re-expan
sion of effective arterial blood volume (see 
chapter 21). 

8.3 HYPOVOLEMIC HYPERNATREMIA 

Frequently, EeV depletion, which may cause 
pre renal ARF, results from losses of hypotonic 
body fluids with sodium concentration below 
that of plasma [31}. This is the case with fluid 
loss by vomiting or nasogastric suction (normal 
gastric juice contains an average of 60 mmolll 
of Na with a range of 30 to 90 mmolll), diar
rhea, or intestinal drainage (normal small 
bowel juice: mean Na = 105 mmolll with 
range 72-158; normal ileal fluid: mean Na = 
129 mmolll range 90-140; normal cecal fluid: 
mean Na = 80 mmolll with range 50-116), 
excessive sweating (sweat: mean Na = 45 
mmolll with range 18-97) [33}. Should these 
losses remain either unreplaced or partially re
placed by relatively hypertonic solutions (e.g., 
normal saline: Na = 154 mmolll), hypernatre
mia will occur [3 l}, which may be worsened 
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by associated conditions of water loss such as 
increase in insensible water loss (for example, 
for hyperpnea caused by metabolic acidosis) or 
diabetes insipidus. 

This hypovolemic hypernatremia can be cor
rected by hypotonic saline solutions (e.g., half
normal saline or even more diluted solutions). 

8.4 HYPERVOLEMIC HYPERNATREMIA 

Hypervolemic hypernatremia is usually iatro
genic. Thus, it may occur in patients with 
metabolic acidosis treated with i. v. infusion of 
hypertonic solutions of sodium bicarbonate 
[31}. Obviously, it is a condition that should 
be prevented by correcting metabolic acidosis 
with isotonic or hypotonic solutions of sodium 
bicarbonate. 

9. Serum Potassium Concentration 
Serum potassium concentration in ARF may vary 
with external and internal potassium balance. 

9. 1 HYPERKALEMIA 

Undoubtedly, in ARF the danger of death de
rives mainly from hyperkalemia. Thus, a blood 
sample must be immediately taken to measure 
serum potassium concentration when a patient 
first presents with suspected ARF. 

Particularly in oliguric ARF, hyperkalemia 
occurs because of potassium retention. This 
may be even more severe when impaired potas
sium excretion is associated with excessive po
tassium administration as potassium intake, 
stored blood transfusion, i. v. infusion of potas
sium-rich solutions, or K-penicillin adminis
tration (K-penicillin contains 1.7 mmol of K + I 
106 units of the antibiotic). 

Redistribution of potassium from the intra
cellular space to the extracellular fluid may fur
ther increase serum potassium concentration. 
This occurs in metabolic acidosis, which is 
commonly observed in ARF, and in hypercata
bolic states, such as in postsurgical or posttrau
matic ARF. 

In diabetic patients, sudden hyperglycemia 
(as occurs following i. v. infusion of glucose so
lutions without insulin) may cause fatal hyper
kalemia due to cellular water (containing potas-

sium) movement to the extracellular fluid in 
response to the osmotic effect of hypergly
cemia; this life-threatening hyperkalemia is not 
observed in nondiabetic subjects because secre
tion of aldosterone and insulin is stimulated by 
hyperglycemia and hyperkalemia and this leads 
to cellular re-entry of potassium (31, 34}. Hy
perkalemia due to cellular leak of potassium 
may follow excessive administration of digi
talis, which inhibits Na-K-ATPase [31}. 

Serum potassium may be spuriously elevated 
because of test-tube phenomena; this pseudo
hyperkalemia, however, is not harmful to the 
patient and may be due to (a) test-tube hemo
lysis, (b) strangulation of the patient's arm dur
ing blood sampling, and (c) release of potassium 
from white blood cells and platelets during co
agulation in the test tube (this factor is impor
tant when white blood cells exceed 5 X 1051 
mm3 or platelets exceed 7.5 X 105/mm 3) (31}. 
Even when a pseudohyperkalemia is suspected, 
it is mandatory to institute immediately emer
gency therapy (e.g., i. v. bicarbonate infusion) 
and possibly to evaluate an EeG for signs of 
hyperkalemia while awaiting a further labora
tory measurement of potassium (possibly plas
ma potassium) in a fresh blood sample; the 
danger of sudden death is too high to take the 
chance and wait without therapeutic measures. 

9.2 HYPOKALEMIA 

Hypokalemia may be observed even in oliguric 
ARF. It is usually due to potassium losses 
through vomiting or nasogastric suction (nor
mal gastric juice contains an average of 9 
mmolll of K with a range of 5-15 mmolll) 
[31, 33}, intestinal drainage (normal small 
bowel juice: mean K = 5 mmolll with range 
3.5-7; normal ileal fluid: mean K = 11 mmolll 
with range 6-30; normal cecal fluid: mean 
K = 21 mmolll with range 11-28) (33}, diar
rhea (in diarrheal states, stool may contain 10 
to 100 mmolll of K; gastrointestinal potassium 
wasting is enhanced by secondary hyperaldoste
ronism) [31}, severe sweating (sweat: mean K 
= 4.5 mmolll with range 1-15 being in
creased by hyperaldosteronism) (33}. It should 
be stressed that in normal subjects the potas
sium depletion that follows gastric losses is 
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mainly due to renal potassium wasting stimu
lated by the secondary metabolic alkalosis and 
volume depletion. Volume depletion, in fact, 
will cause renal retention of sodium and chlo
ride while alkalosis will favor tubular secretion 
of potassium; the result will be hyperkaliuria 
with hypochloriduria [31, 35}. 

The above conditions causing potassium 
losses may, on occasion, exhibit normokalemia 
or even slight hyperkalemia because of simul
taneous severe metabolic acidosis with a conse
quent redistribution of potassium from the 
intracellular space to the extracellular fluid. 
In these circumstances, potassium depletion 
should be identified because the correction of 
metabolic acidosis without potassium supple
ments may lead to fatal hypokalemia. 

10 Acid-Base Balance 
The evaluation of acid-base status may help in 
determining the etiology of prerenal ARF. 
Thus, metabolic alkalosis may indicate vomit
ing, nasogastric suction, diuretic treatment; 
metabolic acidosis may indicate CRF, diar
rhea, intestinal fistulas, adrenal insufficiency 
and (in diabetic ketoacidosis) glucose-induced 
osmotic diuresis (24}. It should be stressed, 
however, that once renal shutdown has oc
curred (as in ATN), acid retention will invari
ably lead to metabolic acidosis, which may be 
blunted by persisting vomiting or nasogastric 
suction. In these circumstances, the anion gap 
(i.e., the amount of the undefined anions that 
in addition to bicarbonate and chloride coun
terbalances sodium's positive charge; calculated 
as (Na +} - «(HC03~} + (Cl-})) is clearly in
creased (normal value = 12 ± 2 mmolll). In 
pre renal ARF secondary to diarrhea or intes
tinal fistulas, the anion gap may be normal, 
the lost bicarbonate being replaced by chloride 
overreabsorbed by proximal tubules of the hy
poperfused kidneys (hyperchlemic acidosis). 

Any cause of overproduction of organic or 
inorganic acids in A TN will worsen the meta
bolic acidosis; this occurs, for instance, in hy
percatabolic states, in lactic acidosis, and in di
abetic ketoacidosis. Severe metabolic acidosis 
with serum bicarbonate levels as low as 2 
mmolll has been reported in rhabdomyolysis-

induced ARF and attributed to a large loading 
of hydrogen ions and their associated anions re
leased from tissue destruction (36}. 

11 Serum Calcium Concentration 

11. 1 HYPOCALCEMIA 

Hypocalcemia is a frequent biochemical feature 
of the oliguric phase of ARF and is responsible 
for the secondary hyperparathyroidism com
monly observed in this condition (see chapter 
5). The fall in serum calcium concentration ap
pears secondary to phosphate retention due to 
the severe impairment of renal function (37} as 
occurs in CRF (23}' low blood levels of 
250HD [38} and 1,25(OHhD [39}, and a 
skeletal resistance to the calcemic actions of 
PTH [39}. 

Undoubtedly, marked hypocalcemia is a typ
ical feature of the oliguric phase of ARF asso
ciated with rhabdomyolysis (see chapter 12); in 
this condition, in fact, the severe hyperphos
phatemia is the combined result of both phos
phate retention (due to the renal shutdown) 
and phosphate release (due to excessive break
down of skeletal muscles); calcium salt deposi
tion occurs in traumatized muscles, leading to 
a severe fall in serum calcium concentration 
{40, 41}. 

Finally, hypocalcemia with hyperphospha
temia may be observed in patients with acute 
lymphoblastic leukemia and ARF (secondary to 
acute nephrocalcinosis), which follows cytolytic 
therapy (42, 43} (see chapter 2). 

It should be stressed that a reduction in total 
serum calcium may occur as result of hypoal
buminemia. Since 1 g/dl of serum albumin 
binds 0.8 mg/dl (0.2 mmolll) of calcium, the 
component of hypocalcemia due to protein de
pletion may be easily calculated (as grams of 
serum albumin decrement times 0.8) [31}. 

Hypocalcemia may also result from binding 
of calcium by citrate (derived, for instance, 
from blood transfusion) or by oxalate (following 
ethylene glycol intoxication) [31}. 

11. 2 HYPERCALCEMIA 

Hypercalcemia is a typical biochemical feature 
of the diuretic phase of rhabdomyolysis-in-
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duced ARF (see chapter 12). Resolution of soft
tissue calcification, which occurred during the 
oliguric phase, increased calcium resorption 
from bone, and increase in gut calcium absorp
tion have all been implicated as contributing 
factors to this hypercalcemia. In such patients, 
PTH plasma levels have been found normal, el
evated, or undetectable (see chapter 5); the 
blood levels of 250HD elevated or normal; 
those of 1,25(OHhD elevated (see chapter 12) 

It has to be stressed that hypercalcemia may 
occur as late as 55 days after the onset of the 
diuresis; thus, determination of serum calcium 
should be included in the follow-up after rhab
domyolysis-induced ARF. 

The occurrence of hypercalcemia in the oli
guric phase of rhabdomyolysis-induced ARF is 
a very rare but extremely severe observation 
since the simultaneous occurrence of hyper
phosphatemia may cause acute calcium deposi
tion in vital organs. This hypercalcemia does 
not seem to depend on increase in PTH secre
tion but has been associated with increased 
blood levels of 250HD3 (44}. 

It has been recently proposed that hypercal
cemia in ARF may not be dissimilar from im
mobilization hypercalcemia, and its occurrence 
in the diuretic phase of ARF may be related to 
the immobilization time rather than to diuresis 
{45] (see chapter 12). 

12 Anemia and Granulocytosis 
A moderate to severe normocytic, normo
chromic anemia is regularly seen in all types of 
ARF. Hemoglobin values as low as 3.7-4.3 
mmol/l (6-7 g/dl) and an hematocrit of 0.20-
0.25 are frequently observed. Mild but contin
uous hemorrhage (for instance, in the gastroin
testinal tract), increased hemolysis, and de
creased erythropoiesis have been suggested as 
causative factors. As mentioned in chapter 6, a 
bleeding tendency is undoubtedly frequent. A 
relative proerythroblasrosis with a decrease in 
RBC precursors (and increase in granulocyto
poiesis) in the bone marrow has been reported 
with a rise in the myeloid/erythroid ratio {46}. 
This finding is suggestive of a suppressed mat
uration of erythrocytes probably due to uremic 
"toxins." Plasma erythropoietin has been re-

ported as either absent or markedly depressed 
(see chapter 5). Bone marrow regains a normal 
erythropoietic activity in the diuretic phase of 
ARF when a reticulocyte response is observed. 

Granulocytosis is another frequent finding in 
ARF, even when no infection is present, partic
ularly in rhabdomyolysis-induced ARF (see 
chapter 12). The occurrence of an increase 10 

blood eosinophil count (greater than 0.7 X 

109/1) suggests AIN (see chapter 2). 

13 Differential Diagnosis Between 
Prerenal ARF and ATN 
The differential diagnosis between pre renal 
ARF and ATN is frequently difficult. In the 
former condition, the preserved capacity to re
tain sodium and concentrate urine indicates a 
complete integrity of tubular function; in the 
latter, sodium is usually lost and the urine is 
not concentrated, suggesting a severe impair
ment of tubular function. 

Several factors, however, may interfere with 
this general rule. Thus, when prerenal ARF oc
curs in elderly patients (9} and in patients with 
pre-existent CRF and/or a chronic nephropathy 
with urinary salt leaks (the so-called "salt-los
ing nephritis" usually secondary to chronic uri
nary obstruction, polycystic kidney disease, 
phenacetin nephropathy, or chronic pyelone
phritis with urinary infection) {23], sodium 
may be lost despite salt depletion. Similarly, 
the administration of loop diuretics or the in
duction of osmotic diuresis by mannitol or by 
radiocontrast media may significantly increase 
sodium excretion interfering with the renal ca
pacity to retain sodium in a state of severe de
hydration or renal hypoperfusion. On the other 
hand, it should be borne in mind that high 
urinary sodium concentration and isosthenuria 
may occur in other forms of ARF, such as post
renal ARF, renal cortical necrosis, acute inter
stitial nephritis, and glomerular diseases. 

With the aim of helping in differentiating 
prerenal ARF from A TN, several diagnostic in
dexes (see above) have been proposed. But the 
limits of these indexes, as listed in table 7-1, 
should not be regarded as inviolative; the far
ther a value of each index strays from the stated 
limits, the less likely is the corresponding di-
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TABLE 7 -1. Diagnostic indexes for 
differentiating pre renal ARF and ATN 

Prerenal ARF ATN 

Urine-specific gravity >1013 <1013 
UO,m (mOsm/kg water) >500 <350 
U/Po,m > 1.15 :S 1. 1 
U/Pc, >40 <20 
U/PUN >8 <3 
BUN/Sc, ~20: 1 <20: 1 
UNa (mmolll) <20 >40 
FENa (%) <1 >3 
RFI <1 >4 

U = urine; P = plasma; B = blood; Osm = osmolality; Cr = creati
nine; UN = urea nitrogen; FENa = Fractional excretion of sodium; RFI 
= renal failure index. 

agnosis to be correct [9}. It has been stated 
that FEN. and RFI are the best urinary tests for 
this purpose [4}. 

A more recent study on nonoliguric ARF, 
however, has demonstrated that in sodium-avid 
states, such as severe hepatic dysfunction (cir
rhosis with ascites), low values of urinary so
dium concentration (less than 20 mmol/l), 
FEN. (less than 1 %), and RFI (less than 1) may 
coexist with a diagnosis of nonoliguric ATN, 
based on typical urinary sediment, isosthenu
ria, and U/P creatinine ratio less than 20 [47}. 
Similar findings have been reported in patients 
with nonoliguric ATN secondary to extensive 
burns [48, 49}, nephrotic syndrome [50}, and 
low-output cardiac failure following heart sur
gery [51}. The common denominator of these 
sodium-avid states is a decrease in effective ar
terial blood volume, which can fully account 
for tubular sodium overreabsorption, probably 
in the distal tubule [47, 48}, in residual neph
rons the tubular function of which is still pre
served [49, 52}. These observations appear to 
support the assumption that sodium retention 
may clearly differentiate functional (prerenal) 
ARF from ATN only when oliguria is present 
[48}. 

Thus, for the diagnosis of prerenal ARF, all 
the tests listed in table 7-1 should be per
formed and evaluated in association with the 
following criteria: (a) the daily urine volume 
should be less than 500 ml; (b) the impairment 
of renal function should have occurred in asso
ciation with volume depletion, transient hy-

potension, or congestive heart failure, that is, 
with a condition that may cause renal hypoper
fusion; (c) no cellular casts should be observed 
on urinalysis; and (d) renal function should be 
normalized within 24 to 72 hours after correc
tion of volume depletion, hypotension, or 
congestive heart failure. It should be men
tioned that elderly patients with prolonged salt 
depletion may not respond promptly to fluid 
administration and may remain oliguric for up 
to 24 hours, even when a prerenal ARF is un
doubtedly present [9}; after volume replace
ment, however, they frequently exhibit a 
prompt diuretic response to loop diuretics or 
mannitol [9}' 

The early renal functional changes of hepa
torenal syndrome (HRS) are indistinguishable 
from prerenal ARF; but in HRS, the expan
sion of ECV is not successful in reversing the 
renal impairment (see chapter 11). 

13.1 NONOLIGURIC PRE RENAL ARF 

Things become more difficult when prerenal 
ARF occurs in a nonoliguric form. Thus, pa
tients with volume-compromised hemodynamic 
state have been reported in the recent literature 
with nonoliguric ARF with a low RFI (less 
than 1.0), a normal urinary sediment, and 
other signs compatible with the diagnosis of 
prerenal ARF, including the prompt recovery 
of renal function after correction of impaired 
hemodynamics [53}; the nonoliguric state in 
these patients, in the absence of diabetes meli
rus or solute diuresis, has been attributed to a 
concentrating defect [47}. 

On the other hand, in elderly subjects, as 
well as in hypertensives and in patients with 
CRF, the ability to concentrate urine is fre
quently reduced; should prerenal ARF occur in 
these subjects, U/Posm and VIPer would be 
lower than expected [9}. 

13.2 ACUTE REJECTION AFTER 
RENAL TRANSPLANTATION 

After renal transplantation, early postoperative 
graft failure creates the practical problem of 
differentiating between prerenal ARF, acute 
rejection, and ATN. While referring the 
reader to chapter 20, it is worthwhile to men
tion that since acute rejection starts with a re-
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duct ion in renal perfusion while tubular func
tion integrity is preserved, the clinical pattern 
of the early phase of acute rejection is quite 
similar to that of prerenal ARF: oliguria, high 
UOsm , low UNa, and, in particular, low values 
of FENa. This may help to rule out ATN and 
diagnose acute rejection once systemic factors 
such as volume depletion and/or hypotension 
are excluded [54}. 

13.3 ACUTE GLOMERULONEPHRITIS 

Urinary diagnostic indexes (UOsm , UNa, 
U/PUN, U/Per> RFI, and FENa) in patients 
with acute glomerulonephritis have been dem
onstrated to be similar to the values observed 
in pre renal ARF [4}. This observation suggests 
that tubular function integrity is preserved in 
acute glomerulonephritis. 

Thus, the above diagnostic indexes appear 
quite useful for differentiating this disease from 
oliguric ATN (see chapter 13). 
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Acute tubular necrosis (A TN) is the most com
mon form of ARF. Less often, ARF results 
from arterial, glomerular, or interstitial le
sions. These forms of ARF may regress, but 
may also lead to chronic renal failure (CRF). 
Progression to CRF may sometimes be pre
vented by appropriate therapeutic measures, 
especially if they are undertaken early, for of
ten the lesions only become irreversible later in 
the course of the illness. These treatments are 
potentially expensive and hazardous. Thus, 
they must rely on precise and early identifica
tion of the anatomical lesions, their mecha
nism, and their cause. The situation may be 
highly complex since the same etiology can 
produce different forms of ARF, each of which 
requires its own treatment. In order to guide 
the therapy and in the absence of the usual con
traindications (which ,.re often temporary), 
early renal biopsy should be considered in ARF 
whenever the diagnosis of ATN appears doubt
ful and/or the etiology equivocal. 

1 Distribution of the Lesions Displayed 
by Renal Biopsy in ARF 
It is difficult to state precisely the respective 
frequencies of the renal lesions responsible for 
ARF because of differences in patient popula-
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tions and sometimes in the diagnostic attitude 
in the numerous intensive care units and ne
phrological centers. Approximately, ATN ac
counts for 80% of ARFs, acute glomeruloneph
ritis for 5 to 10%, acute vascular nephritis for 
5 to 10%, acute interstitial nephritis for 3 to 
5%, with wide variations from one center to 
another. Renal biopsy is therefore performed in 
a limited number of cases. Even in H6pital 
Tenon, where the diagnostic attitude may be 
considered as active, only 178 (20%) of the 
889 patients treated by dialysis for ARF be
tween 1966 and 1980 underwent a renal biopsy 
(I}. The distribution of lesions is shown in Ta
ble 8-1. The distribution observed by Bonom
ini et al. (2} was different, but they performed 
renal biopsy in 65% of 317 patients with ARF; 
in particular, the incidence of A TN was 
61.5%. 

2 Contribution 0/ Renal Biopsy to the 
Etiological Diagnosis 0/ ARF 

2.1 ATN 

The contribution of renal biopsy is obvious in 
this group since it represents nearly one-third 
of the biopsied patients in our series. In 25 
cases, biopsy was performed either because of 
lack of precise etiology or protracted renal fail
ure. In 29 other cases, the clinical diagnosis 
had been toxic or immunotoxic interstitial ne
phritis (10 cases), vascular nephritis (1 case), 
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TABLE 8-1. Distribution of renal lesions in 178 patients 
with ARF biopsied at H6pital Tenon between 
1966 and 1980 

Condition 

Acute tubular necrosis (ATN) (54; 30%) 
Pure 
With interstitial reaction 

Acute vascular nephritis (45; 25%) 
Thrombotic microangiopathy (TMA) 
Malignant nephroangiosclerosis (NAS) 
TMA or NAS 

Acute glomerulonephritis (46; 26%) 
Extracapillary glomerulonephritisb 

Membranoproliferative 
glomerulonephritis 

Endocapillary glomerulonephritis' 
Focal and segmental 

glomerulonephritisd 

Otherse 

Acute interstitial nephritis (16; 9%) 
With polymorphs 
With round cells 
Necrotic tuberculosis 

Cortical necrosis (5; 3%) 
Myeloma kidney (8; 4) 
Miscellaneousf (4) 

ilJ'hree had previously unknown glomerulonephritis. 

No./% 
patients 

29 (16%) 
25 (14%) 

25 (14%) 
17 (9%) 
3 (9%) 

26 (24%) 
3 

9 
5 

3 

8 
7 
1 

b-y-en with linear IgG deposition in glomerular basement membranes, 7 
with polyarteritis nodosa, 1 with Wegener granulomatosis 2 with poly
morphs in the interstitium. 
(Three with cryoglobulinemia. 
dFour with polymorphs in the interstitium. 
eTwo unclassified glomerulonephritis (one with mesangial IgA deposi
tion), and one anyloidosis associated with acute tubule-interstitial lesions. 
fIncluding two with massive neoplastic cell infiltration. 

or glomerulonephritis (18 cases). In the latter 
group, atypical renal signs (proteinuria >2 g/ 
day, macroscopic or microscopic hematuria, 
hypertension), and, in certain cases, extrarenal 
symptoms suggestive of systemic disease had 
been noted. Besides their practical importance 
(see section 3), these findings demonstrate the 
(rare) possibility of atypical forms of ATN that 
can be recognized only by renal biopsy. 

2.2 ACUTE VASCULAR NEPHRITIS 

Acute vascular nephritis is nearly always diag
nosed clinically. In our experience, serious 
complications of renal biopsy occurred only in 
this group, despite previous arteriography 
when necrotizing angiitis was suspected: exten
sive perirenal hematoma in four patients, lead-

ing to partial or total nephrectomy in three. 
This should weigh heavily against biopsy in 
such patients. 

2.3 ACUTE GLOMERULONEPHRITIS 

Acute glomerulonephritis is most often recog
nized clinically. On the other hand, in our se
ries, renal biopsy confirmed the diagnosis in 
only 43 of the 75 patients considered as having 
glomerulonephritis on clinical grounds. Fur
thermore, the precise histological pattern, 
which affects both prognosis and therapy, can
not be anticipated. Renal biopsy is therefore 
highly justified in patients with ARF and with 
symptoms suggestive of glomerular disease. 

2.4 ACUTE INTERSTITIAL NEPHRITIS (AIN) 

The clinical diagnosis is very difficult (see 
chapter 2, section 16). Only 9 of our 16 pa
tients with AIN were recognized clinically. 
Only 7 of our 18 patients clinically diagnosed 
as AIN had interstitial lesions on the renal bi
opsy. Moreover, the biopsy allows the identifi
cation of the cellular infiltrate: polymorphonu
clear leucocytes with microabscesses suggesting 
infectious interstitial nephritis, or mononuclear 
cells (lymphocytes, plasma cells, eosinophils) 
suggesting immunotoxic interstitial nephritis. 
Therapeutic implications are opposite (see sec
tion 3). 

2.5 OTHER LESIONS 

Cortical necrosis is rare. The diagnosis was con
firmed by renal biopsy in only 2 of 18 patients 
in our series. ARF may be the presenting fea
ture in some patients with multiple myeloma 
[3J; histological evaluation in patients with 
multiple myeloma and ARF is useful for prog
nosis and therapy since lesions different from 
myeloma kidney, such as ATN, may be en
countered. Massive infiltration of the kidney by 
neoplastic cells can be recognized in certain pa
tients with lymphomas [4}. 

3 Contribution of Renal Biopsy to 
Prognosis and Treatment of ARF 
In our series, the results of renal biopsy influ
enced our therapeutic attitude in the great ma
jority of cases [lJ. In some cases, an appropri-
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ate therapy was started or continued; in others, 
useless and potentially harmful therapy was 
withdrawn or discarded. Furthermore, renal bi
opsy was helpful to establish a prognosis. 

The histological recognition of ATN leads to 
the immediate exclusion of any treatment other 
than symptomatic. 

Despite the high incidence (9%) of severe 
complications of renal biopsy in patients with 
acute vascular nephritis (1], this investigation 
may be considered when the patient is seen 
early, in order to appreciate the extent of pro
liferative endarteritic lesions [5}. 

In acute glomerulonephritis, appropriate 
treatment can be given according to the histo
logical pattern displayed by renal biopsy. 
Drugs are withheld in the presence of pure en
docapillary or advanced extracapillary glomer
ulonephritis with sclerosis. Extracapillary glo
merulonephritis with fresh cellular crescents is 
not a homogenous group. It may be associated 
with either arterial lesions, such as those found 
in polyarteritis nodosa and Wegener's granu
lomatosis, or with deposits in the mesangium 
and polymorphonuclear cells in the intersti
tium suggesting an infectious cause, or not as
sociated with any particular histological or 
clinical pattern. Each of these cases requires 
different and sometimes opposite therapeutic 
measures. Membranoproliferative and focal and 
segmental glomerulonephritis are frequently as
sociated with mesangial C3 deposits and re
lated to infection [6}. 

In AIN, the identification of the cellular in
filtrate may lead to many decisions, that are 
frequently opposite: administration of antibiot
ics and elimination of the source of infection in 
acute pyelonephritis (either hematogenic or re
sulting from urinary tract obstruction); with
drawal of the responsible drug in immunotox
ic interstitial nephritis (see chapter 2, sec
tion 16). 

Thus, renal biopsy may be considered as a 
guide in the treatment of certain cases of "med
ical" acute renal failure. This is particularly il
lustrated by ARF associated with acute infec
tion. Septicemia, for example, may lead to 
A TN from shock, to glomerular ischemia or 
necrosis from angiitis, to glomerulonephritis 
with complement and sometimes immunoglob-

TABLE 8-2. Results of renal biopsy in 56 patients with 
acute infection and ARF seen in H6pital Tenon between 
1966 and 1980 

Condition 

Acute tubular necrosis 
(septicemia, 18; pulmonary infection, 5) 

No. of 
patients 

23 

Acute vascular nephropathy (septicemia) 2 

Acute glomerulonephritis 17 
Extacapillary, 5 
Membranoproliferative, 3 
Endocapillary, 3 
Focal and segmental, 3 
Miscellaneous, 3 
(Septicemia, 9; pulmonary infection, 5; 

nasopharyngeal infection, 3) 

Acute interstitial nephritis 11 
With polymorphonuclear cells, 7 
With round cells, 3 
With ruberculous granulomata, 1 
(Septicemia 8: with urinary infection, 5· 

pulmonary infection, 2; tuberculosis, 1) 

Cortical necrosis 2 
(Septicemia, 1; pulmonary infection, 1) 

Myeloma kidney 
(Pulmonary infection) 

ulin deposits, or even to pyelonephritis. Acute 
immunotoxic interstitial nephritis may be in
duced in such circumstances by antibiotics. 
The diversity of lesions clearly appears in our 
series of 56 patients with an acute infection and 
ARF (table 8-2). Each form requires its own 
treatment. 

4 Conclusion 
The mortality rate of ARF is still high, more 
than 50% in a recent study [n. "Medical" 
ARFs are at least as frequent as "surgical" 
ARFs, and their mortality rate is hardly lower. 
Furthermore, 9.9% of the survivors have 
chronic renal failure, which requires dialysis in 
nearly half of them. That is, 30 to 40 new pa
tients require a maintenance hemodialysis in 
France every year after a ARF. 

According to these considerations, effective 
medical management should take into account 
the following points: (a) when there is doubt 
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over the diagnosis of ATN, patients with ARF 
should immediately be transferred to a special
ized renal unit; (b) this unit should be located 
in a hospital having the necessary facilities for 
dealing with extrarenal complications, which 
may dominate the immediate and short-term 
prognosis; (c) the unit should have an easy ac
cess to all immunological, toxicological, and 
histopathological examinations and to any 
other necessary complementary procedures. 
These facilities are indispensable in identifying 
the exact type of ARF. The most rewarding in
vestigation in "parenchymatous" ARF is early 
renal biopsy. This should not be done routinely 
because it carries a risk; on the other hand, any 
delay in taking the biopsy diminishes the ther
apeutic potential. Biopsy should be considered 
every time the diagnosis of A TN is doubtful 
for one or more of the following reasons: pro
gressive ARF; equivocal case history (absence of 
cause or multiple possible etiology); atypical 
renal signs (hematuria, abundant proteinuria, 
hypertension, edema); extrarenal manifestations 
suggestive of systemic disease (prolonged fever; 
arthralgia; inflammatory edema; lesions of the 
skin, lung, and endocardium; etc.); prolonged 
renal failure. The contraindications (hemor
rhagic syndrome, hypertension) can be con
trolled and hence are most often temporary. 
The decision to biopsy permits the possibility 
of early pathogenetic treatment, which is alone 
capable of reducing mortality and the incidence 
of subsequent chronic renal failure. 
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1 Excretion Urography or Intravenous 
Pyelography (IVP) 
Patients with ARF require early diagnosis of 
the type of ARF and of the exclusion of surgi
cally correctable causes such as renal artery oc
clusion or urinary tract obstruction. 

For a long time, radiocontrast urographic 
agents have been used only to opacify the hol
low structures of the urinary tract-i.e., ca
lyces, pelves, and ureters-and the terms urog
raphy and intravenous pyelography (IVP) testify to 
the initial aim of this radiographic procedure 
[l}. It is today commonly accepted that high
dose IVP and renal arteriography provide very 
useful information on gross structural or func
tional alterations of the kidneys through the 
different patterns of the "nephrogram." 

1. 1 NORMAL UROGRAPHIC NEPHROGRAM 

The nephrogram represents the radiographic 
shadow of the renal parenchyma opacified by 
radiocontrast media. Fast i. v. injection of a 
contrast agent is followed, within a minute or 
so, by visualization of the peripheral renal cor
tex, which is more densely opacified than the 
medulla. Despite the considerable blood vol-
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ume of the kidney, it is the concentrated con
trast material within the tubules that is mostly 
responsible for the radiographic density of the 
nephrogram. A volume of glomerular ultrafil
trate (containing the contrast) equal to the 
plasma volume of the kidney is, in fact, formed 
in less than half a minute after the i. v. injec
tion of the contrast [I}; then, as the filtrate 
enters the proximal convoluted tubules, the 
unreabsorbable contrast is greatly concentrated 
by the isosmotic tubular reabsorption, making 
the very dense radiographic image of the renal 
cortex. As the filtrate then enters the loop of 
Henle and collecting tubules, the corti come
dullary distinction is obliterated. The normal 
nephrogram begins to fade 30 minutes after 
contrast injection; sometimes a faint nephro
gram may be seen at six hours or even later [2}. 
The pyelogram reaches its maximal density 
usually 10 minutes after contrast injection. 

Thus, during IVP there is no "vascular 
phase"; the time in which the amount of con
trast material in the vascular bed is greater 
than in the tubules is so short that a "vascular 
phase" cannot be detected. 

Other factors in addition to the tubular con
centration of the contrast material may influ
ence the density of the nephrogram: the shape 
of the kidney (density varies with the thickness 
of the renal parenchyma), the amount of over-
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lying tissue (a large amount will decrease den
sity), and the kV and the rnA of the x-ray 
beam (which are inversely related with the den
sity of the nephrogram) {l}. All these factors 
should be taken into consideration in evaluat
ing the nephrogram. 

Acute hypotension may occur after the injec
tion of contrast media with a fall in GFR and 
severe oliguria: lower tubular flow rate causes 
an early dense nephrogram (3}. This will read
ily disappear with the correction of hypotension 
and re-establishment of urine output. 

1.2 UROGRAPHIC NEPHROGRAM IN ARF 

By studying the densityltime pattern of the 
urographic nephrogram in ARF, we may differ
entiate the different forms of ARF (4}, as 
shown in table 9-1. 

1.2.1 Urographic Nephrogram in ATN An 
immediate, persistent nephrogram, the density 
of which is high and does not change during 
the whole radiographic study (i.e., up to 24 
hours) has been reported as typical of ATN, 
occurring with an incidence of 86% (2} or 61 % 
(5} according to different groups. This nephro
graphic pattern is observed both in the oliguric 
phase (figure 9-1) and in the early diuretic (re
covery) phase of ATN (2} (figure 9-2). A pye
logram is usually observed in those patients 
with urine output greater than one liter daily 

TABLE 9-1. Patterns of urographic nephrogram in ARF 

DENSE PERSISTENT NEPHROGRAM 

Rapid onset 
A TN (uncomplicated) 
Acute oliguric pyelonephritis 

Slow onset 
Postrenal ARF 
ATN in pre-existing renal disease 
Systemic hypotension 
Partial acute occlusion of the renal artery 
Renal vein thrombosis 
Acute glomerulonephritis 

ABSENT NEPHROGRAM 

Complete acute occlusion of renal artery 
Complete acute obstruction of the utinary tract (some 

time after the occlusion) 
ATN (rarely) 

FAINT NONHOMOGENOUS NEPHROGRAM 

Acute (bilateral) cortical necrosis (ACN) 

FIGURE 9-1. Nephrotomogram in the oliguric phase of a 
patient with ATN. A faint pyelogram is observed. 

(figure 9-2); in oliguric patients, no pyelogram 
or only a very faint pyelogram is more frequent 
(2} (figure 9-1). 

This radiographic pattern suggests that glo
merular filtration is preserved so that the radio
contrast medium is filtered by glomeruli and 
enters the proximal convoluted tubules. The 
excessive density of the nephrogram has been 
attributed to an increase in "permeability" of 
the damaged tubular wall to radiocontrast me
dium so that the volume of distribution of the 
contrast agent is increased (3}. 

Another less frequent nephrographic pattern, 
the incidence of which may vary from 14% (2} 
to 27% (5}' is that of a nephrogram of low 
density at onset that becomes increasingly 
dense over the next 24 hours. This pattern 
seems to occur in ATN patients with severe 
pre-existing renal disease (2}. It suggests a re
duced renal cortical perfusion leading to se
verely reduced (but not abolished) glomerular 
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FIGURE 9-2. Incravenous pyelography with nephrotomog
raphy in the early diuretic (recovery) phase of ATN. 

filtration, similar to the findings of systemic 
hypotension or intratubular obstruction [l}. 
Because of the reduced GFR, the contrast me
dium enters the tubules more slowly; this ac
counts for the early low density of the nephro
gram. Since the Bow rate of tubular Buid along 
the nephron is reduced, however, proximal tu
bular reabsorption is increased, leading ro an 
increasing density of the nephrogram with 
time. The persistence of the renal shadow is 
due to the markedly reduced urine output; the 
filtration rate of the contrast agent, in fact, ex
ceeds the rate at which the agent is excreted 
with urine [3}. 

Only a few patients with ATN (12% inci
dence in the quoted series) [5} exhibit a very 
poor or no appreciable nephrogram [5} . In 
these patients there is no glomerular filtration. 

The occurrence of a dense nephrogram on 
IVP in patients with oliguric ARF following 
abdominal aortic surgery (e.g., for repair of an 
aortic aneurysm) permits the differentiation of 
ATN from renal artery occlusion [5}. 

1.2.2 Urographic Nephrogram in Acute Oliguric 
Pyelonephritis An immediate, persistent (up to 
24 hours) nephrogram with unchanged density 
with time (similar to the typical nephrogram of 
A TN) is observed in severe oliguric pyelone
phritis [2}. 

1 .2.3 U rographic N ephrogram in Acute G lomerulo
nephritis In ARF due to acute glomerulonephri
tis, a faint nephrogram at onset that gradually 
became more dense over the next 24 hours with 
no pyelogram has been reported [2}. 

1.2.4 Urographic N ephrogram in Acute (Bilat
eral) Cortical Necrosis (ACN) It has long been 
believed that the IVP was of no value in pa
tients with ACN. In recent years, however, the 
use of high-dose IVP with tomography has 
been shown to be of value for an early diagnosis 
of ACN [6-8}. The resulting nephrogram has 
been reported as similar in appearance, even 
though diminished in extent, to the angio
graphic pattern (see below); faint opacification 
of the central portion as well as the margin of 
each kidney, with a nonopacified zone of the 
cortex in between [8}. A similar nephrogram 
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may be seen only after an incomplete embolic 
obstruction of the renal artery; in this case, 
however, the lesion is usually unilateral while 
ACN affects both kidneys, albeit not to the 
same extent (8}. 

The opacification of the viable renal paren
chyma in ACN may be due partly to filtered 
contrast in the tubular lumen of the remnant 
nephrons that are still functioning, in cases in 
which the disease is patchy; but it may be also 
due to the whole body opacification effect, par
ticularly in those cases with more extensive ne
crosis (8}. 

Undoubtedly, the demonstration of bilateral 
renal cortical "tramline" calcification of abdom
inal film tomograms will clearly confirm a pro
visional diagnosis of ACN that is suspected on 
the basis of the clinical picture. But this radio
graphic appearance is limited to a minority of 
patients (9, lO} and occurs quite late, i.e. , not 
earlier than four weeks after the onset of ARF 
(8}. 

1.2.5 Urographic Nephrogram in Postrenal ARF 
An abnormally long-lasting urographic nephro
gram is typically observed in postrenal ARF: 

FIGURE 9-3. Intravenous pyelography with nephrotomog
raphy in a patient with postrenal ARF. Twenty-four hours 
after radiocontrast injection, the nephrograms have be
come very dense. Pyelograms outline dilated calyces and 
pelves. 

the nephrogram is slow to develop but becomes 
increasingly dense, even more dense than nor
mal, over a period of time (up to 24 hours) (1, 
4} (Figure 9-3). In this condition of obstruc
tion of the urinary tract, glomerular filtration 
is maintained while tubular flow is greatly re
duced or even stopped; the tubular reabsorp
tion of filtrate greatly concentrates nonreab
sorbable solutes, including contrast agents , so 
that a dense, late (24 hours) nephrogram will 
be observed, which might be associated in non
anuric patients with a normal early pyelogram 
(3}. The striations sometimes observed radiat
ing from the medulla toward the renal margin 
represent the collecting tubules (the so-called 
medullary rays) filled with concentrated radi
opaque material (1}. 

The obstructive situation will be confirmed 
by the pyelogram (figure 9-3) outlining the di
lated calyces, pelves, and ureters; if the early 
pyelogram is of feeble density, late 24-hour 
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FIGURE 9-4. Antegrade percutaneous pyelography in a 
patient with postrenal ARF. The dilated pelvis of the left 
kidney was punctuted with a fine-gauge Chiba needle and 
radiocontrast injected through the needle. (A percuta
neous pyelostomy cube was then inserted.) 

tomograms may emphasize the radiographic 
density [5]. In the presence of a dense nephro
gram, the pelvicalyceal system should be out
lined at some stage, at least partially; other
wise, obstruction can be ruled out [II} (See 
also chapter 19. ) 

1.3 SUGGESTIONS FOR IVP IN ARF 

a. Pre renal ARF should be excluded before de
ciding to carry out an IVP. In patients with 
severe salt and water retention (usually oli
guric overhydrated patients), dialysis should 
be performed prior to IVP. In nonoliguric 
patients with severe uremia for whom di
alysis is indicated, IVP is better deferred 
until uremia has been controlled [I2}, not 
only to improve the general condition of the 
patients but also to obtain better results 
from the IVP. The osmotic diuresis associ
ated with uremia (which is reduced by di
alysis), in fact, greatly contributes to im
palnng urine concentration and, con
sequently, radiographic density, as demon
strated in patients with CRF [I3]. 

b. Fluid restriction should be avoided prior to 

IVP. Since it is a routine procedure to keep 
patients with normal renal function de
prived of fluids, specific instructions should 
be given to the nursing staff to avoid fluid 
restriction. 

c. Control plain radiograph of the abdomen 
and plain film tomography may be helpful 
prior to IVP for defining site, size, and 
shape of the kidneys; for detecting nephro
calcinosis or small renal stones; and for 
comparing later nephrograms. 

d. Rapid (over a period of a few minutes) i. v. 
injection of the contrast medium is pre
ferred to continuous i. v. infusion for opti
mal nephrographic appearances. 

e. The dosage of the contrast agent suggested 
in ARF is 2.2 ml/Kg b. w. of 45 to 50% 
diatrizoate. This corresponds to about 19 
iodine/Kg b. w. 

f. Radiographs should be taken immediately 
after the radiocontrast injection, and then at 
5, 10, 30, and 60 minutes. Late radio
graphs should be taken at 6 and 24 hours. 

g. Early tomograms should be obtained soon 
after the injection. Tomography is an essen
tial part of the whole radiographic proce
dure in ARF patients. 

h. Films should be exposed at low kilovoltage 
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(60 to 70 kV usually in adults) [4} to max
imize the minimal differences in nephro
gram density. 

1.4 ANTEGRADE PERCUTANEOUS 
PYELOGRAPHY 

Antegrade percutaneous pyelography may be 
preferred to retrograde pyelography (see chapter 
19) in unilateral nonvisualization of the ureter 
on IVP and in oliguric ARF, when ultrasonog
raphy or computerized tomography has re
vealed dilated ureter(s) [14]. It is a safe proce
dure performed by percutaneous puncture of 
the renal pelvis with a fine-gauge (22-gauge) 
Chiba needle under ultrasound control (figure 
9-4). 

After puncturing, the pressure in the renal 
pelvis may be measured first; the mean normal 
value of this pressure is 0.98 kPa (10 cm H 20) 
and becomes elevated usually in the early stage 
of complete obstruction and for much longer in 
incomplete obstruction. Then, radiocontrast is 
injected through the needle; the pelvis and the 
ureter will be outlined down to the level of the 
obstruction. In order to evaluate the degree of 
obstruction, fluid may be injected into the pel
vis, at different flow rates, measuring the intra-

FIGURE 9-5. Antegrade percutaneous pyelography in a 
patient with postrenal ARF due to carcinoma of the blad
der. Film was made after bilateral percutaneous pyelosto
mies. 

pelvic pressure and evaluating radiologically 
the degree of pelvic distension (normal unob
structed ureters tolerate a flow of at least 10 
mllmin without change in pressure and vol
ume) [14}. 

In a case of complete obstruction, X-ray per
formed hours later will show persisting dense 
pyelogram with distended pelvis [14]. A per
cutaneous pyelostomy tube may be inserted 
(figure 9-5). 

2 Renal Arteriography 
Aortography or selective renal arteriography is 
less frequently indicated in ARF. The main in
dication for renal arteriography is the suspicion 
of complete or partial occlusion of the renal ar
tery by embolization (in patients with a past 
history of myocardial infarction, valvular dis
ease, or atrial fibrillation) or thrombosis (in pa
tients with vascular disease, which may affect 
aorta and/or renal arteries). In these cases, the 
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FIGURE 9-6. Selective renal arteriogram in a normal sub
ject. A . Vascular phase: the whole tree of the kidney (in
cluding fifth-order vessels) is clearly visualized. B. Neph
rogram: dense opacification of the renal cortex with a clear 
corticomedullary demarcation. Faint opacification of the 
renal vein is seen. 

arterial occlusion is bilateral, unless the patient 
has only one functioning kidney. 

Renal arteriography may also be useful in 
identifying small vascular aneurysms in pa
tients with suspected polyarteritis nodosa and 
in making an early diagnosis of ACN (see be
low). 

2.1 THE "VASCULAR PHASE" AND THE 
ARTERIOGRAPHIC NEPHROGRAM IN 
NORMAL SUBJECTS 

After renal artery catheterization, a bolus injec
tion of 6 to 8 ml of radiocontrast (e.g., Reno
grafin 60%) is immediately followed by the 
"vascular phase" of the selective renal arteriog
raphy (figure 9-6A). In normal subjects, the 
whole arterial tree of the kidneys, including 
the vasculature distal to the arcuate and subar
cuate arteries in the renal cortex ("fifth-order 
vessels") is clearly visualized [l5J. 

The "capillary phase" is the moment when 
the contrast bolus reaches the glomeruli; part 
(20%) of the contrast material enters the tu-

bular lumen where it is concentrated by tubu
lar reabsorption (generating the arteriographic 
nephrogram) (figure 9-6 B) and then excreted; 
the remnant moves in the postglomerular peri
tubular capillaries, enters the cortical and med
ullary interstitium, and then diffuses back into 
the capillary blood, finally leaving the kidney 
through the renal vein. Thus, the rapid de
crease in density of the arteriographic nephro
gram is accounted for by the removal of ra
diocontrast material both by urinary excretion 
and by blood flow [lJ. 

Actually, the nephrographic phase of renal 
or aortic arteriography (but not of IVP) has a 
biphasic behavior, which has been attributed to 
biphasic changes in RBF: an early renal shadow 
appears in a few seconds following radiocon
crast injection (in association with the acute 
peak blood concentration of the contrast agent) 
and then rapidly subsides; within a few min
utes a dense renal shadow is formed, which 
represents the normal nephrogram [3J. 

2.2 THE "VASCULAR PHASE" AND THE 
ARTERIOGRAPHIC NEPHROGRAM IN ARF 

2.2.1 ATN In oliguric patients with post
ischemic or nephrotoxic ARF, the "fifth-order 
vessels" cannot be visualized on selective renal 
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A 

arteriography (15, 16} (figure 9-7A). Further
more, arcuate vessels ("fourth-order vessels") 
constantly, and interlobar vessels very fre
quently (in 80% of the cases), exhibit a distinct 
reduction in caliber and a rapid, regular taper
ing attenuation [15, 16} (figure 9-8A). Some
times, stretching and straightening of renal 
vessels is observed and is attributed to edema 
of the kidney [IS}. 

A reduced density of the arteriographic ne
phrogram is quite typical, particularly in the 
cortical portion of the kidney (figure 9-8B) 
with the consequent obliteration of corticome
dullary demarcation [15, 16} (figures 9-7B 
and 9-8B). Transit time of contrast medium 
through the kidney is greatly prolonged [15}. 

The whole arteriographic pattern has been 
attributed to a homogeneous reduction in renal 
cortical blood flow. When, in fact, epinephrine 
was injected intra-arterially in man in doses ad
equate to cause diffuse renal vasoconstriction, a 
homogenous reduction in renal cortical perfu
sion was observed on renal arteriography, 
which appeared to mimic the arteriographic 
pattern of ARF [IS}. The reduced cortical per
fusion reduces the glomerular filtration of con
trast material, accounting for the faint arterio
graphic nephrogram. 

During recovery of renal function, ARF pa
tients exhibit a patchy and then diffuse reap
pearance of vessels beyond the arcuate and sub-

FIGURE 9-7. Selective renal arteriogram in oliguric pa
tient with ATN. A. Vascular phase: the fifth-order vessels 
cannot be visualized. B. Nephrogram: obliteration of cor
ticomedullary demarcation. 

arcuate arteries in the renal cortex while the 
arteriographic nephrogram gradually recovers 
the increased density of the cortical zone. 

2.2.2 Acute (Bilateral) Cortical Necrosis (ACN) 
At an early stage of ACN, a typical radio
graphic pattern is obtained during renal arteri
ography [9, 10, I7}: delayed and incomplete 
filling of interlobular arteries with poor arbori
zation; complete filling of capsular arteries; 
early venous filling; poor (patchy or even ab
sent) opacification of renal cortex during the 
nephrographic phase (the extent of opacification 
being inversely proportional to the severity of 
the cortical necrosis) in contrast to the clear 
opacification of the renal margin (since subcap
sular cortex is supplied by capsular arteries) and 
medulla (since the blood supplied by renal ar
teries is shunted to the medulla in the juxtag
lomerular region) [8-10, I7} (figure 17-1). 

3. Digital Subtraction 
Angiography (DSA) 
In recent years much attention has been given 
to the improvement of angiographic proce
dures. 
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FIGURE 9-8. Selective renal arteriogram in oliguric trans
planted kidney with ATN. A. Vascular phase: reduction 
in caliber and rapid , regular tapering attenuation of inter
lobar vessels; fourth- and fifth-order vessels cannot be vi
sualized. B. Nephrogram: reduced density of the neph
rogram with obliteration of corticomedullary demarca
tion. 

Digital subtraction angiography (DSA) is a 
new computer-assisted technique that inte
grates digital data collection and computer pro
cessing in order to produce a medical image 
[l8}. The basic principles of this technique 
may be summarized as follows . The televised 
fluoroscopic images are converted into digital 
data. The baseline image, obtained before ar
rival of contrast material, is digitally sub
tracted from the succeeding contrast image; 
hence, the contrast-filled structures are made 
free of the background and therefore visible, 
particularly after the enhancement of the final 
image. Subtraction and enhancement are per
formed in real time, i .e., rapidly enough for 
clinical examination [I8}. 

DSA permits direct visualization of heart 
and blood vessels following i. v. injection of a 
small quantity of contrast. Thus, as little as 40 
ml of meglumine ioxithalamate (Telebrix 38) 
injected i.v. (into the basilic vein of the arm) 
at a rate of 12 mllsec has been shown to clearly 

visualize a subtotal occlusion with a poststenot
ic dilatation of the renal artery; good correla
tion was then observed between DSA and the 
conventional angiography, which was per
formed just before the transluminal angioplasty 
[l9}' Similarly, excellent diagnostic informa
tion may be obtained by this technique in 
other arterial districts. 

For the evaluation of renal circulatory abnor
malities by DSA, it has been suggested that 45 
ml of 76% meglumine or sodium diatrizoate 
should be injected i. v. by mechanical injector 
at a rate of 30 ml per second [20} . The tech
nique is very simple and may be carried out as 
an outpatient procedure. 

Recently DSA with intra-arterial injection of 
contrast has been suggested in order to further 
reduce the dosage of contrast material [21}. 
Thus, while a concentration of 380 to 760 mg 
IIml (diatrizoate meglumine) is commonly used 
for i.v. injection, 200 to 270 mg IImI are em
ployed for intra-arterial injection of 4 to 30 mI 
of diatrizoate meglumine at a rate of 2 to 15 
mllsec (a greater volume with reduced concen
tration is preferable for assuring adequate mix
ing) [21}. 

This technique will therefore reduce the risk 
of radiocontrast nephrotoxocity; it has another 
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great advantage over conventional angiography, 
that of reducing the time required for its com
pletion, with less discomfort for the patient. 

4 Gray-Scale Ultrasonography 
( Echography ) 
Ultrasonic echography is an excellent, nonin
vasive procedure for visualizing kidneys and 
upper urinary tracts of patients with renal fail
ure. It is also commonly used in ARF, mainly 
in postrenal ARF, for detecting obstruction of 
the urinary tract. With the recent improve
ment in gray-scale resolution and the availabil
ity of newer ultrasound equipment, not only 
strong echoes due to well-defined interfaces 
(e.g., hilar fat, renal capsule) but also low-level 
echoes of renal parenchyma may be recorded 
[22}. Thus, a skilled imaging technologist 
with serial sonograms may recognize different 
pathological conditions of renal parenchyma. 
This technique has become, therefore, particu
larly important in ARF, when radiocontrast 
procedutes are not indicated (i.e., in patients 
at risk) or when IVP with tomography has 
failed to visualize the kidneys [23}. 

4.1 NORMAL RENAL 
ULTRASONOGRAM (ECHOGRAM) 
The normal kidney appears as an elliptical, 
ring-shaped structure in longitudinal cross-sec
tional sonograms; in transverse sonograms, it 
appears more rounded. Dense echoes surround
ing the kidney are due to the renal capsule; the 
central echo complex is primarily due to the 
renal sinus fat and, secondarily, to blood ves
sels, collecting system, and connective tissues. 
Between renal capsule and central echo com
plex, the renal parenchyma may be differen
tiated in cortical and medullary regions. The 
triangular areas of low echogenicity, with the 
bases oriented toward the renal capsule, are due 
to the medullary pyramids. The region of these 
sonolucent triangles is surrounded by a more 
echogenic cortex; the cortical echoes are nu
merous and homogenous, but less intense than 
the central echo complex. Strong echoes at the 
corticomedullary junction are due to arcuate ar
teries [22, 24}. 

4.2 RENAL SONOGRAM DURING 
OBSTRUCTION OF THE URINARY TRACT 

During obstruction of the urinary tract, echo
free areas due to dilated urine-filled calyces 
and/or pelvis (ultrasound transmission is, in 
fact, improved in fluid-filled structures) are 
surrounded by echoes in the central part of the 
nephrosonogram; sometimes the urine-filled di
lated renal pelvis may appear as a large echo
free area in the sonogram displacing the central 
echo complex [25}. Should the obstruction of 
the urinary tract be due to (radio-opaque or 
nonradio-opaque) renal calculi, they can be de
tected in the sonogram as echogenic foci with 
typical acoustic shadows obscuring deeper 
structures [25}. 

4.3 RENAL SONOGRAM IN ATN 
Experimental [26} and clinical [26, 27} studies 
have demonstrated no changes in the nephro
sonogram during ATN; this contrasts with def
inite sonographic findings observed during 
acute rejection in a transplanted kidney (see be
low). Thus, when ARF occurs in transplanted 
patients, if the sonogram does not show any 
change from the baseline sonogram, this nega
tive finding points in favor of ATN [24}. 

4.4 RENAL SONOGRAM DURING ACUTE 
REJECTION IN TRANSPLANTED KIDNEY 
Experimental and clinical studies in trans
planted kidneys have demonstrated a series of 
sonographic features occurring during acute re
jection: increase in renal volume, increased ech
ogenicity of the renal cortex, enlargement of 
medullary pyramids, loss of the distinct corti
comedullary boundary, decrease in the ampli
tude of the central echo complex. At least two 
of these features should be present for the di
agnosis of acute rejection [27} (figure 9-9). 
The first sonographic change is enlargement of 
the medulla [24}; but this finding alone may 
be misleading since it is also observed in nor
mal kidneys made diuretic by water load or fu
rosemide administration (medullary pyramids 
have regained normal size 24 hours after furo
semide) [27}. Obviously, since serial sono
grams are necessary, the sonographic pattern 
depends on reproducibility of scans, which re
lies on the skills of the operator, on the stabil-
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FIGURE 9-9. Renal sonogram of a patient with cadaveric 
renal allograft. A. Baseline longitudinal scan, showing a 
normal-appearing kidney. B. longitudinal scan four 
weeks later during acute rejection, showing increase in 
renal volume, enlargement of medullary pyramids, and 
decrease in the amplitude of the central echo complex. 
(Courtesy of Dr. G. Tunisi , Second Radiology Service, 
Hospital of Brescia.) 

ity of ultrasound instrument, and on the qual
ity of photographic equipment [22] . 

4 .5 RENAL SONOGRAM IN ACUTE RENAL 
VEIN THROMBOSIS 

Experimental studies in dogs have demon
strated, after acute occlusion of one renal 
vein, a series of sonographic features : enlarge
ment of the kidney, increased cortical thick
ness, sparsely distributed cortical echoes, in
distinct corticomedullary boundary, anechoid 
areas in the renal parenchyma (due to hemor
rhage), displacement of central echo complex, 
dilatation of the renal vein, and, later , renal 
rupture (28}. Should these sonographic find
ings be obtained in patients in whom renal 
vein thrombosis is clinically suspected, an IVP 
is indicated with injection of the contrast me
dium in the femoral vein in order to visualize 
the vena cava and, possibly, the renal veins (28}. 

5 Computerized Axial Tomography (CT) 
Computerized axial tomography (CT) scanning 
is a useful diagnostic tool not only for evaluat-

ing a renal mass, but also for revealing the 
causa of nonfunctioning kidneys. It is a nonin
vasive, accurate, easy, and rapid procedure, in
dependent of renal function (it may be per
formed in severe renal failure) and free of 
complication (when radiocontrast medium is 
not used); it is also operator- and patient
independent and a reproducible technique (22, 
29}. The main disadvantages are the high cost 
of the equipment and exposure to ionizing ra
diations. 

CT scanning is usually performed in the su
pine position, with scans obtained at 1 to 2 em 
intervals; thus, at least 5 scans at 2-cm inter
vals are necessary for covering the whole length 
of the kidney. 

5. 1 COMPUTERIZED TOMOGRAPHY 
IN NORMAL KIDNEYS 

The CT scan provides excellent transverse 
cross-sectional images of the kidneys, similar to 
those obtained by ultrasonography but with 
better resolving capability (29]. CT has a high
density resolution, allowing characterization of 
different tissues by their x-ray attenuation val
ues (22}. Thus, renal parenchyma, with a rel
atively homogenous density, is clearly outlined 
by perinephric fat; it has a round shape, which 
becomes oval at the hilus where the vascular 
pedicle is clearly defined. Calyces and pelves 
are seen as water-density structures in patients 
with renal sinus and perinephric fat (29}. 
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Additional scans may be performed after i. v. 
injection of a water-soluble urographic contrast 
medium, such as sodium iothalamate (a bolus 
of 50 ml of Conray 400®, with 400 mg I/ml), 
which enhances visualization of the collecting 
systems [29}. Following i. v. injection of a con
trast, the attenuation value will rise in the 
renal parenchyma and much more in the col
lecting system, allowing a sharp definition of 
calyces and pelves [29}. 

Sequenrial fast scanning permits differentia
tion between cortex and medulla. If scanning 
is performed during the injection of radiocon
trast, the enhanced cortex is well differenriated 
from radiolucent pyramids not yet conta1nIng 
contrast; scans performed later do not permit 
this differenriation [22}. 

5.2 COMPUTERIZED TOMOGRAPHY IN ARF 

CT scanning performed 24 hours after IVP in 
patients with oliguric ARF has been reported 
to reveal a persistent dense nephrogram in 
acute glomerulonephritis or leukemia [30}. 

But, undoubtedly, CT scanning is a very 
useful procedure to diagnose urinary tract ob
struction. 

5.2.1 CT in Postrenal ARF In an early stage 
of obstruction, the inrrarenal part of the uri
nary tract may be seen, on CT scans, as areas 

FIGURE 9-10. Posrrenal ARF in a patient with a single 
(left) kidney. The CT scan shows an area of low attenua
tion within the renal shadow. An additional scan, at 1. 5 
em interval, demonstrated a renal stone in the pyeloealy
eeal system (see figure 19-2). 

of low attenuation within a normal or enlarged 
renal shadow [22, 29, 30} (figure 9-10). In a 
later stage, a more severe dilatation of urine
filled pyelocalyceal system with parenchymal 
atrophy leads ro an oval renal shape in which a 
thin-walled sac of water-density fluid will re
place the renal parenchyma [29} (figure 9-11). 
A dilated ureter is commonly identified on CT 
scans, even without contrast, as an area of low 
attenuation; the level of the obstruction can be 
determined by serial scans [30}. 

In renal failure, the lesion is bilateral; it may 
be unilateral if there is a single kidney (figure 
9-10). 

CT scanning may also demonstrate the cause 
of obstruction . Thus, even nonradio-opaque 
obstructing stones of uric acid nonvisible on 
plain film tomograms may be easily identified 
on CT scans even without contrast (figure 19-
2). Aortic aneurysm, retroperitoneal fibrosis, 
and malignancies may be seen easily on CT 
scanning as responsible for obstruction. 

5.2.2 CT in Transplanted Kidney A decrease 
in allograft volume may be observed on CT 
scans, indicating chronic rejection, while a 
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FIGURE 9-11. P.e., a 70-year-old male patient became anuric following therapy with gentamicin because of unexplained 
fever. The right kidney was not visible on intravenous pyelography. The CT scan demonstrated an irregular shape of the 
right kidney with a thin-walled sac of water-density fluid replacing the renal parenchyma. 

FIGURE 9-12. Postcontrast scan in polycystic kidney disease. The kidneys are enlarged with characteristic lobulated 
contour; the image is made by innumerable cysts of varying size, filled with water-density fluid. The collecting system 
is poorly defined because of reduced renal function. 
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sudden, marked increase in volume of the 
transplanted kidney suggests an acute rejection 
[29}' But CT scanning also permits the differ
entiation of acute rejection from other causes of 
ARF following transplantation; thus, hydrone
phrosis by uteteral obstruction, perirenal col
lection of blood, or urine or pus or lymphoceles 
may be easily identified [29]. 

5.3 COMPUTERIZED TOMOGRAPHY IN 
POLYCYSTIC KIDNEY DISEASE 

Frequently, but not constantly, polycystic kid
ney disease is diagnosed by IVP and by renal 
ultrasonography. Sometimes, only CT scanning 
may identify this bilateral disease. The kid
neys, on CT scans, appear enlarged with a 
characteristic lobulated contour; the image is 
made by innumerable cysts of varying size, 
filled with water-density fluid (figure 9-12). 
Postcontrast scans show an increased attenua
tion value of the remnant parenchyma and, in 
patients with renal failure, a poorly defined col
lecting system (figure 9-12). 

6 Renography 
Renography allows the evaluation of the ar
rival, uptake, and excretion of a radionuclide 
(usually orthoiodohipputate 1131 , Hipputan) in
jected i.v. The normal renogram shows three 
phases. The first, the vascular phase, is the 
rapid rise of the curve following the i.v. injec
tion and represents the radioactivity in blood, 
kidney, and other tissues under the probe. The 
second, the secretory phase, is the less steep 
rise of the curve and is due to renal handling 
of hippuran. The third, the excretory phase, is 
the descending portion of the curve depending 
mainly on the excretion of the radionuclide. In 
the opinion of some authors, renography may 
be useful in ARF for diagnosing acute urinary 
tract obstruction (post-renal ARF). If radioac
tivity does not leave the pelvis, in fact, the 
third excretory phase is no longer observed or 
markedly delayed [22]. It has been stated that 
renography is most effective for diagnosing 
postrenal ARF when performed within 48 
hours of the onset of obstruction. 

In the opinion of other authors, however, 

renography is a very limited usefulness in ARF 
because a marked delay in the excretory phase 
may be observed even in A TN [31]. 
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10. NONOLIGURIC ACUTE 
RENAL FAILURE 

Joel A. Gordon, 

Robert W. Schrier 

1 Introduction 

Acute renal failure (ARF) is defined as an 
abrupt cessation of glomerular filtration accom
panied by a corresponding rise of the nitro
genous waste products, blood urea nitrogen 
(BUN), and creatinine {lJ. Traditionally, ARF 
has been heralded by progressively diminishing 
urine output, rarely to the point of cessation of 
urine output (anuria), but frequently to the 
point of oliguria, which is arbitrarily defined as 
less than 400 milliliters of urine output per 24 
hours [2J. 

The concept of nonoliguric ARF-that is, a 
declining glomerular filtration rate in the face 
of maintained or even enhanced urine output
has been rarely recognized until recently. In
deed, early reviews dealing with ARF barely 
mention the existence of ARF without oliguria 
or anuria [3, 4}. In fact, it was not until the 
1960s that the entity of nonoliguric ARF was 
even recognized as a distant clinical entity 
[5, 6}. 

In recent years, there has been an increase in 
the recognition and incidence of nonoliguric 
forms of ARF [7, 8, 9, lOJ. As noted in a 
recent study from our institution by Anderson 
and Schrier, nonoliguric forms of ARF com
prised 33% of all cases seen in consultation for 
a rising BUN and creatinine PJ. 

What accounts for this dramatic rise in the 
recognition of nonoliguric forms of ARF? In-
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deed, does this dramatic rise in incidence truly 
reflect an increasing incidence of this variety of 
ARF, or have we failed to recognize this form 
of ARF in the past? Certainly, the modern 
usage of automated biochemical screening de
vices has made serial monitoring of plasma and 
serum BUN and creatinine values in patients 
easy and convenient for the practicing physi
cian. In addition, the increase in usage of po
tent nephrotoxic aminoglycoside antibiotics, as 
well as potent chemotherapeutic agents such as 
cis-diammine dichloroplatinum, have contrib
uted to the increasing incidence of nonoliguric 
forms of ARF. However, we feel that for the 
large part, this variety of ARF has been pri
marily unrecognized in the past and that more 
awareness of this clinical entity has contributed 
largely to its increased incidence. 

ARF, either oliguric or nonoliguric, may 
present as a wide spectrum of disease. For ex
ample, the urinary volume, severity of azo
temia, acidosis, and hyperkalemia may reflect 
the severity of the insult(s). Furthermore, var
ious therapeutic maneuvers advocated now and 
in the past have been designed to "convert" oli
guric to nonoliguric forms of ARF, for reasons 
that will be discussed later. 

Moreover, ARF may occur in two phases, 
an oliguric phase, of variable duration and 
severity, followed by a poly uric or diuretic 
phase, which also may be of variable dura
tion and severity. Thus, depending on when 
the patient is first seen, it may be difficult 
to classify ARF as either purely oliguric or 
purely nonoliguric. 
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TABLE 10-1. Etiologies of nonoliguric 
acute renal failure 

I. Trauma 
A. Blunt 
B. Open 
C. Head injury 
D. Burns 

II. Surgery-Elective and Emergency 
A. Orthopedic 
B. Urologic 
C. Abdominal 
D. Cardiac 

III. Pigment 
A. Hemoglobin 
B. Myoglobin 

IV. Toxins 
A. Anesthetic agents-Methoxyflurane 
B. Radiocontrast agents 
C. Antineoplastic agents-Cis 

Disamminedichloroplatinum 
D. Antibiotic agents-Aminoglycosides and others 

V. Miscellaneous 
A. Sepsis 
B. Hyperuricemia 
C. Hypercalcemia 

2 Etiology 
There are numerous etiologies of nonoliguric 
forms of ARF (table 10-1). Furthermore, each 
of the particular etiologies may produce either 
oliguric or nonoliguric forms of ARF, depend
ing on the particular circumstance under which 
the insult occurs. 

One of the earliest recognized causes of 
"high-output" ARF was traumatic injury [6, 
II}. As early as 1955, Teschan et al. ell}, in 
their review of renal insufficiency in military 
casualties, recognized the nonoliguric form of 
ARF in patients suffering from a variety of in
juries sustained during combat. In fact, they 
pointed out that "renal insufficiency without 
oliguria probably occurred much more fre
quently than indicated here, but with absent or 
undiscovered oliguria and without obvious 
clinical uremia, such patients passed through 
the regular chain of evacuation." [II}. 

In 1964, Baxter et al. [6} reviewed the clin
ical course of nine patients who had high-out
put (nonoliguric) ARF in a civilian population 
suffering from both blunt and open trauma. 
This review emphasized the under recognition 

of this variety of ARF and indicated that man
agement of acidosis and fluid and electrolyte 
balance were much easier in this type of ARF 
as opposed to the more classical variety of oli
guric ARF. 

The occurrence of ARF following head 
trauma has been recognized for some time. In 
the mid-1950s, Taylor and associates [12, 13} 
were able to recognize that renal failure follow
ing head trauma may be either oliguric or non
oliguric, depending on the circumstances un
der which the trauma occurred as well as the 
extent of the accompanying injury. 

Thermal injuries are another well-recognized 
cause of nonoliguric ARF. In 1956, Sevitt [14} 
extensively reviewed thermal injury and ARF. 
Of the 21 patients with extensive burns and 
ARF, all were considered to have the nonoli
guric variety of ARF. Vertel and Knochel [5} 
reported nonoliguric ARF in 11 patients at the 
U.S. Army Surgical Research Unit. Ten of the 
eleven patients were victims of extensive 
burns, and all had nonoliguric ARF. 

In addition to the traumatic causes stated 
above, a variety of elective and nonelective sur
gical procedures have been found to induce a 
nonoliguric form of ARF (table 10-1). In 
1966, Baxter and Maynard [15} recognized 
that in both nontraumatic emergency surgery 
(usually a perforated viscus) as well as in elec
tive surgery (abdominal), nonoliguric ARF can 
develop. Subsequently, other authors also 
noted the occurrence of high-output ARF fol
lowing elective surgical procedures [16, 17}. 

In addition to elective orthopedic, urologic, 
and abdominal operations, nonoliguric ARF 
has been described with a surprisingly high fre
quency following elective cardiac surgery. Both 
Bhat et al. [I8} and Hilberman et al. [19J 
found a greater than 50% incidence of nonoli
guric ARF in all patients developing renal in
sufficiency following cardiac surgery. Further
more, both investigators found an alarmingly 
high incidence of mortality (greater than 50%) 
in these patients with this variety of nonoli
guric renal failure, a substantially higher figure 
than has been traditionally seen in the nonoli
guric form of ARF [8}. This most likely re
flects the severity of the underlying cardiac dis
ease in these patients. Those patients whose 
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cardiac function deteriorates after surgery are 
the most likely to develop ARF and fail to sur
vive. 

Pigment-induced ARF, either from hemo
globin or myoglobin, has been traditionally as
sociated with oliguric ARF. However, nonoli
guric ARF can also result from these pigment 
insults. 

In what is probably the first clinical descrip
tion of nonoliguric ARF, Shen et al. (20) de
scribed the renal complications of hemoglobin
uria suffered by patients injured in the famous 
Coconut Grove disaster of 1942. Although the 
majority of the fourteen patients described by 
Shen had oliguria, four patients were able to 
re-establish urine output despite evidence of 
progressive azotemia. Rhabdomyolysis, accom
panied by myoglobinuria, is a well-organized 
cause of ARF (21). Although traditionally con
sidered an oliguric cause of ARF, recent re
ports of nontraumatic rhabdomyolysis reveal 
that as many as 20 or 25% of these cases of 
ARF are of the nonoliguric variety [22, 23}' 

Perhaps the largest single contributor to the 
increasing incidence of nonoliguric forms of 
ARF is that of toxin-induced renal failure. As 
stated previously, the reason for this is two
fold. First, there has been a large increase in 
the usage of the aminoglycoside antibiotics and 
antineoplastic agents such as cis-diammine 
dichloroplatinum. Second, the increased 
awareness of the nephrotoxic potential of these 
agents has led to increased awareness of this en
tity by physicians. 

Prior to the introduction of these above 
agents, the first toxin described to be respon
sible for inducing a nonoliguric form of ARF 
was the anesthetic agent methoxyflurane. In 
1966, Crandell described 16 cases of nonoli
guric ARF occurring in patients who under
went elective surgical procedures (24). The 
common denominator in all of these patients 
was methoxyflurane anesthesia. Subsequent re
ports occurring almost simultaneously impli
cated methoxyflurane anesthesia as a cause of 
nonoliguric ARF (25). 

However, after these initial reports in the 
mid-1960s, there has been little mention in 
the literature of methyoxyflurane anesthesia as 
a cause of nonoliguric ARF. The reason re-

mains obscure. However, the increased usage 
of newer and less toxic anesthetic agents and 
the resultant decrease usage of methoxyflurane 
has been largely responsible for this decline. 

Acute renal failure secondary to iodinated ra
diocontrast agents (26) is a well-recognized 
complication of these pharmaceuticals and is a 
particularly frequent event in patients with 
dysproteinemia, advanced diabetes mellitus, 
hypertension, and pre-existing renal insuffi
ciency [27, 28J. Although traditionally felt to 
be of the oliguric variety, nonoliguric ARF has 
been described as occurring in approximately 
10% of these patients (28). This figure of 
10%, however, may overestimate the true in
cidence of polyuric ARF secondary to contrast 
agents. This is because patients who are at risk 
for radiocontrast induced ARF are now aggres
sively treated prior to and following contrast 
administration with maneuvers designed to ex
pand extracellular fluid volume and promote a 
diuresis (furosemide, saline, mannitol). There
fore, patients identified with nonoliguric ARF 
secondary to contrast administration may ac
tually represent patients with oliguric ARF 
whose oliguria has been reversed by these ma
neuvers. 

In the last 10 to 15 years, the large number 
of antineoplastic agents available for the treat
ment of leukemias as well as solid tumors has 
dramatically increased. One agent in particu
lar, cis-diammine dichloroplatinum (DDP), has 
recently gained a great deal of popularity and 
achieved a great deal of success in treating a 
variety of solid tumors. It has been particularly 
successful when combined with bleomycin and 
vinblastine in the treatment of metastatic tes
ticular carcinomas (29). Although a variety of 
toxic side effects are associated with the use of 
DDP, the major side effect is its nephrotoxicity 
[30, 31}. 

Recently, work from our laboratory [32J as 
well as work done by Safirstein et al. (33) has 
further clarified the nephrotoxicity and nonoli
guric state induced by DDP. An early central 
form of diabetes insipidus (DI) followed by a 
later nephrogenic form of DI explains, in part, 
the polyuria induced by DDP. Polydipsia also 
contributes to the polyuria seen. The concen
trating defect found by both groups of investi-
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gators was characterized by a decrease in inner 
medullary solute concentration. This decrease 
was not found to be secondary to enhanced in
ner medullary plasma flow, which would serve 
to "wash out" solutes in the inner medulla. 
Rather, decreased delivery of solutes, primarily 
urea, was found to be of particular significance 
in explaining this decrease in inner medullary 
solute concentration. 

The one category of nephrotoxic agents that 
has probably accounted for mOre nonoliguric 
ARF over the last 10 to 15 years than any other 
agent is the aminoglycoside antibiotics. This 
conclusion is supported in two recent reviews 
of nonoliguric ARF in which aminoglycosides 
account for the largest percentage of cases of 
nonoliguric renal failure (7, 1O}. 

In addition to nonoliguric ARF, the ami
noglycosides are a well recognized cause of the 
oliguric variety of ARF. However, aminogly
cosides most often cause a mild, reversible, 
nonoliguric form of ARF (34, 35}. The in
creased recognition of the nephrotoxic potential 
of aminoglycosides, as well as well-established 
dosage guidelines for patients with underlying 
renal insufficiency, may lead to the eventual 
disappearance of the severe, oliguric variety of 
renal failure. 

In addition to the aminoglycosides, the 
cephalosporins, either alone or in combination 
with the aminoglycosides, have been shown to 
induce nonoliguric ARF (36}. 

Finally, there have been a number of mis
cellaneous causes of nonoliguric ARF. Among 
these are sepsis and metabolic disorders such as 
hypercalcemia and hyperuricemia. 

3 Pathophysiology 
The exact pathophysiologic mechanisms re
sponsible for both oliguric as well as nonoli
guric ARF have not been entirely elucidated. 
In fact, over the last 20 years, the majority of 
the research has been devoted to discovering 
the mechanisms responsible for the oliguric 
form of ARF, with little attention paid to the 
milder, polyuric form. 

As stated by Stein et al. in their excellent 
review of the pathophysiology of ARF: "Last, 
investigators should begin to evaluate models 

that are characterized by a polyuric form of 
ARF. This area has been surprisingly neglected 
in the past." (37). A number of studies per
formed over the last several years have at
tempted to elucidate the mechanisms responsi
ble for this particular form of ARF. Some of 
these will be discussed below. 

Our understanding of the pathophysiology of 
oliguric ARF has become quite sophisticated 
over the last 30 years. Vascular and tubular 
phenomena, as well as alterations in glomerular 
capillary permeability, have become focal 
points for the study and understanding of the 
pathogenesis of oliguric ARF (38}. 

Are the same factors potentially responsible 
for the nonoliguric form of ARF? Furth~rmore, 
are there additional factors that are unique to 
this particular variety of renal failure? Finally, 
pathophysiologically, what determines whether 
a particular insult (toxic, ischemic) leads to oli
guric or nonoliguric acute renal failure? The$e 
questions are not yet answered, but we will at~ 
tempt to formulate a hypothesis on the patho
physiology of nonoliguric ARF. 

In table 10-2 are listed the factors com
monly believed to be responsible for (oliguric) 
ARF. We will examine each of these categories 
individually and discuss the role each may play 
in the pathophysiology of nonoliguric ARF. 
Finally, to conclude the discussion on patho
physiology, we will introduce the. concept of 
"nephron heterogeneity" as being particularly 
important in the pathophysiology of this form 
of ARF. 

Vascular phenomena have been recognized to 
be involved in the initiation of many forms of 
ARF. Indeed, the term vasomotor nephropathy 

TABLE 10-2. Factors responsible for oliguric acute 
renal failure 

1. Vascular Factors 
A. Decreased renal blood flow 
B. Increased renal vascular resistance 

II. Glomerular Factors 
A. Decrease in ultrafiltration coefficient (~) 

i. Changes in effective capillary surface area 
ii. Changes in hydraulic conductivity 

III. Tubular Factors 
A. Intratubular obstruction 
B. Passive backleak of filtrate 
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evolved from the suggestion that afferent arter
iolar vasoconstriction accompanied by increased 
renal vascular resistance was primarily respon
sible for the oliguric state following both neph
rotoxic and ischemic insults (39, 40}. It is 
clear, however, that normalization of renal 
blood flow does not reverse established ARF 
(37]. 

Nonoliguric ARF has been described follow
ing renal ischemia in both experimental ani
mals and man (41-44}. In three recent clinical 
reports by Myers and Hilberman (19, 43, 44}, 
a virtually 100% nonoliguric form of ARF was 
described following elective cardiac surgery. 
The pathogenetic factor common to all of these 
patients was a prolonged but temporary de
crease in renal blood flow induced by poor car
diac performance. These investigators found, 
however, that in addition to the initiation of 
nonoliguric ARF by an ischemic insult, tubular 
"backleak" of glomerular filtrate appeared to be 
involved in the maintenance phase of the ARF 
(see below). In addition, these investigators 
postulated that the usage of "protective" 
agents, such as mannitol, furosemide, and do
pamine may have attenuated the ischemic in
sult and potentially converted an oliguric form 
to a nonoliguric form of ARF. The mecha
nism(s) operating here to convert oliguric to 
nonoliguric acute renal failure postcardiac sur
gery, however, remains speculative. It may be 
that prevention of severe renal vasoconstriction 
and improvement of renal blood flow during 
the initiation phase, as well as enhancement of 
solute and water excretion and prevention of 
cellular swelling and tubular obstruction dur
ing the maintenance phase, may have facili
tated this conversion. 

In summary, based on both experimental 
and clinical studies, there is good evidence to 
support vascular factors as being pathophysio
logically important in the initiation phase of 
nonoliguric ARF. However, as is the case with 
oliguric ARF, there is little evidence to sup
port the role of reduced renal blood flow during 
the maintenance phase. 

The glomerular factor that may be altered 
and account for the decrease in glomerular fil
tration rate characteristic of ARF is a change in 
the ultrafiltration coefficient (Kf). This decrease 

in Kf may be due to alterations in effective cap
illary surface area or alterations in hydraulic 
conductivity. 

In two recent experimental models of ARF a 
fall in K f has been demonstrated. Blantz (45}, 
in a model of nephrotoxic ARF in the rat fol
lowing uranyl nitrate administration, found a 
decrease in Kf that was similar to the decrease 
in Kf found by Bayliss et al. (46} in a model 
of nephrotoxic ARF following gentamicin ad
ministration. It is interesting to note that in 
both of these models of nephrotoxin-induced 
ARF, a comparable decrease in K f occurred al
though polyuria was observed during the ARF. 
Thus, despite a declining GFR and K f follow
ing these two insults, urine flow rate remained 
preserved. 

From these studies, we conclude that while 
a decline in K f may indeed be substantial 
enough to lower GFR, it may not be sufficient 
enough to diminish urine flow rate. On the 
other hand, a particular insult to the kidney 
significant enough to profoundly decrease K f 

may lead to a more severe reduction in GFR 
and actually diminish urine flow rate. Thus, it 
may be that, depending on the severity of a 
particular insult, the degree of change in Kf 
and subsequent change in GFR may dictate 
whether oliguria or polyuria is present. 

In addtion to glomerular and vascular fac
tors, tubular factors have been felt for some 
time to be playing a substantial role in the 
pathophysiology of ARF. The two factors most 
often implicated in the pathogenesis of ARF 
are tubular backleak and intratubular obstruc
tion. As early as 1942, Bywaters (47) sug
gested that tubular obstruction was the major 
pathogenetic factor responsible for the oliguria 
seen in ARF following crush injuries. Let us 
first examine the role of tubular obstruction in 
the pathogenesis of nonoliguric ARF. 

From the experimental laboratory, we have 
learned that tubular obstruction may play a 
prominent role in some forms of ischemic and 
toxin-induced oliguric ARF (48, 49}. How
ever, it is not known whether tubular obstruc
tion may play a role in nonoliguric ARF. Par
tial tubular obstruction, whether from cellular 
necrosis or swelling, sloughing of debris, or 
cast formation, could be associated with poly-
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uria if the volume of filtrate in the patient with 
nonoliguric ARF is relatively greater than in 
the patient with oliguric renal failure. 

Relative amounts of tubular backleak could 
also be an important determinant of the ulti
mate urine volume seen in patients following a 
variety of ischemic Ot toxic insults. As alluded 
to earlier, Myers et al. [19, 43, 44}, found 
"tubular backleak of filtrate" to be playing a 
substantial pathogenic role in their patients 
with ischemia-induced nonoliguric ARF fol
lowing elective cardiac surgery. In spite of sub
stantial "tubular backleak" found by these in
vestigators, these patients were all nonoliguric, 
thereby suggesting that other renal mecha
nisms must be operating in patients with non
oliguric ARF to account for their maintenance 
of urine output in the presence of a fall in glo
merular filtration rate. What are some of the 
factors that may be operating in the nonoligu
ric state? Table 10-3 summarizes these factors. 
We will now discuss each of these in some de
tail. 

First a diminution in tubular handling of so
dium may account for the preservation of urine 
flow in spite of a decrease in glomerular filtra
tion rate. An ischemic or toxic insult may 
cause significant cellular injury and diminish 
normal sodium transport by tubular epithe
lium. For example, if a diminution in tubular 
reabsorption of sodium occurs in the proximal 
tubule and thick portion of the ascending limb 
of Henle, sodium delivery to the distal nephron 
may overwhelm distal tubular capacity in re
claiming the sodium; hence, a natriuresis 
would occur. This would be characterized by 
an elevated fractional excretion of sodium 
(FENa) as well as a renal failure index (RFI) of 
greater than 2, values typically found in both 
oliguric and nonoliguric ARF [50} (see chapter 
7). Hence, clinical evidence exists that patients 
with both oliguric and nonoliguric ARF have a 
marked abnormality in tubular sodium reab-

TABLE 10-3. Factors important in the nonoliguric 
form of acute renal failure 

I. Altered tubular sodium reabsorption 
II. Altered water transport and conservation 

III. Nephron heterogeneity 

sorption. However, it is not known whether 
this tubular defect is more severe in the nonoli
guric state and hence contributes to the pres
ervation of urine flow characteristic of this form 
of ARF. 

Abnormalities in tubular water handling by 
damaged tubular epithelia may also contribute 
to the polyuria seen in nonoliguric ARF. Clin
ical observations in patients with nonoliguric 
ARF frequently reveal signs and symptoms of 
volume deletion. These patients frequently 
complain of being thirsty. Physical examina
tion reveals orthostatic hypotension, tachycar
dia, dry mucous membranes, and tenting of 
the skin. Laboratory evidence reveals abnormal
ities in sodium and water conservation, includ
ing an inappropriately low urinary osmolality 
and a urine-plasma osmolality ratio of approxi
mately 1, all indicative of a defect in renal con
centrating ability. Studies have been carried 
out in several laboratories to identify the mech
anisms responsible for this defect in urinary 
concentrating capacity. Indeed, studies from 
our own laboratory have confirmed a nephro
genic origin of the defect in water conservation 
in both an ischemic and nephrotoxic model of 
nonoliguric ARF [32, 41}. As alluded to ear
lier, a major defect in interstitial tonicity was 
found to contribute to the concentrating defect 
found in nonoliguric ARF induced by cisplatin 
[32, 33}. This decrease in interstitial tonicity 
was found to be primarily due to a decrease in 
solute reabsorption from the water impermea
ble portion of the distal nephron rather than to 
an increase in inner medullary plasma flow. 
Thus, defects in the tubular reabsorption of 
water may also contribute to the polyuria In 

the nonoliguric form of ARF. 
Finally, and perhaps the newest and most in

triguing hypothesis regarding the unique 
pathogenesis of nonoliguric ARF, is the con
cept of "nephron heterogeneity" in this form of 
renal insufficiency [5 I}. By changing the anes
thetic agent used to induce ischemic ARF in 
experimental animals, Finn et al. [51} pro
duced either an oliguric or nonoliguric form of 
ARF. What was most intriguing about these 
differences was the marked discrepancy in 
nephron populations between the oliguric and 
nonoliguric animals. In the animals with oli-
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guric renal failure, the kidneys were composed 
of a homogenous population of nephrons, all 
with tubular disarray and casts. In contrast, the 
kidneys from the animals with nonoliguric 
renal failure were composed of a heterogeneous 
population of nephrons. While two-thirds of 
the nephrons exhibited tubular damage and 
casts, approximately one-third of the nephrons 
were completely normal, with patent tubules, 
no casts, and brisk tubular fluid flow. This fas
cinating finding may be the biggest clue yet as 
to what is responsible for the polyuria in non
oliguric renal failure. Could it be that there is 
a subset of nephrons that are not damaged by 
an ischemic or toxic insult; these nephrons con
tinue to maintain filtration and urine flow in 
nonoliguric renal failure? Further investigation 
into this intriguing hypothesis in the future 
should help answer this question. 

In summary, many of the same mechanisms 
found to be important in oliguric ARF appear 
to be operating in nonoliguric ARF. It may be 
the nature, severity, and inherent conditions of 
a particular insult (toxic or ischemic) that dic
tate whether the oliguric or nonoliguric variety 
of ARF becomes clinically apparent. 

4 Clinical Features of Nonoliguric Acute 
Renal Failure 
Patients with ARF, whether oliguric or nonoli
guric, require hospitalization not only for mak
ing the proper etiologic diagnosis but for ini
ttatlOg appropriate therapeutic measures. 
However, the clinical features encountered in 
these two groups of patients are generally quite 
different. 

Patients with these two varieties of acute 
renal failure often have different presenting 
symptoms. This difference relates to little or no 
urine output versus normal or enhanced urine 
output. Patients with oliguric ARF are often 
hypertensive and tachypneic, with signs of vol
ume overload, including rales and/or peripheral 
edema. Substantial weight gain has occurred 
during the illness. 

The patient with nonoliguric renal failure 
may show signs of extra-cellular fluid volume 
depletion, including orthostatic hypotension, 
poor skin turgor, and dry mucous membranes. 

TABLE 10-4. Biochemical abnormalities encountered in 
oliguric and nonoliguric acute renal failure 

Mean maximum BUN 
(mg/dl) 

Mean maximum 
serum creat (mg/dl) 

BUN/er >50/5 mg/dl 
(days) 

Metabolic acidosis 

Oliguric Nonoliguric 
patients patients 
(n = 38) (n = 54) 

114 ± 5 95 ± 5 

9 ± 0.5 6± 0.3 

18 ± 2 8 ± 0.8 

45% 20% 

p Value 

<0.02 

<0.001 

<0.001 

<0.025 

Source: Adopted from Anderson RJ et al., Non-oliguric acute renal fail
ure, NEJM 296: 1134, 1977, with permission. 

Furthermore, when weights are known, 
weight loss is often discovered over the pre
ceding few days. It should be emphasized, 
however, that excessive fluid intake can also 
lead to fluid overload in patients with non
oliguric ARF. 

The severity of the renal failure encoun
tered in these two groups of patients ulti
mately depends on the degree of impairment 
of the GFR as well as the degree of impair
ment of urinary flow. Based on these two 
assumptions, the physician would logically 
and correctly assume that patients with non
oliguric ARF have a milder degree of renal 
failure. Patients with nonoliguric renal fail
ure have enhanced renal elimination of wa
ter, fewer electrolyte abnormalities, less ac
cumulation of nitrogenous wastes, and 
milder metabolic acidosis [7-1OJ. A compar
ison of some of these biochemical abnormali
ties encountered in patients with these two 
forms of ARF is shown in table 10-4. 

If patients with nonoliguric ARF have a 
milder degree of renal failure, it might be ex
pected that they may also have significantly less 
morbidity and mortality. Indeed, patients with 
nonoliguric ARF require substantially fewer 
dialyses, experience fewer complications, and as 
a group, have a significantly lower mortality 
rate than those with oliguric ARF {52J. In ta
ble 10-5 are summarized some of these differ
ences that are evident between these two 
groups of patients. 
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TABLE 10-5. Morbidity and mortality in oliguric 
and nonoliguric acute renal failure 

Oliguric Nonoliguric 
patients patients 
(n = 38) (n = 54) p Value 

Hospitalization (days) 31 ± 3 22 ± 2 <0.01 
Dialysis required 84 28 <0.001 

(percentage) 
Complications (percen- 42 20 <0.05 

tage) septicemia 
Gastrointestinal 39 19 <0.05 

hemorrhage 
Neurologic abnormalities 50 30 <0.05 
Mortality (percentage) 50 26 <0.05 

Adapted from Anderson RJ et al .• Non-oliguric Acute Renal Failure. 
NEJM 296: 1134. 1977. with permission. 

5 Treatment 
The therapy of ARF can be classified by treat
ment undertaken during the three phases of 
ARF: the initiation phase, the maintenance 
phase, and the recovery phase. 

Treatment undertaken during the initiation 
phase primarily consists of maneuvers designed 
to enhance urine flow and simultaneously im
prove glomerular filtration rate. This is done 
because, as discussed earlier, there is evidence 
that the nonoliguric state in patients with ARF 
is accompanied by milder renal failure and sig
nificantly less morbidiy and mortality [7, 52]. 
Whether such conversion is associated with a 
similar lower mortality rate of patients as with 
spontaneous nonoliguric renal failure is not 
known. 

The agents that have been primarily in
volved in this conversion from the oliguric to 
nonoliguric state include the potent "loop" di
uretics, ethacrynic acid and furosemide, as well 
as the well-known polymeric sugar, mannitol 
[53J. Is there any evidence, based on controlled 
or uncontrolled clinical studies that these 
agents work, and, if so, does this conversion 
from oliguria to polyuria result in an improve
ment in morbidity and mortality? 

First, there is some evidence that the admin
istration of potent diuretic agents (furosemide) 
to patients with oliguric ARF leads to a sus
tained diuresis and lower mortality. Anderson 
et al. [7], in an uncontrolled study, found that 

18 of 40 patients were converted by furosemide 
from an oliguric to a nonoliguric state. How
ever, in a retrospective analysis, Minuth, Ter
rell, and Suki failed to demonstrate a predict
able and beneficial response to parenteral 
furosemide in patients suffering from oliguric 
ARF [54J. In the only controlled trial to date 
examining the role of furosemide in oliguria, 
Kleinknecht [55J found that furosemide did 
not modify or change the oliguric phase of 
ARF in the 33 randomly selected patients who 
received the medication. 

Even though there is little conclusive evi
dence that agents such as furosemide or ethac
rynic acid reverses the oliguria in a significant 
number of patients who are treated, the ques
tion remains whether the conversion of oliguira 
to polyuria found in some patients improves 
morbidity and enhances survival. The data re
garding this issue remain unsettled and contro
versial. As stated previously, Anderson et al. 
[7] in their study of nonoliguric ARF found 
that patients with oliguric ARF who were con
verted to nonoliguric renal failure following fu
rosemide therapy had a milder and less severe 
course than those who failed to respond to fu
rosemide. Minuth et al. in their retrospective 
analysis of ARF, found that patients who re
sponded to furosemide had degrees of meta
bolic complications similar to those patients 
who do not resond. The only improvement 
they could demonstrate was the diminished 
need for dialytic therapy in those patients who 
responded to furosemide therapy [54J. 

In summary, therefore, treatment during the 
initiation phase of (oliguric) ARF with agents 
such as furosemide and mannitol to enhance 
urine flow rate, improve GFR, and reverse the 
renal insufficiency remains to be proven in con
trolled therapeutic trials. However, there does 
appear to be a subset of patients who if treated 
early during the initiation phase of oliguric 
ARF with parenteral furosemide or mannitol 
may respond with polyuria, a milder form of 
renal failure, and an improvement in survival. 

During the maintenance of the established 
phase of ARF, the goals of therapy in the non
oliguric variety are similar to those found in 
the oliguric variety, with few special excep
tions. 
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First, the prevention and treatment of hem
orrhage and infectious complications, the lead
ing causes of death in all forms of ARF, are 
identical in both varieties of ARF. Second, at
tempts are made in nonoliguric renal failure to 
maintain an adequate level of nutrition. Since 
patients with nonoliguric renal failure are not 
often as sick as those with oliguria, oral feed
ings are often carried out in an appropriate 
fashion, depending on specific caloric and min
eral needs. If patients with nonoliguric renal 
failure are unable to eat, parenteral alimenta
tion or hyperalimentation with concentrated 
amino acid and gluose solutions is frequently 
undertaken. In fact, since many of these pa
tients have urine volumes greater than 1000 
ml/day, administration of large volumes of in
travenous and/or oral fluids is often done with 
little risk of circulatory overload and pulmo
nary congestion, complications frequently en
countered in oliguric patients. 

Finally, with regard to uremic complications 
and symptoms, the management of nonoliguric 
patients is identical with that undertaken in 
patients with oliguric renal failure. If patients 
with nonoliguric ARF have uremic symptoms 
such as nausea, vomiting, diarrhea, pruritus, 
anorexia, confusion, or signs such as asterixis, 
stupor or coma, dialysis should be initiated. 
The choice of which mode of dialysis is initi
ated, whether it be hemodialysis or peritoneal 
dialysis, must be individualized. However, pa
tients with nonoliguric ARF are often not as 
catabolic, acidotic, hyperkalemic, or encepha
lopathic as their oliguric counterparts; thus, 
they often require less intense dialytic therapy. 
Therefore, the nephrologist can often choose 
peritoneal dialysis as the mode of therapy and 
avoid the infectious and vascular complications 
associated with the use of arteriovenous shunts 
in hemodialysis. 

The specific management of electrolyte prob
lems encountered in nonoliguric ARF deserves 
special mention. First, as mentioned earlier, 
because of the maintenance of urine flow, less 
severe restriction of sodium and water intake 
can be implemented in patients with nonoli
guric ARF. Therefore, oral intake and paren
teral administration of fluids can be liberalized 
in these patients. Second, the incidence of hy-

perkalemia found in patients with nonoliguric 
and oliguric ARF is comparable [8}. Therefore, 
dietary and parenteral potassium restriction, as 
well as therapeutic measures to lower serum 
potassium, are identical in both forms of ARF. 

Finally, there does appear to be one unique 
electrolyte abnormality encountered in nonoli
guric renal failure that is markedly different 
from that found in the oliguric form of ARF. 
Hypomagnesemia, as opposed to hypermagne
semia, is encountered in two particular vari
eties of nonoliguric ARF. Schilsky and Ander
son [56} described hypomagnesemia in greater 
than 50% (23 out of 44) of patients receiving 
cis-diammine dichloroplatinum as a chemo
therapeutic agent in treating a variety of solid 
tumors. As mentioned earlier, cisplatin is an 
agent with significant and predictable nephro
toxicity, and it specifically induces the nonoli
guric variety of ARF [30-33}. With the in
creasing usage of cisplatin in treating solid 
tumors, the incidence of nonoliguric ARF is 
certain to rise, and clinicians should be aware 
of the renal magnesium wasting that it causes 
and the subsequent, often severe, symptomatic 
hypomagnesemia. 

Hypocalcemia may accompany the hypomag
nesemia and lead to signs such as muscular 
twitching and irritability, a positive Chvostek 
sign, and frank tetany. Correction of the mag
nesium depletion will often restore serum cal
cium values to normal, and resolution of the 
signs and symptoms accompanying hypocal
cemia. 

The second circumstance in which severe 
renal magnesium wasting is encountered when 
an agent known to cause a nonoliguric variety 
of ARF has been used was described by Bar and 
his colleagues in 1975 following high-dose 
gentamicin therapy [57}. Again, in a similar 
fashion ro cisplatin therapy, severe renal mag
nesium wasting, hypomagnesemia, and symp
tomatic hypocalcemia was found in two pa
tients following high-dose aminoglycoside 
(gentamicin) therapy. Curiously enough, in 
these two patients, in spite of the high-dose 
gentamicin therapy and the tubular defects en
countered, there was no evidence of renal in
sufficiency. Therefore, the simultaneous occur
rence of nonoliguric ARF and renal magnesium 
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wasting has yet to be described following gen
tamicin therapy. However, clinicians should be 
aware that both complications can result from 
gentamicin therapy. 

Finally, treatment during the recovery phase 
from nonoliguric ARF differs from oliguric 
ARF only in the sense that treatment has been 
the same thoughout the entire course of nonoli
guric renal failure. The recovery phase of oli
guric ARF is often synonymous with the "di
uretic" phase. This is the time when urine 
output is re-established, and the patient's GFR 
begins to return toward normal. Liberalization 
of sodium, potassium, and water restriction can 
now be instituted. 

During the recovery phase in nonoliguric 
renal failure, there is rapid restoration of GFR 
toward normal, correction of tubular defects, 
and hence more physiologic handling of mon
ovalent (sodium and potassium) and divalent 
(magnesium, calcium) cations as well as mono
valent and divalent anions. The internal mil
ieu in which enzymes function and physiologic 
processes occur is rapidly returned to normal, 
and the homeostasis of fluid and electrolytes is 
again regulated to the kidney. 

6 Summary and Conclusion 
Nonoliguric acute renal failure is a common 
form of ARF, which, prior to the use of potent 
nephrotoxic antibiotic and antineoplastic 
agents, was frequently unrecognized. It is char
acterized by the maintenance of urine output 
despite a compromise and decline in glomeru
lar filtration rate. Although caused by a diverse 
group of etiologic agents, both ischemic as well 
as nephrotoxic insults can lead to the nonoli
guric state. The renal failure encountered in 
the nonoliguric variety is usually mild, with 
less azotemia, fewer metabolic complications 
and an improved survival rate when compared 
to its oliguric counterpart. Treatment of non
oliguric ARF differs little from that of its oli
guric counterpart, with the exception of less 
rigid fluid and electrolyte restriction as well as 
special attention to problems with divalent cat
ions such as magnesium and calcium. With 
proper recognition and management of this 

syndrome, perhaps there will be a substantial 
improvement in the alarmingly high mortality 
and morbidity rate encountered in all forms of 
ARF. 
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11. HEPATORENAL SYNDROME 

Solomon Papper 

1 Introduction 
The hepatorenal syndrome is a specific form of 
acute renal failure occurring in patients with 
parenchymal liver disease of diverse etiology. 

In addition to a consideration of clinical fea
tures and treatment, this chapter also deals 
specifically with areas of confusion, contro
versy, and uncertainty. These areas include the 
term hepatorenal syndrome and its definition, cri
teria for the diagnosis of the syndrome, and 
the pathogenesis. 

2 History and the Term 
Hepatorenal Syndrome 
In 1863, Austin Flint {l} recorded the fact 
that patients with cirrhosis and hydroperito
neum might develop severe oliguria and die. 
The term hepatorenal syndrome (HRS) was intro
duced 50 years ago to designate unexplained 
renal failure following biliary tract surgery [2}. 
Although in retrospect no one can state with 
certainty the precise nature of the renal failure 
described in these early studies, it has since 
become known that biliary tract obstruction 
predisposes to acute tubular necrosis. Subse
quently, the label HRS was applied so gener
ally and loosely to virtually all associations of 
renal and hepatic disturbances that the term 
becomes meaningless, vague, and misleading 

Portions of this chapter are taken from Papper S, "The Hepato
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clinically. With that background, it is not sur
prising that in the 1940s experts were gener
ally skeptical that there was any particular va
riety of renal failure that occurred in liver 
disease that could not be ascribed to other 
known causes. 

In the 1950s, however, the existence of an 
unexplained renal failure in cirrhosis with quite 
specific clinical and renal functional character
istics was documented. In 1956, Hecker and 
Sherlock [3} reported nine patients with ter
minal liver failure. In those patients, who also 
had renal failure, the authors noted the absence 
of proteinuria, a low urinary concentration of 
sodium, and a poor response to therapy. In 
1958 and 1959, my colleagues and I reported 
22 patients with cirrhosis and renal failure and 
included clinical observations on the spectrum 
of the severity of liver disease with renal fail
ure, as well as detailed studies of renal function 
[4, 5}. At that time, evidence was also pre
sented to "suggest that we might well search 
primarily for factors adversely affecting the 
renal circulation . . . rather than renal paren
chymal disease" [4}. However, our attempts to 
improve the renal circulation with saline, 
blood, and dextran were without benefit. In 
1962, Vesin [6} confirmed these findings and 
suggested the term functional renal failure. In 
the early 1960s, many groups throughout the 
world added considerable data to confirm the 
existence of HRS and its functional nature [7}. 
In 1965, Shear et al. [8} demonstrated that 
acute tubular necrosis (A TN) may also super
vene. 

Despite efforts to apply other names to this 
specific hepatic-renal relationship, such as 
"renal failure of cirrhosis," "hemodynamic renal 
failure," "functional renal failure," "cirrhotic 
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nephropathy," "hepatic nephropathy" and oth
ers, the apparently more appealing term hepa
tormat syndrome has been most commonly used 
and has persisted. Whether or not this is a re
grettable term for what is quite a specific vari
ety of renal failure, there is no real advantage 
in continuing the debate. And I shall refer to 
this one condition as the hepatorenal syn
drome. 

There is probably still need to define and de
scribe specifically this renal failure of liver dis
ease that is not due to the usual known causes 
of renal functional impairment. Even as re
cently as 1978, a symposium mostly of Euro
pean experts gathered "to attain one limited 
goal: an internationally acceptable definition of 
the Hepato-Renal syndrome, together with the 
establishment of its diagnostic criteria" {9}. 
And in 1980, an editorial in Lancet entitled 
"Hepatorenal Syndrome or Hepatic Nephropa
thy?" also made a plea for the more specific use 
of the term HRS or for substituting another 
term {IO}. In both the European symposium's 
conclusion and in Lancet, the conclusions for 
the definition and diagnostic criteria of HRS 
are largely consistent with those we and others 
have proposed and published in the past {3-8, 
11, 12} and more recently [l3-16}. 

3 Definition of HRS 
The hepatorenal syndrome may be defined as 
incompletely explained renal failure occurring 
in patients with parenchymal liver disease in 
the absence of clinical, laboratory, or anatomic 
evidence of other known causes of renal failure. 
Early in its course, its renal functional charac
teristics are indistinguishable from prerenal 
azotemia except that it is not responsive or at 
best only transiently responsive to volume ex
pansion. Hence, we include a test for adequacy 
of effective circulating volume in section 8 on 
diagnostic criteria. In some patients, with 
time, there is a transition into acute tubular 
necrosis (A TN). 

The hepatorenal syndrome is potentially re
versible. In some instances, it reverses sponta
neously with improvement of liver function. 
How often spontaneous reversal occurs is not 
known; while in most series (including our 

own) this appears to be a very uncommon out
come, other careful observers give figures of 10 
to 20% spontaneous remission. Reversal of 
renal failure occurs with change in the hepatic 
environment. Thus, the kidney from a patient 
with HRS may be used successfully as a donor 
for transplantation in a patient with a normal 
liver {17J. Conversely, the kidney in a patient 
with HRS recovers function if the patient un
dergoes successful liver transplantation [l8}. 

The relative frequency of different types of 
liver disease, including cirrhosis associated 
with HRS, depends on geographic and other 
incompletely understood circumstances. In the 
United States, we deal mostly with the alco
holic type-that is, Laennec's cirrhosis-while 
some of our colleagues in other parts of the 
world have greater experience with postne
crotic, idiopathic, or primary biliary cirrhosis. 
There is also evidence that HRS may compli
cate other varieties of liver disease, e.g., viral 
hepatitis, fulminant hepatic failure, fatty liver 
of pregnancy, primary and secondary malig
nancy of the liver, and even hepatic resection. 
(It is also possible that HRS may rarely follow 
biliary tract obstruction and biliary tract sur
gery where ATN is far more common.) Al
though the pathophysiology may be similar in 
the renal failure of these diverse causes of liver 
disease, it is perhaps premature to assume that 
pathogenesis of the renal dysfunction is identi
cal in all instances, 

Another aspect of definition might well in
clude the major differential diagnosis, that is, 
conditions other than the one designated as 
HRS, but which also are characterized by both 
hepatic and renal disturbances (see table 11-1). 
The list is large. However, there are five main 
categories of clinical conditions that may be 
confused with the hepatorenal syndrome. First, 
there are the circumstances in which hepatic 
and renal dysfunction result from simultaneous 
injury to both organs, sometimes referred to as 
the "pseudo-hepatorenal" syndrome. These are 
outlined in table 11-2. Second, immune com
plex glomerulonephritis may develop in the 
course of hepatitis B disease. Third, some pa
tients with acute liver disease develop dissemi
nated intravascular coagulation (DIC), which 
may damage the kidney. Fourth, patients with 
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TABLE 11-l. Conditions (other than HRS) with both 
hepatic and renal involvement 

1. Simultaneous hepatic and renal injury ("pseudo
hepatorenal" syndrome-see table 11-2). 

2. Immune complex glomerulonephritis secondary ro 
hepatitis B disease. 

3. Renal injury secondary to disseminated intravascular 
coagulation in patients with severe liver injury. 

4. Acute tubular necrosis secondary to obstructive 
jaundice. 

5. Prerenal azotemia in patients with liver disease. 

TABLE 11-2. "Pseudo-hepatorenal" syndromes 

1. Generalized Disorders 
Infections (sepsis, hepatitis B, leptospirosis, yellow 

fever, Reye's syndrome) 
Circulatory (shock, heart failure) 
Genetic (polycystic disease, sickle-cell anemia) 
Collagen-vascular (systemic lupus erythematosus, 

polyarteritis nodosa) 
Unknown nature (toxemias of pregnancy, 

amyloidosis, sarcoidosis, hyperthermia) 
2. Toxins 

Carbon tetrachloride, paracetamol (acetaminophen), 
A manila phalloides poisoning, methoxyflurane, 
halothane, tetracycline, copper, chromium, 
streptomycin, sulfonamides, iproniazid 

3. Neoplasms 
Metastatic, renal cell carcinoma 

Source: Adapted fcom Conn HO [ll}. (Courtesy of the Williams & Wil
kins Co. and the author), 

TABLE 11-3. Renal failure in cirrhosis (200 patients) 

Associated (precipitating?) events 

Mild gastrointestinal bleeding" 
Abdominal paracentesis 
Induced diuresis 
Severe or progressive jaundice 
No apparent associated event 

No. of 
patients 

76 
11 
10 
BOb 
49 

aGuaiac positive stool only. 
~wenty-six of these patients also had other associated events and are 
therefore reported in other categories (16, guaiac positive stool; 8, induced 
diuresis; 2, paracentesis). 

obstructive jaundice have a poorly understood 
predilection to the development of A TN. And 
fifth, "prerenal" azotemia is a likely occurrence 
in patients who are actively forming ascites, es
pecially if their intake of solute and fluids is 
meager and there are associated losses of the 
body fluids due to vomiting, diarrhea, and 

forced diuresis. "Prerenal" azotemia is difficult 
if not impossible to distinguish from early 
HRS except by the response to expansion of ex
tracellular fluid volume and may actually pre
dispose to HRS, as is considered later in this 
chapter. 

It is difficult to know the incidence and 
prevalence of HRS in the broad spectrum of 
patients with liver disease. However, HRS is 
probably not uncommon in patients with ter
minal cirrhosis: incidence figures of 44% and 
84% are given in some studies [8]. 

4 C linical Features 
My colleagues and I have studied more than 
200 patients with alcoholic cirrhosis and HRS. 
I shall draw heavily on this personal experience 
in conjunction with the studies of others. 

a. Although oliguria is the hallmark of HRS, 
it may occur in the nonoliguric form. We 
have had only 12 patients out of 200 with
out oliguria. 

b. HRS may develop in the course of liver dis
ease without any apparent precipitating 
event (see table 11-3). We and others have 
observed its occurrence following abdominal 
paracentesis, even when as little as three li
ters of fluid are removed or after fluid loss 
due to forced diuresis. We have also seen 
renal failure in patients with slight blood 
loss manifested only by guaiac-posltlve 
stool, in the absence of gross gastrointes
tinal hemorrhage, and without decrease in 
hematocrit or clinical shock. 

c. Renal failure may develop with great rapid
ity. Patients may develop HRS in a matter 
of months, weeks, or even 24 to 48 hours 
after normal renal function has been docu
mented. 

d. In our group of patients, ascites was gen
erally present, but varied considerably in 
degree. Most of our patients had 3 to 4 + 
ascites. 

e. Jaundice ranges from severe to minimal and 
from progressive to declining. While most 
of the reported patients with HRS have evi
dence of severe hepatocellular disease, there 
are many in whom the liver disease is less 
advanced. 
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f. In 181 of 200 patients, there was a modest 
reduction in blood pressure from previous 
values. For example, a blood pressure of 
120/80 mm Hg in the past might now be 
in the order of 110165. It has been docu
mented in a number of instances that this 
reduction in blood pressure may occur after 
renal failure already exists. 

g. Hepatic encephalopathy was present in 161 
of 200 patients. 

h. This condition usually develops in the hos
pital, therefore raising the question of 
whether events in the hospital might pre
cipitate the syndrome. Obviously, forced 
diuresis is an example of a hospital event 
that might precipitate HRS, but there may 
well be others presently undefined, bur 
conceivably of great importance. (Perhaps 
one should consider not only positive hos
pital circumstances but also omissions, 
such as alcohol.) 

5 Clinical Course 
There are no apparent features that identify pa
tients with cirrhosis who will ultimately de
velop renal failure. 

The development of renal failure in the 
course of Laennec's cirrhosis is of grave prog
nostic significance. Only two patients in our 
entire group had a spontaneous recovery. On 
the other hand, spontaneous recovery is well 
documented. Reynolds [l9} reported 13% 
spontaneous recovery in a series of 62 patients. 
Gordon and Anderson estimate that "perhaps 
as many as 20-30% of patients will obtain 
peak serum creatinine values of 2-5 mg/dl 
077-442 IJ-mol/l) which later decline" [20}. 
Although the exact figures may depend on a 
number of factors, including severity at the 
time the diagnosis is made, spontaneous recov
ery occurs in a minority of instances. The care
fully documented recoveries have appeared to 
follow a dramatic and rapid improvement in 
the condition of the liver. 

In many instances, the course is rapid, with 
the development of terminal liver failure in a 
week or two. In other patients, the course pro
gresses over several weeks or a month or two 
with patients who feel poorly and have mild 

mental obtundation and who die of terminal 
liver failure, gastrointestinal bleeding, or infec
tion. In a retrospective study, gastrointestinal 
bleeding was the most common cause of death 
[2l}. 

In many patients, it is difficult to attribute 
the poor outcome of HRS directly to renal fail
ure when GFR is of the order of 15 to 20% of 
normal. (Blood urea nitrogen [BUN} and 
serum creatinine concentrations may underesti
mate the degree of renal functional impairment 
in patients with liver disease because of im
paired urea synthesis in the case of BUN and 
decreased muscle mass in interpreting serum 
creatinine.) It seems likely that renal failure 
may be a reflection or a part of a broader lethal 
event and that in most instances it is not in 
itself the most important determinant of how 
long the patient will survive. On the other 
hand, we have had patients with more severe 
renal failure and serum creatinine concentra
tions of 1.15 to 1.24 mmolll 03 to 24 mg/dl). 
As is true of most series, we have not seen 
many patients with a truly uremic death. 

6 Renal Function 
a. The urine is generally acid and may con

tain small amounts of protein. Hyaline and 
granular casts as well as microscopic hematuria 
are commonly observed. 

b. Urinary concentration is variable, but one 
common pattern is a scanty, quite concen
trated urine (perhaps two to three times the 
concentration of plasma) early in the course of 
renal failure. There is often a subsequent grad
ual decrease in urinary concentration toward 
that of plasma, while the patient remains oli
guric. Some patients die while their urine is 
still concentrated, and others have urinary os
molalities only slightly above that of plasma at 
the time the diagnosis is made. In some pa
tients with HRS, oliguria does not occur. 

c. In our series, with the exception of an 
occasional patient with a urinary sodium con
centration (UNa) of 20 to 30 mmolll, UNa is 
less than 10 mmol/l, including those patients 
who do not have oliguria. In many instances, 
UNa is only 1 to 2 mmoi/i. Gordon and Ander-
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son report UNa as 14 ± 3 in HRS [20). There 
is an occasional patient whose course begins 
with a very low urinary sodium concentration 
that increases to levels approaching 40 mmoi/i. 
Such a phenomenon raises the question of 
"transition" into acute tubular necrosis. 

d. Diluting ability is difficult to study and 
interpret in patients who are so ill. The secre
tion of antidiuretic hormone (ADH) may be 
stimulated for reasons totally unrelated to the 
presence of liver disease, for example, pain, 
discomfort, drugs, etc. However, under care
fully controlled circumstances, with the afore
mentioned limitations, none of the patients 
can elaborate a dilute urine. The serum sodium 
concentration is usually but not always re
duced. It has been shown that early in the 
course of renal failure, the serum sodium con
centration may be normal, declining as a con
sequence of administered water in excess of that 
excreted PJ. 

e. Hall and Ricanati [22J have shown that 
patients with HRS have normal renal tubular 
handling of beta-2-microglobulin (f32M). Uri
nary f32M is generally increased in primary tu
bular disorders with or without concomitant 
liver disease. 

f. As already mentioned, the levels of serum 
creatinine do not generally reach those seen in 
terminal stages of primary renal disease-but 
on occasion they do. Along with the striking 
decrease in glomerular filtration rate (GFR) and 
renal plasma flow (RPF) , the filtration fraction 
is either normal or low. Because of the only 
modest reduction in arterial pressure, the cal
culated renal vascular resistance is greatly ele
vated. 

g. There is potent vasoconstriction in the 
outer segments of the renal cortex with preser
vation of blood flow to the deeper cortical and 
medullary segments [23J. Patients also exhibit 
a very striking arterial instability during con
trast fluororadiography [23J. However, the en
tire arterial tree fills normally when injected 
postmortem. The corticomedullary shift of 
blood with afferent vasoconstriction is not a 
finding unique to the hepatorenal syndrome, 
but occurs in other states as well-e. g., heart 

failure. However the great renal vascular insta
bility seems to be characteristic of this group 
of patients. Vascular instability has also been 
observed in a few severely decompensated cir
rhotic patients without renal failure [24J. 

7 Pathology 
In our series, the kidney was either perfectly 
normal or had some minimal changes but with
out any evidence of an identifiable primary 
renal disease. 

Through the years, renal lesions have been 
described in cirrhosis. The reports of glomeru
lar lesions have included "cirrhotic glomerulo
sclerosis" [25J. This lesion is seen in postne
erotic and biliary cirrhosis as well as in 
alcoholic liver disease, and pathologists con
tinue to debate whether it is even specific for 
chronic liver disease. In addition, mesangial 
thickening, basement membrane thickening, 
proliferative glomerulonephritis, and immuno
globulin deposits have been noted. The obser
vations describe a deposition of osmophilic 
granules, proteinaceous material, and irregular 
black particles, mainly in the mesangium. 
There have also been findings of a thick glo
merular basement membrane and some fusion 
and focal destruction of foot processes. Other 
investigators have found gamma globulin glo
merular fixation by immunofluorescence mi
croscopy of renal biopsies. These have been 
identified as IgA, IgG, IgM, or C3 • These de
posits have been primarily in the mesangium 
and the capillary wall. The glomerular findings 
often do not correlate with proteinuria or ele
vation in serum creatinine concentration, ren
dering their clinical significance uncertain. In 
one study, control subjects without liver dis
ease had glomerular sclerosis and deposits. AL
though immune disease is possible, it seems 
more likely that the deposits result from pre
cipitation in glomeruli of either aggregated im
munoglobulins or circulating immune com
plexes. 

Tubular lesions have also been described. 
"Biliary or cholemic nephrosis" has no func
tional significance because azotemia can exist 
without the lesion, and the latter may be ob
served in the presence of normal renal function. 
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Other apparently minor tubular alterations 
have been observed. As already mentioned, 
ATN has also been described (8}. In our expe
rience, A TN is rare although others have noted 
it more frequently, particularly in fulminant 
hepatic failure rather than in cirrhosis (26}. 

With the exception of acute tubular necro
sis, when it is present, the etiologic, func
tional, and clinical significance of the other an
atomic findings is far from evident: the lesion 
of glomerular sclerosis does not correlate with 
the presence or absence of proteinuria or azo
temia, and, histologically, the appearance of 
the kidney in cirrhosis may vary from normal 
to the observation of a number of glomerular 
and tubular abnormalities. Therefore, the ob
served lesions do not seem critical to the initi
ation of the hepatorenal syndrome. Further
more, the lesions mayor may not be specific to 
cirrhosis, and if they are, the mechanism of 
their development is not known. 

Tubular necrosis has been described in some 
patients with cirrhosis and renal failure. It is 
unlikely that ATN accounts for the initial renal 
failure in any appreciable number of patients. 
We recognize that one may have a course con
sistent with tubular necrosis at a time when 
examination of the kidney with light micros
copy fails to reveal any abnormality; nonethe
less, the functional changes seen in the major
ity of patients with the hepatorenal syndrome 
constitutes strong evidence against such an ini
tiating mechanism. As will be discussed later 
(see section 9 on pathogenesis), we regard ATN 
as most likely an occasional consequence of the 
functional circulatory abnormalities of HRS. 

8 Diagnostic Criteria 
Although the HRS is a specific syndrome, 
there are intrinsic difficulties in firmly estab
lishing the diagnosis in particular patients. 
First there is no specific test for HRS. Second, 
the diagnosis includes negative criteria, that is, 
the absence of other known causes of renal fail
ure. Invoking negative criteria is always intel
lectually disquieting and tends to place the di
agnosis in individual patients in some doubt. 
Finally, the renal functional changes early in 
the course of HRS are indistinguishable from 
prerenal azotemia. However, in our world as 
clinicians, many specific conditions offer diffi
culty in diagnosis for similar reasons. In HRS 
as in these other states, the diagnosis is made 
as a composite that includes the clinical setting 
in which the renal failure develops, positive 
and negative clinical features, the renal func
tional changes, the course, and the response to 
certain measures, notably volume expansion. 
These diagnostic criteria may be summarized as 
follows. 

8.1 CLINICAL 

a Presence of liver disease. 
b. Absence of primary renal disease or known 

causes of renal failure. 
c. Acute or subacute onset of renal functional 

impairment that is usually progressive over 
a matter of days or weeks. 

d. No sustained improvement with cautious 
expansion of the vascular space (to achieve a 
central venous pressure of greater than 8 cm 
water). 

TABLE 11-4. Renal functional changes in the hepatorenal syndrome 

Progression 
Early* Late (days to weeks) to ATN 

GFR Low Low Low 

Urine sodium concentration < 10-20 mmolll < 10-20 mmolll >40 mmol/l 

FEN. <1 <1 >2 

Urine Concentration U/Posm > 1 (concentrated) > 1 to 1 (concenttated 
to isoosmotic) (isoosmotic) 

*Early HRS is functionally indistinguishable from "prerenal azotemia." However, HRS does not have sustained response to expansion of vascular volume. 
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8.2 RENAL FUNCTION 

The early renal functional changes (see table 
11-4) are indistinguishable from "prerenal azo
temia," except that in HRS there is not a sus
tained response to expansion of vascular vol
ume. The urine sodium concentration is less 
than lO to 20 mmolll, the fractional excretion 
of sodium (FENa) is less than 1, and the urine 
is concentrated (table 11-4). 

Later in the course, although UNa and FENa 
remain low, the urinary concentration decreases 
toward isoosmotic levels (table 11-4). 

9 Pathogenesis 
Despite intense investigation, the etiology of 
the renal failure of cirrhosis is not known. One 
of the major obstacles is the lack of an appro
priate comparable animal model. From the ra
pidity of onset of HRS in cirrhosis, the possible 
pathogenetic mechanisms are confined to those 
producing acute or subacute renal failure rather 
than a chronic disease. Among the acute and 
subacute renal diseases, we find no evidence for 
glomerulonephritis, vasculitis, or interstitial 
nephritis. There is no question that ATN oc
curs in some patients with HRS. The lesion has 
been seen histologically, and urinary lysozyme 
concentrations have been elevated in some pa
tients (27}. But ATN is probably not common 
for the following reasons. The renal functional 
characteristics of HRS-i.e., maintained con
centrating ability early in the course, very low 
urinary sodium concentration, and high uri
nary-osmolar/plasma-osmolar ratio--constitute 
strong evidence against A TN. In our own se
ries, we have seen it twice; in both instances, 
the urine changed late in the course from the 
above characteristics to isoosmotic and urinary 
sodium concentrations above 60 mmolli. The 
likelihood of "transitional" forms-i.e., pro
gression from the functional underperfused kid
ney to indications of tubular necrosis-has al
ready been proposed. These are characterized 
by the development of isoosmotic urine and in
creases in urinary sodium concentration from 
less than lO to 20 mmolll to the 30 to 50 
mmolll range. It is probable that these transi
tional forms and frank A TN, when they occur, 
are the consequence of the severely altered renal 

circulation in a vulnerable patient, rather than 
of the initiating mechanism. 

The role of bilirubin itself has been consid
ered. However, there is no evidence that bili
rubin directly damages the kidney except in 
the Gunn rat (28}. There is evidence that un
der certain conditions-for example, obstruc
tive jaundice-bilirubin or bile acids make the 
kidney more sensitive to other influences, such 
as ischemia. (This subject is carefully reviewed 
by Better and Berl (29}.) As will be considered 
later, jaundiced serum may contain material 
other than bilirubin that increases vascular re
sponsiveness to vasoconstrictor stimuli. In 
HRS, there is poor correlation with the degree 
of jaundice; in fact, some of our patients had 
only minimal jaundice, and in several others, 
bilirubin concentrations were declining at the 
time HRS developed. 

There is no substantive evidence in man that 
hyponatremia causes renal functional impair
ment; in any case, there is good evidence that 
hyponatremia develops after renal failure in oli
guric patients who continue to receive water. 
The presence of a concentrated urine early in 
the disease course, along with the absence of 
the characteristic vacuolization of the proximal 
tubules, allows us to -tfismiss the possibility of 
hypokalemic nephropathy. 

As stated earlier, in 1958, we presented evi
dence to "suggest that we might well search 
primarily for factors adversely affecting the 
renal circulation . . . rather than renal paren
chymal disease" (4}. The largest body of evi
dence still supports a circulatory mechanism for 
the production of HRS (table 11-5). In sum
mary form, this evidence includes the follow
ing observations: Renal failure may develop 
with great rapidity. Early in HRS, the combi
nation of reduced GFR, concentrated urine, 
and very low urinary sodium concentration is 
characteristic of a diminution in effective renal 
perfusion. Although we exclude all patients 
with gross clinical shock from our own series, 
a slight decrease in blood pressure was the rule. 
There is good evidence that the mild reduction 
in blood pressure was not the cause of the renal 
failure, but rather that the change in blood 
pressure was further evidence of an altered cir
culation. The onset of renal failure following 
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TABLE 11-5. Evidence for circulatory pathogenesis of 
hepatorenal syndrome (HRS). 

CLINICAL 

1. HRS may develop rapidly. 
2. HRS may follow reduction in circulating volume. 

RENAL FUNCTION 

1. Early: low GFR; low UNa; concentrated urine. 
2. Afferent vasoconstriction. 
3. Expansion of volume may cause transient 

improvement. 
4. Vasoactive drugs may cause transient improvement. 
5. Relative cortical ischemia. 
6. Unstable renal arterial circulation. 

EXTRARENAL CIRCULATION 

1. Blood pressure modestly reduced. 
2. Vasodilatation and shunting. 
3. Cardiac output may be high. 
4. Hepatic and cerebral blood flow may be low. 
5. Splanchnic pooling. 

MORPHOLOGY 

1. Normal or nondiagnostic. 

REVERSIBILITY IN NORMAL HEPATIC ENVIRONMENT 

1. HRS kidney functions as transplanted donor organ. 
2. Liver transplantation in HRS results in renal 

recovery. 

clinical circumstances that serve to cause some 
reduction in effective circulating volume
e.g., mild occult gastrointestinal bleeding, 
paracentesis, forced diuresis-all lend support 
to the importance of circulatory derangement. 
The administration of saline, ascitic fluid, 
blood plasma, or dextran has been shown to 
cause a transient increase in urine volume and 
the presence of a more dilute urine [4]. The 
administration of the pressor amine metarami
nol is often followed by increased GFR, an in
crease in urine flow, and the elaboration of a 
more dilute urine [30]. We have already indi
cated that the histologic appearance of the kid
ney is not diagnostic, is often normal, and, in 
that negative sense, is consistent with de
creased renal perfusion. The relative cortical 
ischemia and grossly unstable renal arterial tree 
also constitute evidence of intrarenal circulatory 
changes. The HRS kidney is capable of normal 
renal function if its environment is changed to 
include a normal liver. This has been accom
plished by using successfully the HRS kidney 
as a donor for renal transplantation in a noncir
rhotic patient [17] and by the return of renal 

function when the patient with HRS success
fully receives a liver transplant [18]. 

10 The Circulation 
The mechanism of the altered renal circulation 
in HRS is not known. Because it may be im
portant to consider all circulatory changes in 
cirrhosis in order to understand those in the 
kidney, a brief summary of the extrarenal as 
well as the renal circulatory disturbances seems 
appropriate (see table 11-6). 

Although the earlier studies reported ele
vated cardiac output (as is commonly the case 
in cirrhosis without HRS) it was found subse
quently that cardiac output may be normal or 
reduced [30, 31]. Blood pressure is modestly 
reduced [4], and measured plasma volume is 
increased, normal, or reduced [32]. Patients 
also have decreased cerebral and hepatic blood 
flow [3, 33]. In patients with elevated cardiac 
output, there is peripheral vasodilatation and 
arteriovenous shunting in several organ systems 
[31]. The renal circulatory changes, in addi
tion to reduced GFR and RBF [4, 7], include 
intense afferent vasoconstriction [24], relative 
cortical ischemia [24], and an unstable arterial 
circulation [24]. 

Some evidence has been presented that pa-

TABLE 11-6. Circulatory changes in patients with 
hepatorenal syndrome (HRS) 

EXTRARENAL CIRCULATION 

1. Cardiac Output may be high, normal, or low. 
2. Blood pressure is modestly reduced. 
3. Plasma volume may be increased, normal, or 

decreased. 
4. There is reduced cerebral and hepatic blood flow. 
5. In those patients with elevated cardiac output, there 

are peripheral vasodilatation, arteriovenous 
shunting of blood in muscles, lung, and possibly 
in the kidney and liver. 

RENAL CIRCULATION 

1. Renal blood flow and glomerular filtration are 
reduced. 

2. There is vasoconstriction involving the branches of 
the main renal artery, the interlobar arteries, as 
well as the smaller arteries (i. e., there is afferent 
vasoconstriction). 

3. Relative cortical ischemia is present. 
4. The renal arterial circulation is unstable. 
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tients with HRS might comprise two groups 
according to circulatory changes. One group 
may have decreased plasma volume, reduced 
cardiac output, and increased renal vascular re
sistance and transient renal response to volume 
expansion. Another group may have normal or 
increased plasma volume, increased cardiac 
output, increased renal vascular resistance, and 
no response to volume expansion [34]. More 
observations are needed to consider this group
ing of findings. We doubt this separation is so 
precise because we have noted response to vol
ume expansion in some patients with high car
diac output. 

It is evident that these are very broad circu
latory derangements in HRS. It suggests two 
possible pathogenetic generalizations: (a) that a 
single cause is operating differently on the var
ious circulatory beds or (b) that there may not 
be a single explanation to account for these al
terations in the circulation. 

At the present time, one cannot describe a 
precise mechanism of the circulatory basis for _ 
HRS. Two general hypothetical approaches 
have evolved: (a) the abnormal renal circulation 
may be viewed as the physiologic response to 
alterations in extrarenal circulation resulting in 
"prerenal azotemia," and (b) it is conceivable 
that a humoral or neurohumoral agent pro
duced by or inadequately inactivated by the 
diseased liver or bypassing the liver via portal
systemic shunts may be primarily responsible 
for the renal circulatory abnormalities. It is 
possible that both mechanisms interact in the 
pathogenesis of HRS. As these two possibilities 
are now considered, it is important to keep in 
mind that there may not be a single "cause." 
Thus, there is considerable evidence that in
sults leading to renal ischemia stimulate many 
factors that increase renal vascular resistance 
[20]. 

10.1 PHYSIOLOGIC RESPONSE 

It is conceivable that the renal afferent vasocon
striction that characterizes HRS may be due, at 
least in part, to alterations in the extrarenal 
distribution of blood. A body of evidence re
garding cirrhosis indicates that despite the 
presence of an increased total extracellular 
volume, the kidney perceives the volume 

as reduced. That is, there is a reduction in 
"effective" (as distinguished from "total") ex
tracellular fluid volume; in other words, there 
is prerenal azotemia [35]. (There is also alter
native evidence consistent with the view that 
extracellular volume [EeV] is expanded due to 
primary sodium retention and that the enlarged 
Eev "overflows" into the peritoneal cavity 
where the dynamics are conducive to ascites 
[35].) If there is, in fact, a reduction in effec
tive circulating volume, it may be due to 
splanchnic pooling as a consequence of portal 
hypertension as well as to a diversion of sys
temic blood into arteriovenous shunts in skin, 
muscle, and other organs. It is also known that 
patients with advanced liver disease may have a 
reduction in cerebral and hepatic blood flow. 
Therefore, it is conceivable that many patients 
with cirrhosis may have a high cardiac output, 
with blood coursing preferentially into shunted 
areas-for example, the skin and muscle-and 
depriving the kidney, as well as other viscera, 
of blood. 

Evidence in animals and man indicates that 
the opening of an arteriovenous fistula results 
in a decrease in effective circulation and renal 
afferent vasoconstriction. While this relatively 
simple mechanism, which we have sometimes 
referred to as the "diversion theory," cannot be 
dismissed entirely, there is evidence that this 
mechanism is not the sole explanation. Some 
patients with cirrhosis and renal failure have 
normal or even reduced cardiac output. Because 
cardiac output is determined by many factors, 
a normal output in and of itself would not ne
gate the possible impact of a reduced effective 
extracellular fluid volume without increased 
cardiac output in the pathogenesis of afferent 
vasoconstriction. 

A large body of physiologic evidence indi
cates that the kidney responds by vasoconstric
tion to a reduction in effective circulating vol
ume. However, the response in HRS to 
expansion of intravascular volume results in in
consistent -and only transient improvement in 
renal function [4, 34, 36]. Furthermore, it is 
apparent that the renal fraction of the cardiac 
output is reduced markedly, irrespective of the 
magnitude of the cardiac output [30]. Finally, 
it is difficult to explain in this way the very 
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abrupt onset of HRS in some patients. One 
would have to postulate that there had been a 
small but critical decrement in the already con
tracted effective extracellular fluid volume, or 
that there had been an inapparent change in 
the distribution of body fluids, or that the kid
ney's response to the long-standing diminished 
extracellular fluid volume had been altered. 

If the kidney perceives a decrease in effective 
volume, no matter what its cause, the conse
quent renal afferent vasoconstriction might be 
mediated via increased renal sympathetic tone 
or increased renin activity. 

The evidence for increased sympathetic tone 
is not supported at this time: patients with 
HRS do not have increased excretion of urinary 
catecholamines, metanephrine, and 5-hydroxy
indoleacetic acid, and 5-hydoxytrypamine lev
els in blood and urine are not elevated {37}. 
Phentolamine (Regitine) injected into the renal 
artery failed to modify renal hemodynamics in 
cirrhotic patients with renal cortical ischemia, 
although it is possible that systemic hypoten
sion secondary to the phentolamine might have 
influenced the result {24}. On the other hand, 
transient increases in renal plasma flow with 
minor changes in GFR were induced by the si
multaneous systemic injections of albumin to 
prevent hypotension and of the alpha-adrener
gic blocking agent phenoxybenzamine (Diben
zyline) {38}. 

The role of the renin-angiotensin system is 
considered in more detail later under possible 
humoral mechanisms in the pathogenesis of 
HRS. 

It may well be that the kidney in HRS is 
responding physiologically to a reduction in ef
fective circulating volume secondary to altered 
extrarenal circulation; that is, "prerenal" azo
temia is produced. However, there are suffi
cient data to question this as the sole mecha
nIsm. 

10.2 HUMORAL AGENT(S) 

The possibility of a humoral mechanism was 
mentioned in 1893 by Pavlow, who described 
"nephritis" following diversion of portal blood 
into systemic circulation {39}. He postulated 
that the renal disorder was due to intestinal 
toxins. This possibility has attracted consider
able attention ever since the elegant work of 

Shorr and co-workers describing the influence 
on renal function of vasoactive materials of he
patic origin {40}. It is conceivable that one or 
more substances, inadequately destroyed by the 
diseased liver or produced by it or bypassing 
it, are capable of producing both peripheral 
vasodilatation and, independently, vasocon
striction in other circulatory beds such as the 
kidney. 

A humoral agent is consistent with the few 
observations of spontaneous recovery accompa
nying rapid improvement in liver function, as 
well as with the response to renal and liver 
transplantation already suggested. The role of a 
humoral agent is also consistent with observa
tions in some patients in whom there is an ap
parent discrepancy between the degree of liver 
functional impairment as judged by the usual 
tests of liver function and the presence of HRS. 
For example, some patients with very little 
jaundice develop renal failure, and still other 
patients develop HRS while liver function ap
pears to be recovering. There are also altera
tions in renal function in patients with liver 
metastases, thereby supporting the thesis that 
substances may be produced by a damaged liver 
independent of the usual evidence of hepatic 
tissue destruction or jaundice, and yet may 
have the capacity to produce HRS {41}. Thus, 
one might postulate that the release of the hu
moral agent is a consequence not of general he
patocellular insult per se, but rather of some 
other aspect of hepatic abnormality. At the 
present time, there is insufficient evidence for 
the proof of the role of a humoral substance, 
but it remains a distinct possibility. 

Some of the humoral agents under consider
ation are vasodilator material, jaundiced 
serum, false neurotransmitters, endotoxins, 
the renin-angiotens in the system, prostaglan
din deficiency, vasoactive intestinal polypep
tide, and the kallikrein-kinin system. 

10.2.1 Vasodilator Material (VDM) VDM 
was described in the 1930s by Shorr et al. to 
inhibit the vasoconstrictor actions of epineph
rine on the rat mesappendix {40}. This mate
rial, subsequently identified as ferritin, has its 
highest serum levels in the presence of hepati
tis. It seems unlikely that it plays a significant 
role as a humoral agent in HRS. 
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10.2.2 Jaundiced Serum The relation of jaun
dice or some constituent of jaundiced serum to 
renal function in general and to HRS specifi
cally is not defined [29}. As already stated, 
HRS may develop while jaundice is actually 
decreasing, or renal failure may occur in the 
presence of very minimal jaundice. However, 
some other material that accumulates in jaun
diced blood may conceivably sensitize the renal 
circulation of a cirrhotic patient to other vaso
constrictor influences [42}. This has been sug
gested for patients and animals with obstruc
tive jaundice. For example, experiments 
performed in the rat with only unconjugated 
hyperbilirubinemia showed no difference in the 
incidence of ischemia-induced renal impair
ment between animals with and those without 
bile duct ligation (without conjugated biliru
bin) [43}, while Wistar rats with bile duct li
gation and conjugated hyperbilirubinemia ex
hibited a very high incidence of renal failure 
[44}. These observations suggested that the 
high levels of conjugated bilirubin or bile acids 
render the kidney more susceptible to isch
emia. Other studies in baboons with obstruc
tive jaundice may also be relevant. Perfusion of 
the rabbit isolated kidney with plasma ob
tained from jaundiced baboons evokes an in
creased pressor response to norepinephrine. 
Whether or not this is a nonspecific finding is 
not clear. Other studies indicate relative corti
cal ischemia and increased sensitivity to norepi
nephrine during xenon-clearance studies in the 
jaundiced primates [l3}. Hence, the vascular 
response to norepinephrine may be potentiated 
by something in the plasma of baboons with 
obstructive jaundice. Perfusion with betalipo
proteins from the serum of jaundiced baboons 
also resulted in enhanced vasoconstriction. 
Many observations indicating greater predilec
tion for the development of A TN in people 
with obstructive jaundice suggest that the renal 
circulation is vulnerable in the presence of ob
structive jaundice [29}. The relevance of these 
observations to HRS, where there is generally 
some degree of intrahepatic obstruction but the 
liver disease is primarily parenchymal, is un
known. 

10.2.3 False Neurotransmitters Mashford et 
al. [45} administered tyramine and norepi-

nephrine to patients with cirrhosis. While nor
motensive, nonazotemic cirrhotics had a "nor
mal" blood pressure response, patients with 
HRS had a diminished blood pressure response. 
On this background of possible depleted stores 
of epinephrine, Fischer and Baldessarini [46} 
have speculated that potently vasoactive amines 
such as norepinephrine and dopamine are re
placed in HRS by relatively inactive amines, 
i.e., "false" neurotransmitters such as octopa
mine and phenylethanolamine. The latter 
amines are postulated to derive from bacteria in 
the gut that are shunted into the systemic cir
culation. The proponents of this theory view it 
as consistent with the transient beneficial ef
fects on renal function observed following ad
ministration of the sympathomimetic amine 
metaraminol, with the latter drug functioning 
as a substitute transmitter. On the other hand, 
intravenous infusions of dopamine do not sub
stantially change filtration rate or urine flow, 
although there is an increase in renal plasma 
flow. The evidence supporting the false trans
mitter thesis, in my judgment, is neither con
firmed nor established. Since the a-adrenergic 
activity of the kidney is vasoconstrictor, a false 
transmitter might be expected to cause less 
rather than more vasoconstriction as character
izes HRS. 

10.2.4 Endotoxins Endotoxins, the lipo
polysaccharide constituents of the cell wall of 
certain bacteria, are potent renal vasoconstric
tors [47}. It has been postulated that endotox
ins derived from intestinal bacteria may reach 
the systemic circulation in large amounts in 
cirrhosis and cause HRS. Indeed, investigators 
have shown a correlation between the level of 
endotoxins in the blood and renal failure in cir
rhosis [48}. But more recent observations ques
tion such a relationship [49, 50}. The Limulus 
tests for endotoxin have variations, and their 
individual accuracy is controversial. A correla
tion with renal failure in cirrhosis may reflect 
retention of endotoxins rather than a causal re
lation of endotoxins to HRS. Endotoxemia is 
appealing as a possible humoral agent not only 
because it may cause renal vasoconstriction, 
but also because it may produce vasodilatation 
in other circulatory beds and offers the possi
bility of therapeutic value. Over 20 years ago, 
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Dr. Wesley Spink indicated personally to the 
author the likeness of HRS to "slow endotoxin 
shock." Nonetheless, endotoxemia is far from 
established as playing a role in the pathogenesis 
of HRS. 

10.2.5 Renin-Angiotensin System The renin
angiotensin system has found its way into con
sideration in the pathogenesis of the hepato
renal syndrome. It is known that plasma renin 
activity is increased in the hepatorenal syn
drome, it is also known that plasma concentra
tion of renin substrate normally produced by 
the liver and kidney is decreased in most pa
tients with cirrhosis of the liver. There is ex
perimental evidence that high renin levels 
within the kidney may produce afferent renal 
vasoconstriction through unknown mecha
nisms. The persistence of high renin levels in 
cirrhosis has at least two theoretical explana
tions. First, there may be the perception by the 
kidney of a reduction in effective extracellular 
volume, which stimulates renin release. Sec
ond, the thesis has been presented that the re
duction in substrate results in reduced angio
tensin levels, that the normal inhibitory 
feedback mechanism is therefore impaired, and 
that renin secretion continues [51}. In fact, 
Berkowitz et al. have postulated that reduced 
renin substrate is the primary cause of renal va
soconstriction in HRS [5 I}. The levels of an
giotensin II that are generated in the face of 
low substrate and high renin levels are debated. 
If angiotensin II is elevated as some believe it 
is, rather than reduced, there is reason to ask 
whether increased angiotensin II can cause the 
vasoconstriction observed in HRS. There is evi
dence that angiotensin does not cause constric
tion of the interlobular and arcuate arteries; va
soconstriction of these vessels is present in HRS 
[52}. It is certainly possible that the increased 
plasma renin levels are not the cause of the 
renal ischemia, but are rather the consequence 
of renal ischemia. This interpretation of the 
data is consistent with the observation that do
pamine-induced increases in renal blood flow in 
cirrhosis are accompanied by decreased plasma 
renin activity. Furthermore, salarasin, an an
tagonist of endogenous angiotensin II, failed to 
improve renal function in three patients with 
HRS [53}. 

The studies of Schroeder et al. [54} are of 
considerable interest. They studied patients 
with HRS before and after peritoneovenous or 
portacaval shunt. In the patients who survived 
the surgery, the previously elevated plasma 
renin activities became normal and the reduced 
levels of renin substrate increased. Before sur
gery, saralasin produced hypotension and in
creased renin levels and was without effect 
postoperatively. Renal function improved sig
nificantly postoperatively. Plasma volume and 
cardiac output also rose although they were not 
low preoperatively. Schroeder et al. believed 
their data were most consistent with a surgi
cally induced expansion of "effective" plasma 
volume and secondary improvement in renal 
function and suppression of renin. The data are 
perhaps most consistent with hyperreninemia 
and reduced substrate as consequences rather 
than causes of the renal vasoconstriction. 

However, there is no final answer on the 
role of the renin-angiotensin system in HRS ei
ther as a physiologic response to volume con
traction or in the context of a humoral agent. 

10.2.6 Prostaglandins The role of prosta
glandins in HRS is unknown although some 
interesting data are developing. Some studies 
suggest increased PGE levels in cirrhosis [55, 
56}. Boyer, Zia, and Reynolds [57} reported 
that indomethacin, an effective inhibitor of 
prostaglandin synthetase, causes a decrease in 
glomerular filtration rate and renal plasma flow 
in patients with cirrhosis and ascites. Zipser et 
al. [55} also noted that inhibition of prosta
glandin synthetase with indomethacin and ibu
profen was followed by a 57% reduction in cre
atinine clearance in patients with cirrhosis. 
These observations suggest that a failure in 
prostaglandin synthesis or release may be a fac
tor in the causation of HRS. While exogenous 
prostaglandins have not proved beneficial to 
date, the relevance of such an experimental de
sign in evaluating the role of a local tissue hor
mone has been challenged. More studies on en
hancing endogenous prostaglandins might be 
of greater interest. 

10.2.7 Vasoactive Intestinal Polypeptide Said 
et al. [58} isolated from the small bowel a va
soactive intestinal polypeptide (VIP) that pro-
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duced some of the common hemodynamic 
changes of cirrhosis when injected into experi
mental animals: peripheral vasodilatation, in
creased cardiac output, pulmonary shunting, 
and hyperventilation. Hunt et al. [59} have 
confirmed the earlier work of Said's group in
dicating that VIP blood levels are often ele
vated in cirrhosis. However, VIP levels are el
evated in renal failure in the absence of 
cirrhosis, adding to the difficulty in studying 
any causal relationship between HRS and VIP. 
The unconfirmed studies of Espinel et al. [60} 
(presented in abstract form), in which varying 
doses of VIP were injected into conscious rats 
and renal function studied, are interesting. At 
lower doses, VIP caused an increase in GFR 
and RPF, as well as sodium excretion, remi
niscent of the supernormal hemodynamics 
sometimes seen in cirrhosis. At larger doses of 
VIP, there was a substantial reduction in renal 
hemodynamics and sodium excretion. These are 
intriguing data, but even if confirmed, they 
do not prove that VIP is relevant to the genesis 
of HRS. 

10.2.8 Kallikrein-Kinin System Bradykinin 
levels are reduced in cirrhosis, perhaps due to 
liver dysfunction. Wong et al. [61} have noted 
that functional plasma prekallikrein is reduced 
even further in patients with HRS. Plasma bra
dykinin was also reduced. Wong's group spec
ulates that perhaps the kinin deficiency induces 
a decrease in vasodilator activity. If one admin
isters large amounts of bradykinin intrave
nously in normal subjects, there is a rise in 
RPF, possibly mediated by increased release of 
certain prostaglandins. Whether or not brady
kinin deficiency can play a role in the genesis 
of HRS cannot be stated. 

10.2. 9 T ubuloglomerular Feedback Because of 
the close anatomic proximity of the macula 
densa to the juxtaglomerular apparatus, Thurau 
and Schnermann [62} investigated a functional 
relationship between the two. They found that 
increasing the sodium load in the macula dens a 
resulted in a decrease in glomerular filtration. 
This "tubuloglomerular feedback" mechanism 
seemed capable of serving homeostatic purposes 
(see chapter 1). The question has also been 
raised about its possible role in the pathogene-

sis of various forms of acute renal failure. Wun
derlich et al. {63} have shown that treated sera 
from patients with liver dysfunction and acute 
renal failure perfused through Henle's loop en
hance the tubuloglomerular feedback system in 
rats, thus resulting in greater reductions in 
GFR than serum from a normal subject or from 
patients with pre renal azotemia. Although this 
requires more investigation, it is consistent 
with a "humoral" material capable of adversely 
altering renal function. 

Figure 11-1 presents an entirely conjectural 
outline of how a humoral agent might fit into 
the scheme of things. It also indicates how a 
humoral agent and a decrease in effective vol
ume secondary both to alterations in extrarenal 
distribution of blood and to reduced intake and 
excess loss of fluid and solute might operate to
gether to influence the evolution of HRS. In 
addition, figure 11-1 attempts to demonstrate 
the similarity and differences of HRS and renal 
hypoperfusion ("prerenal" azotemia) without 
the hepatorenal syndrome. The scheme also 
suggests how decreased effective plasma volume 
might not only simulate but also aggravate and 
perhaps precipitate the hepatorenal syndrome. 
Finally, the figure depicts the possible relation
ship of HRS to the development of ATN in 
patients with liver disease with or without 
HRS. 

In summary, the data suggest that renal fail
ure in cirrhosis is due to a circulatory mecha
nism characterized by afferent renal vasocon
striction, relative cortical ischemia, and an 
unstable renal arterial circulation. Although 
the precise nature of the circulatory disturbance 
is not evident, one must consider three possi
bilities: (a) that the observed renal circulatory 
disturbances are a physiologic response to al
tered extrarenal distribution of blood; (b) that 
there may be a humoral agent(s) capable of pro
ducing both extrarenal alterations in blood dis
tribution and intrarenal circulatory modifica
tions; and (c) that it is possible that both of 
these mechanisms are operative. 

11 Treatment 
Treatment may be divided into three catego
ries: prevention, initial phase therapy, and 
treatment when HRS is fully established. 
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In the absence of known causes, it is difficult 
to know with certainty how to prevent the devel
opment of HRS. A few points are reasonable: 

a. Many data indicate reduced effective circu
lating volume in cirrhosis. Therefore, one 
should avoid any further redpction in vol
ume that might reduce ren~l perfusion. For 
example, paracentesis beyond diagnostic 
and therapeutic requirements should be 
avoided. Diuretics should be used in a man
ner that results in a slow and gradual di
uresis of no more than 0.5 kg daily, rather 
than as aggressive, forced diuresis. 

b. Because of data suggesting that certain non
steroidal anti-inflammatory agents may 
lower GRF in unstable cirrhosis, these 
drugs should be avoided. 

c. Nephrotoxic drugs and radiographic con
trast materials may theoretically be more 
dangerous in the face of kidneys prone to 
underperfusion. Their use, therefore, may 
require the most stringent indications. 

11. 2 INITIAL PHASE THERAPY 

a. The first step is to be certain that one is not 
dealing exclusively or significantly with re-
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FIGURE 11-1. A conjectural formulation of the interrela
tionships of hypoperfusion and a humoral agent in the 
genesis of hepatorenal syndrome (HRS) 

versible volume depletion, which may be 
present despite edema and ascites. There are 
many ways to accomplish this. We prefer 
normal saline until the central venous pres
sure is 8 to 10 cm water. If an increase in 
GFR and diuresis occur, volume is main
tained at the effective level. Colloid solu
tions may be used in place of normal saline 
but offer no known advantage as far as the 
observed transient response to volume ex
pansion is concerned. Such expansion must 
be undertaken with special caution because 
excessive expansion may not only worsen as
cites and edema, but increase portal pres
sure and the risk of variceal bleeding. 

b. Consider the possibility of other causes of 
renal failure-especially treatable ones, 
such as obstruction, infection, nephrotoxic 
agents, heart failure, and untelated pri
mary renal disease aggravated by the pres
ence of liver disease. 

c. If dialysis has any role, it may be that of 
allowing time for a full assessment in an 
unclear clinical situation. In that event, a 
single dialysis should suffice (64). 
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11.3 TREATMENT OF ESTABLISHED HRS 

When HRS is clearly established, treatment is 
very unsatisfactory. The following approaches 
may be summarized [1I-I6}: 

a. The ideal approach is to improve liver func
tion; sadly, this is seldom possible. Liver 
transplantation remains experimental al
though results have improved substantially 
in recent years. 

b. The expansion of volume beyond repair of 
deficits with blood, plasma, albumin, dex
tran, and saline has not been useful. 

c. Vasoactive drugs are without sustained ben
efit. Although low-dose dopamine is com
monly used, its general usefulness is not es
tablished. 

d. Corticosteroids are now undergoing con
trolled study and should not presently be 
used because of potential risk pending the 
results of the study [20}. 

e. Abdominal paracentesis with or without 
reinfusion of ascitic fluid has not proved 
beneficial [65}. 

f. Treatment with conventional intermittent 
hemodialysis and peritoneal dialysis has not 
been effective [66, 67}. Further testing is 
needed employing the membranes that re
move larger molecules and with hemoper
fusion. There is one optimistic report em
ploying hemodialysis and charcoal hemo
perfusion in one patient [68}. 

g. Fresh plasma to replenish renin substrate 
has failed to result in improvement [51}. 
Exchange transfusions are not useful. I 
know of no published experience with plas
maphoresis. 

h. Polymyxin B, an antibiotic with anti-endo
toxin effect, has been alleged to result in 
improvement in renal function in some in
stances [69}. However, the polymyxins are 
quite nephrotoxic. I do not believe this is 
currently acceptable therapy. 

1. The parenteral administration of prostaglan
din Al and the intrarenal use of prostaglan
din EI were not effective for patients with 
severe renal failure [56, 70}. 

J. There have been isolated reports of recovery 
from HRS following portasystemic anasto
mosis {II, 71}. Schroeder's group describes 

the results in five carefully studied patients 
[54}. Three died within one to eight weeks 
postoperatively, while two patients are well 
two and ten years after the surgery. On the 
other hand, portacaval anastomosis has been 
reported to initiate renal failure [72} or to 
be of no value therapeutically (73}. If por
tasystemic anastomosis is useful in HRS, 
the mechanism of its efficacy is not known. 
It may be due to improving the effective 
circulation by decompressing the splanchnic 
pool or to some other mechanism. Even if 
valuable for individual patients, it would be 
important to have means of selecting those 
who might tolerate the surgery and benefit 
from it. For most of our patients, the risk 
would be prohibitive. 

k. The peritoneal jugular-venous shunt (PVS) 
has received much attention as effective 
therapy for HRS (74-76}. In evaluating the 
results of PVS, it is especially important to 
distinguish between HRS and prerenal azo
temia with a test of expanding effective vol
ume as described earlier. Unfortunately, 
this has not regularly been done in the re
ported studies. One would not be surprised 
to find improvement in renal function in 
pure prerenal azotemia following continu
ous transfer of ascitic fluid into the circula
tion. Schroeder et al. have treated five pa
tients with PVS [54}. In two patients, the 
shunt clotted; in one a second PVS was 
placed while the other was treated with a 
mesocaval shunt. Of the four patients who 
were left with a PVS in place, one died in 
ten weeks and the other three remained im
proved three months to one and one-half 
years after the surgery. Further evidence for 
the possible effectiveness of the procedure is 
to be found in those instances of initial im
provement after PVS followed by deteriora
tion when the shunt clotted, and when im
provement occurred again after a second 
effective shunt was placed [54, 77}. There 
is need for a systematic investigative ap
proach to the possible role of PVS in the 
treatment of established HRS, as defined in 
the text under 8 section on diagnostic criteria 
[78}. We are currently engaged in such a 
study. As in any other experimental treat-
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ment, all advantages and disadvantages 
must be assessed. Complications of PVS in
clude clotting, infection, volume overload, 
and intravascular coagulation. If PVS proves 
effective, the mechanism remains unclear; it 
might be due to the re-establishment of ef
fective circulating volume or by infusing 
some physiologically important material 
contained in the ascitic fluid. Until appro
priate studies are completed, PVS should 
not be assumed to be of proved usefulness 
in the treatment of HRS. 

The best approach for the clinician at present 
is not to equate renal functional impairment in 
cirrhosis with the development of HRS in any 
individual patient. Rather, we should search'" 
for treatable causes of decreased renal function. 

12 Summary 
A specific variety of renal failure may develop 
in the course of patients with parenchymal liver 
disease of diverse etiology. I refer only to this 
renal failure as the hepatorenal syndrome. It 
occurs in the absence of other causes of renal 
failure and early on has the renal functional 
characteristics of an hypoperfused kidney, in
cluding a concentrated urine and low urine so
dium concentration. However, HRS does not 
respond to expansion of effective volume as· 
prerenal azotemia does. If the renal changes are 
progressive, there are defined alterations in 
renal function, including a concentrated urine 
becoming isoosmotic while urine sodium con
centration remains low. Acute tubular necrosis 
is an uncommon consequence of HRS. 

While the development of renal failure in 
general bears a poor prognosis, spontaneous re
covery can occur. The data suggest that, for the 
most part, patients die "in" rather than "of' 
renal failure. The latter seems to be only part 
of a broader, more fundamental disturbance. 
While the evidence supports an impairment of 
effective renal perfusion, the precise pathoge
netic factor or factors in generating impaired 
renal circulation are not known. Treatment is 
currently unsatisfactory although the peritoneal 
jugular-venous shunt warrants and is receiving 
detailed investigation. Emphasis in individual 

patients is presently best placed on searching 
for more treatable causes of renal functional im
pairment in individual patients. 
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12. MYOGLOBINURIA AND ACUTE 
RENAL FAILURE 

Vittorio E. Andreucci 

1 Rhabdomyolysis and 
Myoglobinuria 
Rhabdomyolisis is muscle cell lysis (as hemo
lysis is lysis of red blood cells) with liberation 
of cell content into the circulation. As he
molysis liberates hemoglobin, rhabdomyolysis 
liberates myoglobin. The occurrence of myo
globinuria indicates extensive destruction of 
striated muscle, that is, the damage of at least 
200 grams of normal muscles [l}. That is why 
myoglobinuria is not prominent after myocar
dial infarction. 

The occurrence of rhabdomyolysis has been 
supposed to be a rare phenomenon. This is not 
so. It is a frequent clinical event, but many 
times it is not recognized because muscular 
symptoms are slight or absent and/or urine 
containing myoglobin is so diluted that its 
color is not different from normal concentrated 
urine {2}. Furthermore, urinary excretion of 
myoglobin may be minimal by the time pa
tients reach the hospital. Thus, it may come 
about that rhabdomyolysis-induced ARF is re
garded as A TN of undetermined etiology or 
even as ARF secondary to glomerulonephritis 
or to acute interstitial nephritis occurring as a 
hypersensitivity reaction to antibiotics. Some
times the condition is recognized by the inci
dental discovery of elevated serum levels of 
muscle enzymes. The inconstancy of myoglo
binuria in patients with rhabdomyolysis sug
gests the use of "rhabdomyolysis" rather than 
"myoglobinuria" to define the syndrome that 
follows muscle injury. 

V.E. And""", (ed.), ACUTE RENAL FAILURE. 
All rtghts reIwved. Copyrtght © 1984. 
MIJrtInIlJ NIJhoff PlibllJhtng. Boston/The Hagutl 
DordrechtlLancaster. 

2 Consequences of Muscle Damage 
Rhabdomyolysis allows escape of cell contents 
into the extracellular fluid: myoglobin; en
zymes such as creatine phosphokinase (CPK), 
glutamic oxoloacetic transaminase (GOT), lac
tic dehydrogenase (LDH), aldolase; electrolytes 
such as potassium and phosphate; nucleopro
teins and their metabolites and unidentified or
ganic acid(s) {3}. 

2.1 MYOGLOBIN 

Myoglobin is a heme pigment composed of a 
folded polypeptide (protein) portion, globin, 
and a prosthetic group, heme, which contains 
an atom of iron. It is a muscle protein (mol wt 
17,800 daltons) that is located in the soluble 
phase of the sarcoplasma of striated skeletal and 
cardiac muscles, near the sarcolemma but not 
bound to it {4, 5}. It is synthesized by muscle 
ribosomes {6}. Myoglobin normally constitutes 
1 to 2% of the wet weight of skeletal muscle, 
but it may reach 3.5 % of the wet weight in 
highly trained subjects {n. 

Only 0.3 mg of myoglobin is released daily 
from muscles under normal conditions [8}. 
Normal serum concentrations of myoglobin av
erage 33 ng/ml [9} and do not normally exceed 
50 ng/ml [8, 1O}. In patients with CRF 
(serum creatinine greater than 265 J.Lffiolll, 3 
mg/dl), serum myoglobin levels have been re
ported to average 466 ng/ml [9}. In uremic pa
tients on maintenance hemodialysis, mean val
ues of 170 ng/ml [8} and 343 ng/ml [9} have 
been reported. 

For a long time, myoglobin has been re
garded as a store for oxygen; it seems, how
ever, that it plays a key role in the transport 
of oxygen into and within muscle cells through 
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its property of reversibly binding molecular ox
ygen [2, II}. The weakness that follows myo
globinuria may therefore be accounted for, at 
least in part, by the loss of this function [2}. 

Myoglobin is liberated into the bloodstream 
by any illness that results in rhabdomyolysis, 
as hemoglobin is liberated by hemolysis. But 
while hemolysis is followed by a pink, red, or 
brownish staining of serum, rhabdomyolysis 
does not stain the serum. The serum is not 
stained because hemoglobin is bound to a spe
cific serum protein, haptoglobin, and is ex
creted into the urine only when the binding 
haptoglobin is saturated; this occurs when he
moglobin concentration exceeds 100 mg/dl [7}. 
Thus, when hemolysis is mild, the serum is 
pink while the urine retains its clear yellow 
color; when hemolysis is massive, both serum 
and urine are stained. Following rhabdomy
olysis, the myoglobin released from muscle 
cells is readily filtered and appears in the urine 
(its clearance is 75% that of creatinine). Ac
cording to Kagen [ll} this occurs despite a 
myoglobin-binding capacity by human serum 
(apparently due to either an alpha-2 or a beta 
globulin) of 23 mg/dl; but at serum levels be
low this maximum-binding capacity, free and 
bound myoglobin coexist, so that free myoglo
bin is readily filtered. Thus, stained urine with 
unstained serum argues in favor of rhabdomy
olysis [7}. In order to detect a high value of 
serum myoglobin (a serum concentration of 5.6 
mg/dl has been reported in rhabdomyolysis-in
duced ARF) [lO}, blood samples should be ob
tained soon after the muscle damage since both 
urinary excretion of the pigment and its metab
olism to bilirubin will normalize serum levels 
within one to six hours [3}. Quantitative myo
globin assays are usually not suitable for clini
cal use so that serum myoglobin cannot be 
measured in clinical practice. As we will dis
cuss later in this chapter, however, serum con
centrations of enzymes will readily allow the 
diagnosis of rhabdomyolysis. On the other 
hand, it has been demonstrated that serum 
myoglobin levels can be predicted from se
rum concentrations of creatine phosphoki
nase (CPK), glutamic oxaloacetic transaminase 
(GOT), or lactic dehydrogenase (LDH) [l2}. 

It has been stated that the renal threshold for 

myoglobin is as low as 0.3 mg/dl of plasma 
[2}; according to others, it is as high as 10 
mg/dl [l3}. The latter value is too high. Ap
parently, the correct renal threshold is 0.5 to 
1.5 mg/dl [3, 11, 12}. 

Because of the rapid clearance of myoglobin 
from plasma, serum levels may be normal by 
the time the patient is hospitalized; on the 
other hand, the urine appears grossly stained 
when its myoglobin concentration is greater 
than 100 mg/dl [3, 7}. When hospitalization 
occurs a long time after muscle damage, myo
globinuria may not be detected even by ortho
tolidine dipstick [3} (a method as sensitive as 
immunodiffusion or immunoelectrophoresis in 
detecting myoglobin in urine) [7, 14}. In a 
recent series of 87 episodes of rhabdomyolysis 
in 77 patients, a negative orthotolidine dip
stick test for myoglobin was found in 26% of 
patients [3}. 

2.2 CREATINE PHOSPHOKINASE (CPK) 

Creatine phosphokinase (CPK) is an enzyme 
that transfers a high-energy phosphate moiety 
from phosphocreatine to adenosine diphosphate 
(ADP) to form adenosine triphosphate (ATP). 
Thus, it catalyzes, in striated and cardiac mus
cles, the following reaction 

ADP + phosphocreatine ~Pli ATP + creatine. 

This reaction is very important for the contin
uous chemical regeneration of A TP, which is 
the immediate energy source for muscular con
traction and probably also for sarcolemma in
tegrity [2}. 

Actually, three isoenzymes of CPK have been 
identified: CPK-BB (brain type, or CPK-I), 
CPK-MB (intermediate type, or CPK-II), and 
CPK-MM (muscle type, or CPK-III) [l5}. 
CPK-I and CPK-II are not present in serum; 
the isoenzyme CPK-MM, which is normally 
present in serum (normal values up to 125 
mU-ml), is responsible for the normal muscle 
metabolism [l6}. 

Serum CPK (isoenzyme CPK-MM) is in
creased in conditions of muscle damage. Ele
vated levels (233.6 mU/ml) have been observed 
in uremic patients on maintenance hemodi-
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alysis (242.3 mU/ml) or peritoneal dialysis 
(85.2 mU/ml) and have been attributed to 
uremic myopathy (I6}. 

Following rhabdomyolysis, CPK is released 
by damaged muscle cells into the extracellular 
fluid. Serum CPK reaches a peak within 24 
hours after muscle injury; then it declines with 
an approximate half-life of 48 hours (3}. Per
sistently high levels of CPK indicate continu
ous muscle injury. 

It has been stated that serum CPK is the 
most sensitive marker of muscle damage, and 
it may be used (even if there is no myoglobin
uria) as the single diagnostic criterion for rhab
domyolysis, when its serum level is at least five 
times greater than normal and in the absence 
of cardiac or brain injury (3}. In contrast with 
the behavior of myoglobin, serum levels of 
CPK remain high for many days because of its 
slow clearance; it has been observed that the 
decline of serum CPK concentration is about 
39% of the previous day's value per day (3}' 

2.3 GLUTAMIC OXALOACETIC 
TRANSAMINASE (GOT) 

Glutamic oxaloacetic transaminase (GOT) is an 
enzyme that catalyzes the reversible reaction by 
which oxaloacetate and glutamate interact to 
form alpha ketoglutarate and aspartate. GOT is 
in greatest concentration in myocardium and, 
in decreasing order of concentration, in liver, 
skeletal muscle, brain, kidney, and other or
gans. 

Serum levels of GOT increase significantly 
not only after myocardial infarction and hepa
tocellular necrosis but also following rhabdo
myolysis. 

2.4 LACTIC DEHYDROGENASE (LDH) 

Lactic dehydrogenase (LDH) is a glycolytic en
zyme that catalyzes the reversible reaction of 
pyruvate to lactate in the presence of diphos
phopyridine nucleotide (DPN): 

piruvic acic + DPNH + H + ~Dlj lactic acid + DPN 

LDH is ubiquitous, but it is mainly repre
sented in the cells of myocardium, muscles, 
liver, and kidney. Its serum concentration, 

therefore, is significantly increased in any con
dition of cell necrosis, mainly myocardial in
farction, muscular dystrophy, dermatomyositis, 
crush syndrome, and hepatic and renal diseases. 

2.5 ALDOLASE 

Aldolase is a glycolytic enzyme that is present 
in the serum of normal subjects. Usually the 
serum levels of aldolase increase in the same 
conditions in which increase of serum LDH oc
curs. But aldolase is a more sensitive indicator 
of muscle damage. 

2. 6 CREATINE AND CREATININE 

Creatine is an amino acid that may be either 
ingested (exogenous creatinine) or synthesized 
in the liver from glycine, arginine and methi
onine and then delivered to the skeletal mus
cles, which contain most (90 to 98%) of total 
body creatine. Normal serum concentration of 
creatine is 15 to 46 f..Lmolll (0.2-0.6 mg/dl). It 
plays a key role in the biochemical adaptation 
of skeletal muscles to provide energy for con
traction. As mentioned above, creatine repre
sents a substrate for CPK; with ATP it yields 
ADP and phosphocreatine; the latter is then 
available to phosphorylate ADP in order to 
supply the ATP necessary for muscle contrac
tion. Skeletal muscles contain about 400 mg of 
creatine per 100 grams of muscle, more than 
half in the form of phosphocreatine (I 71 . 

Creatinuria is normally modest; less than 
760 f..Lmol (100 mg) of creatine are usually ex
creted with urine in 24 hours. Urinary excre
tion of creatine is increased in hypercatabolic 
states (fever, hyperthyroidism, starvation, etc.). 
In patients with rhabdomyolysis, creatine is re
leased in great amounts from damaged muscles 
and its excretion increases significantly; thus, 
elevated creatinuria has been observed in nor
mal subjects after intense physical training 
[I8}. 

A constant percentage (1. 5 to 2 %) of crea
tine-phosphocreatine is converted daily into 
creatinine (the anhydride of creatine) by a non
enzymatic mechanism that is increased by acid 
pH (19, 20}. Muscle concentration of creati
nine is low. 

The urinary excretion of creatinine is much 
greater than that of creatine, ranging from 176 
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to 265 fJ.mollkg b. w./day (20 to 30 mg/kg 
b.w./day) in men and from 88 to 220 fJ.mollkg 
b. w./day 00 to 25 mg/kg b. w./day) in 
women. Normal subjects fed with creatine ex
pand their creatine pool and therefore increase 
their creatinine excretion in the urine {21}. For 
this reason, creatinine is influenced by diet as 
well as by lean body mass {20}. Furthermore, 
since cooking converts creatine into creatinine, 
an increase in cooked meat eaten rapidly in
creases creatinine excretion {20}. In patients 
with rhabdomyolysis, the urinary excretion of 
creatinine is also increased soon after the mus
cle injury {I8}. 

Data from the literature on serum concentra
tion of creatine in patients with renal disease 
are conflicting. High serum levels have been 
found in uremic patients {22}. Apparently, as 
renal function declines, the extrarenal clearance 
of creatinine increases both by recycling creati
nine to creatine and by degrading creatinine to 
products other than creatine {20}. As demon
strated by Jones and Burnett {23}, creatinine is 
subject to enteric cycling like urea and uric 
acid; it is secreted into the gastrointestinal 
tract and metabolized by gut microflora. Cre
atinine may be converted to either N-methyl
hydantoin or to creatine; N-methylhydantoin is 
formed by desimidation of creatinine by creat
inine desimidase, and creatine is formed enzy
matically by hydration of creatinine by creati
nine hydrolase; creatine is further metabolized 
to urea and sarcosine by the creatine amidino
hydrolase {24}. 

Serum concentrations of creatine and creati
nine are greatly increased in patients with ARF 
secondary to rhabdomyolysis, apparently, much 
more than usually expected in ARF. We have 
observed high values of serum creatine with 
serum creatine-creatinine ratio markedly ele
vated in patients with posttraumatic ARF and 
extensive muscle injury {25} (see below). It has 
been stated that a disproportionately faster rise 
of serum creatinine (greater than 221 fJ.mollll 
day, 2.5 mg/dllday) {26} than of BUN is typ
ical of rhabdomyolysis and is indicative of mus
cle damage {27}. Values of BUN of 18.57 
mmolll (52 mg/dl) or 15 mmolll (42 mg/dl) 
with simultaneous values of serum creatinine of 
1,202 fJ.molll 03.6 mg/dl) and 928 fJ.molll 

00.5 mg/dl) with BUN-to-serum-creatinine 
ratios (BUN/Scr in mg/dl) of 3.8 and 4, respec
tively, are striking {27, 28}. BUN/Scr is ap
proximately lO in normal subjects and in pa
tients with renal failure (unless uremic patients 
are on a low-protein diet). According to Kno
chel {28}, these low values of BUN/Scr are lim
ited to the first 24 hours after muscle injury, 
normalizing after the second day. There were 
patients, however, who exhibited a low BUN/ 
SCr much longer, up to the fourth day {27}. 
Apparently, part of this markedly elevated 
serum creatinine derives from creatine released 
from injured muscle cells and spontaneously 
dehydrated to creatinine {n. However, this 
unexpected behavior of BUN/Scr has been de
nied on the basis of clinical {3} and experimen
tal studies {29}. Probably, the contention is 
due to the lack of constancy of low values of 
BUN/Scr; thus, Koffler et al. {26} have ob
served it in only 7 out of 21 patients with ARF 
due to nontraumatic rhabdomyolysis. 

2. 7 POTASSIUM 

Since potassium concentration within muscle 
cells is extremely high (an average of 156 
mmollkg H 20) {30} as compared to the con
centration of the cation in extracellular fluid 
(and serum), hyperkalemia is expected to occur 
after rhabdomyolysis. On reviewing the litera
ture, however, Gabow et al. {3} have observed 
an incidence of hyperkalemia (i.e., serum po
tassium greater than 5.5 mmolll) of only 43%; 
furthermore, only 7 (6 of whom had ARF) of 
their 77 patients exhibited a serum potassium 
greater than 5.5 mmolll. Severe hyperkalemia 
appears to occur quite frequently in rhabdomy
olysis associated with oliguric ARF, particu
larly in the presence of metabolic acidosis {3, 
25, 26}. 

2.8 PHOSPHORUS 

Phosphate concentration in muscle cells is also 
high (an average of 95 mmollkg H 20) {30} as 
compared to extracellular fluid (and serum). 
Thus, hyperphosphatemia is expected to occur 
following extensive skeletal muscle breakdown. 
When renal function is preserved, however, 
serum phosphate levels are normal. Hyperphos
phatemia is frequently observed in rhabdomy-
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olysis associated with ARF [26}; under such 
circumstances, serum phosphorus concentra
tion has been found directly correlated with 
serum anion gap and inversely with serum bi
carbonate; this finding suggests that hyper
phosphatemia is partly due to phosphorus re
leased from hydrolyzed ATP, which is 
liberated by damaged muscle cells with some 
unidentified organic acid(s) responsible for the 
increase in anion gap [3} (see below). 

Hyperphosphatemia may cause calcification 
of damaged muscles leading to hypocalcemia 
[31} (see below). 

2.9 URIC ACID 
The release of great amounts of nucleoproteins 
and their metabolites after muscle cell destruc
tion can provide adequate substrate to increase 
urate production in the liver. This mechanism 
clearly accounts for the marked hyperuricemia 
observed after rhabdomyolysis. Reduced tubu
lar secretion of uric acid (because of increased 
production of other organic acids that compete 
with uric acid for the secretory site in the kid
ney) may also contribute to hyperuricemia; this 
may be the case in lactic acidosis following ex
ercise or after ingestion of alcohol; even low 
doses of aspirin or i. v. infusion of sodium lac
tate may further increase serum uric acid levels 
by inhibiting uric acid secretion (see chapter 2, 
section 13). Obviously, when rhabdomyolysis 
is followed by ARF, hyperuricemia will be
come more marked [3, 26}; values as high as 
2.97 mmolll (50 mg/dl) have been observed. 

Severe hyperuricemia seems more frequent in 
cases secondary to unaccustomed strenuous 
muscular exertion or heat exhaustion [10, 18, 
28}, to illicit drug (phencyclidine) abuse [32}, 
and to repeated grand mal fits [33}. Appar
ently, the increased production of uric acid 
from precursors that have been released by 
damaged skeletal muscles is associated, in these 
cases, with reduced renal excretion of uric acid 
because of the lactic acidosis that follows exer
tion and epileptic fits. 

3 Causes of Rhabdomyolysis 
Rhabdomyolysis may be hereditary or sporadic. 
The hereditary forms of rhabdomyolysis include 

glycogen diseases with phosphorylase deficiency 
(McArdle's disease) or with phosphofructoki
nase deficiency (Tarni's disease), and a disorder 
of muscle lipid metabolism with a lack of car
nitine palmityl transferase [2, 28}. 

The causes of sporadic rhabdomyolysis in
clude: 

a. Exertion. Severe physical exertion in un
trained but normal individuals [27, 34} or even 
in trained subjects, such as marathon runners 
[35, 36J; generalized or unilateral convulsions 
(status epilepticus) [37J; agitated delirium [2}; 
seizures induced by therapeutic or accidental 
high-voltage electric shock [10, 38}. 

b. Crush. Compression of muscles by fallen 
weights with crushing and tearing (wars, earth
quakes, auto accidents, etc.) [2, 25, 39-41J; 
muscle compression by body in deeply coma
tose individuals: when a position is maintained 
for hours or days, the compression of muscles 
and their arterial supply by the body weight 
may cause ischemic muscle necrosis because of 
an increase in intramuscular pressures of 26 to 
240 mm Hg [42J as may occur in drug abuse 
(alcohol, heroin, barbiturate) or in carbon mon
oxide intoxication [2, 42-44J. 

c. Ischemia. Arterial occlusion by embolus or 
thrombosis [45}; open-heart surgery or dissect
ing aneurysm of the aorta [46J; prolonged op
eration in knee-chest position [47]; compart
mental syndrome [48} (i.e., any condition 
in which the swelling of a muscle within a 
tight fascial compartment, by causing arterial 
compression and occlusion, will create a self
perpetuating edema-ischemia cycle, which will 
result in rhabdomyolysis), such as anterior tib
ial syndrome [49}, or the crush syndrome itself 
(in which ischemia plays an important patho
genetic role). 

d. Metabolic depression or toxicity. Drugs, such 
as barbiturates or narcotics [2}, phenothiazines, 
haloperidol and tricyclic antidepressants caus
ing neuroleptic malignant syndrome [50J, her
oin [51, 52}, phencyclidine [32J; hypothermia 
[53J; heat injury [10, 18, 54}; carbon monox
ide intoxication [2J; alcoholism [3, 26J; sea 
snakebite poisoning [55J; allergy to seafood 
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{l3}; potassium depletion {l8, 56-59}; inges
tion of licorice (with glycyrrhizic acid which 
has a mineralcorticoid-like action) [60}; admin
istration of carbenoxolone (which also contains 
glycyrrhizic acid) to treat gastric ulcer [61-63} 
or amphotericin B [64} (which may act 
through potassium depletion). 

e. Progressive muscle disease and infections affect
ing muscles. Muscular dystrophy, myotonia con
genita, dermatomyositis, and polymyositis 
[65}; infections such as gangrene, Rocky 
Mountain spotted fever, Legionnaire's disease 
[7}, or even influenza infection [66, 67}. 

f Cause unknown. In some patients, rhab
domyolysis occurs in the absence of any known 
cause. 

Some authors prefer a differentiation be
tween "exertional" and "nonexertional" rhab
domyolysis, basing this classification on rela
tion to strenuous exercise. Others have defined 
"nontraumatic rhabdomyolysis" as those forms 
occurring in the absence of overt muscle dam
age. Actually, quite frequently many factors 
may contribute to rhabdomyolysis. Thus, in 
the crush syndrome, while the direct trauma to 
muscle with crushing and tearing plays a key 
role in generating muscle damage, other factors 
may be very important in maintaining and po
tentiating muscle injury; thus, a compartmen
tal syndrome resulting from the initial insult, 
by compressing the major arteries, may cause 
ischemic injury to the muscle; shock and hy
potension may further contribute in reducing 
muscle nutrition. In cases of drug abuse (e.g., 
alcohol, heroin, barbiturate) or in carbon mon
oxide intoxication, the metabolic depression ef
fect of drugs or toxins may be combined with 
a prolonged deep coma in which compression 
of muscles and their arterial supply will create 
a crush syndrome. 

Physical exertion is more likely to cause 
rhabdomyolysis in the presence of potassium 
[59} and/or phosphate depletion [68} through 
relative muscle ischemia (see below). 

4 Pathogenesis of Rhabdomyolysis 
Because the frequent occurrence of myoglobin
uria in patients with phosphorylase or phos-

phofruktokinase deficiency, Rowland and Penn 
[2} suggested a common mechanism in the 
pathogenesis of rhabdomyolysis: the depletion 
of ATP in muscle cells. When glycogen cannot 
be utilized (because of hereditary deficit, met
abolic depression, strenuous exhausting exer
cise, etc.) other mechanisms of A TP synthesis 
are activated, mainly the oxidation of fatty 
acids in mitochondria. Should these alterna
tive mechanisms be insufficient, cellular ATP 
would fall. In a similar fashion, ATP produc
tion in muscle mitochondria may be severely 
impaired in other conditions that are usual 
causes of rhabdomyolysis, such as ischemia, di
rect trauma, increased pressure on muscular fi
bers, hypothermia, depressant drugs, carbon 
monoxide intoxication [2}. Even the rhab
domyolysis that follows potassium depletion 
(with serum potassium levels as low as 1.4 
mmol/l) [57} has been attributed to relative 
muscle ischemia during even a little muscle ex
ercise [59}. During exercise, the integrity of 
muscles is preserved by the capacity of blood 
flow to muscles to increase or to match the 
metabolic demand. Local changes in pH, or in
crease in osmolality or in phosphate or potas
sium concentrations have been implicated as lo
cal mediators [59}. Should potassium ion play 
a main role in causing local hyperemia during 
muscular exercise [69}, potassium depletion 
would be responsible for an insufficient release 
of the ion during exercise with a secondary in
sufficient increase in muscle blood flow; the re
sulting relative ischemia may cause rhabdomy
olysis [11, 59}. 

Thus, many clinical conditions could cause 
ARF through potassium depletion: diuretics, 
licorice ingestion [60}, renal tubular acidosis 
[57}, diarrhea or nasogastric drainage [59}, car
benoxalone sodium administration [61}, am
photericin B [64}, heat stroke [58}. The fact 
that rhabdomyolysis in potassium-deficient 
states is unusual may be due to the limited 
muscular activity of those patients who exhibit 
generalized weakness and paralysis [57}. 

As mentioned above, phosphate concentra
tion also may be important to regulate muscle 
perfusion to metabolic demand. Thus, phos
phate depletion has been shown to cause rhab
domyolysis [68, 70}; a fall in serum phospho
rus level to less than 0.32 mmol/l (1 mg/dl) for 
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one to two days was, in fact, followed by a 
sharp increase in serum CPK to about 10,000 
VII [71}. 

A TP is the immediate energy source that 
drives the active sodium-potassium exchange 
and sarcolemmal calcium efflux (72}; it is nec
essary to maintain the integrity of sarcolemma 
(the muscle cell membrane) [2}. ATP defi
ciency in muscle cells may cause cytoplasmic 
sodium and calcium accumulation, severe cel
lular injury, and myoglobin release, that is, the 
typical features of rhabdomyolysis. 

Optimal sarcoplasmic concentration of ion
ized calcium is critical for normal muscle func
tion; thus, any impairment in the regulation of 
sarcoplasmic calcium may cause cell injury [72}. 
It has been demonstrated that experimental 
agents that permit accumulation of calcium in 
muscle cells produce ultrastructural damage 
characteristic of early rhabdomyolysis; rhab
domyolysis is prevented by the simultaneous 
administration of verapamil (which prevents 
calcium accumulation in the cytoplasm) (73}. 
It has been therefore suggested that when sar
coplasmic calcium is severely elevated, some 
dormant enzymes that can cause autodestruc
tion are activated [72}. Recently, a calcium
activated neutral protease has been identified in 
muscle cells, which may cause myofibril disso
lution with lesions very similar to those ob
served in rhabdomyolysis [72, 74}. This neu
tral protease normally operates in slowly 
decomposing myofibrillar proteins so that syn
thetic processes can rebuild them; when cal
cium concentration in muscle cell protoplasm 
is elevated, the activity of neutral protease is 
greatly increased, leading to cell destruc
tion [7}. 

Other mechanisms may cause accumulation 
of calcium in muscle cells. Thus, low levels of 
1,25(OHhD, which have been observed in pa
tients with rhabdomyolysis-induced ARF [75} 
may allow high sarcoplasmic concentration of 
calcium ions [72}. 

5 Clinical Outcome of Rhabdomyolysis 

5. 1 SYMPTOMS 

In many cases of rhabdomyolysis, the patient is 
weak, unable to walk, with nausea, vomiting, 

and severe myalgia, which increases with 
movement. The muscles may be edematous and 
tender, frequently with edema and hemor
rhagic discoloration of the overlying skin. In 
severe rhabdomyolysis, tendon reflexes may be 
absent. If the diaphragm is involved, respira
tory failure may occur. There may be fever and, 
frequently, ARF. 

The swelling, tenderness, and edema of the 
limbs, the myalgia, and extreme weakness are 
all presumably accounted for by the muscle ne
crosis secondary to ischemic or toxic injury [2}. 

5.2 LABORATORY FEATURES 

5.2.1 Urinalysis Myoglobin is the first com
ponent of urine we should look for when there 
is a diagnostic suspicion of rhabdomyolysis. 

In case of pigmenturia, the differential di
agnosis involves porphyria, myoglobinuria, and 
hemoglobinuria. Porphyria is ruled out by neg
ative benzidine and orthotolidine tests in the 
urine, which are positive for both other condi
tions. In hemoglobinuria, the serum is pink 
(because of the hemoglobin bound to serum 
haptoglobin) and serum enzymes are normal. 
In myoglobinuria, the serum is unstained, 
serum enzymes are greatly elevated, and the 
urine usually contains no or just a few red 
blood cells per high-power field on microscopic 
examination of a centrifuged specimen. For 
urine to be visibly stained, myoglobin concen
tration should be at least 100 mgldl [7}. Thus, 
a dipstick based on orrhotolidine reaction is 
sufficient in most cases, particularly when his
tory and physical examination argue in favor of 
rhabdomyolysis. Associated hematuria, how
ever, does not allow the diagnosis of myoglo
binuria by the orthotolidine dipstick test. And 
hematuria is not infrequent; it was present in 
32% of 87 episodes of rhabdomyolysis in a re
cent review [3}. 

The sensitivity of the orthotolidine dipstick 
test is very high, ranging from 0.01 to 0.1 
mgldl [7}. Other specific but expensive tests 
include: hemoagglutination test, immunodif
fusion techniques, and immunoelectrophoresis 
and radioimmunoassay techniques, the latter 
being the only one more sensitive than the or
thotolidine dipstick [7 6}. 

Because of the rapid clearance of myoglobin 
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from plasma, urine myoglobin may not be de
tected by the time of hospitalization; the ab
sence of myoglobin, therefore, does not exclude 
the diagnosis of rhabdomyolysis; thus, the or
thotolidine dipstick test was found negative in 
18% of 87 episodes of rhabdomyolysis [3}. 

Proteinuria is very frequent; an incidence of 
67 % has been reported in a single study, but 
an incidence of 90% resulted from a review of 
the literature [3}. It is usually a mild protein
uria, only rarely exceeding 3g/24 hours. 

5.2.2 Serum Chemistry As mentioned above, 
serum levels of CPK, GOT, LDH, and aldolase 
are increased. The rise of serum CPK, in par
ticular, is by itself of diagnostic value when it 
reaches five times the normal serum level. Hy
perkalemia, hyperphosphatemia, and metabolic 
acidosis usually occur when ARF is present (see 
below). Severe hyperuricemia is frequent. 

Marked hypoalbuminemia may occur in the 
first days following extensive rhabdomyolysis 
because of loss of serum albumin due to capil
lary damage; under such circumstances the i. v. 
infusion of albumin may increase the edema 
[7}. In the posttraumatic form of rhabdomy
olysis, both hypercatabolism and protein loss 
through the wound may make the fall in serum 
albumin even more marked [25} (table 12-1). 

Finally, it should be mentioned that leuko
cytosis (around 20,000/mm3) has been observed 
as a frequent feature of rhabdomyolysis and is 
unrelated to infections [10, 32}. 

6 Rhabdomyolysis-Induced ARF 
In a recent prospective study, 25 % of the cases 
of ARF were reported as associated with non
traumatic rhabdomyolysis [n}. But myoglo
binuria is not always associated with ARF. In 
a recent report, ARF was observed in 33% of 
patients with rhabdomyolysis, and the presence 
of myoglobinuria at the time of hospitalization 
did not predict the development of ARF [3}. 

In order to identify those patients with rhab
domyolysis who will develop ARF, Gabow et 
al. [3} have recently suggested a predictive for
mula: 

R = 0.7 [K} + 1.1 fer} + 0.6 [Alb} - 6.6, 

where the serum concentration of potassium 
[K} in mmolll, creatinine [Cr} in md/dl, and 
albumin [Alb} in g/dl would predict the risk of 
ARF in patients with rhabdomyolysis; an R 
value less than 0.1 indicates a low risk of ARF, 
while an R value equal to or greater than O. 1 
indicates a high risk of ARF; according to the 
authors, this formula yields a high incidence of 
false positives but a low incidence of false neg
atives. It therefore appears important to start 
immediately those measures (such as saline in
fusion, mannitol, furosemide) that may prevent 
ARF (see below). 

6.1 PATHOGENESIS 

Glycerol-induced ARF is the experimental 
model that most closely resembles human ARF 
associated with rhabdomyolysis (see chapter 1, 
section 5). It is therefore possible that the same 
factors responsible for the initiation and main
tenance of glycerol-induced ARF are involved 
in the pathophysiology of rhabdomyolysis-in
duced ARF. 

6.1.1 Plasma Volume Contraction and Impair
ment in Renal Perfusion It is well known that 
ARF does not necessarily follow single episodes 
of myoglobinuria, as hemoglobinuria does not 
invariably lead to ARF after incompatible 
blood transfusion. Similarly, the i. v. infusion 
of either myoglobin or hemoglobin does not 
impair renal function when urine flow is ade
quate [7}. On the other hand, a severe bout of 
exercise in a hospital patient induced myoglo
binuria and oliguric ARF lasting 14 days [l3}' 
Similarly, exhausting exercise performed in a 
hot climate with severe dehydration from mas
sive sweating has been reported to be followed 
by myoglobinuric ARF [l8}. It is therefore rea
sonable to conclude that the occurrence of ARF 
after muscle injury is not directly related to the 
amount of myoglobin released from damaged 
muscles, but is dependent on the combination 
of predisposing factors such as dehydration, 
hypotension, and/or shock. The occurrence of 
severe hypotension and even shock is not un
common following a traumatic event. Also, in 
nontraumatic but extensive rhabdomyolysis, 
even in the absence of frank dehydration or 
ECV depletion, the associated capillary leak of 
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fluid and circulating albumin into the injured 
muscle bed may cause plasma volume contrac
tion and the consequent impairment in renal 
perfusion, in a fashion quite similar to that ob
served in glycerol-induced ARF in experimen
tal animals (see chapter 1, section 5). That this 
occurs is demonstrated by the observation that 
as much as 10 liters of normal saline in the first 
12 to 24 hours after injury may be necessary in 
patients with extensive rhabdomyolysis who 
were not obviously dehydrated in order to sta
bilize their blood pressure {7]. External fluid 
losses, such as vomiting, severe sweating, 
etc., may further reduce the circulatory vol
ume and greatly favor ARF. 

6.1.2 Reduction in Kf A reduction in glo
merular capillary ultrafiltration coefficient (Kf) 

may occur in rhabdomyolysis-induced ARF, 
bur it has not been demonstrated. Reduction 
in K f may be secondary to high plasma levels 
of arginin vasopressin, which have been found 
in glycerol-induced ARF {78} (see chapter 1, 
section 5). 

6.1.3 Tubular Obstruction Obstructing casts 
have been observed many times in histologic 
preparations of renal specimens obtained by 
renal biopsy or at autopsy of patients with 
rhabdomyolysis-induced ARF. Widespread tu
bular obstruction may be responsible for the 
maintenance of ARF (see chapter 1). Tubular 
obstruction in ARF associated with rhabdomy
olysis may occur by three mechanisms: (a) myo
globin precipitation, (b) toxic epithelial dam
age with luminal accumulation of cell debris, 
and (c) deposition of uric acid crystals. 

The experimental injection of myoglobin 
into rabbits has been demonstrated to cause 
ARF when urine was acid; no impairment of 
renal function occurred when urine pH was 
neutral or alkaline {79}. It has therefore been 
suggested that, in salt-depleted patients with a 
low urine pH, when myoglobinuria is associ
ated with highly concentrated urine, myoglo
bin precipitates, causing tubular obstruction. 

Some evidence has been provided in favor of 
a toxic role of heme, which may cause a meta
bolic injury to tubular epithelium. In vitro 
studies using kidney slices have demonstrated 

that while intact molecules of myoglobin and 
hemoglobin do not impair tubular transport, 
free heme does {80}. 

As mentioned above, muscle injury is fre
quently followed by marked hyperuricemia. 
The resulting increase in urinary excretion of 
uric acid may cause tubular obstruction by uric 
acid crystals. This mechanism has been postu
lated as particularly important in cases of rhab
domyolysis-induced ARF secondary to unaccus
tomed strenuous muscular exertion or heat 
exhaustion {I8} and to epileptic fits {33, 81}. 
Metabolic acidosis, constantly present in these 
conditions, predisposes (through the acid urine) 
to uric acid crystalluria and precipitation of 
uric acid crystals in the distal tubules and col
lecting ducts (see chapter 2, section 13). (For 
this reason, serum uric acid should be moni
tored and dehydration avoided in patients with 
repeated epileptic fits) {8I}. 

6.2 CLINICAL OUTCOME 

The clinical outcome of nontraumatic rhab
domyolysis-induced ARF is similar to that of 
other forms of ATN, with the addition of 
symptoms and laboratory features typical of 
rhabdomyolysis (see section 5 in this chapter). 
However, because of the hypercatabolic state 
due to muscle cell damage, biochemical abnor
malities are exaggerated: marked hyperkalemia, 
hyperuricemia, and hyperphosphatemia are, as 
a rule, associated with severe metabolic aci
dosis; under such conditions serum anion gap 
is markedly elevated, significantly higher than 
the anion gap of other forms of ARF, suggest
ing a release of unidentified organic acid(s) 
from damaged muscle cells {3}. Patients fre
quently have fever, tachycardia, and leukocy
tosis even in the absence of infections. Hypo
calcemia is very frequent in the oliguric phase, 
usually followed by hypercalcemia in the di
.lretic recovery phase. Serum calcium derange
ment, however, deserves a more detailed anal
ysis (see below). Disseminated intravascular 
coagulation (DIe) (see chapter 6) is common in 
major rhabdomyolysis {7}. In these cases, fibrin 
degradation products (FDP) will be found in 
serum and urine, in association with thrombo
cytopenia, hypofibrinogenemia, and prolonged 
prothrombin time {25}. 
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6.3 SERUM CALCIUM DERANGEMENT 

6.3.1 Hypocalcemia Marked hypocalcemia 
(with serum calcium levels as low as 0.88 
mmol/l, 3.5 mg/dl) is an almost constant bio
chemical feature of the oliguric phase of ARF 
associated with rhabdomyolysis. It has been ob
served that the degree of hypocalcemia is 
strictly related to the severity of hyperphospha
temia, which, in turn, is dependent on the 
extent of muscle injury {82}. The excessive 
breakdown of skeletal muscles causes phosphate 
release; the hyperphosphatemia due to this and 
phosphate retention (secondary to the fall in 
renal function) will cause calcium salt deposi
tion in damaged skeletal muscles; traumatized 
muscles avidly accumulate calcium, especially 
in conditions of renal failure [31, 83}. Plasma 
levels of 25-hydroxycholecalciferol (250H D) 
in these hypocalcemic patients have been found 
either low {84} or in the low-normal range 
{75}. Llach et al. {75} have recently observed 
very low plasma levels of 1,25(OHhD (about 
half of the normal level) associated with 
marked hypocalcemia, hyperphosphatemia, and 
increased serum immunoreactive parathyroid 
hormone (PTH). Since serum phosphate plays 
a very important role in 1,25(OHhD synthesis 
{85}, it has been suggested that hyperphos
phatemia is the main factor in depressing 
1,25(OH}zD production by the malfunctioning 
kidney {79} and that the low levels of 
1,25(OH}zD may cause hypocalcemia through 
depressed intestinal calcium absorption and 
skeletal resistance to the calcemic action of 
PTH {72, 75, 86, 87}; despite the high levels 
of PTH, therefore, serum calcium remains low. 
Important roles in depressing 1,25(OH}zD syn
thesis may also be played by metabolic acido
sis (usually severe in rhabdomyolysis-induced 
ARF) and by insulin resistance, which is char
acteristic of uremia {7 2}. 

In a recent report, the hypocalcemia ob
served in rhabdomyolysis-induced ARF was not 
different, either in frequency or in severity, to 
that observed in ARF without rhabdomyolysis, 
and 56% of hypocalcemic patients with rhab
domyolysis-induced ARF had normal serum 
phosphorus [3}. 

The administration of calcium salts in rhab-

domyolysis-induced ARF may result in only a 
transient correction of hypocalcemia {82}. On 
the basis of this observation and the possibility 
that cellular injury is potentiated by elevation 
of serum calcium (which may favor calcium ac
cumulation in muscle cells), calcium salts 
should be given only to patients with life
threatening hyperkalemia {7, 72}. 

6.3.2 Hypercalcemia As hypocalcemia is char
acteristic of the oliguric phase, hypercalcemia 
is a typical feature of the diuretic phase of 
rhabdomyolysis-induced ARF. According to 

Feinstein et al. {88}, in as many as 36 out of 
48 patients with hypercalcemia, the ARF was 
clearly associated with rhabdomyolysis; in the 
remaining 12 patients, rhabdomyolysis had 
probably occurred even if not demonstrated. 

Hypercalcemia usually occurs during the 
early stage of the diuretic phase {14, 26, 52, 
88-93}. It was more frequently noted during 
the third to eleventh day of the diuretic phase 
{26, 89-91, 93}; but it has been observed, in 
a few cases, 14 {88}, 35 {94}, and even 55 days 
(88} after the onset of the diuresis. Its duration 
varied from 1 to 35 days with a mean of 13 
days {88}. On a few occasions only has hyper
calcemia been reported in the oliguric period of 
ARF (95-97}. 

The pathogenesis of the hypercalcemia dur
ing the diuretic phase of rhabdomyolysis-in
duced ARF is still a matter of debate. Res
olution of soft-tissue calcification (i.e., remo
bilization of calcium salts sequestered in dam
aged muscles) has been postulated as the main 
mechanism (14, 26, 96J. Akmal et al. {31} 
have supported this hypothesis by demonstrat
ing deposition of calcium in the injured mus
cles during the oliguric phase and disappear
ance of calcium from muscles during healing. 
The recovery of the transport system in muscle 
cells with resumption of renal function may be 
followed by the release of accumulated calcium 
from skeletal muscle tissue in sufficient quan
tity to cause hypercalcemia {72}. 

Increase in calcium resorption from bone and 
increase in gut calcium absorption have also 
been suggested as possible mechanisms [72, 75}. 

Feinstein et al. {97} have reported high 
blood levels of 250H D3 in a patient who de-
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vel oped hypercalcemia during the oliguric 
phase of rhabdomyolysis-induced ARF. Simi
larly, high blood levels of 250H D3 have been 
associated with hypercalcemia occurring in the 
diuretic phase; the blood level of 250H D3 was 
normalized when the patient became normocal
cemic {88}. It has therefore been suggested 
that rhabdomyolysis may release vitamin D 
(which is stored in muscles) from injured mus
cles into the circulation, thus accounting for 
the high blood levels of 250H D3 and for the 
consequent hypercalcemia {88). 

Llach et al. {75) have recently reported that 
in patients with rhabdomyolysis-induced ARF, 
the serum levels of 1,25 (OHhD, which were 
very low in the oliguric phase, became elevated 
in the polyuric phase in association with ele
vated PTH levels; meanwhile, the high values 
of serum phosphorus observed in the oliguric 
phase were normalized in the poly uric phase. 
This observation has suggested a normalization 
of vitamin D metabolism by the kidney and a 
resumption of bone responsiveness to PTH; if 
this is true, hypercalcemia may have resulted 
from gut calcium absorption and from bone 
and soft-tissue resorption {75). 

Although hyperparathyroidism does not 
seem to play an important role in the genesis 
of hypercalcemia {26, 52, 91, 93, 96), it has 
been stated that high blood levels of PTH may 
contribute to hypercalcemia {88). 

On the basis of recent studies on the metab
olism of immobilized bone and on bone histol
ogy, Zabetakis et al. {92) have recently sug
gested that the hypercalcemia occurring in 
ARF is not dissimilar from immobilization hy
percalcemia. Apparently, immobilized bone 
has two phases of metabolic activity: the first 
phase, lasting for six to ten days, is character
ized by a decrease in peoz and an increase in 
blood flow, pH, pOz, and bone deposition; 
the second phase is characterized by vascular 
congestion, a decrease in pH and pOz, and an 
increase in bone resorption {92). Patients with 
rhabdomyolysis-induced ARF exhibit a pro
longed decrease in activity because of severe 
weakness and myalgia, which increases with 
movement. It is therefore not surprising that 
patients with this form of ARF usually exhibit 
hypercalcemia, which may be accounted for by 

increased bone resorption. The occurrence of 
hypercalcemia in the diuretic phase of ARF is 
not specifically related to the entity of urine 
output, but is due to the temporal coincidence 
of the diuretic phase of ARF with the second 
phase of immobilized bone metabolism {92). 
This hypothesis may well account for the pos
sible occurrence of hypercalcemia during the 
oliguric phase of ARF, as observed by some 
authors, when either oliguria lasts longer or 
bone resorption occurs earlier than usual. In 
this context, the greater incidence of hypercal
cemia in young patients seems to be related to 
the higher rates of bone turnover {92). 

This suggested pathogenetic mechanism for 
hypercalcemia is corroborated by the case re
ported by Miach et al. {94). In this patient 
with ARF secondary to severe trauma (motor 
car accident), hypercalcemia (up to 3.75 
mmol/l, 15 mg/dl) lasted as long as five 
months. The patient was compelled to undergo 
almost complete immobilization for six months 
because of the need for assisted ventilation, 
traction for fractured pelvis, septic episodes, 
and circulatory instability. Metastatic calcifica
tion occurred in the liver and skin during the 
first month after the accident when the serum 
calcium-phosphate (in mg/lOO ml) product was 
greater than 80. Serum immunoreactive PTH 
was undetectable, bone biopsy did not suggest 
hyperparathyroidism, and subtotal parathy
roidectomy was unsuccessful in lowering serum 
calcium; even the administration of calcitonin 
did not significantly modify hypercalcemia. 
While mobilization of calcium and phosphate 
from soft tissues may have contributed to in
creased serum levels of calcium in this patient, 
increased bone resorption during the prolonged 
immobility undoubtedly must have played a 
primary role; the final normalization of serum 
calcium during rehabilitation was attributed 
both to the reincorporation of calcium in bone 
and to continuous urinary excretion of calci
um {94). 

All these observations appear to support 
strongly the extreme heterogeneity and the 
multifactorial nature of the mechanisms under
lying hypercalcemia, occurring in rhabdomy
olysis-induced ARF {88). 

Acute severe hypercalcemia may cause hyper-
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tension with a sharp increase in systolic and di
astolic blood pressure, especially when renal 
function is impaired. This was, for instance, 
observed by Feinstein et al. [88} in a 17 -year
old patient who was normotensive at the end of 
the oliguric phase, became hypertensive (180/ 
120 mm Hg) when hypercalcemia (peak serum 
calcium of 3.9 mmolll, 15.6 mg/dl) occurred 
14 days after the onset of diuresis, and re
turned to normotension (140/90 mmHg) after 
the disappearance of hypercalcemia. 

Hypercalcemia may be very hazardous when 
it occurs associated with hyperphosphatemia; 
an elevated serum calcium-phosphorus product 
may cause metastatic calcification in vital or
gans, such as lungs and heart, and cause life
threatening cardiopulmonary insufficiency [88, 
96, 97}. This is frequent when hypercalcemia 
develops during the oliguric phase of ARF; but 
soft-tissue calcification has also been observed 
in the diuretic phase [88}. Calcium deposition 
in the kidneys may prolong the duration of 
ARF, thus delaying the recovery phase [96}. 

The possibility of delayed hypercalcemia fol
lowing ARF should warn physicians to include 
determination of serum calcium and phospho
rus in the follow-up after ARF. 

6.4 PREVENTION 
In patients with extensive rhabdomyolysis 
ATN, may be prevented by massive fluid ad
ministration and maintenance of normal circu
lation; massive infusion (up to 10 liters) of nor
mal saline (0.9 g/dl, 154 mmolll NaCl) may 
be necessary in the first 12 to 24 hours to 
maintain a normal blood pressure [7}. But even 
when dehydration and salt depletion are not 
present, great amounts of fluid must be given 
(a) because of the capillary leak into the dam
aged muscles and (b) to maintain a high urine 
output through ECV expansion. This massive 
infusion, although necessary, may increase the 
edema in injured muscles and even cause com
partmental compression syndrome. 

In addition to volume expansion, mannitol 
and/or furosemide may be helpful in maintain
ing a high urine flow to dilute myoglobin and 
other toxic products [7, 98}. 

The i. v. infusion of sodium bicarbonate has 
been suggested as a preventive measure by 
some authors [98} but denied by others [7}; 

the rationale for its use is that alkalinization of 
urine would solubilize myoglobin. 

Compartmental compression syndrome may 
require fasciotomy to relieve pressure, thereby 
preventing a secondary wave of ischemic mus
cle necrosis due to vascular compression [7}. In 
my opinion, fasciotomy should be performed 
only when peripheral pulses are impaired. 

6.5 SPECIFIC TREATMENT 
Since it is widely accepted that myoglobin is 
chiefly responsible for renal shutdown in ARF 
associated with rhabdomyolysis, the prompt re
moval of myoglobin from the bloodstream is 
regarded as an important aim in the treatment 
of this condition. This may be obtained some
times by parenteral fluid administration, but 
often dialytic therapy is necessary. 

The following protocol may be used [98}: 

a. Volume depletion should be immediately 
corrected by adequate intravenous solutions, 
which may possibly include sodium bicar
bonate solution. 

b. Then as early as possible, a solution with 
25 g (137 mmol) of mannitol and 100 
mmol of sodium bicarbonate in one liter of 
5 g/dl (278 mmolll) dextrose in water 
should be infused intravenously at a rate of 
250 mllhour for four hours. 

The use of sodium bicarbonate may help in sol
ubilizing not only myoglobin but also uric 
acid, (which is possibly involved in the patho
genesis of rhabdomyolysis-induced ARF.) 

c. Patients exhibiting a diuretic response 
should be given supplemental infusions of 
normal saline to replace adequately urinary 
electrolyte and water loss until serum cre
atinine starts to fall and there is no evidence 
of myoglobinuria. 

d. Nontesponders to mannitol-sodium bicar
bonate infusion may be given furosemide 
200-250 mg i.v. over 10 to 15 minutes. If 
a diuretic response occurs, saline infusion 
should replace urinary losses. 

e. Nonresponders should start dialysis ther
apy. 

When choosing the type of dialysis, we 
might take into account the possibility of myo-



12. MYOGLOBINURIA AND ACUTE RENAL FAILURE 263 

globin removal. Because of its molecular 
weight (17,800), myoglobin is removed by 
peritoneal dialysis. It is not dialyzed through 
cuprophane membrane {25}. Good results were 
to be expected with polyacrilonitrile mem
branes (RP61O and RP6 by Hospal), which 
have a cutoff greater than 20,000 Daltons. 
However, when crushed patients with ARF 
were dialyzed with RP610 dialyzers, they did 
not do any better when compared with other 
crushed patients dialyzed with cuprophane di
alyzers {25). This observation is supported by 
the demonstration that plasma concentration of 
myoglobin, in patients with ARF associated 
with rhabdomyolysis (due to heat stroke or to 
electrical injury by high-voltage current), did 
not fall in a significant fashion when the pa
tients were dialyzed with RP-6 dialyzers; the 
fall was no different from that obtained when 
hemodialysis was carried out with AM-lO 
dialyzers (i.e., cuprophane capillary dialyz
ers) [lO}. 

There is evidence that plasma exchange is 
quite successful in removing significant amounts 
of myoglobin; as many as 31.2 mg of myoglobin 
have been removed in a three-liter plasma ex
change session (10). 

It should be stressed that while hypocal
cemia does not require therapy, severe hyper
calcemia must be treated and possibly pre
vented. An important preventive measure is 
early mobilization of patients with rhabdomy
olysis-induced ARF (92). In diuretic patients, 
massive i. v. infusion of saline solution and the 
use of furosemide are very efficient means for 
inhibiting tubular reabsorption of calcium and 
thereby increasing calcium excretion. In the 
oliguric phase of ARF or in any condition in 
which conservative treatment is not adequate to 
normalize serum calcium, hemodialysis with 
calcium-free dialysate becomes necessary. 

7 Illicit Drug Abuse and Rhabdomyolysis 
Because of the increasing frequency of illicit 
drug abuse, I would like to focus the attention 
of physicians on the possibility of rhabdomy
olysis in illicit drug intoxication. 

The description of rhabdomyolysis-induced 
ARF in addicts is relatively recent. It was first 
reported in heroin intoxication [5 1). Heroin 

addiction may cause either a glomerulonephri
tis with or without the nephrotic syndrome 
(99) or rhabdomyolysis [26, 51, 52}. In recent 
years, rhabdomyolysis-induced ARF has been 
more frequently reported in phencyclidine 
abusers [32, 100-1O2}. 

Phencyclidine is a dissociative anesthetic no 
longer utilized as an anesthetic agent but now 
used as a street drug. Among users, it is usu
ally called a "peace pill," "angel dust," "crys
tal," "hog"; it is smoked (alone or mixed with 
marijuana), ingested, inhaled, or even in
jected parenterally (32). Phencyclidine has 
been found to be an ingredient in 184 out of 
237 illicit drugs [l03}. Its abuse is frequent in 
the United States. In two years (1978-1979), 
1,000 addicts with phencyclidine intoxication 
were admitted to the University of Southern 
California Medical Center: 25 of them had 
rhabdomyolysis (2.5%), 17 of which (l.7%) 
had either a functional (prerenal ARF) or or
ganic ARF (ATN) (32). 

Rhabdomyolysis has also been observed after 
poisoning by strychnine, which is sometimes 
used for cutting cocaine [104}. This observa
tion stresses that not only illicit drug use but 
also substances used for cutting them may 
cause rhabdomyolysis. 

The pathogenetic mechanism of rhabdomy
olysis in illicit drug intoxication is still unde
fined. Increased muscle activity (muscle spasm, 
seizures) and heightened isometric tension, 
comatose state, severe hyperthermia, and di
rect muscle injury by the drug have all been 
postulated as possible causes of rhabdomyolysis 
[26, 32}. On many occasions, rhabdomyolysis 
has been observed without coma, thus ruling 
out (at least in these cases) muscle compression 
as a possible cause [3, 26, 51}. 

Clinical features, prevention, and treatment 
of rhabdomyolysis-induced ARF are not dis
similar from those described for other forms of 
nontraumatic rhabdomyolysis-induced ARF 
(see section 6 of this chapter). 

8 Posttraumatic ARF 
\X' e may define posttraumatic ARF as that form 
of renal shutdown that follows a traumatic 
event or occurs in association with complica
tions of the traumatic event (such as hemor-
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rhage, ECV depletion, sepsis, antibiotic neph
rotoxicity, etc.), with the injury itself being 
the main determinant of ARF (25, 40}. It has 
been stated that myoglobinuria is the pathoge
netic factor of ARF that follows crush injuries. 
Undoubtedly, rhabdomyolysis, with release of 
myoglobin and other cellular components, will 
greatly contribute to renal damage. The impor
tant role of muscle injury is demonstrated by 
the clinical observation that this form of ARF 
is more frequent and severe in subjects with 
large muscle mass, who would release greater 
amounts of myoglobin and other cell compo
nents into the circulation (7). However, the 
posttraumatic ARF as defined above cannot be 
regarded as the simple consequence of myoglo
binuria. Many factors may contribute to the 
pathogenesis of renal impairment: hemorrhage, 
ECV depletion, and shock, with resulting renal 
ischemia and other complications, such as in
fections, antibiotic nephrotoxicity, and blood 
transfusion reaction, which may worsen the 
clinical outcome of the renal shutdown. 

The first description of ARF following trau
matic injury to skeletal muscles was that of By
waters and Beall (39} after the London bomb
ing during the World War II. Because of the 
association of ARF with extensive crushing in
juries in the muscles of various parts of the 
body (particularly the limbs), posttraumatic 
ARF has also been called "crush syndrome." 

Most information on posttraumatic ARF de
rives from military experience. But the same 
syndrome may be observed in other cata
strophic events involving civilians or in isolated 
cases of severe trauma (e.g., vehicular acci
dents, crushing injuries of any type, gunshots). 
With better knowledge of the pathogenetic 
mechanism, the incidence of posttraumatic 
ARF has dramatically decreased in recent years. 
Thus, among American military casualties dur
ing World War II, one in every 20 casualties 
developed ARF; during the Korean War, the 
incidence fell to one in every 800; during the 
Vietnam War it further fell to one in every 
1,800 casualties (105}. 

We have recently reported our own clinical 
experience following the earthquake in south
ern Italy on 23 November 1980 (25} (table 
12-1). On the basis of my personal experience 

and of data obtained from the literature, I will 
now review the peculiar features of posttrau
matic ARF, since I am confident that it will be 
of some help to physicians in improving the 
management of this severe form of ARF. 

8.1 GENERAL CONSIDERATIONS 

When first observed, an injured patient with 
acute deterioration in renal function may have 
experienced one or more of the following phe
nomena: (a) a prolonged period of hypotension, 
(b) mismatched blood transfusions (as emer
gency treatment of massive blood loss), (c) ex
tensive muscle damage; (d) extensive third-de
gree burns, (e) internal organ injury, (f) wound 
infections and systemic sepsis, (g) severe salt 
depletion and/or dehydration, (h) excessive i. v. 
infusions of salt-free solutions in the emergency 
attempt to restore intravascular volume. 

The patient should be immediately evaluated 
for fluid-volume status; the most urgent labo
ratory determinations must include serum elec
trolytes, potassium, and bicarbonate in partic
ular. 

The time interval between injury and the oc
currence of A TN is variable, depending on pre
existent renal function, duration of hypoten
sion, extent of muscle damage, and so forth. In 
our series, two children who were admitted to 
our unit 48 hours after injury, were in shock, 
dehydrated, anuric, without blood pressure; 
despite the long interval after injury, they ex
hibited prerenal ARF, which was reversed by 
appropriate reconstitution of intravascular vol
ume and normalization of blood pressure (25}. 

8.2 ACCELERATED CATABOLISM 

As in all similar patients with posttraumatic 
ARF, accelerated catabolism was a rule in our 
series of 12 casualties. Stress of wounding and 
surgery (in some of them), fever, infections, 
immobility imposed by wounds, and starva
tion, all contributed to accelerate tissue catab
olism with the consequent release of urea and 
potassium. Multiple blood transfusions may 
have increased serum levels of potassium. Met
abolic acidosis further contributed to the life
threatening hyperkalemia usually observed 
when patients were first admitted to our obser
vation, 36 to 48 hours after the earthquake 
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{2 5}. The very high levels of plasma urea and 
the persistent hyperkalemia (table 12-1) de
spite conservative therapy forced us to perform 
early and intensive dialysis. But even in those 
cases without these urgent needs, early and fre
quent dialyses were performed; our purpose, in 
fact, was to prevent uremic symptoms and al
low patients to be fed in order to compensate 
tissue wasting. Marked wasting of both subcu
taneous fat and muscles, in fact, occurred, as 
mirrored by the marked hypoalbuminemia and 
by severe weight loss, despite massive i. v. in
fusions of proteins, glucose, and even lipids: a 
46-year-old man, 79 Kg b. w. on admission, 
was finally discharged completely healed, hav
ing lost 26 Kg in 39 days. Vigorous efforts 
were made from the beginning to obtain in all 
patients an adequate calorie intake both by 
feeding (whenever possible) and by parenteral 
nutrition. In most cases, however, our at
tempts were only partially successful. 

Undoubtedly, a great contribution to the 
low serum concentration of protein resulted 
from the protein loss through infected surgical 
wounds (because of fasciotomies and/or ampu
tations) and through the peritoneum during 
peritoneal dialysis {25}. 

8.3 TYPE OF DIALYSIS 

After the catastrophic earthquake of November 
1980 in southern Italy, we expected to receive 
in our unit many patients with posttraumatic 
ARF. In order to avoid overwhelming our lim
ited hemodialysis facilities, we decided to treat 
all patients by peritoneal dialysis (which does 
not limit the number of patients under treat
ment), reserving hemodialysis for those pa
tients for whom peritoneal dialysis was not sat
isfactory. Since only 12 patients arrived under 
our observation, peritoneally dialyzed patients 
could be transferred to hemodialysis after a few 
days. Thus, two patients were treated conser
vatively (they had prerenal ARF, which was 
readily reversed despite myoglobinuria and was 
associated with severe dehydration, salt deple
tion and shock); two were treated only by ex
tracorporeal hemodialysis; eight were initially 
managed by continuous (up to eight days) peri
toneal dialysis, bur six of them were then 
transferred to hemodialysis while the other two 

died on peritoneal dialysis {25} (table 12-1). 
The main reasons for transferring patients 

from continuous peritoneal dialysis to hemodi
alysis were (a) a tendency to peritoneal infec
tion due to contamination from infected 
wounds; (b) marked hypoproteinemia despite 
massive i.v. infusions of proteins (up to 120 g/ 
day of albumin in form of 20 g/dl albumin and 
plasma); (c) difficulty in controlling fluid reten
tion despite the use of hypertonic solutions and 
continuous treatment (up to eight consecutive 
days). Undoubtedly, the increased rate of for
mation of water of oxydation by the catabolized 
tissues greatly contributed to the occurrence of 
generalized edema despite fluid restriction; 
only by using ultrafiltration hemodialysis asso
ciated with massive i. v. infusion of proteins 
was a dry body weight obtained. In two pa
tients, a few sessions of hemodialysis were com
bined with the continuous peritoneal dialysis, 
both to remove fluid and to decrease plasma 
urea and serum potassium. 

8.4 MYOGLOBIN REMOVAL 

Unfortunately, in our patients with posttrau
matic ARF, myoglobin could not be measured 
by radial immunodiffusion technique in urine 
and peritoneal dialysate samples until one week 
after the earthquake. Five days after the onset 
of ARF, myoglobinuria was detected in only 
one patient, a 16-year-old girl with an infected 
fasciotomy wound on the left leg, who under
went amputation two days later; a continuous 
muscle injury was therefore still present five 
days after the onset of ARF. In this patient, 
severe oliguria lasted 35 days and renal func
tion was completely normalized 53 days after 
the earthquake {25}. 

After the first 24 hours of peritoneal di
alysis, myoglobin was detected in samples of 
peritoneal dialysate in three patients, with 
concentrations of 0.22, 0.51, and 0.61 mg/dl 
{25}. 

8.5 COMPLICATIONS 

In our series of 12 patients, complications in
cluded a bleeding diathesis related to coagula
tion defect (one case), severe gastrointestinal 
hemorrhage secondary to stress ulcer (one 
case), respiratory insufficiency with severe hy-
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poxemia (four cases), irreversible shock (one 
case), and infections (six cases). 

Infection was the most frequent complica
tion with Pseudomonas aeruginosa as the pre
dominant organism in urine, blood, wound, 
and peritoneal dialysate cultures. Infections of 
wounds (fasciotomy or amputation) were usu
ally the source for systemic infections (25}. 

8.6 SUGGESTIONS FOR MANAGEMENT 

a. After severe trauma, the patient should be 
resuscitated as soon as possible and then rapidly 
transported to sophisticated treatment facilities 
that should include the artificial kidney. 

b. Emergency therapy may include blood 
transfusion, i. v. infusion of plasma, 20 g/ dl 
human albumin, plasma expanders, isotonic sa
line, and, in anuric patients, sodium bicarbon
ate solution (to treat hyperkalemia), in addition 
to the commonly used dextrose solution. Mas
sive infusion of normal saline may be necessary 
to maintain normal blood pressure and circula
tion and to prevent or reverse prerenal ARF. 

c. Fasciotomy should be performed in mark
edly swollen limbs of crushed patients when 
peripheral pulses are impaired. Fasciotomy 
should be avoided when peripheral pulses are 
intact because of the risk of wound infection. 

d. Serum electrolyte (particularly potas
sium), serum creatinine, plasma urea, and he
matocrit should be obtained immediately after 
trauma and then repeated daily with serum uric 
acid, protein, CPK, GOT, LDH, aldolase, cal
cium, and phosphorus. Serum potassium 
should preferably be repeated twice a day. 

e. Intensive dialysis should be performed as 
early as possible to correct hyperkalemia (after 
the conservative emergency therapy) and high 
plasma levels of urea due to accelerated catab
olism; to prevent uremic symptoms; to facili
tate adequate nutrition and wound healing. In 
my opinion, daily hemodialysis is preferable. 
Advantages of peritoneal dialysis include the 
lack of need for special facilities, the possibility 
of treating many patients simultaneously (this 
is important in the event of a catastrophe), the 
lack of need for vascular access, and efficacy in 
dialyzing myoglobin. Disadvantages of peri to-

neal dialysis include protein loss with dialysate; 
inadequacy in removing fluid, potassium, and 
urea; and the high incidence of peritonitis 
(25}. 

f. Massive i.v. infusions of 25g/dl human al
bumin are necessary to correct the low serum 
levels of albumin due to accelerated catabolism, 
protein loss through exposed wounds, protein 
loss by peritoneal dialysis. 

g. Efforts should be made to provide ade
quate calorie intake both by parenteral nutri
tion and by feeding. 

h. All measures should be used to prevent 
and treat infections. Frequent debridement of 
devitalized tissue in exposed wounds may help 
in preventing infection. Urine, blood, wound, 
and peritoneal dialysate cultures should be per
formed daily. Antibiotic therapy should be 
started on evidence of culturally proven infec
tion on the basis of sensitivity results. If anti
biotic therapy has to be instituted before iden
tification of the responsible microorganism, 
agents effective against Gram-negative, Gram
positive, and anerobic organisms should be 
used. An aminoglycoside will be the agent of 
first choice for Gram-negative coverage, bear
ing in mind the need to reduce dosage (see 
chapter 3). Doxycycline is a very useful agent 
for covering Gram-positive and anerobic micro
organisms; it is not nephrotoxic, it does not 
produce catabolic effects (as other tetracyclines 
do), and it does not accumulate in conditions 
of reduced renal function so that it not require 
reduction in dosage [41, 106}. 

Tests for viral infections should be per
formed in severely ill patients with unexplained 
fever. 
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13 ACUTE RENAL FAILURE IN 
GLOMERULAR DISEASE 

J. Stewart Cameron 

Acute renal failure (ARF) can occur in glomer
ular disease from a variety of circumstances. 
These are in brief: 

a. A result 0/ glomerular inflammation: The infil
tration of the glomerulus with polymor
phonuclear leucocytes, monocytes, and pro
liferation of local cells may be so intense 
that glomerular filtration is seriously and 
acutely compromised. This may be the re
sult of predominantly endocapillary prolif
eration and infiltration or of predominantly 
extracapillary proliferation and infiltration 
with the formation of "crescents" of cells 
around the glomerulus. Some of the latter 
group may also show arteritic lesions. 

b. A result 0/ ill understood hemodynamic events: 
In severe nephrotic syndromes, ARF may 
appear. On occasion, this is clearly related 
to hypotension, sometimes accompanied by 
septicemia, but in other nephrotics the rea
sons are obscure; in some, antiprostaglandin 
agents may be implicated. 

c. A result 0/ interstitial nephritis: Drug-induced 
interstitial nephritis, particularly from the 
use of diuretics, may occur in nephrotic pa
tients. 

d. A result 0/ major vascular thrombosis: In ne
phrotic patients, ARF may follow acute 
renal venous thrombosis. 

e. A result 0/ microvascular thrombosis: In some 
glomerulonephri tides, capillary thrombi 
may be a feature and can be widespread in 
some patients with ARF. Clearly, this re
lates to both disseminated intravascular co
agulation on the one hand, and hemolytic
uremic syndrome on the other. 

V.E. AndreNm (ed.,. ACUTE RENAL FAILURE. 
All rIghts mertJUi. CopyrIght © /984. 
Marll1l1ts N1Jhoff PllbllJhmg. Boston/The HagNel 
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This chapter is principally concerned with (a) 
and (b) above; (c) is dealt with in chapter 2, 
(d) in chapter 14, and (e) in chapter 16, al
though some mention is made of this topic in 
this chapter. The diagnosis of different stages 
of ARF is discussed in chapters 7 and 8, al
though, again, some mention of characteristic 
clinical and urinary findings is made in this 
chapter. 

1 Acute Renal Failure 
in Glomerulonephritis 

1. 1 DIAGNOSIS 

The diagnosis of acute renal failure from glo
merulonephritis can be very straightforward, 
but on occasion is very difficult. Once acute 
tubular necrosis (A TN) and oliguria are estab
lished, there may be little to distinguish glo
merulonephritis from ATN since both are 
characterized by hematuria; granular casts, in
cluding on occasion red cell casts; proteinuria 
of several grams per liter; normal-sized or large 
kidneys on x-ray; scan or ultrasound; and oli
guria. The urinary sodium, however, usually 
remains low in acute forms of glomerulone
phritis (l-3}, while osmolality is high {4}, and 
may be used to distinguish ATN from acute 
glomerulonephritis, especially if the FENa is 
calculated {3} (see chapter 7). Two circum
stances, however, may obscure the usefulness of 
this measurement: the prior use of diuretics to 
induce a diuresis or a concomitant ATN as part 
of the acute glomerulonephritis. In problem 
patients, the diagnosis will depend on suspi
cion, and particularly on the history. A prior 
infection, a prodrome of myalgia, fever, or 
clinical and chemical evidence of a nephrotic 
state will make one suspicious, especially if 

271 



272 

there are no obvious circumstances that might 
lead to ATN. Finally, however, the diagnosis 
can be made only by renal biopsy, and the de
cision when to perform this may not be easy 
(5}. In general, if there is a suspicion of a glo
merular cause for the ARF, it is better to per
form the biopsy early rather than late since 
prognosis differs so much among the various 
subgroups and since treatment may be indi
cated for some varieties (see below). 

1.2 ACUTE RENAL FAILURE IN 
ENDOCAPILLARY GLOMERULONEPHRITIS 

A mild reversible oliguria is usual in classical 
postinfectious glomerulonephritis with purely 
endocapillary glomerulonephritis on renal bi
opsy (figure 13-1). This is usually accompanied 
by a mild rise in the blood urea and plasma 
creatinine (6}, but in almost all patients this 
falls short of a requirement for dialysis. On oc
casion, however, the oliguria is severe and pro
longed, the uremia advances, and dialysis is 
necessary (2, 7); usually the patient is sup
posed to have crescentic glomerulonephritis 
(see below) on clinical grounds, but on biopsy 
only an endocapillary glomerulonephritis or a 
nephritis with only a minority of glomeruli af
fected by small crescents is found. Often, the 

FIGURE 13-1. An acure endocapillary glomerulonephriris, 
from rhe parienr whose clinical course is shown in figure 
13-3. The glomerular rufr is swollen and congesred wirh 
polymorphonuclear leucocyres, monocyres, and prolifer
ared endocapillary cells. There is also mild exrracapillary 
prominence , bur no rrue crescenr formarion. Tubules 
showed vacuolarion and necrosis (nor shown here). Afrer 
seven days' oliguria, a diuresis was obrained wirhour spe
cific rrearmenr. Biopsy raken on rhe second day of oli
guria. (Silver merhenamine counrersrained wirh hemarox
ylin and eosin, X 450.) 

acute endocapillary glomerulonephritis follows 
an infection including streptococcal disease. In 
this case, the infection may be in the throat or 
skin, but may be elsewhere such as a deep ab
scess on a heart valve or on an infected jugulo
atrial shunt or other intravascular prosthesis 
(8}. The ASOT or other streptococcal antibod
ies may be high in some cases, and hypocom
plementemia is common, but not invariable, 
and becomes less common after the first few 
days of illness. The glomerular inflammation 
and infiltration is presumed to have a basis in 
glomerular localization of the immune com
plexes (usually present in abundance in the cir
culation) within the glomeruli, but in situ 
immune complex formation of separately de
posited antigens and antibodies may playa role 
in acute glomerulonephritis, as it does in mem-



A 

B 

FIGURE 13-2. Mesangiocapillary glomerulonephritis (MCGN) A. In addition to endocapillary proliferation within the 
glomerular tuft (G, top right) there is increase in mesangial matrix and a large crescent C, bottom left). Peripheral 
capillary walls (not well seen in this hematoxylin and eosin-stained preparation) are thickened. The patient had rapidly 
progressive renal failure (X 450). B. A silver-methenamine preparation from another patient with crescentic MCGN. 
The crescent (C) surrounds the glomerular tuft, in which the peripheral capillary walls show the typical "double contour" 
appearance of MCGN (arrows) (X 450). 
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branous nephropathy, especially in the forma
tion of the extra capillary deposits usually 
called "humps." Occasional small crescents are 
common, involving fewer than 50% of the glo
meruli [6}. 

In other postinfectious glomerulonephritis 
with acute renal failure (for example, shunt ne
phritis and subacute bacterial endocarditis) [8, 
9}, the glomerular appearance may be one of 
mesangiocapillary glomerulonephritis (figure 
13-2 A and B) or, less commonly, a focal seg
mental proliferative glomerulonephritis. In the 
series of severe postinfectious nephritides with 
ARF described by Beaufils et al. [8}, four pa
tients had mesangiocapillary patterns, compli
cated by 20 to 60% of glomeruli with crescents 
in three, while three other patients had focal seg
mental proliferative glomerulonephritis. Two of 
the former were oligoanuric at presentation. 
Only two patients of 11 had simple endocapil
lary glomerulonephritis. 

In occasional patients with uncomplicated 
acute post infectious nephritis, the oliguria is 
severe, prolonged, and the uremia severe 
enough to require dialysis. This may be aggra
vated by uncontrolled or ill-advised fluid ad
ministration, leading to exaggerated circulatory 
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FIGURE 13-3. The clinical course of a young man with 
poststreptococcal glomerulonephritis, whose biopsy is 
shown in figure 13-1. Acute hematuria and oliguria fol
lowed 11 days after a sore throat; his ASOT was 800 
units, and C3, 34%, normal. He presented with oliguria 
and required perironeal dialysis for 10 days. At 7 days, 
his blood pressure rose suddenly to 190/130 and he had a 
fit. As the diuresis appeared, proteinuria rose to 5.5 G/ 
24h, but was only 0.2 G/24h by day 26. He has remained 
completely weII, without proteinuria and with normal 
renal function and blood pressure, for the last 15 years. 

overload, hypertension, and pulmonary edema. 
How the oliguria comes about is not clear, but 
the glomerular tuft in biopsy specimens is usu
ally ischemic with occluded capillary loops. In 
some patients, the more prolonged oliguria is 
associated with appearances of acute tubular ne
crosis in the tubules, which may account for 
the acute renal failure in some. In others, the 
tubulointerstitial infiltrate normally present, 
together with immune complexes in the TBM, 
is much more prominent, and the suspicion of 
tubulo-interstitial component is present. Very 
rarely, anti-TBM antibodies are present, and 
linear deposition of IgG is found along the tu
bular basement membranes [lO}. 

Complete recovery is the rule in patients 
with endocapillary glomerulonephritis and 
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FIGURE 13-4. A crescentic glomerulonephritis. The glo
merulus has been cut tangentially, through the crescent, 
which almost obliterates Bowman's space. The glomerulus 
itself is collapsed and shows no obvious pathology. Con
trast this with the swollen and proliferated glomerulus in 
figure 13-2 in which crescents complicate a mesangiocap
illary glomerulonephritis. (Silver methenamine counter
stained with hemaroxylin and eosin, X 450.) 

ARF (figure 13-3), unless persistent infection 
wi thin the circulation is a feature (8}, or the 
histological picture changes to one of extracap
illary proliferation [II}. The duration of oli
guria is often brief, lasting at most two or 
three days. Dialysis is rarely required, espe
cially now that powerful loop-acting diuretics 
are available. In most patients with oliguria 
from acute glomerulonephritis, a large dose of 
frusemide (e.g., 250 mg to IG), or equivalent 
agent such as bumetanide, will induce a di
uresis and obviate the need for dialysis. It may 
also relieve the hypertension, which may be se
vere, with diastolic pressures of 130 mm Hg or 
higher; an important differential diagnostic 
point is that these very pressures are not ac
companied by retinopathy or papilloedema. 
Hypertension may need treatment in its own 
right, as may the fits that can follow. Valium 

is best for these, since it is predominantly ex
creted via the liver. 

There is no evidence that oral corticosteroids 
affect the oliguria of acute endocapillary glo
merulonephritis; reports of the use of intrave
nous methylprednisolone in this rare situation 
are lacking, although a number of patients 
with advancing renal failure and minor num
bers of crescents have been plasmapheresed [12} 
or given anticoagulants [l3}. The results do 
not allow any conclusion to be drawn since 
numbers are small, the population is heteroge
nous, and treatments have differed. 

A final form of acute renal failure is the pe
culiar recurrent resolving renal failure in chil
dren with IgA nephropathy and otherwise be
nign course. This was described by Talwalkar 
et al. [14}, and we have seen one similar case. 

1.3 ACUTE RENAL FAILURE IN 
EXTRACAPILLARY (CRESCENTIC) 
GLOMERULONEPHRITIS 

This is a good deal more common than acute 
endocapillary glomerulonephritis, although 
still rare. It must be emphasized from the out
set that this group of patients is neither patho-



276 

logically nor clinically homogeneous {14,15}. 
Only the supposition that the presence of large 
numbers of crescents (see figure 13-4) is the 
main determinant of prognosis, overriding that 
of the underlying or associated glomerulopa
thy, justifies considering them together. Here, 
we have to consider those patients who present 
in ARF with oliguria or anuria, rather than the 
more common patients with a history of a ne
phrotic syndrome and a documented decline in 
renal function over weeks or months. 

In considering this group of patients, it is 
important to define terms. First, crescent is used 
in various ways by various writers to mean any
thing from a mere capsular adhesion through a 
small segmental crescent to a large occluding 
lesion. Here, it is employed to mean major 
crescents only, with a layer of cells at least two 
or three cells thick or more occupying at least 
half the circumference of the glomerulus in the 
plane of section. Of course, geometry of the cut 
will determine to some extent what the size of 
any crescent appears to be, but with large 
numbers of glomeruli this random effect will 
cancel out. Such considerations are especially 
important if the number of glomeruli affected 
by "crescents" is taken to be important. Two 
studies have shown the extent of individual 
crescents and the percentage of glomeruli af
fected to be highly correlated (13, 17), al
though an exception is Henoch-Schonlein pur
pura, in which a high percentage-on 
occasions, 100% of glomeruli-may be affected 
by small segmental crescents (18}. 

The glomerular tuft in predominantly cres
centic glomerulonephritis is frequently col
lapsed, especially if it is not the site of obvious 
endocapillary disease; interpretation of the glo
merular changes under these circumstances is 
difficult. There is often intense interstitial cel
lular infiltrate near or around affected glomer
uli, with plasma cells, monocytes, and poly
morphonuclear leucocytes. Bowman's capsule 
may be ruptured. Some crescents are almost en
tirely cellular, but in time they become fibro
cellular, with synthesis of new basement mem
branelike material within the crescent, and 
eventual sclerosis. 

The nature and genesis of crescents have 
been the subject of much debate. Current 

thoughts on their pathogenesis are summarized 
in figure 13-5 A and B. Breaks in the base
ment membrane are seen in most forms of cres
centic glomerulonephritis {19}' but may be 
found without crescent formation. Fibrin is 
found with great regularity in crescents (17, 
19}' the more so in cellular crescents presumed 
to be in an early state of evolution, less so in 
fibrocellular crescents. Factor VIII is absent, 
however (20}, suggesting that the fibrin is gen
erated by a pathway not involving this factor 
since it is normally present in thromboses. In 
this context, the report of crescentic glomeru
lonephritis following the bite of Russell viper 
is of interest (2l}. Evidence from work in rab
bits suggests very strongly that the presence of 
fibrin in the blood and then in the extracapil
lary space is essential to the formation of cres
cents (22}, and this is likely to be true in hu
mans also. 

The nature of the cells forming the crescent 
is a controversial issue. To begin with, it was 
assumed that they were formed from prolifera
tion of epithelial cells of the glomerulus and/or 
cells lining Bowman's capsule. Recent studies, 
including specific stains, transplantation (23}' 
and glomerular culture techniques (24}, sug
gest that in both animal and human crescents 
the predominant cell is the macrophage, to
gether with some polymorphonuclear leuco
cytes. Platelets and platelet-related antigens are 
absent (25}. 

The natural history of crescents is not clear, 
but it is evident from studies in both humans 
and animals that not only unaffected glomeruli 
may survive intact. Presumably, organized 
crescents do not resolve whereas cellular cres
cents may. This point, if true, could be of im
portance in considering whether to treat pa
tients with crescentic glomerulonephritis. 

Extensive crescent formation may be found 
in almost every form of glomerulonephritis (ta
ble 13-1) both primary, or in a setting of a 
systemic disease or vasculitis. Examination of 
the glomerulus, or of the patient, may give 
clues immediately as to which form is present, 
but the glomeruli may be so destroyed as to 
make this difficult. Examination by immuno
fluorescence is crucial {15, 16} since it may give 
an immediate clue to the nature of the condi-
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FIGURE 13-5. A. The genesis of crescents, according to current theories. This is a summary of both animal experiments 
and observations on human disease (see text.) B. Immunofluorescent preparation showing fibrin (F) in a crescent sur
rounding a glomerulus (G). 

tion. The finding of linear IgG (occasionally lin
ear IgA) [35} indicates anti-GBM disease, which 
may present without lung involvement or pres
ent with lung involvement that is not evident to 
ordinary clinical examination. Conversely, a 

"Goodpasture-like" syndrome of nephritis and 
lung involvement may be seen in rare instances 
in Henoch-Schonlein purpura, SLE, poststrep
tococcal glomerulonephritis, and, of course, 
commonly in forms of polyarteritis [36}. 
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TABLE 13-1. Classification of oliguric 
glomerulonephritis [14, 15} 

Classification 

APPARENTLY PRIMARY 

Common 
"idiopathic" crescentic 

glomerulonephritis 
endocapillary glomerulonephritis + 

crescents 
mesangiocapillary glomerulonephritis 

(types I or II) + crescents 
focal segmental glomerulonephritis + 

crescents 
anti-GBM nephritis with crescents 

Uncommon 
IgA nephropathy + crescents 
membranous nephropathy + crescents 

SECONDARY 

Common 

Reference 

27 

13 

28 

8 

29 
30 

Henoch-Schonlein purpura 18 
microscopic polyarteritis nodosa 31 
Wegener's granuloma 31 

Uncommon 
systemic lupus erythematosus 32 
Beh!;et's syndrome 33 
essential mixed cryoglobulinemia 34 
infections 

streptococcal 13 
shunt nephritis 9 
deep abscesses 8 
subacute bacterial endocarditis 9 

neoplasia 17 

In some patients, a focal segmental necrotiz
ing glomerulonephritis or a crushed but appar
ently normal glomerulus is seen, with immu
nofluorescence studies negative, except perhaps 
for fibrin [15, 16, 27}. A number of such pa
tients have evident polyarteritis, other later de
velop signs of polyarteritis, or it is evident out
side the kidney at postmortem examination. 
What, then, of similar patients with no evi
dence of polyarteritis? Some have called these 
patients "idiopathic" crescentic glomerulone
phritis [27}, while others have not observed 
such patients at all in their series [37}. In our 
own studies (Neild et aI, in preparation), we 
have patients in all the categories mentioned, 
including "idiopathic" glomerulonephritis, al
though they are in a minority. At the moment, 
it seems best to keep an open mind on this 
subject since, at a practical level, patients with 
apparently idiopathic, "nonimmunologic" cres
centic glomerulonephritis are found. 

Small crescents frequently complicate an 
otherwise straightforward endocapillary exuda
tive glomerulonephritis [6}, whether or not an 
antecedent infection is identifiable, but rather 
rarely the crescents may be extensive and, even 
more rarely, the patient presents anuric. Cres
cents affecting some glomeruli are equally com
mon in mesangiocapillary glomerulonephritis 
of either type [28}, but more than 60% of glo
meruli were affected in only 8 of 104 patients 
in our own series [38} (5/69 type I and 3/35 
type II). Only occasional patients with exten
sive crescents complicating either membranous 
nephropathy [30} or IgA nephropathy [29} 
have been described. 

1.3.1 Clinical Presentation [13, 15, 17, 37} 
Crescentic glomerulonephritis is rare in child
hood and almost unknown in infancy. It seems 
to become more common with age and in the 
elderly, accompanied or unaccompanied by ar
teritis, and is one of the more frequent forms 
of glomerulonephritis [39}. The clinical pre
sentation varies, from a disease with an evolu
tion over months involving fever, myalgia, a 
nephrotic syndrome with a steady decline in 
renal function, to the sudden onset of oligo
anuria "out of the blue." The signs of a sys
temic illness, such as Henoch-Schonlein pur
pura in children or polyarteritis or Wegener's 
granulomatosis in adults may be evident; SLE 
very rarely presents with rapidly progressive 
crescentic glomerulonephritis (32}-only six 
cases of 119 in our series, although rapid de
clines in renal function are more often seen. An 
important point in differential diagnosis is that 
patients with anti-GBM disease, if there is not 
severe lung purpura, are often extremely well, 
without the prodrome of myalgia, fever, and 
malaise associated frequently with polyarteritis 
or "idiopathic" crescentic glomerulonephritis. 
Acute postinfectious nephritis may present 
with a variable number of crescents, and in 
these patients the complement levels may be 
depressed; they are low also (especially C4) in 
active cryoglobulinemia with nephritis and in 
subacute bacterial endocarditis with nephritis. 
In other forms of crescentic glomerulonephri
tis, including polyarteritis, concentrations of 
all complement components are usually nor
mal. Antinuclear factors may be present in 
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TABLE 13-2. Summary of treated and untreated patients 
with crescentic glomerulonephritis (>50% of glomeruli 
with crescents)" 

No. judged 
Total No. No. not to have 
of patients treated improved 

No. judged 
Total no. to have 
treatedb improved 

328 115 13 (11.3%) 213 90 (42%) 

'World lieeraeure, 1964-1980. Excluding patienes with anti-GBM dis
ease, known or suspected vasculitis, SLE, or Henoch-Schonlein purpura. 
Includes unpublished Guy's daya (Neild et aI., in preparation) on 39 pa
tients. 
bprednisone alone. 3; prednisone + azathioprine or cyclophosphamide. 
36; prednisone + i.v. methylprednisone, 10; combined 27. In a total of 
14 patients described in references, {I7l and [27l, ie is not clear what 
each patient received. 

both essential cryoglobulinemia [34} and in 
polyarteritis, but dsDNA binding is normal. 
In patients with "essential cryoglobulinemia" 
and with polyarteritis, tests for hepatitis B an
tigen may be positive although this is variable 
according to geographical area; for example, we 
have never found a positive test in either con
dition. An important test is a search for anti
GBM antibodies since there may be no pul
monary involvement even in fulminating cres
centic anti-GBM disease. 

The distinction of rapidly progressive glo
merulonephritis from other forms of renal fail
ure or from other forms of glomerulonephritis 
can be made only by renal biopsy [5}, which 
plays a crucial role in the management of the 
patients (see chapter 8). 

1.3.2 Outcome The natural prognosis of cres
centic glomerulonephritis is a very confused is
sue because it is not a homogenous group of 
patients to begin with and, even within ho-

mogenous subgroups, patients of differing se
verity have been compared. Here, it is worth 
considering principally patients with more than 
50 or 60% of glomeruli affected by crescents, 
since oligo-anuria is rarely seen with disease 
less severe than this. In this group as a whole 
(but excluding anti-GBM disease, polyarteritis, 
and other arteritides), analysis of the available 
literature shows that only about 11 % of such 
patients recover or retain useful renal function 
without any specific treatment at all (table 13-
2); other published analyses have given some
what higher figures but have included patients 
with less than 50 to 60% of glomeruli affected 
by crescents. The effect of oligo-anuria requir
ing dialysis is adverse in all series, but it is 
very difficult to find patients who have been 
treated with dialysis and supportive treatment 
alone! Including patients treated in a variety of 
fashions, analysis of six recent series of patients 
shows a recovery of renal function in 18 out of 
78 patients (23%) who presented in oligo-anu
ria (table 13-3); Bolton and Couser's more se
lective analysis [44} suggests that only 7% of 
such patients show recovery irrespective of 
treatment. The proportion of patients with 
oligo-anuria at presentation, not surprisingly, 
increases with increasing proportion of glomer
uli affected by crescents (table 13-4). 

Some histological features may give a clue to 
likely prognosis. As just mentioned, patients 
presenting with oligo-anuria and glomerulone
phritis usually show a high proportion of cres
cents. Overall (including nonoliguric and oli
guric patients), prognosis is weakly correlated 
with the number of crescents present in the 
glomeruli (table 13-5). However, tubulo-inter-

TABLE 13-3. Reported recovery of renal function after presentation of crescentic nephritis with oligo-anuria 

No. of patients Histology 

POST IDIOPATHIC 

Author Reference TOTAL RECOVERY ANTIGBM STREP. ENDOCAPILLARY CRESCENTIC GN 

Leonard et aJ. (1976) (40} 20 2 0 2 0 0 
Sonsino et aJ. (1972) (41} 26 5 0 2 2 
Beirne et aJ. (1977) (42} 22 4 1 0 1 2 
Morrin et aJ. (1978) (43} 17 6 0 0 2 4 
Stilmant et aJ. (1979) (27} 4 0 0 0 

78 18 (23%) 4 5 8 

Note: All patients treated with various regimens of corticosteroids ± cytotoxic agents. 
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TABLE 13-4. Frequency of an oligo-anuric presentation 
in crescentic glomerulonephritis* 

% Crescents 

60-70 
70-80 
80-90 
90-100 
100 

% of patients with 
oligo-anuria 

o 
40 
44 
72 
92 

*Excluding anti-GBM, polyarteritis, SLE, and Henoch-Schonlein pur
pura. 
Source: Data of Son sino et al. [41] and Cameron (45). 

stitial damage is also a valuable guide to prog
nosis. In our own series of patients with 60% 
crescents, 14 out of 26 patients with low 
indices of tubulo-interstitial damage showed 
recovery of renal function, while only 5 out of 
13 with high scores did so (Neild et aI, in 
preparation). These features, together with a 
high degree of fibrocellularity and sclerosis 
within the crescents, and the degree of glomer
ulosclerosis, may suggest a poor outcome. Con
versely, cellular crescents and an absence of 
glomerulosclerosis, fibrocellular crescents, and 
tubulo-interstitial damage suggests disease that 
may remit spontaneously or respond to treat
ment. 

Finally, within the whole group of patients 
with extensive crescents, different subgroups 
may have different prognoses. Those forms of 
glomerulonephritis following infection, which 
show "humps" on electron microscopy or en
docapillary deposits with endocapillary prolif
eration, may do better in most series [41, 45} 
than those that show no deposits, with or with
out evident associated arteritis. In general, 
also, patients with obvious proliferation in the 

glomeruli, even if a history of infection is ab
sent, are thought to do better than those with 
"idiopathic" crescentic glomerulonephritis with 
a normal or nearly normal glomerular tuft [41, 
45}. However, I have analyzed elsewhere (46} 
the data supporting the thesis that patients 
with disease of equivalent severity and post
streptococcal crescentic glomerulonephritis do 
no better than other crescentic nephritis. In 
Beaufils' series [8} of four patients with infec
tions and extensive crescent formation alone, 
two died oliguric and two regained renal func
tion but remained in chronic renal failure. In 
our eight patients with mesangiocapillary glo
merulonephritis complicated by more than 
60% of glomeruli with occluding crescents 
[38} two presented with oliguria and neither 
regained function; of the remaining six with 
less aggressive disease clinically, only two still 
have renal function. Thus, although the prog
nosis of mesangiocapillary and endocapillary 
glomerulonephritis complicated by crescents 
may be somewhat better than that found in 
those with "idiopathic" crescentic glomerulo
nephritis, it is still very poor, especially when 
oligo-anuria is present. 

The finding of anti-GBM antibodies to
gether with oligo-anuria requiring dialysis in
dicates a very poor prognosis for renal function. 
In 1973, Wilson and Dixon (47} reported only 
3 patients of 32 with any form of Goodpas
ture's syndrome surviving without dialysis or 
transplantation, and more recently Beirne et 
al. [42} mentioned only 3 of 17 patients retain
ing or regaining renal function. Those few pa
tients who have shown recovery of renal func
tion have often not had extensive crescent 
formation round their glomeruli. Even with 

TABLE 13-5. Effect of number of glomeruli with crescents on recovery or retention of renal function 
in crescentic nephritis 

Percentage of glomeruli with crescents 

100% 90-99% 80-89% 70-79% 60-69% 

No. of patients 66 43 36 35 20 
No. "improved" 10 14 18 20 II 
% improved 15% 32% 50% 56% 55% 

Note: Review of world literature, 1964-1980, including Guy's published (44) and unpublished data. Patients treated with a variety of agents, including 
prednisone, ± cytotoxic agents, i.v. methylprednisolone. and combined immunosuppression and anticoagulation. 
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aggressive treatment, recovery of renal function 
in oliguric anti-GBM disease is rare (see be
low). There are no data giving any idea of the 
outlook for untreated polyarteritis with exten
sive crescents and oligo-anuria. But since this 
represents the worst group from among all 
polyarteritic patients, and the untreated sur
vival was only of the order of 12% after five 
years for all forms of polyarteritis together 
[48}, we can assume with some security that 
survival-far less recovery of renal function-is 
very rare since of itself the presence of oligo
anuria is an indicator of poor prognosis (table 
13-5), with or without treatment. The ques
tion arises immediately of how justified aggres
sive therapy may be in the situation of glomer
ulonephritis with extensive crescents and oligo
anuria, in any of its various subgroups. 

1.3.3 Treatment of Oligo-Anuric 
Crescentic Glomerulonephritis 

1.3.3.1 GooDPASTURE'S SYNDROME AND ANTI/GBM NE

PHRITIS. The prognosis for renal function in 
oligo-anuric Goodpasture's syndrome requiring 
dialysis is negligible [42, 47}, as noted above. 
Is this very poor prognosis improved by treat
ment? 

Since the data just quoted were taken from 
patients treated principally with prednis(ol)one 
alone, or together with cytotoxic agents, it is 
evident that these agents make little or no im
pact. 

Although most of the evidence favoring the 
use of anticoagulants in the treatment of glo
merulonephritis was obtained with models of 
anti-GBM nephritis [22}, very little use of an
ticoagulation alone or together with immuno
suppression has been made in the human dis
ease. We have treated two anuric patients with 
the combination without any effect, and the 
risk of precipitating or worsening pulmonary 
hemorrhage perhaps accounts for the lack of re
ports in the literature. Note that in table 13-
6, nine patients received anticoagulation as 
well as plasmapheresis. 

There are almost as few reports of the use of 
intravenous doses of methylprednisolone in 
anti-GBM nephritis. Bolton [49J gave a pre
liminary report on eight patients so treated 
without evident benefit, all patients being 
oligo-an uric and requiring dialysis. The ab
stract of Bruns and colleagues [50J is a little 
more encouraging. Some workers, however, 
have reported resolution of pulmonary hemor
rhage after the use of i. v. methylprednisolone 

TABLE 13-6. Effect of plasmapheresis on survival with renal function in Goodpasture's syndrome 

Beginning treatment with Beginning of treatment 
renal functionb oligo-an uric 

MAINTAINED 

OR IMPROVED FUNCTION 

Ref TREATED FUNCTION TREATED RETURNED 

Lockwood IX Peters 1980 {53J 18 12 10 0 
Johnson et al. 1978 {54J 3 3 1 0 
Walker et al. 1977 {55J 4 2 0 0 
Swainson et al. 1978 (56J 1 0 2 0 
Erikson et al. 1979 (57J 4 3 2 0 
Munk IX Skamene 1979 {58J 1 1 1 0 
McKenzie et al. 1979 {I2J 3 3 1 0 
Asaba et al. C 1980 {59J 1 1 1 0 
Cameron et al 1981 (unp) 0 0 2 0 

35 25 (71%) 20 0(0%) 

aNB. Single case reports not included (see text), Most, but not all, patients have extensive crescentic glomerulonephritis. 
bp,~, < 1000 ... moIlI 01.3 mg/dl)/,GFR > 5 mllmin plus urine output and no requirement for dialysis. 
'Using a plasma membrane filter. 

Immunosuppression 
usedd 

P+C+A 
P+C 
P+C+A 
P+C 
P+C 
P,nil 
P+C 
P+A 
P+C+A 

dp = prednis(ol)one; A = azathioprine; C = cyclophosphamide. Walker used prednisone and azathioprine in one patient, prednisone and cyclophospha
mide in three. In addition, two of Lockwood's, both of Asaba's, and all of Walker's patients received anticoagulant treatment in addition (heparin! 
warfarin plus dipyridamole). 
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[51}, and we must regard the question of 
whether methylprednisolone achieves any ben
efit in anti-GBM nephritis as an open one. 

Most interest has centered recently on the 
use of plasmapheresis or plasma exchange in 
patients with anti-GBM disease. This has al
most always been combined with immuno
suppression-often intense immunosuppres
sion-because of the supposed risks of antibody 
"rebound" following removal of circulating an
tibody by plasma exchange [52}. Whether any 
possible benefit arises directly from removal 
and suppression of injurious antibody is not 
clear. Obviously, also, removal of humoral me
diators of injury could be important, but in ex
perimental animals, complement seems to be 
most important in the brief, reversible heter
ologous phase of anti-GBM antibody fixation, 
and not in the autologous phase, although here 
fibrinogen is of central importance [22}. 

In the largest series of plasmapheresed pa
tients suffering from anti-GBM disease, that 
treated at the Hammersmith Hospital in Lon
don [53}, the immunosuppression used has 
been azathioprine 1 mg/kg/24h, cyclophospha
mide 3 mg/kg/24h, plus a variable dosage of 
prednisolone orally. Various replacement fluids 
have been used, depending on availability, and 
daily 4-1 exchanges performed for 7 to 10 
days. 

In considering the published results of such 
treatment in a rare disease, it is probably better 
to ignore all single case reports since single case 
reports of failure are unlikely and make their 
way into the literature, whereas "success" is 
more frequently publicized: table 13-6 gives 
an analysis of a published series of two or more 
patients up to the end of 1981. It is immedi
ately noticeable that despite encouraging re
sults in patients with rapidly aggressive glo
merulonephritis short of renal failure, there has 
been uniform failure to benefit patients with 
oligo-anuria. 

A preliminary communication of more re
cent results from the Hammersmith group [60} 
confirms this impression; of 21 oligo-anuric pa
tients with anti-GBM disease treated with plas
mapheresis and immunosuppression, none re
covered renal function and 11 died. 

Thus, it seems that treatment with immu
nosuppression and plasmapheresis confers no 

benefit, so far as renal function is concerned, 
on patients with the oligo-anuric form of anti
GBM nephritis, and is not worth pursuing 
since the complications (principally infections) 
are by no means negligible. The main indica
tion for using this form of treatment in oligo
anuric patients then is for severe pulmonary 
disease, if present. Of 23 treated patients re
ported in the literature who had varying de
grees of pulmonary involvement (life-threaten
ing in some patients), only a single patient 
among those described by McKenzie and col
leagues [12} appeared to have gained no bene
fit. A further consideration is the persistence of 
anti-GBM antibody in the circulation: this is 
brief in patients plasmapheresed [53}, usually 
detectable for only a few months at most, 
whereas antibody may persist for years in pa
tients left untreated. This may influence sub
sequent transplantation attempts. 

1.3.3.2 PRESUMED IDIOPATHIC IMMUNE COMPLEX CRES

CENTIC GLOMERULONEPHRITIS. This is a rare and 
heterogenous group of patients, principally in
volving endocapillary proliferative glomerulo
nephritis, many postinfectious or mesangiocap
illary in pattern. One can also include under 
this heading the more dubious group of "idio
pathic" crescentic glomerulonephritis since it is 
not possible in all published series to distin
guish exactly what the authors have described. 

Usually, in oligo-anuric patients, more than 
60% of glomeruli are affected by crescents, but 
occasional patients with 50 to 60% of glomer
uli showing crescents present in this fashion [2, 
7, 12, 13}. In some of these patients, the re
maining glomeruli do not show the expected 
intense proliferation and infiltration, and the 
mechanism of the oliguria is obscure. Thus, 
the boundary between "crescentic" or endocap
illary glomerulonephritis with anuria is not an 
absolute one. 

Analysis of the literature up to 1970 shows 
about 100 patients who were in the main 
treated with prednisone, with or without cyto
toxic agents. The results of these analyses have 
been published [44, 61] and show that about 
one-quarter of patients with more than 60% of 
glomeruli affected by crescents managed in this 
fashion showed retention or recovery of renal 
function. Of those with oligo-anuria, 10% or 
less showed recovery of function. It is doubtful 
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if these figures differ from the figure of 11 % 
spontaneous recovery for all cases given no 
treatment (table 13-2) who mostly had some 
renal function at presentation. 

Despite the fact that animal work using an
ticoagulants has been almost exclusively on the 
model of anti-GBM nephritis [62}, and the 
doses of heparin or warfarin used were lethal in 
many animals, clinically it has been in pre
sumed immune complex glomerulonephritis 
that anticoagulants have been used, almost al
ways in association with some form of immu
nosuppression. 

In our own series, eight patients in the im
mune complex group who were oligo-anuric 
were treated, and two out of four with idio
pathic immune complex crescentic nephritis re
covered renal function and retained it. In 
Arandt's small controlled trial (13} in post
streptococcal glomerulonephritis with extensive 
crescent formation, two patients in the test 
group and one in the control group required 
dialysis; all recovered renal function, and there 
was no overall difference between test and con
trol groups. When it has been employed, this 
form of treatment has been used almost always 
in patients with a rapid decline in renal func
tion rather than those requiring dialysis (13, 
62-65} and so, again, data are insufficient to 
draw firm conclusions. 

In 1976, Cole [66} and colleagues first re
ported the use of very large doses of methyl-

prednisolone intravenously for severe forms of 
glomerulonephritis, after others had used it to 
treat transplant rejection [67} and systemic lu
pus erythematosus [68}. Table 13-7 summa
rizes these and subsequent reports. As in other 
situations, the presumed "response" of patients 
with oligo-anuria to treatment is poorer (8 of 
17,47%) than those without (19 of 21,90%). 
The simplicity, brevity, and relative lack of 
toxicity of this treatment (usually involving the 
injection of 1 G of methylprednisolone daily 
for 3 consecutive days) has made it popular, 
and these apparently impressive results when 
compared with historical controls have made 
this almost the standard treatment for immune 
complex rapidly progressive glomerulonephri
tis. Bolton and colleagues have since given a 
brief report [70} on a controlled comparison, 
which appears to be consistent with the prelim
inary results in table 13-7. 

Unlike the fairly clear role for plasmapher
esis in anti-GBM nephritis outlined above, 
there are no clear answers as to whether plas
mapheresis is better than other approaches, in
cluding no treatment. Also, how plasma ex
change might work in patients with immune 
complex disease is even less clear than in the 
case of anti-GBM nephritis. As well as the pos
sibility of depletion of mediator of injury, re
moval of immune complexes from the circula
tion may have various effects. It is still possible 
that these complexes represent the pathogenic 

TABLE 13-7. Treatment of patients with glomerulonephritis without vasculitis and >60% crescents with i.v. 
methylprednisolone: summary of the literarure 

(Of whom 
Ref. Total oligo-an uric) 

Cole et al. 1976 (66) 2 (0) 
O'Neill et al. 1979 (69) 10 (7) 
Bolton 1981 (70) 10 (7) 
Oredugba et al. 1979 (71) 5 (0) 
Bruns et al. 1980 [50) 9 (3) 

Totals 36 (17) 

*Figuces in parentheses give no. of patients with oligo-anuria who "responded." 
Notes: 1. No. of pulses of 1 G methylptednisolone given: 3-11 G. 
2. Initial plasma cteatinines: 450-1610 fLmolll (5.1-18.2 mg/dl). 

Response * 

2 (- ) 
4 (2) 1 G daily for 7 days 
9 (6) 30 mg/kg, 3 doses 
5 (- ) 1 G daily for 5 days 
7 (- ) 30 mg/kg 4-11 

doses 

27 (8) 
(75%) (47%) 

3. Final plasma creatinines (6-36 months follow-up): 80-283 fLmolll (0.9-3.2 mg/dl). (One patient died of cryptococcal meningitis with a plasma 
creatinine of 80 fLmlll (0.9 mg/dJ.) 
4. Bolton 1981 [70) includes 5 patients described in Bolton and Couser 1979 [44). 
5. Note chat patients with less than 60% of glomeruli involved by crescents have been excluded, as have patients with anti-GBM disease. 
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agents, although this now seems less likely. If 
circulating complexes truly represent those 
complexes localizing in the kidney, then re
moval and antibody suppresion might arrest 
progress of the disease. In addition, the effect 
of circulating complexes in blocking the reti
culoendothelial system, thus permitting more 
toxic complexes to persist, has been advocated 
{53}. Finally, if soluble immune complexes 
regulate the immune response in part, then 
their removal might "reset" the system, either 
in a beneficial fashion, or to the patient'S det
riment. 

Thus, patients with presumed immune com
plex glomerulonephritis treated by plasma ex
change are inevitably more mixed population 
than those with anti-GBM disease. In a num
ber of reports {l2, 50, 72-75}, all or most of 
the patients had vasculitis, Henoch-Schonlein 
purpura, or systemic lupus as well as severe 
glomerulonephritis. The patients with pre
sumed immune complex disease not associated 
with vasculitis are in the minority, although 
encouraging results have been published in a 
total of 31 patients (21 "improved") whose dis
ease was treated at a point short of renal failure 
(plasma creatinines 100-800 f.Lmolll, 1-9 mg/ 

FIGURE 13-6. Acute arteritis within the kidney. The wall 
of an artery is focally replaced with necrotic material 
which stains as fibrin surrounded by inflammatory cells. 
Only about one-third of patients with microscopic polyar
teritis and glomerulonephritis show vasculitis in renal bi
opsy specimens. (Martius scarlet-blue counterstained with 
silver, X 250.) 

dl), there are almost no accounts of oligoan
uric patients with idiopathic glomerulonephri
tis treated by plasma exchange who also re
quired dialysis. Of a total of four patients {60, 
74}, none recovered renal function. Thus, the 
value of plasma exchange in oliguric patients in 
this group remains unstudied, although dearly 
there may be a role in patients, with or with
out crescentic glomerulnephritis, who have ad
vancing renal failure. 

1.3.3.3 CRESCENTIC NEPHRITIS AS PART OF VASCULI

TIS. The microscopic form of polyarteritis (fig
ure 13-6) is frequently complicated by a focal 
segmental necrotising glomerulonephritis (fig
ure 13-7 A and B and extensive crescent for
mation is often seen (2}, even in the presence 
of mostly normal glomeruli (31}. Thus, cres
centic glomerulonephritis with vasculitis is 
more common than immune complex glomer
ulonephritis without vascular involvement. 
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A 

B 

FIGURE 13-7. A. Focal segmental necrotizing glomerulonephritis in a setting of polyarteritis. This is the microscopic 
form of the disease in which the glomerular capillaries are commonly affected, in contrast to the "classical" form of the 
disease in which major arteries are the principal seat of disease. The necrotic area contains fibrin (arrows). Such lesions 
may be found with and without crescents. (Methenamine silver counterstained with haematoxylin and eosin, X 450.) B. 
A milder lesion showing nuclear debris and small surrounding crescents from a patient with SLE. (Silver methenamine 
counterstained with hematoxylin and eosin, X 500.) 
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The overall prognosis of untreated polyarter
itis is in general very poor, both in Wegener's 
granuloma and microscopic polyarteritis, five
year survivals of 12 to 15% being the rule ir
respective of renal involvement {48}. This has 
been dramatically improved by the introduc
tion first of corticosteroids, which raised overall 
five-year survival rates to 50 to 60% and finally 
cytotoxic agents, which have given survivals of 
up to 80% at five years {48}. Therefore, any 
treatment of severe renal improvement in the 
vasculitides must be seen against a background 
of treatment with corticosteroids, cytotoxic 
agents being used at least in the acute phase, 
and probably in the long-term for many pa
tients. Although cyclophosphamide has re
ceived most attention {76}, results with aza
thioprine are as good; perhaps it is better to 
use the former in the acute disease and the lat
ter long-term in view of its lower long-term 
toxicity. 

Surprisingly, there are few accounts in the 
literature giving details of more than a few pa
tients with polyarteritis and glomerulonephritis 
{2}. In our own series of 55 such patients (Serra 
et aI., in preparation), including three pa
tients with biopsy-proven Wegener's granu
loma and two cases of relapsing polychondritis, 
21 patients were oligo-an uric at presentation 
with plasma creatinines of 600 to 2,000 j.Lmoll 
I (6.8-22.6 mg/dl) and required dialysis. Of 
these 21, 13 had more than 60% of glomeruli 
involved by crescents; of the remainder, two 
showed intense endocapillary ptoliferation, one 
showed capillary thrombi, and the remainder, 
lesser degrees of crescent formation. Thus, as 
in idiopathic glomerulonephritis, although the 
majority of patients with oligo-anuria show ex
tensive crescent formation, this is not present 
in all. Of the 21 patients, only one, whose 
biopsy showed only the mildest mesangial 
changes and whose oliguria was of obscure ori
gin, recovered renal function. Another patient 
with 90% crescents recovered renal function af
ter two years on dialysis. Furthermore, only 
two other patients survived on dialysis, the re
mainder dying on dialysis of complication of 
their disease, of treatment, or both. Five pa
tients were given no treatment other than di
alysis because of age, or other disease, while 

six were treated with methylprednisolone and 
seven with anticoagulants (three with both); 
none showed a diuresis. The adverse effect of 
oliguria itself is shown by the fact that of nine 
other patients with 60 to 100% of glomeruli 
affects by crescents who did not have oligo-an
uria (plasma creatinines 132 and 290-430 
j.Lmolll 1.5 and 3.3-4.9 mg/dl), seven are now 
alive with their own kidneys, two with normal 
renal function. 

Only four other patients with polyarteritis 
and oligo-anuric crescentic glomerulonephritis 
who were treated with pulse methylpredniso
lone have been reported {70, 77}; three of Bol
ton's {70} patients were able to come off di
alysis, but Neild's {n} oligo-anuric patient 
did not. Thus, the advantages of methylpred
nisolone do not seem to be great, taking all 
these data together. Friedman and Kincaid
Smith {78} had better results with anticoagu
lation and immunosuppression. They treated a 
total of eight patients with vasculitis, crescen
tic nephritis, and oliguria, two with steroids 
at one (both of whom failed to regain function) 
and six with combined treatment, four of 
whom regained function. 

Plasmapheresis has been used in a number of 
similar patients, especially at Hammersmith 
Hospital {60, 72}; many of these patients have 
been called "Wegener's granuloma" in pub
lished accounts, but these reports are unclear 
on the criteria on which this diagnosis was 
based. In the majority, the diagnosis was made 
from the combination of arteritis and lung in
volvement and might be included as micro
scopic polyarteritis in other series. Neverthe
less, the most recent brief report {60} from the 
Hammersmith group mentions 24 patients 
who were oligo-anuric at presentation, all of 
whom had either microscopic polyarteritis [7} 
or Wegener's granuloma {I8} and a mean of 
77% glomeruli affected by crescents. Of these, 
14 (58%) recovered renal function after plas
mapheresis, after up to 28 days of treatment on 
dialysis; subsequently, one patient developed 
end-stage renal failure. Nine patients (33%) 
had plasma creatinines of 200 to 400 j.Lmolll 
2.3-4.5 mg/dl at last follow-up, six who re
covered function having died, three of infec
tion. On the basis of three results, intensive 
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daily 4-1 plasma exchanges with background 
immunosuppression using prednisone and cy
totoxic agents appear to offer a better prognosis 
for patients with arteritis and severe crescentic 
glomerulonephritis with anuria than either an
ticoagulation or methylprednisolone. 

1.3.4 Systemic Lupus Erythematosus (SLE) 
Severe oliguric glomerulonephritis with or 
without extensive crescent formation is very 
rare in SLE [32}, despite the fact that severe 
nephritis is quite common, and decline in renal 
function may be rapid. Only occasional cases 
are reported [32, 79-81} in series totaling 
more than 1,000 patients with lupus nephritis. 
In our own series {82}, six patients presented 
with more than 60% of glomeruli affected by 
crescents and another patients developed cres
cents later. Only this patient and two others 
were oligo-anuric. Some patients without cres
cents develop acute renal failure, in association 
with arteritis or glomerular thrombosis {83}. 

Pateints with severe proliferative glomerulo-
nephritis are almost always treated using oral 

. prednisone, and in many units with cytotoxic 
agents as well. The appearance of acute oliguria 
may be in a setting of such treatment in the 
past. 

Following the use of intravenous methyl
prednisolone for acute transplant rejection 
[67}, this treatment has been tried in patients 
with severe lupus nephritis {68, 80-82, 84, 
85}, usually in the form of 1 G intravenously 
on three consecutive days. Patients with a re
cent deterioration in function and without glo
merulosclerosis have shown encouraging re
sponses, but only six of the reported cases were 
oligo-anuric and required dialysis {80, 8l}, of 
whom four responded with return of renal 
function. Thus, high-dose intravenous methyl
prednisolone seems worth a trial even in oligo
anuric lupus nephritis with crescents. 

Plasmapheresis has also been applied to the 
treatment of SLE nephritis {l2, 86-88}, but all 
the patients treated have had mild to moderate 
impairment of renal function only. The role of 
this treatment in severe lupus nephritis with 
oliguria has not been evaluated. 

Ponticelli and colleagues {83} pointed to the 
importance of glomerular thrombi in acute 

renal failure in SLE and reported favorably on 
treatment with anticoagulants in four cases, all 
of whom regained function. We have also used 
combined anticoagulation and immunosuppres
sion in a total of eight patients with severe lu
pus nephritis, three of whom required dialysis. 
However, none of the three oliguric patients 
retained renal function. 

1 .3.5 H enoch-S chiinlein purpura Severe oli
guric renal failure is even more rare in Henoch
Schonlein purpura nephritis {30}. In a series of 
now over 200 patients, we have seen acute 
oligo-an uric renal failure and severe crescentic 
glomerulonephritis in only two patients, who 
both failed to respond to combined immuno
suppression and anticoagulation. Usually, glo
merulonephritis with extensive crescent forma
tion in a setting of Henoch-Schonlein purpura 
presents as a progressive renal failure over 
months or years, and even this outcome is rare 
[89}. There seem to be no data on the use of 
methylprednisolone in this situation, although 
McKenzie [12} and Kaufmann and Houwert 
{90} report three cases treated with plasma
pheresis. 

1 .3.6 Essential Cryoglobulinemia Occasional
ly, monoclonal cryoimmunoglobulinemia {9l} 
and rather more commonly mixed cryoglobuli
nemia {34, 91, 92} may present with ARF, 
whether an underlying disease can be identified 
or not ("essential mixed cryoglobulinemia"). In 
many instances, the acute renal failure reverses 
with immunosuppression {34}, especially intra
venous methylprednisolone; the use of plasma 
exchange would seem to have particular advan
tages, especially when large amounts of cry
oglobulin and immune complexes are present 
in the circulation McKenzie et al. {93} report 
on a case of severe progressive nephritis, short 
of oliguria, treated by plasmapheresis and im
munosuppression. 

1 .3. 7 Conclusions It is evident that aggres
sive treatment of oliguric forms of glomerulo
nephritis associated with severe crescent for
mation has not been evaluated fully in any 
instance. Nor, if one examines the data criti
cally, is it clear what advantages such aggres-
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sive treatment may have over supportive treat
ment, including dialysis. Perhaps the clearest 
indication from these uncontrolled data is that 
survival can be improved in Goodpasture's syn
drome, especially with pulmonary involve
ment, by plasmapheresis, and that perhaps this 
treatment also improves the prognosis for oli
guric crescentic nephritis in polyarteritis. Even 
less certain are the results of intravenous meth
ylprednisolone in nonsystemic crescentic glo
merulonephritis; it would appear that once oli
guria has become established, reversal is 
unlikely whatever treatment is given although 
about one in five cases of recovery has been re
ported. 

An important factor of immunosuppressive 
treatments is that the side effects, especially in
fections, may be worse than the disease [94]. 
This is particularly so with plasmapheresis 
combined with high doses of cytotoxic agents 
and steroids [94, 95]. In balancing the decision 
of whether and when to employ such treat
ments, this will remain an important consid
eration. 

2 Acute Renal Failure in 
Nephrotic Patients with Minor 
Glomerular Abnormalities 
Fifteen years ago, Wrong and colleagues [96, 
97] pointed out that patients with minor or 
minimal change lesions in their glomeruli, but 
a severe nephrotic syndrome, could go into 
acute renal failure. In their patients, oliguria 
was prolonged and dialysis necessary, but in 
most a diuresis was obtained one to four 
months later. They also noted a similar state in 
patients with severe amyloidosis and profuse 
proteinuria. Subsequently, a number of other 
authors have reported acute oliguria and uremia 
requiring dialysis in nephrotic patients with 
minimal change lesions [98-107], the prog
nosis varying from immediate return of renal 
function with volume replacement and diuret
ics through brief or prolonged periods of oli
guria to apparently permanent renal failure. 

2.1 CLINICAL DIAGNOSIS 

Almost all patients reported in the literature 
have been adults, usually over 50 or 60 years 
of age; one of our own patients with a minimal 

change nephrotic syndrome who went into 
ARF was 82 (figure 13-8). There is only one 
report of ARF in children with minimal lesions 
and a nephrotic syndrome [108] which de
scribes two boys of eight and twelve who re
quired dialysis for acute reversible renal failure. 
We have seen three cases of acute reversible 
renal failure in nephrotic children with mini
mal change: one, aged 2Y2, precipitated by 
pneumococcal septicemia and peritonitis an
other from extreme prolonged hypotension, 
which also resulted in aortic thrombosis and 
loss of both legs. A fourth child died anuric 
despite peritoneal dialysis. The more common 
situation in children and young adults is a pa
tient who may be uremic and oliguric, but 
whose urine output responds promptly to vol
ume replacement with intravenous albumin to
gether with diuretics. An inquiry of three 
units, who between them have seen more than 
2,000 nephrotic children, revealed no further 
unpublished cases; therefore, established ARF 
must be accounted very rare in nephrotic chil
dren (RHR White, I Greifer, M Broyer, per
sonal communications 1982). 

Obviously, it is very important to distin
guish between a minimal change lesion with 
immediately reversible oliguria, the same situ
ation but with established ARF, and the pa
tients with a proliferative glomerulonephritis, 
usually crescentic. Renal vein thrombosis [109] 
and acute interstitial nephritis [110] also need 
exclusion. In the early stages of acute oliguria 
in minimal change nephrotics, the urine is 
highly concentrated (DIP osmolality> 1. 3: 1), 
almost devoid of sodium «5 mmolll), and 
usually does not contain red cells; the latter is, 
of course, not true in patients with focal glo
merulosclerosis. If casts are present, they are 
usually only of the hyaline variety. Once tu
bular necrosis has become established, how
ever, and oliguria resistant to volume replace
ment and diuretics is present, the urine will be 
that of ATN with a higher sodium concentra
tion (20-60 mmolll), abundant granular casts, 
and red cells. Red cell casts, however, are usu
ally absent. Finally, in acute glomerulonephri
tis, the urine may show low sodium but with 
abundant red cells, red cells and other casts, 
and proteinuria. 

Thus, the urine findings are particularly 
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FIGURE 13-8. Renal biopsy in an 82-year-old man with a 
nephrotic syndrome and acute renal failure. The glomeru
lus is essentially normal (allowing for age), but tubules 
show extensive vacuolation and necrosis. Intravenous al
bumin (which failed ro achieve a diuresis) put him inro 
pulmonary edema. H e died later still on dialysis. (Silver 
methenamine counterstained with hemaroxylin and eosin, 
X 250.) 

helpful if the urinary findings suggest a mlfil
mal change lesion with reversible oliguria; any 
other finding may have to be sorted out by ju
dicious administration of fluids, colloid, and 
diuretics, and by renal biopsy. The history of a 
nephrotic syndrome will obviously by of great 
value, and renal vein thrombosis may need to 
be excluded by ultrasonography or venography 
(see below, however, on the toxicity of contrast 
agents in nephrotic patients.) 

Recently, several reports have appeared of 
nephrotic patients whose renal failure followed 
ingestion of prostaglandin synthetase inhibitors 
[111-116J, such as indomethacin [113, 114J 
or fenoprofen [115, 116J . In some, the changes 
were slow, in others acute. These drugs are 
known to cause an acute reversible drop in glo
merular filtration rate [117] and may also give 
rise to an interstitial nephritis, which was 

noted in some of the reported cases, in nonne
phrotic as well as those with a nephrotic syn
drome . Obviously, a search should be made in 
the history for other factors that might relate 
to renal failure, including other nephrotoxic 
drugs and agents (see chapter 2), other reasons 
for acute renal hypoperfusion or toxic pigmen
curia. 

2 .2 RENAL BIOPSY APPEARANCES 

Renal biopsies in nephrotic patients with acute 
renal failure do not show the usual distribution 
of glomerular histological patterns: although 
occasional patients with mesangiocapillary glo
merulonephritis, membranous nephropathy, or 
amyloidosis have been recorded, the great ma
jority show minimal changes, mild mesangial 
increase , or focal segmental glomerulosclerosis . 
The tubules and interstitium may be normal, 
allowing for age, but extensive tubular necrosis 
with or without regenerative changes may be 
seen. A few patients may show extensive inter
stitial infiltrates [99J; if this is so, the possibil
ity of drug sensitization should be considered 
(see chapter 2). But this is not always present, 
and a recent report suggests that this may re-
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late directly to the pathogenesis of the disor
der, in that minimal change nephrotic syn
drome may arise from a disorder of T-cell 
function [l16}. 

2.3 PATHOGENESIS 
At first, such cases were all thought to result 
from acute and prolonged hypovolemia [l18}, 
perhaps aggravated by other hypotensive events 
such as bleeding, anesthesia, and surgery, or 
septicemia, by whatever mechanisms lead to 
post-ischaemic ATN in nonnephrotic patients 
without preexisting hypovolemia (l19} (see 
chapter 2). In our own series of 12 nephrotic 
patients with ARF, such factors were impor
tant in three patients. Thus, the spectrum of 
"prerenal" uremia, established ARF, and irre
versible renal failure is seen in both nephrotic 
and nonnephrotic patients. However, it has 
become clear that the pathognesis of edema 
in the nephrotic patient (120} is more compli
cated than previously supposed and that hypo
volemia and consequent renal hypoperfusion 
cannot account for all cases of ARF in ne
phrotics. 

First, hypovolemia is present only in some 
nephrotic patients [l21}, others having normal 
or even expanded plasma volumes. This may 
have importance in the use of intravenous al
bumin in the management of the nephrotic pa
tient in ARF (see below). Most hypovolemic 
patients with high renin levels are those with 
minimal change lesions or minor changes 
[l22}. In the untreated nephrotic patient, 
plasma volume appears to return to around nor
mal levels, at the price of a grossly expanded 
interstitial volume, visible as edema. Second, a 
number of nephrotic patients with minimal 
change lesions are hypertensive (98, 121} 
rather than hypotensive, even when hypovo
lemic; this may arise from, or relate to, high 
renin levels. Finally, although most patients 
with an active minimal change nephrotic syn
drome show depressed glomerular filtration 
rates or creatinine clearances, in the few in 
whom plasma flow has been measured at the 
same time this was normal, or less prominently 
depressed, so that the filtration fraction was de
creased (112, 121} rather than increased as 
might be supposed. If only some cases of ARF 
in nephrotic patients arise from acute renal hy-

poperfusion, what is responsible for the re
maining cases? 

Lowenstein and colleagues (104} have sug
gested that renal edema causes a rise in inter
stitial pressure in nephrotic patients that could 
result in tubular collapse. Measurements of in
trarenal interstitial pressures have not been 
made in nephrotic patients as yet, although the 
kidneys are well known to be large in X-ray or 
ultrasonography in such patients. A possible 
role for altered glomerular permeability has 
been discussed; in minimal change children 
(l23} and adults [l24}, permeability to mole
cules of low molecular weight is decreased. In 
contrast to the increased permeability to mole
cules of higher molecular weight and in rats 
rendered hypoalbuminemic, the ultrafiltration 
coefficient fell, with no increase in the GFR 
(which would be expected from the fall in 
plasma oncotic pressure) (l25}. Further exper
iments by the same group in rats made ne
phrotic with puromycin aminonucleoside 
showed a fall in capillary ultrafiltration coeffi
cient (l26}. The morphological alterations in 
podocyte foot process structure in both experi
mental animals and human patients with ne
phrotic syndromes may provide the morpholog
ical correlate of this observation. At the 
moment, although we cannot be sure of what 
is going on in the majority of nephrotics in 
ARF, a change in ultrafiltration coefficient 
seems the most attractive explanation. 

In some patients, other factors involved in 
acute or tubular damage may be involved, in
cluding large doses of contrast media (127} 
nephrotoxic drugs other than prostaglandin 
synthetase inhibitors, septicemia, jaundice, 
myoglobinuria, etc. (see chapters 2, 11, and 
12). In our own series, three patients had epi
sodes of ARF following injections of large doses 
of meglimine ditrozoate for renal venography, 
using the technique of venous phase arteriog
raphy. Thus, the contrast was delivered di
rectly into the renal artery, and it is now clear 
that this technique carries considerable risk. 
Another patient had septicemia and another a 
major secondary hemorrhage from a surgical 
renal biopsy. 

2.4 CLINICAL MANAGEMENT 

Two immediate goals (apart from dealing with 
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uremia per se) are first to distinguish between 
a nephrotic syndrome arising from proliferative 
glomerulonephritis, and one the result of min
imal or minor changes alone; and second, to 
determine the reversibility of the lesion. As 
discussed above, a finding of highly concen
trated urine with a very low sodium concentra
tion, when coupled with a urine devoid of red 
cells and granular casts, strongly suggests a ne
phrotic syndrome arising from a minimal 
change lesion, which is at least potentially re
versible. However, a urine with a higher so
dium concentration, isoosmolar with plasma, 
and containing red cells and granular casts can 
arise either in a patient with severe glomerulo
nephritis or from a minimal change nephrotic 
syndrome with superadded ATN. Under these 
circumstances, only a renal biopsy can distin
guish between the two possibilities. A history 
of a nephrotic syndrome is in itself a favor of 
ATN in a nephrotic patient with minimal 
change since a nephrotic syndrome is unusual 
as a prodrome to an oligo-anuric crescentic glo
merulonephritis. 

To determine the reversibility of the oliguric 
state, and avert established ARF administra
tion of powerful diuretics, intravenous albu
min solutions, or both are often used. Both 
have dangers. If the patient is critically hypo
volemic and a response to the diuretic is ob
tained, the hypovolemia may be worsened and 
ARF rendered irreversible. If albumin is given 
indiscriminately and no diuresis is obtained, 
the sudden expansion of a normally filled or ov
erfilled circulation may lead to acute pulmo
nary edema. Thus, both agents should be 
given together, under careful and continuous 
observation of the hourly urinary output and 
the cardiovascular status; in patients with nor
mally filled or overfilled jugular veins, albu
min should be avoided. A central venous pres
sure line assists when the neck veins cannot be 
seen easily. Up to 1 G or more of frusemide 
may be needed to obtain a diuresis. 

The use of more powerful renal vasodilators, 
such as dopamine in low dosage (1-2 J..Lg/kg/ 
min) or oral captopril, is attractive, but no re
ports of their use in this situation have yet ap
peared. 

If no response is obtained to the restoration 
of a depleted circulating volume (if present) 

and diuretics in large dosage, then further ad
ministration of diuretics can lead to toxicity. 
Likewise, if a bladder catheter has been used 
in the initial stages to determine the hourly 
urine output, it may now be removed. Man
agement now centers on the management of a 
state of uremia that may last days, weeks, or 
months [97, 99}, sometimes complicated by 
continued losses of large amounts of albumin 
in the urine. 

The combination of a nephrotic state and 
uremia is dangerous, and the danger may be 
further increased by giving corticosteroids and! 
or immunosuppressants with the aim of put
ting the minimal change lesion into remission. 
Probably, the continued risks of proteinuria
and its massive increase when a diuresis is ob
tained-are less than adding immunosuppres
sion to hypoproteinemia and uremia, but this 
can be judged only for the inidividual patient. 
It is usual for proteinuria to remain in the ne
phrotic range despite oliguria severe enough to 
require dialysis. 

2.5 PROGNOSIS 

As indicated, this state is serious, and since 
many of the patients are over 60, death from 
complications is seen. However, in some pa
tients, renal function does not return [99, 
104, 106}, for reasons as obscure as the nature 
of the whole condition. There do not appear to 
be any clues as to which patients have irrevers
ible renal failure, and the prolonged oliguria 
in some patients (mean 43 days in Wrong's se
ries) [96, 97} means that dialysis must be pur
sued in any case. 
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14. VASCULAR NEPHROPATHIES AND 
ACUTE RENAL FAILURE IN ADULTS 

Jean-Daniel Sraer, 

Gabriel Richet 

Approximately 5 % of all cases of acute renal 
failure (ARF) are related to renovascular dis
eases [l-3}. This estimate is drawn from the 
results of renal biopsies performed when the 
clinical diagnosis of acute tubular necrosis 
(ATN) was uncertain. If anything, these statis
tics therefore underestimate the true frequency. 

1 Characteristics of Acute Renal Failure 
in Renovascular Diseases 
Acute renal failure in renovascular diseases is 
hallmarked by one or several features that 
should lead to immediate diagnosis and urgent 
etiopathogenic treatment. 

1.1 HISTORY 

Although it is often not apparent in the medi
cal history, the kidney may have been injured 
in the past, even if renal function is normal. A 
long-standing history of hypertension is also 
common [4}. 

1.2 ONSET 

The onset of renal failure is less abrupt than in 
ATN, and the initial phase can last from a few 
days to several weeks [5}. 
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1.3 CLINICAL FEATURES 

In addition to the manifestations of renal fail
ure, the following clinical features can occur: 
a. Hypertension is almost always present. It is 

generally severe, is usually associated with 
organic complications, and is preceded by a 
period of benign essential hypertension [4}. 
Malignant hypertension can occur before, a 
few days after, or at the same time as the 
onset of acute uremia. 

b. Other clinical features are arthralgia, myal
gia with or without amyotrophy, various 
central and peripheral neurological signs 
(the latter commonly presenting as mono
neuritis), vascular purpura, and other cu
taneous lesions and jaundice. This list can
not pretend to be exhaustive because of the 
frequent associations with multiple visceral 
lesions. 

1.4 LABORATORY FINDINGS 

a. Anemia is a constant feature. The combi
nation of microangiopathic hemolytic ane
mia and evidence of intravascular coagula
tion is particularly significant. 

b. Abnormal immunological processes can 
sometimes be detected; these vary according 
to the etiology of the renovascular disease. 
They include cryoglobulinemia, Latex and 
Waaler Rose agglutination, circulating im
mune complexes, hypocomplementemia, 
positive Coombs test, and hepatitis B anti
gens and antibodies. 

c. The most constant element of the urinary 
syndrome is gross or microscopic hematu
ria. Proteinuria is often abundant, up to 10 
to 15 g per liter, but the 24-hour excretion 
rate is low, due to oligo-anuria. 
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1.5 RADIOLOGICAL FEATURES 

Splanchnic angiography can reveal aneurysms, 
dead tree, and stationary wave aspects (5}. 

Renal arteriography can complete this pic
ture, showing distal ischemia in favor of cor
tical ischemia;. which is sometimes total. 

1.6 HISTOPATHOLOGY 

The histopathological alterations vary accord
ing to the vascular syndrome. Arterial lesions 
are often less severe than arteriolar lesions. 
The abnormalities include intimal thickening, 
thrombosis, and fibrinoid necrosis with or 
without perivascular granulomata. The glomer
ular lesions vary according to the type of reno
vascular disease: ischemic retraction of the 
flocculus; microectasia of the glomerular capil
laries; heterogeneous intraluminal deposits that 
can alter the capillary's permeability, so-called 
hyaline subendothelial deposits; thrombosis; 
endo- or extracapillary proliferation. The tub
ulo-interstitial lesions are nonspecific. Immu
nofluorescent microscopy easily detects fibrino
gen and sometimes deposited immunoglobulins 
and complement. In some syndromes, there are 
extrarenal lesions, granulomata, or acute angi
itic vascular lesions in the blood vessels of the 
skin, skeletal muscles, and the pituitary. 

Among all the features discussed above, mi
croangiopathic hemolytic anemia is clinically 
the most indicative of the vascular origin of 
acute renal failure. It explains the emphasis 
that must be placed on the hemolytic uremic 
syndrome. The only exceptions are the lesions 
of necrotizing angiitis, which are not usually 
accompanied by microangiopathic hemolysis. 
In fact, acute renal failure in angiitis is accom
panied by a glomerular syndrome and manifes
tations of cutaneous or visceral arterial throm
bosis and tupture. 

2 Hemolytic Uremic Syndromes (HUS) 
0/ the Adult 
These syndromes can occur independently from 
or in association with a pre-existing vascular 
disease. 

2.1 THE CLINICAL IMPORTANCE OF 
MICROANGIOPATHIC HEMOLYTIC ANEMIA 

This anemia often goes unnoticed as the low-

ered hemoglobin may be only transitory. It is 
the presence of this particular anemia that leads 
to the question of performing sophisticated in
vestigations such as renal biopsy or renal ar
teriography. They are indeed the two most 
rewarding investigations, but both have poten
tial hazards. Hemolytic anemia should be ex
cluded at the onset of every case of ARF. 

The anemia is often severe with low or ab
sent plasma haptoglobin levels, brisk reticulo
cytosis (over 100,000/mI), and bone marrow 
erythroid hyperplasia. The red blood cells are 
fragmented, forming schizocytes. The Coombs 
test is negative. The serum bilirubin level 
is slightly elevated (25-34 j.Lmolll, 1. 5-2.0 
mg/dl). 

However, it must not be overlooked that 
microangiopathic hemolytic anemia can exist in 
the absence of renal lesions, for example, in 
association with adenocarcinomata (6}, tox
emia of pregnancy (7, 8}, Kasabach-Merrit 
syndrome (9}, and disseminated intravascular 
coagulation (lO}. 

2.2 HEMOLYTIC UREMIC SYNDROMES 
IN THE ADULT WITHOUT ANY KNOWN 
VASCULAR DISEASE 

2.2.1 History In 1955, Gasser (ll} de
scribed the coincidence of hemolytic anemia, 
thrombocytopenia, and ARF with cortical ne
crosis in a child. A little later, Habib (I2} de
fined the clinical and pathological entity of 
the hemolytic uremic syndrome (HUS) with 
thrombotic microangiopathy, frequently revers
ible in children. The first adult cases were rec
ognized from 1966 onward by Waddell and 
Matz (I3}, Dunea et al. [l4}, and Mery et al. 
(I5}. Since then, many cases, both primary and 
secondary to vascular disease, have been re
ported. In the primary forms, the clinical and 
histopathological features are similar to those 
observed in the child. 

2.2.2 Clinical, Biochemical, and Radiological 
Description 

a. The premonitory phase is rarely absent. 
The symptoms are fatigue, even exhaustion, 
weight loss, fever, and various gastrointestinal 
complaints that can lead to laparotomy. In a 
series of 35 patients, this phase lasted from 7 



14. VASCULAR NEPHROPATHIES AND RENAL FAILURE 299 

to 60 days {2}. Two patients underwent lapa
rotomy, which did not reveal any surgical ab
normality. 

b. The renal failure appears abruptly and is 
marked by the characteristic features of acute 
uremia. Oligo-anuria is common. The most 
significant additional sign is hypertension, 
which can occur either just before, just after, 
or at the same time as the acute renal failure. 
In the majority of cases, this hypertension is 
malignant with diastolic blood pressure exceed
ing 120 mm Hg. The clinical picture can in
clude left ventricular failure, acute pulmonary 
edema, hypertensive encephalopathy with 
signs of inflammatory hypertensive retinopathy 
(hemorrhages, papilledema, and sometimes 
retinal detachment). Central neurological man
ifestations, such as convulsions, stupor, con
fusion, and coma, may occur even after the 
hypertension has been controlled. Arthralgia 
and purpura are frequent. Muscular wasting is 
virtually constant despite all efforts to avoid 
denutrition [16}. Hemorrhage, sometimes gas
trointestinal but more often uterine, can occur. 
The biological features of microangiopathic he
molytic anemia are always distinct. 

c. Arteriography of the aorta and its 
branches shows renal cortical ischemia, irregu
lar arteries almost completely interrupted at 
the corticomedullary junction, and sometimes 
intrarenal or intrasplenic microaneurisms. Last
ly, it can show "stationary wave" images, sim
ilar to those obtained in the splanchnic vessels 
of the rat after infusion of angiotensin II [17}. 

2.2.3 Clinical Course The outcome can be 
fatal due to visceral hemorrhage, cerebral or 
pulmonary edema, uncontrollable hyperten
sion, or even cachexia. Renal failure is often 
irreversible and dialysis and/or transplantation 
are required. However, cases of complete re
covery of renal function after weeks or months 
of oligo-anuria have been reported. The pa
tient's age, the etiology of the hemolytic 
uremic syndrome, more important still the 
precocity and the efficacy of the treatment, and 
the extent of the arteriolar (and secondarily the 
glomerular) lesions are the major factors gov
erning both mortality rates and renal recovery 
[18}. 

2.2.4 Histopathology Transcutaenous renal 
biopsy has revealed the initial renal lesions in
volved and their evolution. This procedure does 
carry risks because of the frequency of hemosta
tic disorders, vascular lesions, and hyperten
sion in these patients. Rupture of the kidney 
occurred in three of our patients"25 to 32 days 
after biopsy. The number of minor perirenal 
hematomas is undoubtedly far higher {2}. 

a. On light microscopy, the initial lesions 
are similar to those found in the child (figure 
14-1). The glomerular capillary walls are ini
tially thickened by large deposits projecting 
between the glomerular basement membrane 
and the swollen endothelium. These "clear de
posits" are eosinophilic, heterogeneous. With 
silver staining, the capillary lumen is reduced 
or even obstructed by a fibrillar network. Cap
illary thrombi caused by an amalgamation of 
eosinophilic material and red blood cell aggre
gates are frequent. Some capillary loops are 
filled with red cells and distended. There is no 
cellular proliferation. The lesions differ from 
one glomerulus to the next. This unequal in
jury persists at a later stage. Some lobules are 
sclerosed. In some places, the clear deposits 
persist. Sometimes, glomerular ischemia causes 
folding and retraction of the capillary walls. 
Some loops are filled with a homogenous, eo
sinophilic, nonfibrillar substance that is purple 
on PAS staining and that entirely obstructs the 
capillary lumen. This probably reflects the 
transformation of a fibrino-cruoric thrombus. 
Arterioles may be normal initially. More often 
they are damaged. At first, the lesions are 
patchy involving some arteriolar segments, 
sparing others. They consist in so-called fibri
noid necrosis of the vascular wall, likely to be 
due to red cells and plasma passing the endo
theliallining and infiltrating the muscular bed. 
Within the lumen, thrombi, including plate
lets, are seen here and there. The intima is ab
normal: swelling of the endothelial cells pro
jecting into the lumen, edema contributing to 
lumen narrowing, and local detachment of the 
endothelial sheet. Later lesions become orga
nized, leading to obstruction of the arteriolar 
lumen by an onion skin proliferation of smooth 
muscle cells and fibroblasts. This concentric 
endarteriolitis, although more extensive than 
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the early lesions, is still irregularly distributed 
within the kidney. In larger arteries, there is 
rarely proliferative endarteritis. The internal 
elastic lamina is intact. There is no parallel be
tween the degree of glomerular and arterial in
jury: a damaged glomerulus can be irrigated by 
a healthy afferent arteriole and vice versa. Tu
bular atrophy and necrosis is frequent. The tu

bules often contain hyaline or red blood cell 
casts. There are signs of interstitial involve
ment: edema, fibrosis, and in some cases, 10-

flammatory cells (19-22]. 

b. Electron microscopy better analyzes the 
glo~erular abnormalities. Cytoplasmic hyper
p.lasia of the capillary endothelial cell is respon
SIble . for luminal narrowing. This cytoplasm 
contaInS a voluminous ergastoplasm and a fine 
p:ripheral laminar network that can be recog
n.Ized at a low magnification. Multiple inclu
slOns. containing red blood cell and platelet 
debns suggest intense phagocytic activity. 
Glomerular basement membrane lesions are 
limited to the area between the lamina densa 
and -the endothelial cytoplasm. This zone is far 
wider than the normal lamina rara interna and 

FIGURE 14-1. Glomerular lesions in the hemolytic
uremic syndrome. (X 400) 

contains a deposit that is as opaque as the lam
ina densa in some places and appears lighter 
but cloudy in the spaces in between. The cap
illary lumen is full of a proteinaceous substance 
containing red blood cells and platelets that 
have sometimes agglutinated; in places, this 
substance extends through the endothelium to 
reach the lamina densa. There is a striking re
semblance between this intracapillary substance 
and the clear deposit seen with light micros
copy (19, 23]. 

c. Immunofluorescent microscopy is of great 
value because of the rapidity with which it pro
vides results. It is an emergency investigation. 
Large fibrin deposits are visible in the glomer
ular tuft and on the arteriolar lesions. Neither 
complement nor immunoglobulins are depos
ited. The discovery of fibrin immediately dif
ferentiates the renal lesions from those of A TN 
or extracapillary glomerulonephritis [18, 20). 

There seem to be three distinct histopatho
logical groups in the HUS of the adult. The 
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FIGURE 14- 2. "Onion-skin" arteriole. (X 400) 

first group is characterized by exclusively or 
predominantly glomerular lesions. Any exist
ing arteriolar lesions are discrete, limited to 
narrow zones of necrosis or tumefaction of the 
endothelium. These lesions can be reversible, 
and hopefully there follows at least partial re
covery of renal function. Some glomerular scle
rosis and arteriolar obstruction have been ob
served in the course of the disease in this 
group, but renal integrity is not compromised. 
The distinctive feature of the second group is a 
diffuse proliferation of the arteriolar endothe
lium. These vessels are often obstructed ("on
ion-skin arterioles") (figure 14-2). This lesion 
is frequently associated with fibrinoid necrosis. 
Most of the glomeruli are ischemic; the re
maining few have clear subendothelial deposits 
and fibrillar matting. In most cases, a severe 
high renin hypertension makes an early appear
ance. Renal failure is generally permanent. A 
third group combines the two types described 
above. This association of arteriolar and glo
merular lesions is especially frequent when the 
renal biopsy is carried out late in clinical 

course, when acute renal failure is prolonged. 
Renal prognosis is again poor. At the present 
date, it is unknown whether these three groups 
should be classified as separate anatomical en
tities or whether all the lesions are due to the 
same initial insult injuring either glomerular or 
arteriolar endothelial cells, or both. Indeed, if 
it were possible to prove in some patients that 
the arteriolar lesions existed in their own right, 
independent from hypertension, before the ap
pearance of glomerular alterations, these cases 
would be no different from those labeled ma
lignant nephroangiosclerosis. This theory, 
which was proposed by Bohle, is of fundamen
tal importance (24-27). The endothelial lesion 
is considered by some as primary and therefore 
critical (27). 

2 .2.5 Pathophysiology The pathophysiology 
is far from clear. There is definitely a relation
ship between the arteriolar fibrin deposits and 
hemolysis. The work of Symmers (28), Monroe 
and Strauss (29) , Brain et al. (6), and Gavras 
et al. (30) showed that the schizocytosis is me
chanical, the red blood cells being injured 
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when they encounter the intraluminal fibrin 
deposits in the arterioles and glomeruli. Arte
rial hypertension is an aggravating factor. Schi
zocytosis would seem to be the initial phase of 
hemolysis. Plasma from these patients engen
ders neither RBC deformation nor destruction 
in vitro [31, 32}. On the contrary, red cells are 
fragmented when they are forced through a fi
brin network [33-35}. Intravascular coagula
tion could be then either the cause of the he
molysis, due to fibrin deposits and endothelial 
lesions it creates, or the consequence of hemo
lysis, due to intraglomerular thromboplastin 
liberation [36-44}. Great emphasis has re
cently been placed on platelet aggregation 
along the glomerular and arteriolar endothelial 
cells. A theory suggests that the plasma of pa
tients with the HUS contains factors that in
hibit the endothelium's physiological reaction 
to increased platelet Thromboxane A2 synthesis 
[45-50}. In fact, inhibition of vascular prosta
cyclin synthesis has been demonstrated in three 
patients. After treatment by plasma exchange, 
endothelial prostacyclin synthesis returned to 
normal. The suppression of prostacyclin for
mation seems to be related to complex humoral 
mechanisms involving oxidating and antioxi
dating factors. Direct damage to the endothe
lium of small renal vessels and glomeruli is an
other initiating mechanism to be taken into 
consideration. Endothelial injury could be 
caused by local modifications in the renal mi
crocirculation, due to vasoactive hormone re
lease during a shock syndrome [51, 52}. The 
same endothelial lesions have been demon
strated in endotoxic shock and in immune 
complex deposits. These initial endothelial le
sions induce local coagulation with platelet ag
gregation and, secondarily, hemolysis by RBC 
fragmentation. The RBC membranes appear to 
bring about disseminated intravascular coagu
lation by release of a thromboplastin-like sub
stance. For some reason, the injured endothe
lium is no longer capable of secreting 
plasminogen-activating enzymes [53}, which 
are usually abundant and fast-acting in the glo
merulus. This we have proved in the rat-in 
which the induction of disseminated intravas
cular coagulation is immediately followed by 
release of these enzymes-with disappearance 

of the intracapillary thrombi sixty minutes af
ter the thrombin infusion is stopped [54, 55}. 
In human pathology, renal intravascular coag
ulation has been proved both by immunohis
tochemical and biological methods, the latter 
showing an increase in platelet and fibrinogen 
turnover [56}. The cause of the endothelial le
sions is not well understood. Perhaps they are 
due to immunological phenomena, but immu
noglobulin and complement deposits are rare 
on renal biopsy. However, in thrombotic mi
croangiopathy in the adult, it has been possible 
to detect brief hypocomplementemia, circulat
ing complement fragments, and circulating 
immune complexes [57-61}. Coagulation 
could be induced locally by complement acti
vation. Mechanical phenomena would then be 
responsible for fibrin deposits and microangio
pathic hemolytic anemia. Platelet adhesion 
could explain the thrombocytopenia. 

2.2.6 Treatment If a cause, such as infection 
or oral hormonal contraceptives, is discovered, 
appropriate therapeutic measures should be 
taken, even though their efficacy cannot be as
certained once the pathological process has be
gun. These specific measures are discussed in 
the chapter dealing with different clinical 
forms. However, the major therapeutic deci
sions, apart from those destined to control the 
manifestations of renal failure, are directed by 
the specific symptoms and the presumed patho
physiology of this syndrome. 

2.2.6.1 SYMPTOMATIC THERAPEUTIC MEASURES. 

Treatment of hypertension: Malignant hyper
tension is a medical emergency that requires 
urgent therapy aimed at reducing arterial blood 
pressure to normal levels (systolic < 150 mm 
Hg, diastolic < 90 mm Hg) within a few 
hours. Antihypertensive vasodilators such as 
diazoxide and parenteral dihydralazine must be 
used. Precautions should be taken to avoid 
compromising the blood supply to the major 
organs due to vasodilatation, by maintaining a 
sufficient blood volume. In our experience, an 
intravenous bolus of diazoxide results in fast re
turn to normal blood pressure, whenever intra
muscular dihydralazine is ineffective. We rarely 
use intravenous nitroprusside because of renal 
failure and the risk, however small it may be, 
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of cyanide poisoning. At this highly acute 
stage of the disease, both oral Captopril and 
Minoxidil are effective and can be adminis
trated. Some consider Captopril, at a minimal 
dose of 75 mg, to be the treatment of choice. 
Whichever vasodilator is chosen, it must be 
used in conjunction with a beta-adrenergic re
ceptor-blocking agent that, among other ac
tions, reduces renin output by already ischemic 
kidneys. Clonidine can be used intramuscularly 
but not intravenously because of its agonist ef
fect on alpha receptors. In general, after an ini
tial phase of three to four days when parenteral 
therapy is essential, blood pressure can be con
troled by oral administration of beta blockers 
and vasodilators, complemented, if necessary, 
by depletion of extracellular fluid by ultrafiltra
tion during dialysis. 

Anticoaguiant ·therapy: Heparin therapy, fol
lowed up by vitamin K antagonists, has been 
proposed fo~ the past 15 years (18, 62-72}. A 
precise evaluation of its use is impossible. Nev
ertheless, we continue to use anticoagulant 
therapy because we have been impressed by the 
occurrence of relapses when these drugs were 
withdrawn. However, we only resort to anti
coagulants when renal biopsy shows little or no 
arterial injury, as they are of no avail once the 
arteriolar lesions are organized and have caused 
glomerular ischemia. Streptokinase was pro
posed but then abandoned because of hemor
rhagic complications. 

Inhibitors of platelet aggregation, such as 
dipyridamole, have not yet been proved effi
cient when used alone [71, 73}. 

2.2.6.2 PHYSIOPATHOLOGICAL THERAPY. Physio-
pathological therapy is aimed at suppression of 
platelet Thromboxane elaboration or neutraliza
tion of its harmful effects by stimulation of en
dothelial cell prostacyclins. Other forms of 
therapy, including immunosuppressive agents, 
corticosteroids [5, 74}, prostacyclins (75}, 
fresh plasma transfusions, and plasma ex
changes [76-79}, have also been employed, but 
the successful reports of treatment in individual 
patients are ambiguous and often unconvinc
ing; moreover, no controlled studies are avail
able. We have twice observed complete recov
ery with symptomatic therapeutic measures 
alone. In view of the uncertainty surrounding 

treatment of this syndrome, certain authors 
now adopt a purely symptomatic, supportive, 
therapeutic attitude. 

Symptomatic or physiopathological therapy 
must be closely supervised, as complications 
from long-term use of these drugs are particu
larly frequent in patients with renal failure. 
Strict, prolonged compliance to the treatment 
is essential since recovery of renal function suf
ficient to forego dialysis often occurs after sev
eral weeks, or even months, of oligo-anuria. 
This favorable evolution has become more fre
quent since efficient vasodilators such as Cap
topril and Minoxidil, used in association with 
beta blockers, have been available. For these 
reasons, the dosage of the drugs used must be 
carefully adapted to obtain near normal blood 
pressure and blood volume and satisfactory he
mostasis. 

If uremia is irreversible, survival is main
tained by dialysis. Hypertension is the main 
therapeutic problem. Because of the wide range 
of antihypertensive agents now available, re
fractory hypertension has become exceptional 
and there is hardly ever need for bilateral ne
phrectomy, which was frequently employed 10 
years ago. Renal transplantation is not con
traindicated. In our own experience of seven 
patients, six have evolved favorably, with no 
recurrence in the transplant and no acute vas
cular rejection; one of our patients was trans
planted over 10 years ago [5, 80}. 

2.2.7 Etiological Variants 0/ Hemolytic Uremic 
Syndromes in Patients Without Any Known 
Vascular Disease 
a. There is often an infectious cause involved: 

Typhoid fever [81}, E. Coli septicemia [82, 
83}, pseudomonas [84}, some neuramini
dase-producing pneumococci [85}, shigella 
[86, 87}. Viral infection is often invoked 
[82, 88-90}. In addition to these well
documented cases, there is a remarkable fre
quency of intense signs of infection in the 
premonitory phase; moreover, some cases of 
familial HUS have been reported, which 
cannot be due exclusively to genetic factors 
[89}. A HUS was diagnosed in two children 
of different parents living in the same home 
in connection with a familial viral infection 
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due to the Asiatic influenza VIruS 2 [90, 
91}. 

b. Hemolytic uremic syndrome in pregnancy: 
After exclusion of all cases appearing as 
complications of septic abortion [82, 91}, 
placental retention, and retroplacental he
matoma [92-94}, pregnancy is a cause of 
the HUS in its own right [6, 62, 63, 95, 
96}. The syndrome can occur as early as the 
fifth month of pregnancy (97J. However, in 
most cases, it occurs in the days or weeks 
following an uncomplicated delivery and an 
apparently normal pregnancy. The longest 
interval recorded is 10 months [5}. The fea
tures of the HUS are the same as those de
scribed above. The premonitory phase is 
short, often marked by uterine hemor
rhages. Blood pressure frequently rises a few 
days after the onset of anuria. In our series 
of seven cases, the renal lesions healed com
pletely in two women, but the remaining 
five survived, thanks only to dialysis and 
transplantation. These patients' renal prog
nosis is therefore always severe. In some 
other series, mortality is higher than in 
ours. 

c. Hemolytic uremic syndrome and oral con
traceptives: The frequency of this syndrome 
during hormonal contraceptive treatment is 
low, but not negligible (98-100). Three 
important facts must be taken into consid
eration: the interval between the start of 
oral contraception and the onset of the dis
ease is anything from a few weeks to ten 
years; there is no connection between the 
HUS and hypertension, which can also oc
cur occasionally during contraceptive treat
ment; high doses of oestrogens, and not 
progesterones, are responsible for the syn
drome. A good illustration is provided by 
the case of a HUS occurring five months af
ter a pregnancy, on oral contraceptives; 
three years later, a renal transplant was car
ried out; the HUS recurred ten months af
ter substitution of pure progestatives by es
troprogestatives [101, 102}. 

d. Hemolytic uremic syndrome and multisys
tem diseases. This association is rare, with 
one reported case of lupus (103}, one of our 
patients with rheumatoid arthritis [104}, 
one case of familial glomerulitis [105}, and 

some cases after mitomycin treatment 
[106}. 

e. Hemolytic uremic syndrome and hyperacute 
rejection of transplant are frequently associ
ated. 

2.2.8 Relationship Between Hemolytic Uremic 
Syndrome and Thrombotic Thrombocytopenic Purpura 
These two syndromes have much in common. 
Classically, they differ by the higher frequency 
of brain damage and the lower frequency of 
kidney damage in thrombotic thrombocyto
penic purpura. In fact, this clinical distinction 
is not so clear-cut as it appears. However, renal 
histology may differentiate the two syndromes. 
Although fibrinoid thrombi are present in both 
cases, the glomerular lesions observed in 
thrombotic thrombocytopenic purpura, such as 
the thickened capillary walls without clear de
posits and the discrete endocapillary prolifera
tion, are absent in the HUS. These arguments 
are not definitive [107, 108}. 

2.2.9 Relationship Between Hemolytic Uremic 
Syndrome and Cortical Necrosis. The first cases 
of HUS described by Gasser [1l} in the child 
involved cortical necrosis. Renal arteriography 
performed early in both syndromes shows isch
emia. But ischemia and cortical necrosis are not 
identical although early in the course of the 
disease, radiological appearance are the same. 
However, a recent study showed that the HUS 
was present in only two out of 38 cases of cor
tical necrosis (93, 109}. The evolution is dif
ferent: definitive anuria probably occurs in the 
HUS because the distal lesions affect all the ar
terioles, whereas cortical necrosis results from 
the juxtaposition of ischemic zones, separated 
by areas of intact parenchyma, enough to pro
vide satisfactory renal function. 

2.3 HEMOLYTIC UREMIC SYNDROME IN 
PATIENTS WITH VASCULAR DISEASE 

2.3.1 Hemolytic Uremic Syndrome in Malignant 
Hypertension 

2.3.1.1 CLINICAL FEATURES. Malignant hyper
tension is a clinical syndrome first described by 
Volhard and Fahr in 1914 [1lO}. Uremia due 
to ARF is part of this syndrome. More recently 
[28-30}, it appeared that, although clinically 
discrete, microangiopathic hemolytic anemia is 
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constant, always biochemically detectable, even 
if the onset of malignant hypertension is very 
progressive. The hemolytic uremic syndrome is 
associated with the other clinical features of 
malignant hypertension. The ocular and neu
rological signs are most severe [5}. Hyperten
sive retinopathy is constant, with soft exudates, 
hemorrhages, and retinal detachment. Papill
edema is found in approximately 75% of cases 
[111, 112}. The manifestations of hypertensive 
encephalopathy are thirst, severe headache, 
vomiting, confusion, stupor, even coma. In 
some cases, generalized or localized convulsions 
can occur, imitating a tumoral syndrome [III, 
113}. Hypertensive encephalopathy results 
from either multiple cerebral arteriolar thrombi 
or from plasmatic exudates through cerebral ar
teriolar walls; successive arteriolar segments are 
alternately dilated then constricted [113-117}. 
The rapid, considerable weight loss of these pa
tients is equally impressive [76, III}. This, in 
combination with muscular wasting, is a major 
clinical feature we have frequently observed. 
The patient's degree of hydration varies accord
ing to time elapsed since onset of renal failure, 
intensity of gastrointestinal losses, whether the 
patient continues to eat and drink, and the 
treatment given. This must be estimated rap
idly, and if the extracellular volume is de
pleted, it must be corrected simultaneously or 
even before commencing antihypertensive 
treatment, as there is a danger of hypotensive 
shock when vasodilators are used in dehydrated 
patients. Most patients have elevated peripheral 
plasma renin activity levels and increased aldo
sterone production, even when normally hy
drated [118}; this in turn lowers kalemia and 
raises bicarbonate levels. This secondary hyper
aldosteronism is a consequence of increased jux
taglomerular cell activity in reply to renal isch
emia. This activity persists even when renal 
failure is far advanced. 

23.1.2 EVOLUTION. The evolution of HUS in 
malignant hypertension is always extremely se
vere. Mortality is high, due to cerebral hem
orrhage, cardiac infarction, hemorrhagic pan
creatitis, or rapidly progressing cachexia due to 
poor mesenteric blood flow, as shown by 
splanchnic arteriography [119}. However, sur
vival rates have improved with the advent of 
new antihypertensive agents that are essentially 

vasodilators, in particular Captopril, used in 
conjunction with beta blockers and that de
crease renin secretion; systematic prevention 
and treatment of the extracellular dehydration 
that often occurs have also improved prognosis 
(l20-122}. Although therapy is far from guar
anteeing prevention of renal destruction, it 
does permit survival and maintains blood flow 
to the major organs. Contrary to what was con
sidered as established fact, belated improve
ment of renal function can occur, even after 
two or three years of dialysis [123, 124}. Such 
cases are rare, but usually come about when 
blood pressure has been perfectly controlled. 
Bilateral nephrectomy, advocated a few years 
ago when hypertension was difficult to control, 
is no longer considered. No undue complica
tions are encountered on chronic dialysis or 
transplantation. We have not observed any case 
of recurrence in our transplanted patients. 

2.3.1.3 THE HEMOLYTIC UREMIC SYNDROME OF PRI

MARY AND OF SECONDARY MALIGNANT HYPERTEN

SION. They are not entirely identical. 

a. HUS in secondary malignant hypertension 
is by far the more frequent. It complicates a 
hypertensive vascular disease, that was first de
tected anytime from one to 20 previously [5, 
125-127}. About I % of patients with perma
nent hypertension will develop the malignant 
phase. Men are slightly more commonly af
fected than women (60% compared to 40%). 
The average age at diagnosis is 40 to 50 years 
(l28}. Malignant hypertension more often oc
curs in the course of essential hypertension, but 
can also complicate secondary hypertension, 
which has usually appeared recently. The pre
monitory signs are rise in diastolic pressure lev
els above 120 mm Hg, inefficacy of treatment, 
and symptoms such as headache, vertigo, visual 
disturbances, and weight loss. After onset, the 
feature of malignant hypertension are those de
scribed above. 

b. HUS in primary malignant hypertension 
was actually the one described by Volhard and 
Fahr (llO}, then Schurmann and MacMahon 
(l29l In the past few years, Bohle et at. [25, 
26} have carried out impressive clinical and an
atomical studies on this syndrome, which they 
have called primitive malignant nephroangio-
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sclerosis. In some cases, it could be due to a 
rapid aggravation of hypertension, which was 
latent and disregarded. However, in other pa
tients, both adults and children, blood pressure 
was definitely normal before the onset of malig
nant hypertension, but renal lesions (giving 
rise to symptoms) were already present. Renal 
biopsy shows well-organized endarterial prolif
eration, which suggests that the arterial wall 
was damaged prior to onset of malignant hy
pertension and that these injuries may even be 
responsible for the hypertension (4}. Similarly, 
in HUS, which complicates pregnancy, hor
monal contraceptive treatment, or scleroderma, 
renal arterial lesions have been shown to pre
cede the other manifestations of the syndrome. 
It is therefore possible that an exclusively renal 
vascular disease could be responsible for some 
cases of primitive malignant hypertension ac
companied by HUS. 

2.3.2 Histopathology Arteriolar lesions are 
predominant (5}. In some areas, fibrinoid ne
crosis covers all the layers of the arteriolar wall. 

FIGURE 14-3. Ischemic glomerulus. (X 250) 

In others, this wall is not destroyed: the endo
thelium is hypertrophic, the concentric prolif
eration of its cells creating onion-like prolifer
ative endarteritis. The remaining lumen is 
much-reduced or even obliterated. The media 
contain numerous muscular cells, wedged be
tween the multiple lamellae of elastic fibers. 
The lumen can be obstructed by cruoric 
thrombi. The lesions of all the arterioles are 
always strikingly similar. The flocculi of most 
glomeruli contain no blood and are retracted to 
the vascular pole, leaving a vast Bowman's 
space (figure 14-3). The decrease in the capil
lary lumen is due to festooned folding of the 
glomerular basement membrane alone, with 
neither matting feutrage, argentaffine fibrils, 
endothelial swelling, nor eosinophilic deposits. 
Clear deposits, when present, are rare, irregu
lar, and small. Some glomerular loops are ec
tatic, swollen, and full of red blood cells. The 
mesangmm is retracted, containing few cells. 
Bowman's capsule IS generally thickened. 
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Later, glomeruli are invaded by an irregular, 
homogenous sclerosis, but silver staining still 
reveals thick, festooned, residual basement 
membranes. These two different aspects are 
named glomerular simplification and glomeru
lar obsolescence. The glomerular ischemia, 
which is responsible for these lesions, is closely 
related to the degree of arteriolar injury [130, 
131}. 

2.3.3 Physiopathology Hypertension is at 
least partially responsible for the arteriolar le
sions of BUS, including fibrinoid necrosis. 
This is implied by the correlation between the 
intensity of these lesions and the blood pressure 
levels [13 2-134J and by the fact that both es
sential hypertension and hypertension second
ary to Cushing's syndrome, phaeochromocy
toma or renal artery stenosis, cause identical 
damage [l35}. Hypertension experimentally 
induced by angiotensin infusion also produces 
these lesions. Moreover, early antihypertensive 
therapy can bring about their reversal: this con
firms histologically what has been observed in 
clinical practice. Hypertension is the patho
genic factor not angiotensin, whose production 
is always increased in these patients. Indeed, 
the same typical lesions occur in hypertensive 
rats whether the plasma renin activity is high 
or low. It is easy to understand the establish
ment of a vicious circle of hypertension, pro
ducing renal arteriolar lesions, which in turn 
cause glomerular ischemia stimulating renin 
and angiotensin 11 release with increased hyper
tension. One can therefore conclude that anti
hypertensive therapy plays more than a purely 
symptomatic part in the treatment of this syn
drome [l36-142}. 

Despite this common pre-eminence of hyper
tension in the sequence of pathological events, 
cases where arteriolar lesions antedate hyperten
sion should not be overlooked. Their mecha
nism is not understood. It is only known that 
they can follow synthetic estrogen therapy and 
viral or microbial infections. 

2.3.4 Treatment Treatment consists solely of 
controlling the hypertension, the only known 
factor that intervenes on the renal vascular le
sions, exacerbating them in all cases, probably 

their only cause when hypertension existed be
forehand. As related above, partial recovery of 
sufficient renal function for autonomous sur
vival is rare. The aim is to maintain a reason
able quality of life with dialysis and, if possi
ble, with transplantation. The modalities of 
the treatment are described above. 

2.4 THE HEMOLYTIC UREMIC SYNDROME 
AND SCLERODERMA 

HUS is a frequent cause of death in sclero
derma. In a survey of 358 cases, HUS occurred 
in 17 patients; in two other surveys, HUS was 
responsible for half of all deaths [143-147]. 
Our own experience of four patients confirms 
these statistics. During the course of sclero
derma, vague premonitory manifestations ap
pear; uterine hemorrhages are particularly fre
quent in this phase. Several weeks later, the 
onset of HUS is explosive, completed by 
abrupt anuria. Hypertension is moderate in our 
experience, the systolic level is less than 180 
mm Hg, the diastolic level less than 110 mm 
Hg, and blood pressure is easily controlled by 
treatment. This certainly does not fit the clas
sical description of malignant hypertension. An 
intense retinopathy also contrasts with the 
modesty of the hypertension. All our patients 
died within a few months, without recovery of 
diuresis. Attention has recently been drawn to 
cases of returned renal function, particularly in 
patients treated by inhibitors of the angioten
sin-converting enzyme. Renal transplantation 
using a cadaver kidney is possible as recurrence 
of HUS after transplantation is not systematic. 
Among ten patients, one still survives after five 
years with a transplanted kidney [147J. 

2.4.1 Histopathology Renal arterial lesions 
are prevalent, with accessory arteriolar tn Jury, 
as in all cases of scleroderma, with or without 
hypertension, even in the absence of the clini
cal and biochemical features of renal failure. 
The lesions consist of a "mucoid" thickening of 
the endothelium and cellular proliferation (fig
ure 14-4). A few zones of fibrinoid necrosis can 
be authenticated. The glomeruli are ischemic 
and contain scarce clear deposits [21, 148J. 
Immunofluorescent microscopy shows fibrin de
posits in the arteries and arterioles. 
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It is clear from this clinical and anatomical 
description that the HUS of scleroderma and 
secondary malignant hypertension have little in 
common. On the other hand, there is some 
similarity with the initial phase of primitive 
malignant nephroangiosclerosis in cases when 
hypertension makes a belated appearance: in 
both syndromes, hypertension follows the renal 
lesions. The hypothesis of renal arterial spasm 
is tempting, however vague this term may 
be, aggravation would then be due to the 
adjunction of intravascular coagulation {l49, 
I50}. 

3 Acute Renal Failure in Angiitis 
In contrast with the previous renovascular dis
eases, renal failure in angiitis closely resembles 
that of glomerulonephritis. 

3.1 COMMON FEATURES OF ACUTE RENAL 
FAILURE IN ANGIITIS 

Renal and extrarenal symptomatology is ex
tremely rich. 

FIGURE 14-4. Renal arterial lesions In scleroderma. 
(X 400) 

3.1.1 Renal Manifestations 0/ Angiitis Compli
cated by Acute Renal Failure In the phase prior 
to onset of acute uremia, most of the renal 
signs are those of a progressive glomerulone
phritis: proteinuria is frequently is excess of 2 
g per day. Hematuria, often gross, is present 
in 75% of all cases. A clinical and biochemical 
nephrotic syndrome often accompanies renal 
failure. Hypertension is usually moderate and 
rarely bears the characteristic traits of malig
nant hypertension. Accordingly, retinopathy is 
rarer than in other forms of acute renal failure 
of vascular origin. Lastly, in most cases, renal 
failure can be more precisely termed "rapidly 
progressive" than "acute," as it occurs at least 
30 days after the first clinical sign of uremia 
{l5I-I55}. 

3.1.2 The Extrarenal Signs 0/ Angiitis During 
Acute Renal Failure They are numerous, bear
ing witness to the vascular lesions in multiple 
organs . Fever, weight loss, arthralgia, and 
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amyotrophy are present in over 60% of all pa
tients. Peripheral neuropathy, skin lesions, up
per respiratory tract disorders and coronary 
signs are less common. The hematological pro
file usually combines eosinophilia and various 
immunological anomalies, for example, posi
tive Rose Waaler and Latex agglutination tests, 
cryoglobulinemia, circulating immune com
plexes detected by radio-labeled Clq or Raji 
cells technique {15 5-15 7}. 

The association of peripheral neuropathy, ab
dominal pain, and intra- or extrarenal aneu
rysms on aortography is strongly in favor of po
lyarteritis nodosa, whereas an upper respiratory 
tract disorder generally implies Wegener's 
granulomatosis. These two variants are best 
distinguished. 

The ultimate diagnosis of angiitis is made on 
the grounds of renal or extrarenal histology. 
Histological and clinical descriptions and treat
ment of these diseases are dealt with in the 
chapter concerning diffuse extracapillary glo
merulonephritis (chapter 13). 

4 Acute Renal Failure in 
Essential Cryoglobulinemia 
Renal involvement is one of the complications 
of mixed cryoglobulinemias. In most cases, as 
Meltzer and Franklin {158, 159} demonstrated 
in 1967, the renal manifestation is chronic glo
merulonephritis. Sometimes ARF can occur 
secondarily. Occasionally, it is the initial sign 
of renal disease. 

4.1 THE ONSET 

ARF is heralded by a short premonitory phase 
with fever and other extrarenal features. Pro
teinuria and microscopic or gross hematuria are 
present from then onward. A nephrotic syn
drome is frequent and hypertension usual but 
not malignant. Within a few days, an acute 
renal failure, which is habitually anuric, is es
tablished [160}. 

4.2 EXTRARENAL MANIFESTATIONS 

The extrarenal manifestations reflect the wide
spread inflammatory vascular lesions: papular 
purpura, necrotic ulceration and sundry other 
skin lesions, seizures, Raynaud's phenomenon, 

abdominal pain, hepatosplenomegaly, and en
larged lymph nodes are the main features. 
Mixed cryoglobulinemia usually consists of IgG 
and IgM, sometimes IgG and IgA or two IgGs 
belonging to different groups. When the IgM 
is monoclonal, cryoglobulinemia is classified 
type II; when the IgM is polyclonal, it is clas
sified type III. Latex and Rose Waaler aggluti
nation tests are positive with the supernatant 
and the cryoglobulin. Serum complement com
ponents are depressed and circulating frag
ments of C3 abundant [158, 159, 161-164}. 

4.3 RENAL HISTOLOGY 

Renal histology characteristically shows pre
dominantly glomerular lesions, with an associ
ation of endocapillary proliferation, discrete ex
tracapillary proliferation, and endomembranous 
deposits, which are often voluminous, forming 
genuine occlusive thrombi. The proliferative 
cells are mainly mononucleated; it is not 
known whether they are of mesangial, endothe
lial, or hematological origin. The deposits con
tain IgG and IgM or IgA, or IgGs of different 
types, like the circulating cryoglobulin. Clq 
and C3 can be detected. However, there are no 
fibrin deposits, and the term fibrinoid, given to 
the deposits because of their staining character
istics, is misleading (160, 165-168}. Necrotiz
ing angeitis is often disclosed on serial sections. 

4.4 EVOLUTION 

Evolution is largely dependent on the underly
ing disease and the trigger that launched the 
acute episode of cryoglobulinemia, often an in
fection in our experience. In addition, the 
course is governed by the complications of ex
trarenal manifestations, intercurrent infections, 
and therapeutic incidents, especially when im
munosuppressive agents are prescribed system
ically. If the patient escapes these multiple 
dangers, the renal lesions regress simulta
neously with the extrarenal features and cryo
globulinemia. The increase in urinary volume 
is accompanied by profuse proteinuria, which 
can entail appearance or reappearance of a tran
sitory nephrotic syndrome, which vanishes 
within a few weeks when urinary albumin leak
age decreases. Hypertension ceases within one 
to three weeks. Renal recovery can be total, 
with neither functional nor anatomical se-
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quelae, as we have confirmed by means of itera
tive biopsies. Sometimes, discrete proteinuria 
persists, with or without stable renal failure. 
W(! have witnessed several cases of recurrent 
ARF associated with reappearance of cryoglob
ulinemia and resurgence of the extrarenal man
ifestations. The cause of these episodes is un
clear, but they seem related to a relapse of the 
underlying disorder, or some intercurrent fac
tor, for example an infection. One of our pa
tients survived five episodes of acute oligo-an
uric renal failure, each one reversible, from 
which recovery was proven anatomically, before 
dying from a reticulosarcoma [160, 167, 168}. 

5 Acute Renal Failure Due to Acute 
Vascular Occlusion 
These cases of ARF are exceptionally rare. They 
occur only on bilateral occlusion or are unilat
eral with one functional kidney. 

5.1 ARTERIAL OCCLUSION 

Three types of oriental occlusion can be distin
guished. 

5.1.1 Cruoric Obstacle in the Large Renal 
Vessels This can be due either to embolism or 
to acute thrombosis on an atheromatous plaque 
in the renal artery or the aorta at the origin of 
the former [169-17 2}. Onset is explosive, 
marked by violent abdominal and lumbar pain 
with multiple radiations, sometimes migrating 
downwards as in nephritic colic. The occasional 
presence of gross hematuria is a decisive ele
ment when the intensity of the gastrointestinal 
manifestations evokes an acute abdominal 
emergency. Irreversible total or partial renal in
farction is to be feared. Therefore, the obstacle 
must be removed as soon as possible. The de
cision to intervene depends on the results of 
arteriography. This investigation is indicated 
whenever there are clinical arguments suggest
ing sudden arterial occlusion, especially if they 
are completed by etiopathogenic factors such as 
atherosclerosis, aortic ectasia, emboligenic car
diac conditions or infective endocarditis. Ar
teriography demonstrates the arterial obstacle, 
establishing both the cause of ARF and the sur
gical attitude to be adopted. Even a belated op-

eration may now restore renal function in cases 
despaired of a few years ago. 

5.1.2 Dissection of the Aorta ARF is one 
manifestation of this disease. In addition to 
acute abdominal and lumbar pain, the arterial 
pulses of the lower limbs are abolished. Arte
riography is again necessary to establish the di
agnosis. Renal failure has obviously little im
pact on the evolution, which is most often fa
tal, whatever surgical procedure is adopted. 

5.1.3 Occlusion of the Branches of the Renal Ar
tery by Cholesterol Emboli {17 3-17 5} This type 
of acute vascular renal failure is often ignored. 
Initially, a slight fever accompanies an inflam
matory syndrome. Within a few days, ARF 
and hypertension appear, together with the 
manifestations of multiple visceral and cuta
neous sites of arterial occlusion. The territories 
involved depend on the origin of the choles
terol emboli, for example, an ulcerated athero
matous plaques of the aortic arch. On fundos
copy, cholesterol emboli are often mistaken for 
features of hypertensive retinopathy, and an er
roneous diagnosis of malignant hypertension 
can be suggested. The systematic search for cu
taneous lesions, especially of the lower limbs, 
is helpful. Biopsy of these lesions demonstrates 
the presence of typical cholesterol crystals; 
identical crystals are found in the renal vessels 
on autopsy or exceptionally on renal biopsy. 

5.2 ACUTE RENAL FAILURE DUE TO RENAL 
VEIN OCCLUSION 

Isolated renal vein thrombosis does not engen
der ARF, as human collateral venous circula
tion is well developed. For this reason, the left 
renal vein can be used for anastomosis to the 
splenic vein. If the development of the collat
eral circulation is hindered, renal vein throm
bosis can cause ARF. This is the case when the 
retroperitoneal tissue is infiltrated due to local 
extension of a pelvic or abdominal cancer, in
flammatory liposclerosis, a retroperitoneal he
matoma, or hemorrhagic pancreatitis [176-
178}. In these complex situations, there is of
ten a combination of renal vein thrombosis, ex
trinsic ureteral blockage, and, to a varying de-
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gree, thrombosis of the inferior vena cava. 
Diffuse thrombosis of the renal venous system 
due to extracellular dehydration entailing ARF 
is observed only in children. However, renal 
vein thrombosis can cause anuria when it com
plicates an advanced chronic nephropathy due 
to a pyelonephritis or amyloidosis [l79}. We 
have observed no case of ARF due to venous 
thrombosis during membranous glomerulopa
thy. Diagnostic aids are late arteriography films 
and inferior vena caval and sometimes selective 
renal venography. Surgical treatment is ineffec
tive. Heparin therapy has not been proved ef
fective. We have observed one case that evolved 
favorably when treated with a combination of 
heparin and streptokinase, but the patient had 
benign liposclerosis and might well have recov
ered without therapy [l80-182J. 
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15. ACUTE RENAL FAILURE 
ASSOCIATED WITH LEPTOSPIROSIS 

Visith Sitprija 

1 Introduction 
Leptospirosis is one of the common infectious 
diseases in the tropics caused by leptospires. 
Leptospira interrogans is the only species di
vided into two complexes: the interrogans com
plex and the biflexa complex. The interrogans 
complex, with its 18 serogroups and 130 sero
types, is pathogenic, while the biflexa complex 
is saprophytic. 

Rodents, especially rats, are the most impor
tant reservoir. Transmission is by direct contact 
with blood, tissue, or urine of infected animals 
or by exposure to the environment contami
nated with leptospires. People working in an 
environment infested with rats or rodents or 
with infected material or water are therefore 
prone to infection. Leptospires enter a host 
through abrasions in the skin or through the 
mucosa, including conjunctiva, vagina, and na
sopharynx. Penetration through the intact skin 
is unlikely, although prolonged exposure of the 
skin to contaminated water may provide an op
portunity for invasion {l}. 

Leptospirosis is in fact worldwide although 
it is predominantly tropical. The disease is 
characterized by a broad spectrum of clinical 
manifestations, which include fever, chills, 
headache, conjunctivitis, and muscular pains. 
The kidney is invariably involved, and renal 
failure is seen in severe infection. In certain 
geographical areas, leptospiral renal failure ac
counts for almost 40% of acute renal failure 
due to tropical diseases (2}. Weil's syndrome 
denotes leptospirosis with renal failure and 
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jaundice. It is not serotype specific, but repre
sents severe infection. 

2 Renal Pathological Changes 
Leptospirosis involves every structure of the 
kidney. Glomerular and vascular changes, how
ever, are mild and are not of clinical impor
tance. Tubulo-interstitial changes account for 
the impairment of renal function. In man, 
renal lesions completely resolve when the dis
ease is brought under control. 

2.1 DEMONSTRATION OF LEPTOSPIRES 

In biopsy studies, it is often difficult to iden
tify leptospires in the renal tissue since the 
pathological study is usually performed late in 
the course of the disease. The organisms may 
be demonstrable in the renal tubules by Leva
diti's stain. In hamsters, leptospires are seen in 
the glomeruli and interstitium a few hours fol
lowing inoculation. After nine hours, they are 
only detectable in the interstitium and proxi
mal tubules. The organisms are found in the 
antigen form five days after inoculation. The 
antigen is detected in increasing amounts in 
proximal and distal tubular cells over a period 
of two to three weeks. 

2.2 GLOMERULAR LESIONS 

Glomerular changes in leptospirosis are in gen
eral not remarkable. There is usually mild pro
liferation of the mesangial cells with widening 
of the mesangial matrix, similar to that ob
served in the other infectious diseases (3}. In 
the biopsied kidney, scattered polymorphonu
clear cell infiltration may be present when the 
study is made early in the course of the disease. 
In animal experiments, polymorphonuclear 
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cells are demonstrable in the glomeruli in the 
early stage of the disease, but disappear very 
quickly [4}. 

By immunofluorescence, deposition of C3 is 
seen in the mesangial areas and in the capillary 
loop [4}. Usually, immunoglobulins are not 
detectable, but in occasional cases IgM deposi
tion may be observed in the mesangial areas. 

By electron microscopy, there is focal foot 
process fusion and focal thickening of the base
ment membrane due to widening of the lamina 
rara interna. The cytoplasm of visceral epithe
lial cells shows prominent Golgi complexes and 
dilated endoplasmic reticulum. Pseudovilli, 
representing the long slender projections of the 
visceral epithelial cells into the urinary space, 
are observed [3}. 

2.3 V ASCULAR LESIONS 

It has been suggested that bacterial toxins in
crease the fragility of the capillary wall, and 
hemorrhage is one of the important manifesta
tions of leptospirosis. Although leptospires af
fect the blood vessels, vascular changes are usu
ally not noticeable by light microscopy. By 
immunofluorescence, C3 deposition without 
immunoglobulins is demonstrable in the glo
merular afferent arterioles [4}. The significance 
of the finding is not understood. It is possible 
that it represents trapping of C3 at the site of 
injury in the blood vessels'. The same finding 
has been shown in a number of infectious dis
eases [5}. 

By electron microscopy nonspecific swelling 
and vacuolation of the endothelial cells is de
monstrable. The endoplasmic reticulum is di
lated and the mitochondria are enlarged. Ne
crotic lesions, characterized by segmental 
necrosis of the endothelium and the presence of 
holes that allows the escape of erythrocytes, are 
also seen in the peri tubular capillaries. Platelet 
aggregation is noted in the corticomedullary 
capillaries [6}. It is suggested that vascular le
sions induced by leptospires begin with in
creased vascular permeability before endothelial 
necrosis. 

2.4 TUBULAR LESIONS 

Degeneration and necrosis occur in both proxi
mal and distal convoluted tubules. Cloudy 

swelling is the early lesion. The disease primar
ily involves proximal tubules. Distal tubules 
are affected as the disease progresses. Disrup
tion of the basement membrane may be noted. 
Histochemically, impairment of tubular en
zyme activity such as alkaline phosphatase, 
glutamic, isocitric, lactic, malic, and glucose-
6-phosphate dehydrogenases may precede the 
pathological changes [7}. These changes may 
show focal distribution. An increased number 
of mitoses may be seen in the tubular epithelial 
cells. Bile casts and heme casts may be present 
in the tubular lamen. 

Electron microscopy reveals an increased 
number of cytosomes and an active system of 
apical vesicles and vacuoles O}. There are focal 
dilatations of the intercellular space. 

2,5 INTERSTITIAL LESIONS 

Although interstitial changes may occur as a 
secondary phenomenon to acute tubular necro
sis, the changes in leptospirosis are more strik
ing and deserve being a distinct pathological 
entity. Interstitial edema and cellular infiltra
tion are observed, even in the patient without 
renal failure and tubular necrosis. Infiltration 
may be diffuse or may occur around the glo
meruli and venules [3}' The infiltrate consists 
mainly of mononuclear cells and a few eosino
phils. Neutrophils may be present during the 
early stage of the disease., Interstitial hemor
rhage may occur. Although tubular necrosis 
and interstitial changes are observed in the pa
tient with renal failure, interstitial changes 
chronologically precede tubular necrosis. In the 
hamster, it has been shown that leptospires 
penetrate the peri tubular capillaries to the in
terstitium and then to renal tubules [4}. Lep
tospirosis is therefore one of the models of in
terstitial nephritis due to bacterial infection. 

3 Pathogenesis 
The clinical features in leptospirosis have been 
attributed to toxins elaborated by or released 
from the lysed leptospires [8}. Previous inves
tigations have indicated that renal damage is 
the result of hemodynamic alteration. The focal 
distribution of the lesions suggests a relation
ship with impairment of renal blood flow. Mi-
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tochondrial injury and histochemical lesions are 
also suggestive of hypoxic injury P}. However, 
the presence of leptospires in the tissue is pre
requisite for the development of renal lesions, 
the finding indicating direct nephrotoxicity 
[4}. Three mechanisms are considered in the 
pathogenesis of renal disease in leptospirosis. 

3.1 NONSPECIFIC EFFECTS OF INFECTION 

A number of nonspecific factors related to in
fection can lead to hypoperfusion of the kidney 
and renal ischemia. These nonspecific factors 
are responsible for renal failure of ischemic type 
in various infections. 

3.1.1 Hypovolemia In infectious diseases, 
hypovolemia may occur. Determination of 
blood volume in leptospirosis in the patients 
not previously receiving intravenous fluid re
veals a decrease in blood volume {4}. The same 
is true for the other infectious diseases. Hypo
volemia is brought about by several mecha
nisms, including increased insensible fluid loss 
due to fever, increased sweating, decreased 
fluid and salt intake, and increased vascular 
permeability [9}. Increased vascular permeabil
ity occurs in a variety of inflammatory processes 
and is attributed to the presence of chemical 
mediators released during the inflammatory re
action. Kinins, prostaglandins, serotonin, and 
histamine are among the known substances 
produced during inflammation. The other less 
known substances include fibrinopeptides and 
fibrin degradation products (FDP), which can 
also increase vascular permeability [lO}. In
creased plasma kinin activity and histamine 
have been shown in infectious diseases [11-
13}. The cytotoxin, which is present in the 
blood early in the course of leptospirosis, is 
known to have an injurious effect on the vas
cular endothelium, leading therefore to in
creased vascular permeability {14, 15}. 

3.1.2 Blood Hyperviscosity The rise in plasma 
fibrinogen is a normal response to acute infec
tion. In leptospirosis, the plasma fibrinogen is 
markedly increased, thus accounting for the in
crease in blood viscosity and the rise in the 
erythrocyte sedimentation rate [4}. The plasma 
fibrinogen may be as high as 1,000 mg/dl. Hy-

povolemia and hemoconcentration also contrib
ute to blood hyperviscosity. Since the laminar 
blood flow is inversely related to the blood vis
cosity, the flow in the microcirculation, includ
ing the kidney, is therefore compromised. 
Without the compensatory mechanism, the 
renal blood flow would be reduced. 

3.1.3 Catecholamine Release In a number of 
infections, especially in septicemia, catechol
amines are released, a response to hypovolemia 
and kinin stimulation [l6}. Although the rise 
in catecholamines in the blood has not been de
scribed in leptospirosis, it is highly possible 
theoretically because of the common patho
physiologic pathway. Besides the reduction in 
renal blood flow, catecholamines can also in
crease vascular permeability [1 7}. 

3.1.4 Intravascular Coagulation Because of 
hyperfibrinogenemia, hemoconcentration, and 
vascular damage, intravascular coagulation may 
occur in leptospirosis. The increased serum 
FDP have been demonstrated, especially when 
the infection is severe. Platelets may be re
duced. In most cases intravascular coagulation 
is local and of low grade [4}. Disseminated in
travascular coagulation (DIe) occurs rarely. 
The patient may present the picture of hemo
lytic uremic syndrome (HUS). Whether PGI2 

deficiency plays any role in the pathogenesis of 
DIe in leptospirosis has not been established. 
While severe intravascular coagulation can ad
versely affect the renal blood flow, low-grade 
intravascular coagulation has no effect. 

3.1.5 Intravascular Hemolysis Although lep
tospires have hemolysin, severe intravascular 
hemolysis seldom occurs. Mild intravascular 
hemolysis may be present during the acute 
phase of infection [4}. However, severe intra
vascular hemolysis may be observed in the pa
tient with G-6-PD deficiency. DIe may further 
contribute to hemolysis. Severe intravascular 
hemolysis may decrease the renal blood flow. In 
the usual case of leptospirosis, this is uncom
mon since hemolysis is very mild. 

3.1.6 Jaundice Jaundice is not necessarily 
present in leptospirosis, although its presence 
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indicates severe infection. In a study of renal 
function in jaundice, it has been found that 
mild jaundice has no effect on renal function; 
but when jaundice is severe, renal function may 
be impaired and, although renal failure may be 
nonoliguric, severe oliguria may be observed 
[l8}. Hyperbilirubinemia is known to interfere 
with the renal function, but the/mechanism is 
not understood. Unconjugated bilirubin [l9}, 
conjugated bilirubin {20}, and bile acids {21} 
have been implicated. Natriuresis has been de
scribed when there is hyperbilirubinemia [l8}. 
It has been postulated that a high concentra
tion of unconjugated bilirubin in the renal me
dulla might interfere with sodium chloride 
transport through the ascending limb in 
Henle's loop [l9}. Jaundice has been shown to 
increase sensitivity to catecholamines {22} and 
increase plasma renin activity {23}, leading to 
vasoconstriction. Increased urine uric acid ex
cretion in jaundice might also contribute to ne
phropathy when the urine is concentrated {24}. 
Exchange blood transfusion has been shown to 
improve renal function in hyperbilirubinemic 
renal failure {25}. On the clinical ground, it is 
felt that hyperbilirubinemia of over 428 jJ-mol/ 
I (25 mg/dl) contributes to the impairment of 
renal function. 

All these factors are nonspecific and are 
shared by several infectious diseases. They can 
lead to renal ischemia and renal failure. Hyper
pyrexia {26} and carditis {I} may enhance tu

bular damage in this clinical setting. In this 
respect, any severe infection is capable of caus
ing renal failure. In mild cases, renal failure 
may be prerenal. Prerenal failure has been 
noted in leptospirosis {27}. 

3.2 IMMUNOLOGIC MECHANISMS 

Immune-mediated nephropathy has been 
shown in canine leptospirosis {28} However, 
the evidence is lacking in man {4}. Immune 
complexes are not detectable in the renal le
sions. Only C3 deposition is seen in the affer
ent arterioles and occasionally in the glomeruli 
{4}. Occasional demonstration of faint IgM 
deposition in the mesangium is perhaps non
specific. Experiments in hamsters also failed to 
show immune complex deposition {4}. The role 
of cell-mediated immune response in the path
ogenesis of interstitial nephritis is debatable. 

The fact that interstitial changes are character
ized by mononuclear cell infiltration favors cell
mediated mechanism. However, in animal ex
periments these changes occur within three 
hours following leptospire inoculation. The on
set is too short for the delayed type of hyper
sensitivity. The discrepancy in findings be
tween humans and hamsters, on the one hand, 
and dogs, on the other hand, could reflect the 
difference in immune response and the clinical 
course of the disease in different hosts. In dogs, 
leptospirosis usually runs a chronic course and 
may lead to chronic renal failure {29}. Autoim
mune response to the epithelial antigens re
leased by degenerated tubules might lead to 
chronic lesions. However, antikidney antibod
ies are not detectable in the chronic stage of the 
disease {30}. In man, chronic renal lesion has 
not been shown in repeat renal biopsies. It 
seems unlikely that immunologic mechanisms 
play any important role in the pathogenesis of 
the renal lesions in man. 

3.3 DIRECT NEPHROTOXICITY 

Despite the fact that the nonspecific effects of 
infection can lead to acute tubular necrosis 
with renal failure, they cannot explain the mild 
glomerular changes and interstitial nephritis. 
Since the clinical features of leptospirosis re
semble those of endotoxemia, it is tempting to 
assume that renal lesions are attributed to en
dotoxemia. However, endotoxin is present only 
in some serotype {3 I}. Intravenous and intra
peritoneal injections of suspension of killed lep
tospires into guinea pigs failed to produce renal 
lesions. Pathologic changes are caused only by 
viable organisms (1}, and the presence of lep
tospires in the tissue is needed for the devel
opment of lesions. 

In hamster experiments, leptospires were de
monstrable in the glomeruli along with glo
merular changes within a few hours after intra
peritoneal inoculation. Interstitial changes also 
occur at the same time, but became more 
marked during the later stage. Tubular degen
eration began later at the sixth hour. Since glo
merular changes, interstitial nephritis, and tu
bular necrosis occur with the presence of 
leptospires or leptospire antigens in the lesions, 
it is interpreted that renal lesions are caused by 
leptospire invasion. The severity of lesions cor-
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relates well with the number of organisms. In
terstitial changes always preceded tubular 
changes, and both continued on even though 
glomerular changes had ceased (4}. It is thus 
evident that leptospires gain access to the kid
ney by the blood stream, causing initially glo
merular injury that is mild and transient. The 
organisms then reach the peri tubular capillaries 
and penetrate into the interstitium and tubules 
producing interstitial nephritis and tubular ne
crosis. Proximal tubules are first involved. Dis
tal tubules are later affected. The view is con
trary to the previous findings that tubular 
necrosis was initially produced with secondary 
interstitial changes and that distal tubular de
generation is the main lesion (32}. In man, in
terstitial nephritis is noted even in the absence 
of tubular necrosis (3}, the finding that sup
ports the animal experiments. Glomerular 
changes, interstitial lesions, and tubular necro
sis are thus pathological reactions to leptospire 
invasion. However, it remains unclear as to 
whether these changes are due to leptospire mi
gration per se or to factors inherent to bacterial 
virulence, such as bacterial enzymes, metabo
lites, or exotoxins. Both are likely involved. 
Cytotoxin has been implicated in causing vas
cular endothelial injury (14, IS}. Although 
vascular changes are not shown in light micros
copy, C3 deposition in the glomeruli and arte
rioles without immunoglobulins would suggest 
complement activation through the alternative 
pathway and trapping of C3 by the injured ves
sels. 

Clinical and experimental evidence suggests 
that renal failure in leptospirosis is attributed 
to nonspecific effects of infection and direct 
nephrotoxicity of leptospires. It represents both 
ischemic and nephrotoxic models of acute renal 
failure. This could explain the broad spectrum 
of renal changes and the conflicts among the 
pathological reports, which depend on the pre
dominance of factors involved and the time of 
study. 

4 Clinical Manifestations 
Renal involvement is observed in all forms of 
leptospirosis regardless of the severity and the 
infecting serotype. Impairment of renal func
tion is common. Alterations of renal function 

may be profound and out of proportion to the 
histologic changes. It has been documented 
that even in relatively mild cases in which the 
glomerular filtration rate is normal, para
aminohippurate clearance may be low, indicat
ing proximal tubular dysfunction (l}. Abnor
mal urine findings are noted in 70 to 80% of 
cases during the septicemic period. Proteinuria 
is most frequent and is often mild. Hyaline and 
granular casts with cellular elements are often 
noted. Bilirubinuria and hemoglobinuria may 
be observed. Leptospires may be detectable by 
dark field microscopy. Azotemia may appear as 
early as three to four days after the onset of the 
disease. ARF is noted in 67 % of cases (33}. 
Any serotype of leptospires can cause ARF. 
Jaundice mayor may not be present. Although 
it is often described that ARF occurs in the 
immunologic phase of the disease, it can in fact 
occur either in the septicemic phase or immu
nologic phase. ARF is usually hypercatabolic in 
type, with rapid rise in blood urea nitrogen, 
giving the BUN-and-serum-creatinine ratio of 
more than 10: 1. Hyperkalemia, hyperphospha
temia, and hyperuricemia may be present. Se
vere jaundice is often associated with severe 
renal function impairment. Nonoliguric ARF 
is not uncommon. Occasionally, the patient 
may be severely oliguric or even anurie. Mild 
intravascular hemolysis and low-grade intravas
cular coagulation are not infrequent. The 
serum complement may be decreased during 
the acute phase along with the rise in plasma 
fibrinogen and erythrocyte sedimentation rate. 
The rise of antibody titer may be delayed in 
severe uremia. 

4.1 ANICTERIC RENAL FAILURE 
Anicteric renal failure represents a mild form of 
ARF and may be prerenal due to volume deple
tion [27}. Blood volume has been found to be 
diminished prior to fluid administration. There 
is usually a mild elevation of serum creatinine. 
The urinary indices are helpful in the diagnosis 
{34}. The renal failure index (see chapter 7) is 
below 1 and fractional sodium excretion is less 
than 1 %. Oliguria is often mild and transient 
and readily resolves following fluid administra
tion. 

Acute tubular necrosis also occurs in anic
teric leptospirosis. The urinary indices agree 
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with those of acute tubular necrosis due to 
other causes. Renal failure is usually of mild 
degree and may resolve without dialysis. 

4.2 ICTERIC RENAL FAILURE 
OR WElL'S SYNDROME 

Weil's syndrome denotes a severe form of lep
tospirosis with ARF and jaundice or hepatic 
dysfunction. It may be associated with hemor
rhage, vascular collapse, and alteration of con
sciousness. The syndrome was originally de
scribed in icterohemorrhagia infection. It is 
now not specific, and any serotype in its severe 
form of infection can cause Weil's syndrome. 
Jaundice is usually cholestatic in type with 
high serum alkaline phosphatase and a modest 
rise in transaminases. In the presence ofG-6-PD 
deficiency, jaundice can be severe due to hem
olysis. Renal failure is usually severe. Although 
it is often nonoliguric, severe oliguria and even 
anuria may be observed occasionally {35}. Hy
peruricemia may be more than 0.70 mmolll 
(12 mg/dl). The urine uric acid excretion may 
be increased, and, interestingly, the urine uric 
acid and urine creatinine ratio may exceed 1. 
In the past, Weil's syndrome carried a high 
mortality rate. However, with the present 
knowledge on pathophysiology of the disease, 
the use of dialysis, and exchange blood trans
fusion, the mortality rate is greatly decreased 
to almost negligible. The decrease in degree of 
jaundice is often associated with improvement 
of renal function. 

4.3 HEMOLYTIC UREMIC SYNDROME (HUS) 

Rarely is the HUS (see chapter 16) observed. 
This is characterized by thrombocytopenia, re
ticulocytosis, bizarre red blood cells, the pres
ence of FDP in the circulation, and ARF. The 
pathogenesis of the syndrome is not well un
derstood although it is believed to be triggered 
by intravascular coagulation. Several factors, 
including immune mechanisms, toxemia, vas
cular injury, alteration of erythrocyte mem
brane, and the presence of underlying renal dis
ease, have been implicated in the pathogenesis 
of the syndrome [36}. The recent hypothesis 
suggests PGI2 deficiency [36}. The syndrome 
has been observed in various infections {3 7-
39}. On the theoretical basis, the observation 

of the HUS in leptospirosis is not surpnsmg 
since there is vascular injury caused by lepto
spires or toxins. In leptospirosis, the syndrome 
is less severe, and spontaneous recovery occurs 
following the conventional treatment. Cortical 
necrosis has not been observed. 

5 Treatment 
Renal failure in leptospirosis varies in severity. 
In the mild form of pre renal failure, good urine 
flow is restored following fluid administration. 
The general principle of management of ARF 
in leptospirosis does not differ from that due to 
the other causes. However, certain points 
should be brought to attention. Since renal 
failure is hypercatabolic, dialysis, when indi
cated, should be performed frequently. In oli
guric renal failure, a high dose of furosemide 
may be helpful in converting to the nonoliguric 
phase, which eases in the clinical management. 
The clinical course of renal failure is, however, 
unaltered when compared with the control 
group [40}. 

In cases with hyperbilirubinemic renal fail
ure (total bilirubin over 428 f-lmolll, 25 mg/dl), 
exchange blood transfusion has been of value in 
improving the renal function and decreasing 
the degree of jaundice [25, 35}. 

On the theoretical ground, heparinization, 
plasmapheresis, fresh plasma infusion, and 
PGI 2 infusion could be useful in the manage
ment of the HUS. However, the syndrome has 
a rare incidence, and, in the author's experience 
with a limited number of cases, only conserva
tive treatment suffices. 

Of great importance is the specific treatment 
of infection. Penicillin, streptomycin, and tet
racycline are among the antibiotics known to 
kill leptospires. Penicillin is preferable since 
the others are nephrotoxic. Treatment should 
be instituted during the febrile period or 
within four to seven days after the onset of the 
disease when there is septicemia. Parenteral 
aqueous penicillin G at a dosage of 1,000,000 
units at six-hour intervals for a period of one 
week is recommended in adults. Erythromycin 
can be used in the patient with penicillin hy
persensitivity. 

Since ARF is an important cause of death in 
leptospirosis, dialysis is therefore life saving. 
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The mortality rate in leptospirosis is greatly re
duced to almost negligible by dialysis and our 
present knowledge in the pathophysiology of 
the disease. 
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16. HEMOLYTIC UREMIC SYNDROME 

Carlos A. Gianantonio 

1 Introduction 
The hemolytic uremic syndrome (HUS) is a 
disease entity of unknown cause, characterized 
by the acute compromise of renal function, red 
blood cell fragmentation, and injury to the 
central nervous system. In the average patient, 
clinical presentation includes acute renal failure 
(ARF), hemolytic anemia, gastrointestinal 
bleeding, and compromise of the central ner
vous system. The association of red cell frag
mentation, thrombocytopenia, and evidences of 
intravascular coagulation is the hallmark of the 
syndrome. 

Although HUS does occur in children and 
adults (see chapter 14), it predominates in in
fants, constituting the chief cause of ARF in 
this age group. The present perspective of HUS 
must include its late consequences, such as 
neurologic sequelae, arterial hypertension, and 
chronic renal failure. 

2 History 
The first report about the association of hemo
lytic anemia and bilateral renal cortical necrosis 
in infants was published by Gasser in 1955 (1). 
The second important contribution was that of 
Brain et al. (2}. They developed the concept of 
microangiopathic hemolytic anemia and con
tributed to the understanding of the erythro
cyte abnormalities of HUS. Simultaneously, a 
fast-growing number of publications defined 
HUS as a clear-cut entity. The clinical and 
pathologic aspects of the syndrome were de
scribed, together with the results of the ade
quate treatment of these infants (3, 4}. 
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In more recent years, the participation of in
travascular coagulation in pathogenesis of HUS 
has been established. The importance of early 
peritoneal dialysis on the immediate prognosis 
has been recognized, and the late consequences 
of HUS are now known (5-7}. There has not 
been much progress in the elucidation of the 
etiology of the syndrome. 

3 Epidemiology 
The number of reported cases of HUS has in
creased steadily in many countries. It is clear, 
however, that the disease predominates in Ar
gentina (8}, where the problem is alarming, 
South Africa (9}, the Netherlands (10}, the 
United States (11}, and Australia (12}. 

During the 1965-1976 period, 1,456 in
fants with HUS were admitted to pediatric ne
phrology units in Argentina. They amounted 
to 65% of the total number of pediatric pa
tients in ARF treated in those centers, and to 
92% in the group under than two years of age 
(8}. An unknown number of patients may have 
died or recovered, without a correct diagnosis. 
The increasing incidence of HUS around the 
world is more likely due to a growing aware
ness by pediatricians, rather than to a real in
crement in the attack rate. 

In many series, as in ours, the patients are 
admitted in small "epidemics," although we 
treat patients rather uniformly throughout the 
year. There is no special ecologic situation for 
the families of these infants although, curi
ously, they belong almost exclusively to the 
higher socio-economic levels. There are reports 
on the simultaneous occurrence of HUS in sib
lings, especially if they are infants or toddlers 
(13, 14}. 

HUS is basically a disease of late infancy. 
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Our patients had a mean age of 12.4 months, 
with a range of 2 months to 8 years {51. The 
incidence is similar in both sexes, and there is 
no racial predilection. Adults with HUS are a 
more heterogeneous group. The syndrome is 
present in women with complications during 
pregnancy or the puerperium. A similar clini
cal and pathologic picture has been associated 
with gram-negative sepsis and the use of oral 
contraceptives, although many examples of 
HUS in adults are idiopathic and difficult to 
discriminate from thrombotic thrombocyto
penic purpura {l5-191. 

4 Etiology 
The etiology of HUS is still unknown. The 
geographical predilection, the occurrence in ep
idemics (even intrafamilial), and the prodromal 
symptoms suggest an infectious etiology. Al
though the search for a specific agent has been 
generally unrewarding, a number of orga
nisms-such as Coxsackie, Eco, Arena, Influ
enza, Respiratory syncytial viruses, Shigella, 
Salmonella, Bacteroides, and Rickettsia-have 
been implicated in different areas of the world 
{20-251. Our previous viral findings have not 
been confirmed, Evidence of preceding strep
tococcal infection (either by history or serology) 
is missing, and the occasional relationship of 
HUS to vaccinations with live attenuated VI

ruses seems a chance occurrence. 

5 Pathogenesis 
Although much progress in the elucidation of 
the pathogenesis of HUS has been made during 
recent years, the basic mechanism-which 
must explain not only the renal component of 
the syndrome but also the widespread vascular 
compromise, the anemia, and the abnormalities 
of coagulation-is unknown. An immunologi
cal mechanism has been proposed but is not 
well defined. The histological pattern of the 
acute lesions in the kidney and other organs do 
not resemble the immune-mediated patterns of 
injury. The immunofluorescence studies, done 
by most authors, reveal only fibrin and platelet 
material, although C3 and IgM have been 
demonstrated by others in the glomerular cap-

illaries and small renal vessels {26, 27]. In our 
experience, the serum levels of C3, C4, and 
CH50 are normal during the acute phase al
though they were decreased in other studies 
{281. 

The disturbance of coagulation, combined 
with microangiopathic hemolytic anemia and 
thrombosis of small arteries and capillaries, 
strongly suggests that disseminated or local in
travascular coagulation plays a key role in 
HUS. The coagulation derangements that have 
been documented vary but depend on the co
agulation activity at the time of the study and 
the nature of the compensating mechanisms 
that have been brought into play. In the great 
majority of the patients, we have studied, an 
initial and single episode of intravascular coag
ulation was present, and it occurred before ad
mission to hospital. In a few cases, repeated 
bouts of intravascular coagulation were dem
onstrated during the acute phase {291. 

The microvascular lesions suggest a primary 
alteration in the vascular endothelia, due to the 
action of a vasculotropic organism or other 
agent or mediator, followed by activation of the 
coagulation mechanism. During recent years, 
much research has been devoted to vascular en
dothelium physiology and platelet-vessel inter
action. Normally, endothelial cells synthesize 
prostacyclin, a potent vasodilator and inhibitor 
of platelet aggregation, whereas platelets pro
duce thromboxane, a vasocontrictor and plate
let aggregating agent. Physiologically, there is 
a balance between the two systems, maintain
ing normal platelet-endothelium interaction. 
There is evidence that in HUS and related con
ditions, the endothelial damage and disruption 
cause a defect in the synthesis of prostaCYclin 
that leads to adherence of the platelets to the 
subintima, local platelet clumping, and release 
of thromboxane, with secondary vasoconstric
tion and activation of the coagulation pathways 
{30, 31). Intravascular deposition of fibrin is 
the key phenomenon that conditions the is
chemic lesions in the kidney and other organs. 
Bleeding is observed as a consequence of diffuse 
intravascular coagulation; it is prominent in 
HUS, especially as a consequence of extensive 
necrosis of the colonic mucosa. 

The altered intima of the small vessels and 
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the partially occluding thrombi subject the 
erythrocytes to mechanical stress, followed by 
rupture, alteration of their morphology, and a 
marked reduction of their life span. Once cir
culation stops completely on the infarcted tis
sues and/or fibrin is lysed, hemolysis stops. On 
other grounds, fibrinolysis is probably altered 
in HUS. A circulating factor that inhibits glo
merular fibrinolytic activity has been demon
strated in a group of patients, and an inhibitor 
of platelet aggregation may be absent, not only 
in the HUS but also in thrombotic thrombo
cytopenic purpura [32, 33}. Finally, it should 
be mentioned that endothelial damage (very 
likely the initial event of HUS) causes local ac
tivation of the coagulation mechanism per se 
and may also locally activate the complement 
system. 

The pathogenesis of the late renal lesions is 
obscure. The massive renal scarring present in 
patients who do not recover renal function after 
the initial phase is the sequel of the multiple 
infarcts characteristic of the more severe forms 
of HUS. However, the pathogenesis of the 
chronic active glomerulopathy that ends in 
chronic renal failure years after is unclear. 
Serum complement levels are normal, and im
munofluorescent studies did not show a consis
tent pattern; some gave normal results and oth
ers demonstrated mesangial and/or capillary 
deposits of C3 and immunoglobulins [34}. It 
is possible that acute fibrin deposition in the 
glomerular capillaries may be followed, as it is 
in experimental animals, by proliferative and 
sclerotic glomerular changes. 

6 Clinical Picture 

6.1 PRODROMAL PHASE 

During this period, the patient is not very ill. 
The general picture corresponds to a nonspe
cific infectious disease, with fever, malaise, ir
ritability, vomiting, and moderate diarrhea. 
Fever runs from 37°5C to 38°5C and is accom
panied by pharyngitis and choryza in one-third 
of patients. However, vomiting is the central 
problem in this phase: it is profuse, with gas
tric contents, tinged occasionally with fresh or 
digested blood. Diarrhea is also a constant find
ing although it is not severe or prolonged. The 

stools are liquid, with abundant mucus and 
clumps of blood. There is abdominal pain, 
sometimes intense and intermittent. 

The symptoms of the prodromal phase per
sist for one to seven days and are followed with 
or without a short interval (one to five days) by 
the manifestations of the acute stage. 

6.2 ACUTE PHASE 

The severity of the illness is only discovered 
during the first few hours of the acute phase. 
It is abruptly initiated by intense pallor, oli
guria, and, in some patients, convulsions. If 
immediate remedial measures are not imple
mented, the infant may die without a correct 
diagnosis. 

6.2.1 Hemolytic Anemia The acute anemia is 
one of the hallmarks of HUS. It is intense from 
onset, with admission hemoglobin of 1.2 to 
7.5 mmolll (x = 4.1 mmolll) (2 to 12 g/dl; x 
= 6.6 g/dl). Pallor is intense, but there is no 
jaundice. The anemia per se, or complicated by 
electrolyte disrurbances and hypervolemia, may 
lead to congestive cardiac failure. 

Repeated hemolytic crises are often seen dur
ing the first two weeks of the syndrome. How
ever, the intensity of hemolysis does not corre
late with the degree of renal and central 
nervous system involvement. Moreover, in 
some infants, anemia is the only relevant clin
ical problem. 

6.2.2 Acute Renal Failure (ARF) Although 
in some infants (the actual proportion is un
known, but may be considerable) the renal in
jury is minimal-with a transient decrease in 
urinary volume, abnormal urinary sediment, 
proteinuria, and slight depression of the glo
merular filtration rate-ARF is present in more 
than 90% of patients referred for admission in 
our unit. Renal failure is severe, with an aver
age oliguric period of 14 days. In a few infants, 
oliguria lasts only two or three days while in 
others it may persist until death (nine weeks in 
one patient). In one-third of cases (those with 
grave renal lesions), the oliguric period has a 
mean duration of 25 days. Anuria of more than 
four days duration is present in half the pa
tients (mean 10 days, range 4 to 47 days). 
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The usual metabolic and hemodynamic com
plications of ARF are frequently observed in 
these small patients, especially when the diag
nosis is delayed. Most of the fatalities are re
lated to these complications, which can be 
minimized by early diagnosis and comprehen
sive management. Arterial hypertension is 
found in one-third of patients. In some, it is 
related to sodium and fluid overload; in the re
mainder, hypertension may be severe, with hy
pertensive encephalopathy, left ventricular fail
ure, and signs of hypertensive vascular damage 
to the kidneys and other organs. 

The diuretic phase is not abrupt, with a 
stepwise increase in diuresis that requires sev
eral days before dialysis may be interrupted. 

6.2.3 Hemorrhagic Diathesis Gastrointestinal 
blood loss is present in every case. Melena of 
clinical relevance is found in 60% of patients 
and blood-tinged vomitus in 20%. The associ
ation of pallor, abdominal colic, vomiting, and 
rectal bleeding may suggest intestinal intussus
ception. It should be kept in mind that this is 
a rather exceptional complication of the ileal 
and colonic intramural hemorrhages of HUS. 
No other obvious sites of bleeding are ob
served, with the exception of occasional intra
cranial and retinal haemorrhages. Petechiae are 
rare, but small dermal hematomas are found in 
one-third of the patients. 

6.2.4 Neurological Involvement All the infants 
with HUS, with the exception of the mildest 
cases, manifest signs of central nervous system 
involvement. In half the patients, the signs are 
not alarming, consisting of somnolence, irrita
bility, jerkiness, tremor, and ataxia. In other 
patients, the problems are much more severe 
and include generalized convulsions, either sin
gle or recurrent, prolonged alteration in the 
level of consciousness, and focal neurological 
signs. Deep coma that persists days or weeks is 
also observed and may end in respiratory failure 
and death. Signs of decerebrate rigidity, mus
cular hypotonia or hypertonia, transient hemi
paresis, nystagmus, pupillary abnormalities, 
and retinal hemorrhages are found in many of 
the gravely ill infants. 

6.2.5 Myocardial Failure A few patients 
have signs of myocardial failure, with electro
cardiographic evidence of ischemia. There is no 
clinical evidence of vascular compromise in 
other organs. 

6.3 CHRONIC RENAL DISEASE 
Recovery of renal function is attained rapidly 
after the diuretic phase in most of the patients. 
However, a normal glomerular filtration rate, 
and the disappearance of proteinuria and he
maturia, usually take more than six months to 
be complete and stable. A moderate to marked 
restriction in the capacity to handle the dietary 
sodium persists for several weeks and may pre
cipitate hypervolemic cardiac failure if a low
sodium diet is not prescribed after the oliguric 
phase. Asymptomatic hyperkalemia is not un
common during the first weeks and may re
quire the daily administration of ion-exchange 
resins in some exceptional cases. 

A small group of patients (1 to 5%), with 
an oligo-anuric period longer than three weeks, 
never recover adequate renal function and end 
up in chronic renal failure and death six 
months to three years after the initial phase. 
Another distressing group of children have per
sistent urinary abnormalities, intermittent or 
permanent arterial hypertension, and slowly 
deteriorating renal function, leading to termi
nal uremia five to thirteen years after onset. 
The overall incidence of chronic renal disease 
varies from 5 to 40%, depending on the initial 
severity of the syndrome and the duration of 
the follow-up period (35}. 

In our more recent experience, progression 
to end-stage renal failure during school years 
and adolescence was observed in about 15 % of 
patients. Severe arterial hypertension poses a 
critical problem in these children and requires 
careful management. 

7 Neurological Sequelae 
The great majority of patients recover com
pletely from the neurological manifestations of 
HUS, in days or weeks. However, signs of per
manent neurological impairment are encoun
tered in some patients. The spectrum is wide, 
ranging from behavioral problems and learning 
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difficulties to severe mental retardation and 
quadriparesis or hemiparesis. Convulsive epi
sodes, either akinetic, myoclonic, focal, or 
grand mal, are present in some children, either 
as an isolated problem or in combination with 
motor, intellectual, or sensory handicaps. In 
these cases, electroencephalograms are abnor
mal, and computerized axial tomography shows 
single or multiple areas of cerebral atrophy. 

8 Laboratory Findings 

8.1 ANEMIA 
Five to 50% of the erythrocyte population is 
morphologically abnormal. Those red cells are 
fragmented, distorted, triangular, helmet-like, 
burred, or transformed into very small eryth
rocytes or ghost cells. The number of damaged 
red cells increases during the hemolytic crisis, 
but they persist in decreasing proportion for an 
average of 70 days. 

The reticulocyte number is increased (mean 
7.8%; range 2.6 to 20%). Serum bilirubin lev
els are moderately elevated (mean 32 /-Lmol/l, 
1.88 mg/dl; range 18 to 60 /-Lmol/l, 1.06 to 
3.5 mg/dl) initially and during the recurrent 
hemolytic crisis. High plasma hemoglobin and 
depressed haptoglobin levels are indicative of 
the intravascular nature of hemolysis. 

The life span of transfused erythrocytes is 
markedly shortened during the first two weeks 
of HUS {36, 37). Leucocytosis (mean leucocyte 
count 17XlO9/1; range 4.6xlO9/l to 62X 
109/1) with an increase in the percentage of 
neutrophils is found during the same period. 
Marked erythroblastic and moderate myeloid 
hyperplasia, together with abundant but im
mature megakaryocytes, are found in the bone 
marrow. The Coombs test is negative, and 
erythrocyte glucose-6-phosphate dehydrogenase 
and pyruvate kinase and the hemoglobin struc
ture are normal. 

8.2 PLATELETS AND COAGULATION FACTORS 
Thrombocytopenia is present initially in about 
90% of cases, with a mean platelet count of 
75 X 109/1 and a range of 16 X lO9/1 to 
175 X lO9/1 {29}. In the remainder, platelet 
counts are either normal or high, suggesting a 

rebound phenomenon after an undetected ini
tial fall. Thrombocytopenia persists for 7 to 15 
days and is followed by a stepwise increase in 
the platelet count, very often to the level of 
thrombocytosis. 

In patients with extremely severe symptoms, 
the recovery from thrombocytopenia is irregu
lar, transient, or absent until death. Recently, 
C' shortened platelet survival has been docu
mented {38, 39}. Quick's prothrombin time is 
prolonged in half the cases and is related to 
decreases in factors II, VII, VIII, IX, and X. 
In most patients, partial thromboplastin time
kaolin is shorter than normal during the first 
three weeks. These infants have simultaneously 
elevated levels of factor VIII, and to a lesser 
extent of factors IX and XI. Plasma fibrinogen 
concentrations are elevated in half the patients 
and normal or low in the remainder. Serum fi
brin degradation products (FDP) may be dem
onstrated in one-third the cases. 

When the cases are studied very early-dur
ing the first hours of the acute phase-throm
bocytopenia, low fibrinogen, depressed levels of 
factor VIII, IX, and XI, and serum FDP are 
consistently found. Secondary falls in fibrino
gen and factors VIII, IX, and XI are observed 
in the few patients with relapsing thrombocy
topenia and clinical deterioration during the 
acute phase of HUS. There is an initial and 
single episode of intravascular coagulation in 
most infants; since most are studied hours or 
days after onset, rebound of the coagulation 
mechanism is the usual finding. 

8.3 RENAL ABNORMALITIES 
Although renal compromise may be minimal in 
a group of patients with predominant anemia, 
metabolic acidosis, hyperkalemia, and high 
levels of blood urea (mean: 54.28 mmol/l; 326 
mg/dl; range: 7.66 to 115.88 mmol/l; 46 to 
696 mg/dl) are present from onset in all infants 
admitted to pediatric renal units. Increment in 
the blood urea concentration is very rapid (7.66 
mmol/l/day, 46 mg/dl/day, in our series) dur
ing the first week of oliguria in nondialyzed 
patients. 

Hematuria, either gross or microscopic, is 
found in every case, together with hyaline, 
granular and epithelial casts, and proteinuria (2 
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to 12 gr/l) . Hemoglobinuria is present in the 
patients with severe hemolysis. 

Serum complement factors (Clq, C4, C3) 
were consistently normal in our patients al
though they were low in the infants studied by 
other groups. The possibility of activation of 
complement by the alternative pathway has 
also been described [28, 40}. 

In the patients with a good late prognosis, 
the urinary sediment becomes normal in six 
months and proteinuria subsides in less than 
one year. Glomerular filtration rates reach nor
mal values about the same time. 

The group of patients with massive paren
chymal necrosis and renal scarring show criti
cally low glomerular filtration rates immedi
ately after the diuretic phase and run a 
downhill course over the following months. 

The third group of patients with persistent 
urinary abnormalities and arterial hypertension 
have proteinuria and slowly declining glomer
ular filtration rates. 

9 Pathological Features 

9. 1 ACUTE PHASE 

9.1.1 The Kidney Pathological findings dif
fer according to timing of specimens [41, 42}. 

FIGURE 16-1. HUS (Acute); Six days from onset. Glo
merulus with several fibrin thrombi. Sw~lling of endothe
lial cells and mesangium. Subendothelial clear spaces. 
(PAS Courtesy Dr. G.E. Gallo, pathologist-Children's 
Hospital and Italian Hospital, Bs. Aires, Argentina.) 

When the autopsy is performed in the first two 
weeks after onset, the most severe lesion is bi
lateral renal cortical necrosis, either complete 
or focal. Frequently, the renal cortex shows 
multiple pinpoint hemorrhages, together with 
extensive vascular congestion and edema. In 
more than half the cases, there are foci of hem
orrhagic necrosis in the outer medulla, where 
they appear as triangles, with the base in the 
corticomedullar region and the apex toward the 
papilla. 

Microscopically, the lesions affect the glo
meruli, convoluted tubules, arteries, collecting 
tubules, and the interstitium. The basement 
membrane of the glomerular capillaries is nor
mal, but a clear space is present between the 
membrane and the endothelium. The endothe
lial cells are swollen, narrowing the capillary 
lumen. Capillary thrombi are constant, affect
ing more than 80% of the glomeruli in severe 
cases (figure 16-1). Initially, they are lax and 
consist of fibrin and platelets; later on, they 
become more dense and intensely eosinophilic, 
PAS-positive, and bright red with Masson's 
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FIGURE 16-2. HUS (Acute): 14 days from onset. Glo
merulus with increase in the mesangial matrix and "re
duplications" ("double contours") in the peripheral capil
lary walls. (PAS. Silver methenamine. Courtesy Dr. G.E. 
Gallo). 

stain. The initial mesangial abnormalities are 
mild, consisting of swelling and scattered clear 
deposits. During the second week, an increase 
in the mesangial matrix is observed, together 
with slight hypercellularity. Visceral epithelial 
cells are swollen, with hyaline droplets, but 
some are necrotic and detached from the base
ment membrane. Epithelial crescents are un
common. 

Many afferent arterioles have luminal 
thrombi, with subendothelial fibrin deposits 
and endothelial swelling. In one-third of the 
cases, the interlobular arteries are thrombosed 
or show patches of fibrinoid necrosis, with isch
emic necrosis of the renal tissue. The conflu
ence of such infarcts is the cause of bilateral 
renal cortical necrosis. The convoluted tubules 
show hyaline droplets. It is common to observe 
small foci of necrotic tubules and many granu
lar casts in the collecting ducts. 

When renal cortical necrosis is present, there 
is initially nuclear pyknosis, followed by dis
appearance of the nuclear structures and persis
tence of "ghost" cellular structures. A chronic 
inflammatory reaction with eventual fibrosis 

and calcification develops at the periphery of 
the infarcted areas. The irregular distribution 
of ischemic areas poses a severe limitation on 
the prognostic value of the percutaneous kidney 
biopsies obtained during the acute phase of 
HUS. 

When the kidneys are examined after the 
second week, there are no thrombi in the glo
merular capillaries, with the uncommon excep
tion of cases with secondary bouts of intravas
cular coagulation. There is a marked increased 
in the mesangial matrix, with mesangial inter
position inside the capillary walls, which gives 
images of "reduplication" or "double contour" 
(figure 16-2). The clear subendothelial space 
becomes more prominent while glomerular 
scarring and foci of tubular atrophy begin to 
appear. On the other hand, the mild cases of 
HUS may show normal kidneys when biopsed 
weeks after onset. 

Immunofluorescence studies performed in 
our laboratory and elsewhere have shown fibrin! 
fibrinogen deposits in the glomeruli (capillary 
walls, mesangium, and capillary thrombi) and 
in the arterial walls. Deposits of IgM and C3 
may be observed. They are always focal and 
light, without a consistent pattern. 

The electron microscopy studies confirm the 
findings of optical microscopy. The glomerular 
basement membrane shows a normal structure, 
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with no electron-dense deposits. The clear 
space between the basement membrane and the 
endothelium is filled with cotton-like deposits, 
lipid droplets, platelets, red cell fragments, fi
brin strands, and extensions of the mesangial 
cytoplasm and mesangial matrix. The epithelial 
cells present scattered fusion of the foot pro
cesses. 

9.1.2 The Gastrointestinal Tract In one-third 
of the autopsies, thrombotic occlusion of small ' 
arteries and capillaries in the colonic wall is ac
companied by areas of hemorrhagic necrosis of 
variable extension (figure 16-3). These lesions 
predominate in the ascending colon and are 
also occasionally present in the stomach, esoph
agus, and the small bowel. Several patients de
veloped intestinal intussusception and a few, 
extensive colonic necrosis with perforation. 

9.1.3 The Heart One-fourth of the autop
sied patients show fibrin thrombi in the myo
cardial arterioles and capillaries, associated 
with small foci of ischemic necrosis. These le
sions may be extensive enough to be the cause 
of death of some infants. Similar abnormalities 
are found in the pancreas, adrenals, lungs, and 
exceptionally in other organs [43, 44}. 

FIGURE 16-3. HUS (Acute): Seven days from onset. Co
lon, with hemorrhage and necrosis of the mucosa and sub
mucosa; fibrin thrombi in the small vessels. (Autopsy; 
Phosphotungstic acid-hemaroxilin. Courtesy Dr. G.E. 
Gallo). 

9.1.4 The Brain Two-thirds of the autop
sied patients show punctate cerebral hemor
rhages or small but multiple foci of necrosis. 
Fibrin thrombosis of small vessels predominates 
in the choroid plexuses. An occasional patient 
may show extradural or subdural hematoma. 

In summary, nearly all the patients who died 
during the first week of HUS presented extra
renal vascular lesions. They disminished rapidly 
thereafter unless (and exceptionally) the initial 
course was followed by repeated bouts of intra
vascular coagulation. Pathologically, HUS is 
not merely a renal disease but a widespread and 
generalized injury to the microvascular struc
tures of the body. 

9.2 LATE PHASE 

Kidney biopsies are normal for an average of 
two years after the acute stage in patients who 
have stable and normal renal function, blood 
pressure, and urinary sediment. 

Infants with prolonged acute renal failure 
who never recover normal renal function and 



16. HEMOLYTIC UREMIC SYNDROME 335 

FIGURE 16-4. HUS (Late): Three years after onset. Dif
fuse proliferative mesangial glomerulonephritis. (PAS. 
Courtesy Dr. G.E. Gallo). 

have persistent proteinuria, hematuria, and ar
terial hypertension develop end-stage kidneys. 
In many of them, multiple infarcts and calcium 
deposition permit a correlation with the histo
logic findings of the initial stage. 

In the patients with evidence of chronic and 
progressive glomerulopathy, the most frequent 
histological findings are diffuse mesangial pro
liferation (figure 16-4) and/or focal and seg
mental glomerular sclerosis (figure 16-5). Re
peated biopsies of these cases show progression 
to end-stage kidneys. 

10 Diagnosis 
Diagnosis of HUS during infancy and child
hood depends on the pediatrician's awareness of 
this entity. In the average case, the syndrome 
is so dramatic and clear-cut that the diagnosis 
is easily made. Although the diagnosis may be 
suspected when a well baby, 6 to 14 months 
old, becomes ill with blood-streaked diarrhea 

and persistent vomiting, the confirmation 
comes when, suddenly, an intense pallor or a 
generalized convulsion initiates the acute phase 
of the syndrome. An increase in body weight, 
related to unrecognized oliguria, is often ob
served. At this time, proteinuria and abnormal 
urinary sediment, a markedly elevated BUN, 
and a typical blood smear confirm the diagno
S1S. 

The differential diagnosis includes acute tu
bular necrosis, either toxic or ischemic, renal 
vein thrombosis, acute glomarulonephritis, 
Schonlein-Henoch nephritis, lupus nephritis, 
and thrombotic thrombocytopenic purpura. 

Difficult diagnostic problems are presented 
by patients in whom one symptom predomi
nates, such as extreme anemia, grave neurolog
ical disturbance, or profuse rectal bleeding. 
Anemia may be erroneously ascribed to blood 
loss or to other causes of hemolysis, such as 
erythrocyte enzymatic defects, abnormal he
moglobins, congenital microspherocytosis, im
munohemolytic anemias, poisoning, bacterial 
sepsis, or malignancy. Erythrocyte fragmenta
tion may also be present in thrombotic throm
bocytopenic purpura, cavernous hemangioma, 
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metastatic tumor, gram-negative sepsis, con
genital heart disease, and surgical repair of 
heart defects . Neurological symptoms may be 
taken as evidence of viral or bacterial infection 
of the central nervous system, acute metabolic 
brain dysfunction, poisoning, or trauma. 

11 Treatment 
Treatment of HUS, although very effective, is 
symptomatic . Of prime importance is the early 
introduction of peritoneal dialysis in the man
agement of acute renal failure. In our initial 
experience (1957), conservative treatment and 
late dialysis brought a mortality of 50%. Our 
present mortality of 3.5% is related to a correct 
indication of peritoneal dialysis and to a much 
greater experience in the management of the 
many problems intrinsic to the syndrome and 
its complications. Hyperkalemia, hypervole
mia, and metabolic acidosis can be effectively 
treated or prevented by peritoneal dialysis and 
careful conservative measures. 

It is essential to prevent hospital-acquired 
infections and to promote a loving atmosphere 
in the management of these infants during the 
difficult weeks of the acute phase . Parents are 
routinely included in the process of care of 

FIGURE 16-5 . HUS (Late): Five years from onset. Glo
merulus with focal and segmental sclerosis and hyalinosis. 
(Masson's Trichrome. Courtesy Dr. G.E. Gallo). 

their children. Anemia often requires repeated 
transfusions of packed red blood cells. Neu
rological manifestations of the syndrome, such 
as status epilepticus, deep coma, and respira
tory depression, require the usual treatment 
for these states , together with peritoneal dial
ysis. 

There is ample literature on anticoagulation 
with heparin, with poor or no results in the 
majority of recent studies {45-47}. In a con
trolled study, in which supportive measures 
were compared with similar management plus 
heparin, no advantage of anticoagulant therapy 
was observed (45}. Most of the reports are dif
ficult to evaluate because of the different stan
dards of care (especially peritoneal dialysis) and 
the inclusion of patients with unequal severity 
of the disease. In the vast majority of the pa
tients with a single initial episode of intravas
cular coagulation, the administration of hepa
rin was of necessity begun too late to be 
effective. The value of heparin treatment in the 
prevention of late renal complications of HUS 
is unknown. 

Removal of deposited fibrin is theoretically a 
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TABLE 16-l. Clinical grading of severity 

Condition 

Oliguria (days) 
Anuria (days) 
CNS symptoms 
Arterial hypertension 
G.!. bleeding 
Anemia 
Mortality (%) 
Chronic renal disease* (%) 

*Estlmated rates. 

Mild 

<7 

o to + 
o co + 
o to + 
+co+++ 

2 

more rational approach than anticoagulation. 
Although there are several reports on fibrino
lytic treatment of the syndrome employing 
streptokinase, the effectiveness, as well as the 
limitations and dangers of such therapy, are 
not well established (48}. In one study, how
ever, there was the suggestion that streptoki
nase therapy had a beneficial effect on the sub
sequent incidence of proteinuria and hyper
tension [IO}. 

Aspirin and dipyrridamole have been em
ployed in small groups of patients. The results 
of the studies were not conclusive, even when 
these drugs were associated with fibrinolysis. It 
has been suggested that prolonged anticoagu
lation and anti platelet drugs may be beneficial 
in adults (49}. 

There are recent reports on the good results 
of plasmapheresis and exchange transfusions in 
patients with thrombotic thrombocytopenic 
purpura [50}. Remuzzi et al. [51} treated two 
adult patients with HUS with plasma exchange 
and dialysis; there was improvement in platelet 
count and recovery of antiplatelet aggregating 
activity, although no apparent effect on renal 
function could be demonstrated. 

In summary, there is no doubt that the early 
and aggressive management of ARF by dialysis 
is the basis of the present treatment of HUS. 
Whether other types of therapy may result in 
an improved long-term prognosis has not yet 
been demonstrated. 

There are no reports on the medical treat
ment of the chronic glomerular disease al
though several children have been transplanted 
with good initial results. 

Moderate 

7-14 
<7 
Oco +++ 
o to ++ 
Oco ++ 
Oco +++ 

2 
15 

12 Prognosis 

Severe 

>14 
>7 
++co+++ 
+co+++ 
++ co +++ 
o to + + + 
25 
60 

Although there are no easy ways to establish an 
accurate prognosis during the first one or two 
days of HUS, there is no doubt that anuria and 
severe central nervous system symptoms imply 
a more guarded prognosis. On the other hand, 
the preeminence of anemia and lack of oliguria 
are usually associated with rapid and complete 
recovery. In any case, the retrospective grading 
of severity is of great help to anticipate the 
long-term prognosis (table 16-1). Mortality 
approaches zero in infants with mild disease 
while it rises to 25% in those with more than 
25 days of oliguria. Anuria of more than four 
days' duration is also a sign of bad prognosis 
since it often coincides with rather extensive 
cortical necrosis. Some of these patients, with 
prolonged coma and convulsions, have little 
chance of survival. Apparently, the syndrome 
is more severe in toddlers and school-aged chil
dren than in infants and has a significant mor
tality in the adult. 

Factors of prime importance are the quality 
of care and the experience of the professional 
team in the management of ARF in infancy. 

Chronic renal insufficiency can be expected 
immediately to follow the initial phase in 1 
to 5% of patients. They all belong to the se
vere group and present massive renal scarring. 
Late renal failure, with terminal uremia dur
ing childhood or early adolescence developed 
in about 15% of the patients. Within this 
group, the severity of HUS varied from mild to 
severe. 

The present challenge is the prevention of 
these late sequelae, either through new ap-
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proaches in the management of the acute 
phase, or in the treatment of the chronic glo
merular disease. 

References 
1. Gasser, C von, Gautier E, Steck A, Sieberman RE, 

Oeschlin R. Hamolytisch-uramische syndrome. Bi
laterale nierenrindennekrossen bei akuten erworbenen 
hamolytischen anamien. Schweiz Med Wochenschr 
85: 905-909, 1955. 

2. Brain MC, Dacie ]V, Hourinane D O'B. Microan
giopathic hemolitic anemia: The possible role of vas
cular lesions in pathogenesis. Brit] Haematol 8: 
358-371, 1962. 

3. Gianantonio CA, Vitacco M, Mendilaharzu F, Rutty 
AH, Mendilaharzu ]. The hemolytic-uremic syn
drome.] Pediatr 64: 478-491, 1964. 

4. Lieberman E, Heuser E, Donnell GN, Landing BH, 
Hammond GD. Hemolytic-uremic syndrome. N 
Engl] Med 275: 227-236, 1966. 

5. Gianantonio CA, Vitacco M, Mendilaharzu F, Gallo 
GE, Sojo ET. The hemolytic-uremic syndrome. 
Nephron 11: 174-192, 1973. 

6. Piel C. Hemolytic-uremic syndrome. Pediat Clin 
North Am 13: 295-314, 1966. 

7. Habib R, Mathieu H, Royer P. Le syndrome hemo
litique et uremique de l'enfant. Nephron 4: 139-
172, 1967. 

8. Gianantonio CA. Epidemiology and prevention of 
kidney disease (South America). Abstracts, 1977 
Meeting International Pediatric Nephrology Associ
ation, Helsinski Finland. 

9. Kaplan BS, Thompson PD, de Chadarevian ]P. The 
hemolytic-uremic syndrome. Pediat Clin North Am 
23: 761-775, 1976. 

10. Monnens L, Van Collenburg ], De long M. Treat
ment of the Hemolytic-uremic syndrome. Helv Pe
diat Acta 33: 321-328, 1978. 

11. Lieberman E. Hemolytic-uremic syndrome. ] Pediat 
80: 1-11, 1972. 

12. Robertson SE]. Hemolytic anemia associated with 
acute glomerulonephritis in infancy. Med] Aust 2: 
686-693, 1957. 

13. Kaplan BS, Chesney RW, Drummond KN. Hemo
lytic uremic syndrome in families. N Engl ] Med 
292: 1090-1093, 1975. 

14. Tune BM, Groshong T, Plumer lB. The hemolytic
uremic syndrome in siblings: A prospective survey. ] 
Pediat 85: 682-683, 1974. 

15. Alfrey AC. The renal response to vascular injury. In 
The kidney, Brenner BM, Rector FC]r (eds). Phil
adelphia: WB Saunders, 1976, pp. 1145-1192. 

16. Clarkson AR, Lawrence ]R, Meadows R, Seyour AE. 
The hemolytic-uremic syndtome in adults. Quart] 
Med 39: 227-244, 1970. 

17. Finkelstein FD, Kashgarian M, Hayslett]P. Clinical 
spectrum of postpartum renal failure. Am] Med 57: 
649-654, 1974. 

18. Brown CG, Clarkson AP, Robson ]S, Cameron ]S, 
Thompson D, Ogg CS. Hemolitic-uremic syndrome 
in women taking oral contraceptives. Lancet 1: 
1479-1489, 1973. 

19. Ponticelli C, Maestri 0, Imbasciati E, Brancaccio D, 
Rossi E. Late recovery of renal function in a woman 
with the hemolytic-uremic syndrome. Clin Nephrol 
8: 367-373, 1977. 

20. Austin TW, Ray CG. Coxsackie virus group B infec
tion and the hemolytic-uremic syndrome. ] Infect 
Dis 127: 698-701, 1973. 

21. Ray CG, Tucker VL, Harris D]. Enteroviruses asso
ciated with the hemolytic uremic syndrome. Pediat
rics 46: 378-388, 1970. 

22. Chan ]CM, Eleff MG, Campbell RA. The hemolytic 
uremic syndrome in nonrelated adopted siblings. ] 
Pediat 75: 1050-1053, 1969. 

23. Koster F, Levin], Walker L, Taung KSK, Gilman 
RH, Rahaman MM, Majid MA, Islam SI, Williams 
RS. Hemolytic-uremic syndrome after Shigellosis. 
Relation to endotoxemia and circulating immune 
complexes. N Engl] Med 298: 927-933, 1978. 

24. Fiala M, Bauer H. Dog bite, bacteroides infection, 
coagulopathy, renal microangiopathy. Ann In Med 
87: 248-249, 1977. 

25. Mettler N, Gianantonio CA. Aislamiento del agente 
causal del sindrome uremico-hemolftico. Medicina 
23: 139-144, 1963. 

26. Miller K, Dresner IG, Michael AF. Localization of 
platelet antigens in human kidney disease. Kidney 
Int 18: 472-479, 1980. 

27. Gervais M, Richardson ]B, Chiu]. Inmunofloures
cent and histologic findings in the hemolytic-uremic 
syndrome. Pediatrics 47: 352-359, 1971. 

28. Kim Y, Miller K, Michael AF. Breakdown products 
of C3 and factor B in hemolytic-uremic syndrome. ] 
Lab Clin Med 89: 845-850, 1977. 

29. Avalos ]S, Vitacco M, Molinas F, Penalver], Gian
antonio I. Goagulation studies in the hemolytic
uremic syndrome. ] Pediatr 75: 538-548, 1970. 

30. Remuzzi G, Misiani R, Marchesi D, Livio M, Mecca 
G, deGaetano G, Donti MB. Hemolytic-uremic syn
drome: Deficiency of plasma factor(s) regulating 
prostacyc1in activity. Lancet 2: 871-872, 1978. 

31. Moncada S, Vane ]R. Archidonic acid metabolities 
and the interaction between platelets and blood ves
sel walls. N Engl] Med 300: 1142-1147, 1979. 

32. Berstein ]M. Circulating inhibitor of glomerular fi
brinolytic activity in human renal disease. 12th Ann 
meeting ASN, November 1979. 

33. Lyan ECY, Harkness DR. The presence of a platelet 
aggregating factor in the plasma of patients with 
TIP and its inhibition by normal plasma. Blood 53: 
333-338, 1979. 

34. Cossio PM, Laguens RP, Pantin D]. Persisting glo
merulonephritis following the hemolytic uremic syn
drome. Immunologic and morphologic studies. Clin 
Exper Immunol 29: 361-368, 1977. 

35. Gianantonio CA, Vitacco M, Mendilaharzu F, Gallo 
GE. The hemolytic uremic syndrome-Renal status 



16. HEMOLYTIC UREMIC SYNDROME 339 

of 76 patients at long-term follow up. ] Pediat 72: 
757-765, 1968. 

36. Katz ], Krawitz S, Sacks P, Levin SE. Platelet, 
erythrocyte and fibrinogen kinetics in the hemolytic 
uremic syndrome of infancy. ] Pediat 83: 739-745, 
1973. 

37. Metz]. Observations on the mechanisms of the he
matologic changes in the hemolytic remic syndrome 
of infancy. Brit ] Haematol (Suppl) 23: 53-59, 
1972. 

38. George CRP, Slighter S], Quadracci L], Striker GE, 
Harker LA. A kinetic evaluation of hemostasis in 
renal disease. N Engl] Med 291: 1111-1115, 1974. 

39. Montgomery RR, Hathaway WE. The Hemolytic 
Uremic Syndrome in Kidney Disease; Hematological 
and Vascular Problems. New York: Wiley Medical, 
1977, pp. 89-105. 

40. Stuhlinger W, Kourilsky 0, Kanfer A, Sraer ]D. 
Hemolytic uremic syndrome: Evidence for intravas
cular C3 activation. Lancet 11: 788-790, 1974. 

41. Churg], Spargo BH, Mostophi FK, Abell MR. The 
hemolytic uremic syndrome. In Kidney Disease: 
Present Status. Baltimore: Williams & Wilkins, 
1979, pp. 142-157. 

42. Levy M, Gagnadoux MF, Habib R. Pathology of the 
hemolytic-uremic syndrome in children. In Hemo
stasis, Prostaglandins and Renal Disease, Remuzzi 
G, Mecca G, de Gaetano G (eds). New York: Raven 
Press, 1980, pp. 383-397. 

43. Gallo GE, Mendilaharzu F, Delgado N, Sojo ET. 
Extrarenal lesions in the hemolytic uremic syndrome. 
Abstract 18th meeting Lat Am Soc Ped Res, Sao 
Paulo, Brazil, 1980. 

44. Upadhyaya K, Barwick K, Fishaut M. The impor
tance of nonrenal involvement in hemolytic uremic 
syndrome. Pediatrics 65: 115-120, 1980. 

45. Vitacco M, Sanchez Avalos], Gianantonio CA. Hep
arin therapy in the hemolytic uremic syndrome. ] 
Pediat 83: 271-275, 1973. 

46. Kaplan BS, Katz], Krawitz S, Lurie A. An analysis 
of the results of therapy of 67 cases of the hemolytic
uremic syndrome.] Pediat 78: 420-425, 1971. 

47. Proesman W, Eeckels R. Has heparin changed the 
prognosis of the hemolytic uremic syndrome? Clin 
Nephrol 2: 169-173, 1974. 

48. Stuart], Winterborn MH, White RHR, Flinn RM. 
Thrombolytic therapy in hemolytic uremic syn
drome. Brit Med] 3: 217-221, 1974. 

49. Ponticelli C, Rivolta E, Imbasciati E, Rossi E, Man
nucci PM. Hemolytic uremic syndrome in adults. 
Arch Int Med 140: 353-357, 1980. 

50. Byrnes ]], Lyan ECY. Recent therapeutic advances 
in thrombotic thrombocytopenic purpura. Sem 
Thromb Hemost 5: 199-215, 1979. 

51. Remuzzi G, Misiani R, Marchesi D, Livio M, Mecca 
G, de Gaetano G, Donati MB. Treatment of the he
molytic uremic syndrome with plasma. Clin Nephrol 
12: 279-284, 1979. 



17. ACUTE RENAL FAILURE 
IN PREGNANCY 

Dieter Kleinknecht, 

Gerard Bochereau, 

Paul Chauveau 

During the past 20 years, a changing pattern 
has been observed in acute renal failure (ARF) 
complicating pregnancy. During the decade 
1960-1970, most cases were due to septic 
abortion, and a great majority of patients had 
a potentially recoverable lesion. During the fol
lowing decade, the incidence of septic abortion 
progressively declined in industrialized coun
tries, due to more liberal abortion laws and the 
availability of contraceptives. In parallel, there 
was also a reduction in pre- and postpartum 
accidents occurring in late pregnancy, due to 
earlier detection and better management of ob
stetric complications [1J. Consequently, the to

tal percentage of obstetrical patients with ARF 
fell from 40% in 1965 to 4% in 1980 [1-4J 
(table 17-1). According to Lindheimer and 
Katz [5J, ARF occurs in one of every 2,000 to 
5,000 pregnancies; but several years ago, the 
Department of Obstetrics at the Foch Hospital 
in Suresnes, France, recorded no cases of ARF 
among 12,000 delivered women, 2,041 of 
whom followed high-risk pregnancies [1J. As 
stated by Chapman and Legrain [IJ, obstetrics 
is probably the field in which the most striking 
progress has been made in ARF. 

Paradoxically, the mortality of ARF due to 

pregnancy is now higher although remaining 
lower than that observed in nonobstetric cases 
of ARF (table 17-1). This may reflect .an 10-
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creased severity of the diseases affecting these 
young women [6J. 

ARF during pregnancy occurs generally ei
ther in the first trimester as a complication of 
septic abortion or later at 30 to 40 weeks as a 
complication of abruptio placentae or uterine 
hemorrhage, carrying a high risk of renal cor
tical necrosis [7J. In addition, ARF may occur 
after delivery and is often termed then "idio
pathic postpartum ARF" [8-lOJ. These cases 
fit into the more serious prognostic categories, 
including thrombotic microangiopathy and 
cortical necrosis. 

The main causes and renal pathology of ARF 
in pregnancy are listed in table 17-2 and will 
be successively considered. Recent and compre
hensive reviews can be consulted for further de
tails [5, 11, 12}. 

1 Sodium and Water Loss 
Hyperemesis gravidarum and late vomltlOg of 
pregnancy may induce ARF due to hypovole
mia and hypotension [13, 14J. Acute tubular 
nephropathy may develop when urinary tract 
infection is present or when early correction of 
water and electrolyte losses is not achieved. 

2 Infection 

2.1 SEPTIC ABORTION 

Ten years ago, septic abortion was the main 
cause of obstetric cases of ARF and of septi-

341 
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TABLE 17-1. The changing incidence of acute renal failure (ARF) in pregnancy during the past 15 years in France 

Kleinknecht and 
Ganeval, 1973 [2) 

Chapman, 
1978 [3) 

Kleinknecht, 
1982 [4) 

Period 
Total patients with ARF 
Obstetrical patients with ARF 

Septic abortion 
Pre- and postpartum" 

Mortality 
Total patients 
Obstetrical patients 

aSeptic abortion excluded. 
bOliguric patients only. 

1966-1972 
760 
184 (24,2%) 
141 (18,5%) 
43 (5,7%) 

274 (36,1%) 
20 (10,9%) 

cemia during pregnancy, but such cases now 
tend to disappear in Western countries. We 
observed only four cases of ARF related to sep
tic abortion during the past four years (4}. 
Kincaid-Smith and Fairley [15} did not see a 
single case in their department in the lO-year 
period 1970-1979. In other countries, how
ever, many cases of ARF due to septic abortion 
have continued to present during the past de-

1974-1977 
2102b 

95 (4,6%) 
51 (2,4%) 
44 (2,2%) 

1251 (59,5%) 
22(23,1%) 

1977-1980 
263 

8 (3%) 
4 (1,5%) 
4 (1,5%) 

147 (55,9%) 
2 (25,0%) 

cade [16, 17}, mainly in communities with 
poor economic conditions. 

Presenting features are often severe infection 
and hemolysis with hemoglobinemia, uterine 
bleeding, shock, and intravascular coagulation. 
The bacteria responsible (usually clostridium 
welchii) may be found in blood and uterine dis
charge cultures. Emergency treatment includes 
antibiotics, intensive control of shock, and di-

TABLE 17-2. Causes and renal pathology of acute renal failure (ARF) in pregnancy 

Causes of ARF 

Sodium and water loss 

Infection 
Septic abortion 
Acure pyelonephritis 

Diseases not specifically related to 
pregnancy 
Acure glomerulonephritis 
Drug nephrotoxicity 
Mismatched blood transfusion 
Bacterial endocarditis 

Obstructive uropathy 
Toxemia of pregnancy 

Eclampsia 

Abruptio placentae 
Intrauterine fetal death 
Amniotic fluid embolism 
Uterine hemorrhage 

Postpartum ARF 
(Hemolytic-uremic syndrome) 

Acute fatty liver 

Possible renal pathology 

(Prerenal failure) 

Tubular necrosis, cortical necrosis 
Acute interstitial nephritis 

Proliferative glomerulonephritis 
Tubular necrosis 
Tubular necrosis 
Focal or diffuse glomerulonephritis 

Glomerular endotheliosis, Tubular 
necrosis, Cortical necrosis 

Cortical necrosis 
Tubular necrosis 

Malignant nephrosclerosis 
Thrombotic microangioparhy 
Cortical necrosis 

Focal tubular necrosis 
Glomerular fibrin deposits 
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alysis when required. Conservative measures 
with a minimum surgical intervention are now 
recommended [18}. Hysterectomy is occasion
ally indicated when uterine perforation is pres
ent. 

The oliguric phase may last from a few days 
to several weeks. Nonoliguric forms of ARF are 
less frequent. In most patients, the underlying 
renal pathology is tubular necrosis. A great 
majority of patients surviving the acute phase 
will recover fully, and most will have normal 
renal histology on long-term follow-up biopsy 
{l, 19}' In the experience of one of us {7}, 
renal cortical necrosis was not more frequent in 
these patients (1.5 %) than in those with ARF 
of nonobstetric origin. These results differed 
from those of Chugh et al. [17}, who found up 
to 18.6% of cortical necrosis after abortion. 
This proportion of cortical necrosis and the 
high mortality observed seemed due to late re
ferral, high incidence of infection, and pro
longed hypotension. 

2.2 ACUTE PYELONEPHRITIS 
Acute pyelonephritis occurs in 1 to 2% of all 
gravidas and is probably the most common in
fectious complication of pregnancy {5, II}. 
Unilateral or bilateral pyelonephritis of ascend
ing origin is favored in pregnant women by 
ureteral dilatation and by a considerable in
crease of the ureteral deadspace. Transient but 
marked decrements in GFR are commonly ob
served {20}. Severe uremia due to bilateral 
renal parenchymal involvement is rare {12}; in 
these cases, pathological examination shows 
edematous kidneys with some polymorph infil
tration and sometimes cortical abscesses; tu
bules may be filled with polymorphs, and glo
meruli may show inflammatory changes even 
with cellular proliferation {21}. Prompt anti
biotic treatment is required since renal scarring 
is one of the possible sequelae. In other pa
tients, pregnancy may reveal an asymptomatic 
congenital hydronephrotic kidney that has be
come infected. 

It has been stated that pyelonephritis may 
lead to maternal death or to fetal growth retar
dation and prematurity. Fortunately, under ad
equate surveillance and treatment, the great 
majority of women will deliver living babies 

and will have a further benign course {21}. 
Asymptomatic infections may be largely pre

vented by treatment of bacteriuric pregnant 
women. Bladder catheterization during labor 
should also be avoided whenever possible {20}. 

3 Diseases Not SPecifically Related 
to Pregnancy 

3.1 ACUTE GLOMERULONEPHRITIS 

Acute glomerulonephritis is a very rare compli
cation of pregnancy. Its calculated incidence is 
approximately one in 40,000 pregnancies {22}. 
When it occurs, recovery of renal function is 
complete and the gestation is usually success
ful, provided blood pressure and fluid balance 
are controlled [11, 20}. No evidence of renal 
disease is seen in the babies. If superimposed 
eclampsia is present, delivery of the fetus may 
be indicated when blood pressure remains high 
and renal function declines {ll}. Acute glo
merulonephritis may be differentiated from 
preeclampsia by the presence of microscopic he
maturia with red blood cell casts and low 
serum complement. A renal biopsy would be 
useful but is exceptionally indicated in this set
ting. 

A previous history of acute glomerulonephri
tis is not a contraindication for pregnancy {II, 
20}. However, patients with such a history 
should be followed closely during pregnancy, 
even in cases where no evidence of activity of 
the disease is registered. 

3.2 OTHER DISEASES 
ARF may be occasionally related to coinciden
tal factors, such as drug nephrotoxicity, blood 
transfusion, and bacterial endocarditis. A good 
maternal prognosis is usual in these cases. 

4 Obstructive Uropathy 
Although women with solitary kidneys tolerate 
pregnancy well {20}, anuria due to pressure 
from the gravid uterus has been reported in a 
few cases {23}. Bilateral hydronephrosis has 
also been documented {24}. Treatment modal
ities for ARF have included nephrostomy, ure
teral catheterization, amniocentesis, hemodi-
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alysis, and bed rest in the appropriate lateral 
decubitus position, leading to decompression of 
the affected ureter {23}. 

5 Toxemia of Pregnancy and Related 
Obstetric Complications 
The frequency distribution of ARF during 
pregnancy shows a peak during the thirtieth 
through the fortieth week of gestation {20}, 
mainly due to preeclampsia and local compli
cations such as abruptio placentae and uterine 
hemorrhage. 

5. 1 PREECLAMPSIA AND ECLAMPSIA 

The development of ARF in late pregnancy is 
associated with hypertension or preclampsia in 
one-third to two-thirds of women, preferen
tially in older gravidas who are often multi
paras {l2}. The underlying renal pathology 
ranges from swelling of the glomerular endo
thelial cells (glomerular endotheliosis) in be
nign cases, to acute tubular necrosis and even
tually to cortical necrosis in more severe cases. 
The latter condition will be further discussed. 
The respective role of renal hemodynamic 
changes, tubular obstruction, intravascular 
hemolysis, and intravascular coagulation in in
ducing ARF is still debated {l2}. 

5.2 OBSTETRIC COMPLICATIONS 
In the study by Sheehan and Lynch {25}, as 
well as in that of Griinfeld et al. {l2}, 50% of 
the gravidas with ARF complicating abruptio 
placentae had cortical necrosis. Other condi
tions inducing ARF (and often cortical necro
sis) are prolonged intrauterine fetal death, am
niotic fluid embolism, and uterine hemorrhage. 
Low plasma volume and renal blood flow, high 
pressor responsiveness to catecholamines and 
angiotensin II, and an increase in clotting fac
tors have been recorded in preeclamptic women 
{26-28}. These abnormalities possibly facilitate 
the development of ARF by enhancing the sen
sitivity of these women to blood loss. 

6 Postpartum Renal Failure (Postpartum 
Hemolytic Uremic Syndrome) 
Since 1966, numerous cases of idiopathic post
partum ARF (also termed postpartum hemo-

lytic uremic syndrome, HUS) have been re
corded in the literature {8-1O, 29-34}. After a 
normal or nearly uneventful pregnancy, the 
syndrome begins several days to 10 weeks post
partum, sometimes preceded by a flu-like ill
ness. In exceptional instances, it occurred dur
ing pregnancy or appeared several months 
postpartum. It may recur after subsequent 
pregnancies {l2}. The characteristic features of 
the illness are a sudden and severe anuria with 
a microangiopathic hemolytic anemia and 
thrombocytopenia. The blood pressure may be 
normal, but in most cases hypertension devel
ops later in the course. In some cases, without 
the help of renal biopsy, it may be difficult to 
differentiate idiopathic postpartum ARF from 
severe preeclampsia with microangiopathic ane
mia and ARF {31}. Other features may include 
fever, without sepsis, seizures, and heart fail
ure. 

According to a recent review {32}, end-stage 
renal failure developed in 73% of reported 
cases, the outcome being more severe when the 
features appeared after a symptom-free period 
than in patients who developed the syndrome 
immediately after pregnancy. Long-term stud
ies have shown that prognosis may be variable, 
some patients recovering appreciable renal 
function even after prolonged anuria; but se
vere hypertension and progressive renal failure 
may appear later in recovering patients {35}. 

The use of renal biopsy is an important 
guide for prognosis and therapeutic measures. 
In some cases, the medium-sized arteries are 
more severely involved, the vascular lesions 
being characteristic of malignant nephrosclero
sis; glomeruli are often ischemic. In this form, 
termed postpartum nephrosclerosis {l0, 34}, it 
may no longer be possible to differentiate these 
lesions from primary nephrosclerosis with ma
lignant hypertension {32}. In other cases, the 
lesions are suggestive of thrombotic microan
giopathy, involving glomerular capillaries and 
arterioles; in typical instances, the glomeruli 
show double-contoured capillary loops due to 
endothelial swelling and translucent suben
dothelial deposits; on electron microscopy, 
these deposits appear granular-like with fibrin 
or fibrillar material. Fibrin thrombi are also 
found in glomerular capillaries and in arterioles 
{l2, 32, 33, 36}. Sludging of red blood cells 
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in capillary lumen and polymorphonuclear in
filtration, epithelial crescents, ischemic glo
meruli, or even scattered areas of cortical necro
sis are less common findings. In late cases, 
glomerular ischemia and sclerosis are promi
nent, as in malignant nephrosclerosis, although 
changes suggestive of thrombotic microangio
pathy may still be present {I2}. Further details 
may be found in chapter 14. 

Many authors see a good correlation between 
the pathological findings and the clinical out
come. Recovery is to be expected in patients 
with minor renal abnormalities. The degree of 
renal insufficiency is related to the number of 
glomeruli involved. Severe hypertension and 
poor renal prognosis is often associated with 
important arterial intimal thickening, espe
cially of the medium-sized arterioles {I2, 32, 
33, 36}. 

The pathophysiology of the syndrome is un
clear but probably involves primary endothelial 
damage, with subsequent local renal intravas
cular coagulation. Such a phenomenon is sup
ported by the high coagulable state occurring 
in pregnancy and by platelet consumption, glo
merular fibrin deposits, and activation of the 
fibrinolytic system (suggested by elevated fibrin 
degradation products), sometimes found in 
cases of thrombotic microangiopathy. The sig
nificance of slight hypocomplementemia. prob
ably due to local C3 activation via the alternate 
pathway found by some authors, has been ques
tioned [32}. Remuzzi et al. (37} and others 
(38, 39} proposed that thrombotic microangio
pathy may be due to a deficiency of a plasma 
factor(s) stimulating vascular prostacyclin 
(PGI2) activity since no PGI 2 activity was re
corded during the acute phase of the disease 
and since the deficiency of the plasma factors(s) 
may persist one year after clinical remission 
from HUS (40}. This plasma defect might be 
genetically determined (40}. It is to be noted 
that PGI2 production by the fetal and maternal 
vessels is depressed in preeclampsia and even in 
late normal pregnancy, and this may be a facil
itating factor. A decrease in plasma antithrom
bin III has been found in another case of post
partum HUS (41}. Further studies are needed 
in this field. 

A high predominance of women is observed 
in adults with HUS. Of the 37 cases reported 

in the literature between 1966 and 1973, only 
3 were men, 13 women were within 10 weeks 
of delivery, and 9 women were taking oral con
traceptives (30}. Women developing late post
partum ARF are sometimes taking contracep
tives, and it is puzzling whether in these cases 
the HUS is postpill or really postpartum {I2, 
33}' Renal changes of postpill HUS also in
clude malignant nephrosclerosis and throm
botic microangiopathy (1O}. It is not known 
whether postpill and postpartum HUS share 
the same pathogenetic mechanism(s). Severe 
renal failure was recorded in women taking the 
pill with previous uneventful pregnancies {I2}. 
HUS can be triggered by oral estrogen intake 
in predisposed individuals since recurrence of 
the syndrome was observed eight years later af
ter resumption of the estro-progestogen contra
ception (42}. The estrogen component likely 
acts as a trigger for HUS since Ylikorkala re
cently presented evidence for a reduced prosta
cyclin production in normal women after pro
longed use of estro-progestogens, but not after 
use of pure progestogens (43}. 

Some authors have advocated a beneficial ef
fect from the use of heparin and/or antiplatelet 
agents in postpartum HUS. According to a re
cent review, only 24% of untreated patients 
survived while the percentage of survival 
reached 60% in heparin-treated patients [32}. 
However, a thorough evaluation of this treat
ment appears difficult in the absence of con
trolled series. In short series, the value of hep
arin and/or anti platelet agents is either 
emphasized {I5, 35, 44} or questioned {I2}, 
considering also the risk of bleeding when hep
arin is prescribed a few days after renal biopsy. 
In the absence of unquestionable results, it 
seems advisable to consider first conservative 
management, including dialysis (hemodialysis 
rather than peritoneal dialysis) and antihyper
tensive drugs when necessary {I2, 32, 36}. 
Thrombolytic therapy is disappointing, even 
by endarterial infusion (45}. Interesting results 
have been observed after intravenous anti
thrombin III infusion [41}, prostacyclin infu
sion [40}, plasma exchange, or plasma infusion 
in some patients [3 7}. Successful renal trans
plantation was performed in a few cases of post
partum ARF without recurrence of the disease 
[12}. 



346 

7 Acute Fatty Liver of Pregnancy 
Acute fatty liver (or acute yellow atrophy of the 
liver) is a rare complication of pregnancy, oc
curring in the prepartum or in the postpartum 
period. It is marked by rapid appearance of 
jaundice, with only minimal elevation of 
SGOT and SGPT, and a high incidence of ARF 
{12, 46, 47}. Toxemic and multisystemic 
symptoms are frequent. Prognosis is fatal in 
most instances for both the fetus and the 
mother, with death resulting from acute he
patic failure. Immediate evacuation of the 
uterus is the recommended treatment when 
possible. 

On pathologic examination, the liver is infil
trated by fatty vacuoles without necrosis or in
filtrates. Renal histological changes resemble 
those reported in toxemic patients or in HUS. 
Clinical and pathologic evidence of intravascu
lar coagulation is obvious in some patients. 

8 Renal Cortical Necrosis (RCN) 
The incidence of renal cortical necrosis (RCN) 
is high in ARF, occurring in late pregnancy 
and ranging from 27 to 38% of women {12, 
17, 48}. As was already emphasized, this inci
dence, exceeding then 50%, is particularly 
high in cases with abruptio placentae and re
tention of dead fetus. In addition, abruptio 
placentae accounts for more than half the cases 
of RCN in the literature [49}. It is likely that 
the real incidence of RCN may be underesti
mated if only autopsy material is available since 
the frequency of patchy cortical necrosis with 
partial or almost complete recovery has been 
well documented during the last decade (7). 

Comparison of patients with RCN and those 
with ARF occurring in late pregnancy, and re
covering fully, shows that in women with 
RCN (a) toxemic symptoms are less common; 
(b) ARF appears earlier in gestation (mean of 
29 weeks), mainly in cases with retention of a 
dead fetus; and (c) prolonged oliguria is signif
icantly more frequent. Age or parity are not 
discriminant features [7}. The diagnosis of 
RCN relies on renal biopsy and/or selective ar
teriographic data. The two methods may give 
accurate information on the extent of necrosis. 
Total cortical necrosis is characterized by a 

large percentage of destroyed glomeruli and the 
lack of a cortical nephrogram (figure 17-1). In 
patchy cortical necrosis, many glomeruli are 
spared, and the percentage of spared glomeruli 
correlates well with the degree of functional re
covery; in addition, on selective arteriography, 
the cortical nephrogram appears heterogeneous 
and sometimes striated [n. Cortical calcifica
tions may be inconstantly seen on x-ray films 
and appear only after a few weeks. 

The high frequency of RCN in obstetrical 
complications during late pregnancy has been 
linked to coagulation disorders. It is well 
known that normal pregnant women have high 
levels of plasma fibrinogen, factors II, VII, 
VIII, IX and X, and a reduced fibrinolytic ac-

FIGURE 17-1. Patient with total cortical necrosis. Selec
tive renal arteriography. Cortical nephrogram is absent. 
The outer edge of the cortex is outlined and separated 
ftom the inner layer by a clear, nonvascularized area. (Re
printed from Kidney International 4: 396, 1973, with per
mission.) 
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tlVlty {26, 28), thus facilitating the develop
ment of intravascular coagulation. When severe 
preeclampsia occurs, there is a decrease in the 
number of circulating platelets, an increase in 
the level of serum fibrin degradation products, 
and an enhanced thrombin activity. All these 
disturbances disappear several days after deliv
ery {27). Severe preeclampsia is accompanied 
by glomerular deposits of granular fibrin and 
platelets, which tend to occlude intrarenal ves
sels, particularly when anti fibrinolytic drugs 
are inadvertently prescribed. Local or general
ized intravascular coagulation may thus be in
duced by the release of thromboplastin from a 
placental or amniotic site and facilitate the de
velopment of ARF, depending on the impor
tance of the triggering event, the duration and 
the severity of the clotting disturbances, the 
degree of endothelial cell injury that favors the 
formation of platelet thrombi and fibrin depo
sition, the rate of organ blood flow, and the 
rate of clearing of the various clotting break
down products (12). Little is known about the 
significance of other substances simultaneously 
released, such as serotonin, histamine, kalli
krein, and the complement system. These 
points were extensively developed in chapter 6. 

In patients dying during the acute phase of 
RCN, extensive renal and extrarenal thrombi 
are a common finding at postmortem examina
tion. They may, however, be found in patients 
with obstetrical ARF without cortical necrosis, 
and their significance has been questioned {7). 
There is little doubt that their presence within 
the kidneys indicates a poor prognosis. 

Although it has been stated that RCN rep
resents the human counterpart of the general
ized Schwartzman reaction, there are no con
vincing data demonstrating the primary role of 
intravascular coagulation in obstetric ARF. In 
a recent study, Conger et al. {50) examined 
postpartum ARF in Munich-Wistar rats using 
intravenous endotoxin. Decline in renal func
tion occurred prior to intrarenal fibrin deposi
tion and was associated with marked increases 
in afferent and lesser increases in efferent arteri
olar resistances; glomerular filtration rate and 
glomerular capillary pressure also fell, suggest
ing that cogulation within the kidney per se 
was not the initial event in postpartum rats 

with ARF, and that the role of changes in glo
merular dynamics was probably more impor
tant. Another study emphasized the primary 
role of endotoxin on the renal vascular endothe
lium in inducing experimental cortical necrosis 
and the subsequent formation of thrombi {51). 

Renal cortical necrosis does not have a uni
formly poor outcome. When renal biopsy and 
selective arteriograms indicate a "patchy" vari
ety, some recovery may be expected (7). Even 
after a prolonged oliguric episode, renal func
tion may slowly improve over a one-year period 
due to the compensatory hypertrophy of the re
maining nephrons. A stable period of moderate 
renal insufficiency then follows. Subsequent 
uneventful pregnancies have even been reported 
{12). Years later, however, renal function de
teriorates again in more than half the recover
ing patients, requiring chronic hemodialysis 
and renal transplantation {7). Some authors 
have pointed out the high risk of acute rejec
tion in patients with previous RCN {52), but 
successful transplantation has been reported 
P). 

9 Nonspecific Treatment of ARF 
in Pregnancy 
The first aim of treatment should be prevention 
of toxemia, hypovolemia and hemorrhage in 
pregnant women. Valuable attempts in pre
venting oliguria in eclamptic women, are the 
use of intravenous or intramuscular injection of 
magnesium sulphate, intravenous hydralazine 
and clonidine without heparin, and vaginal de
livery as soon as the woman has regained con
sciousness. {53). Plasma volume expansion and 
sustained natriuresis by saline drinking signifi
cantly protect pregnant rats against ARF {54). 
In hypovolemic women, plasma expanders (hu
man albumin, low-molecular weight dextran, 
or other colloid solutions) or whole blood may 
be indicated {5 5-57). In one case of postpar
tum hemorrhage, hysterectomy was averted by 
a controlled reduction of arterial blood pressure 
with sodium nitroprusside {58). 

Pregnant women with ARF should be 
treated conservatively whenever possible, and 
reversible causes of ARF should be detected 
and treated when present. In some instances, 
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dialysis has to be performed. Hemodialysis may 
be preferred to peritoneal dialysis, provided 
fluid balance and anticoagulation is monitored 
[l2}. The belief that an enlarged uterus is a 
contraindication to peritoneal dialysis is not 
shared by Lindheimer and Katz [20}. In their 
opinion, this procedure is not technically diffi
cult early in pregnancy, but later in gestation 
it is preferable that the catheter be inserted sur
gically under direct vision. The peritoneal 
route may be preferable in cases with circula
tory instability or a bleeding diathesis. In any 
case, delivery should be obtained as soon as 
possible, but the prognosis is often poor for the 
fetus [5}, 
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18. ACUTE RENAL FAILURE IN 
INFANCY AND CHILDHOOD 

Cieorge B lfaycock 

The general characteristics of acute renal failure 
(ARF) in childhood have much in common 
with those encountered in the adult patient. 
Many of the causes of ARF in the adult, such 
as glomerulonephritis, post-ischemic and toxic 
nephropathy, and burns, may also affect chil
dren, although the relative importance of dif
ferent diseases and injuries as causes of the syn
drome may differ greatly according to age. 
Furthermore, the differences in physiology, 
metabolism, and nutritional requirements, 
which are dependent on the age and size of the 
patient, exert a crucial influence on manage
ment; and it is certainly not appropriate simply 
to "scale-down" the treatment that would be 
appropriate for an adult in proportion to the 
age or size of the child. This is especially true 
with regard to newborn infants, in whom ARF 
is a relatively common event, particularly in 
those of low birth weight or who suffer com
plications of labor and delivery. Proper under
standing and successful management of ARF in 
very young patients therefore requires an appre
ciation of the physiology of the developing in
dividual and its implications with respect to 
fluid and electrolyte balance and nutrition. 
These subjects are comprehensively covered in 
standard textbooks of general pediatrics [l-3} 
as well as in more specialized works of reference 
{4, 5}. 

1 Fluid Balance in Childhood 
In the absence of abnormal losses, the nutri
tional water requirement is directly propor-

V.E. Andreu", (ed.). ACUTE RENAL FAILURE. 
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tional to energy expenditure. Under specified 
conditions of activity, metabolic rate is closely 
correlated with body surface area (SA); it is 
therefore convenient to relate water require
ment either to estimated energy consumption 
or more directly to the calculated SA. The sys
tem of units conventionally used for meaning 
energy and volume has resulted, by coinci
dence, in the convenient relationship that the 
expenditure of one kilocalorie requires the con
sumption on one ml exogenous water. Since 
basal metabolic activity requires the expendi
ture of approximately 1,000 kilocalories per m 2 

SA, it follows that the basal water requirement 
is approximately one liter m 2. Normal activity 
or, alternatively, the conditions usually en
countered in a hospital ward increase energy 
consumption by about 50%; therefore a good 
first estimate of normal daily water require
ment is 1,500 mllm2. SA may be estimated 
from the formula: 

SA (m2) = weight (kg) 05378 X height (em) 0.3964 

X 0.024265, 

or from the published nomograms on it {6}. Of 
this total intake, approximately 400 mllm2 is 
accounted for by insensible losses, in the non
pyrexial patient not subject to extreme ambient 
temperatures. This figure may therefore be 
taken as the basal water requirement of the an
uric patient, and in patients with impaired 
renal function who are not absolutely anuric, a 
first estimate of daily water requirement may 
be made on the basis of 400 mllm2/day added 
to the measured losses. 

An alternative formulation for total water in
take, avoiding the necessity for surface area cal
culations, is as follows: for each of the first 10 
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kg body weight, 100 mllkg/day; for the second 
10 kg, 50 mllkg/day; and for each additional 
kg (over 20 kg), 20 mllkg/day. Insensible loss 
may be taken at 25% of the resulting total. 
This formula is not applicable to small infants, 
in whom it leads to an underestimation of 
needs. Babies in the weight range of 5 to 10 
kg need 120 ml/kg/day, while those of 2.5 to 
5 kg require 150 ml/kg/day. Low birth weight 
(less than 2.5 kg) infants may need even more, 
sometimes in excess of 200 ml/kg/day; how
ever, it is entirely inappropriate to consider 
managing such infants anywhere other than in 
a competent intensive care baby unit, where 
such considerations are part of daily routine. It 
should be noted that however the water re
quirement is arrived at, it increased by about 
12% for every l°e body temperature above 
37°e, and by 30 ml/kg for every l°e ambient 
temperature above 30oe, the temperature at 
which thermal sweating normally begins under 
resting conditions. 

It will be immediately obvious from the 
above considerations that the smaller the indi
vidual, the larger the ratio SA to weight; con
sequently, water turnover, expressed in relation 
to body weight, is very much higher in small 
individuals than in larger ones. Thus, whereas 
an adult man normally requires a quantity of 
water equivalent to 2 to 3% of his weight each 
day, the corresponding figure for a healthy 
baby in the first six months of life is 15 %. It 
follows that serious derangements of hydration 
and extracellular fluid chemistry are liable to 
occur much more rapidly in infants and in 
small children with renal failure than in adults, 
and these parameters must be monitored ex
tremely closely if homeostasis is to be pre
served. 

The normal requirement for sodium and po
tassium is 1 to 3 mmollkg/day, with chloride 
making up most of the attendant anion. How
ever, since most of this is replacement of uri
nary output, in the oliguric patient intake 
should be based on measured urinary, gastroin
testinal, and other losses and on measured 
plasma concentrations. 

Energy needs are directly proportional to 
surface area and therefore to normal water re
quirement. The importance of meeting the nu-

tritional demands of the child in ARF cannot 
be exaggerated and will be discussed below. 

2 Causes of Acute Renal Failure in 
Infancy and Childhood 
The first suspicion that ARF may be present is 
usually occasioned by the appearance of oliguria 
in association with a raised blood urea concen
tration. It is both useful and customary to di
vide such patients into three preliminary cate
gories, sometimes known as prerenal, postrenal 
and intrinsic renal failure. 

2.1 PRERENAL FAILURE 

Prerenal failure is more appropriately consid
ered as physiological oliguria, being the situa
tion in which the capacity of the kidney to 
function is preserved, but this capacity is not 
realized due to a (reversible) reduction in per
fusion; oliguria results from maximal renal 
conservation of salt and water in response to 
dehydration. Restoration of adequate circulat
ing volume is promptly followed by return of 
urine flow, the widespread metabolic derange
ments characteristic of intrinsic renal failure 
being generally absent. The cause is a contrac
tion of effective arterial volume, as may be 
found in association with dehydration, blood 
loss, hypotension due to trauma or severe infec
tion, and other similar disorders. Differentia
tion of physiological oliguria from true renal 
failure is discussed below. 

2.2 POSTRENAL FAILURE 

Postrenal failure refers to oliguria due to ob
struction o( the urinary tract. Acquired ob
struction is distinctly unusual in children, but 
congenital obstruction, usually due to posterior 
urethral valves in male newborn infants [7}, 
may present as ARF and is a most important 
condition to be considered in a differential di
agnosis of oliguria in the newborn. Whatever 
the cause of the obstruction, its relief is fol
lowed by diuresis and the return of normal 
renal function, provided that secondary renal 
damage has not yet occurred. If the obstruction 
is incomplete, it may unfortunately be missed; 
in which case progressive renal damage is likely 
to ensue, and the child will probably present 
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years later with chronic, irreversible renal In

sufficiency. 

2.3 INTRINSIC OR TRUE RENAL FAILURE 

Intrinsic renal failure refers to the consequences 
of intrinsic disease of, or injury to, the kidney 
itself. In contrast to the situation in physiolog
ical oliguria, rehydration is not followed by di
uresis; recovery of renal function will occur 
only after resolution or healing of the underly
ing cause. The term ARF as used subsequendy 
in this chapter refers specifically to this class of 
disease. Numerous specific diseases and inju
rious events may give rise to ARF, the more 
important of these being listed in table 18-1. 
The term acute tubular necrosis (A TN) has been 
employed in the knowledge that some experts 
prefer other terms such as vasomotor nephropathy 
(8). The various hypotheses regarding the 
pathophysiology of this condition are discussed 
at length in chapter 1; but although of great 
theoretical interest, this is of little clinical im
portance, and the term ATN remains the most 
widely used label in clinical practice. It will be 
noted from table 18-1 that the causes of ATN 
are similar to those responsible for physiologi-

TABLE 18-1. Causes of acute renal failure 

Primary glomerular disease (glomerulonephritis) 
Acute postinfectious glomerulonephritis 
The nephritis of Henoch-Schiinlein purpura 
Systemic lupus erythematosus 
Others 

Interstitial nephritis 
Drug-induced (methicillin, diuretics) 
Postviral 
Idiopathic 

Acute tubular necrosis-renal damage due to: 
Anoxia/ ischemia/hypovolemia/hypotension 
Septicemia (especially Gram-negative organisms) 
N ephroroxins, e. g., mercury, myoglobin 
Combination of above (burns, crush injuries, surgery) 

Vascular disorders 
Hemolytic-uremic syndrome 
Renal vein thrombosis 
Disseminated intravascular coagulation 

Crystalluria 
Uric acid (following antitumor therapy) 
Sulphonamides 
Oxalic acid (ingestion of polyethylene glycol or 

methanol) 
Miscellaneous (rare) causes 

cal oliguria, and there is no doubt that the lat
ter may progress to true A TN if the underlying 
cause is not corrected sufficiently and quickly. 
The diagnostic categories listed in table 18-1 
are not always as clearly separated as this kind 
of listing suggests. For example, ATN and 
renal vein thrombosis almost certainly repre
sent part of the same spectrum of response to 
renal injury, at any rate in the newborn; simi
larly, glomerulonephritis and interstitial ne
phritis commonly coexist in a patient with 
poststreptococcal disease. 

Glomerulonephritis and interstitial nephritis 
are conspicuously rare in the new born period 
and early infancy, ARF in this age group being 
in the great majority of cases due to ATN sec
ondary to asphyxia, sepsis, or a combination of 
the two [9-11). Unilateral or bilateral renal 
vein thrombosis is occasionally seen in very sick 
newborns; tender enlargement of one or both 
kidneys and evidence of consumption of clot
ting factors (e.g., thrombocytopenia) may pro
vide a clue to this very serious complication. 
As mentioned above, congenital obstructive le
sions, with or without associated sepsis, must 
always be considered as a possibility (12), and 
congenital dysplasia or hypoplasia of the kid
neys, although not strictly a cause of ARF, 
may present in an indistinguishable manner in 
the neonatal period (13). 

In contrast, after the first year of life the ma
jor causes of intrinsic renal failure are glomer
ulonephritis, the hemolytic uremic syndrome, 
and ATN, the last usually following major sur
gery [14-16). In units where cardiothoracic 
surgery is performed, bypass and other major 
intrathoracic procedures are one of the most 
important causes of ARF (17), the incidence in 
one series being as high as 8% of all heart op
erations, of which the majority died (18); this 
high mortality almost certainly reflects the se
riousness of the underlying disease or distur
bance, rather than being the consequence of the 
renal failure itself. 

3 Pathophysiology 
The pathophysiology of ARF is complex and 
incompletely understood. Various aspects of it 
are discussed elsewhere in this book (chapters 
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1, 4, 5, 6, and 10); in addition, a number of 
excellent reviews have been published recently 
[8, 19-21}. The suggestion that tubuloglomer
ular feedback may play a central role in me
diating the oliguria of ARF [19} may go some 
way toward explaining the peculiar vulnerabil
ity of the newborn kidney [11} to ARF in re
sponse to a variety of insults. 

Glomerular filtration rate is low at birth, ris
ing rapidly in the early postnatal period in 
both premature and term human infants [22-
25}. Morphological studies in several species 
[26-29} have consistently shown a centrifugal 
pattern of renal development, with the juxta
medullary glomeruli being the first formed and 
the more superficial layers of the cortex added 
later. Measurements of intrarenal distribution 
of blood flow [30-32], glomerular capillary 
volume [33}, and nephron filtration rate [34, 
35] show clearly that functional development 
follows the same pattern; in addition, the 
study of Spitzer and Brandis [35] yielded the 
intriguing finding that not only was glomeru
lotubular balance for salt and water demonstra
ble at the single nephron level, but nephron 
filtration rate was strongly correlated with 
proximal tubular length. Taken together with 
the fact that the healthy newborn has a highly 
developed capacity to conserve sodium [23}, 
this strongly suggests that the low GFR in the 
newborn period is the consequence of suppres
sion of superficial nephron filtration by tubu
loglomerular feedback, in order that the fil
tered load may not exceed the reabsorptive 
capacity of the immature proximal tubules. Ac
cording to this synthesis, tubular functional re
serve is so small that even a relatively slight 
further impairment might lead to complete 
renal shutdown; by comparison with the adult 
organ, the neonatal kidney is half way to ARF 
even before any injury has occurred. 

After the newborn period, there is no reason 
to believe that the pathophysiology of ARF in 
childhood differs significantly from that in 
adults. 

4 Clinical Features 
To a considerable extent, clinical features will 
depend on the cause. Where renal failure is due 

to primary renal disease (e.g., glomerulone
phritis, hemolytic uremic syndrome), the oli
guria and uremia previously referred to are usu
ally associated with edema and hypertension 
secondary to salt and water retention. The 
urine contains blood, protein, and casts. Fluid 
retention may be severe enough to cause pul
monary edema or convulsions, which may be 
the presenting feature. Specific details of his
tory and physical findings may indicate a par
ticular cause (previous respiratory infection or 
gastrointestinal disturbance, rashes, etc.); de
scriptions of the individual diseases will be 
found in standard textbooks of pediatric ne
phrology [36, 37}. 

In ATN, the patient's condition will reflect 
the causative disorder. Typically, the patient 
will be dehydrated, ill, and possibly shocked; 
the contributing causes will in most cases be 
apparent from the history. Acidotic respiration, 
tetany, and other consequences of the complex 
metabolic disturbance that is likely to be pres
ent may be seen. Sometimes, particularly when 
ATN has occurred untecognized in a hospital 
setting, overenthusiastic rehydration therapy 
will have led to fluid overload, but with ade
quate medical and nursing supervision, the 
condition should be suspected before this has 
occurred. Sepsis will frequently be present and 
must be carefully sought in all cases. 

The natural history of A TN is distinctive 
and may be divided into four main phases: 

a. Inciting cause or insult (see above). 
b. Oliguric (occasionally anuric) phase. 
c. Polyuric (diuretic) phase. 
d. Recovery. 

In a minority of cases, for reasons not well un
derstood, the oliguric phase is omitted and 
urine output is high from the outset (polyuric 
or high output ATN, see chapter 10). This 
variant may be more common than generally 
realized, particularly if milder episodes of ATN 
are considered, perhaps accounting for as many 
as 25% of the total. The cause is failure of tu
bular reabsorption of filtrate out of proportion 
to the fall in glomerular filtration rate; in such 
cases, the urine, though abundant in quantity, 
is abnormal in quality (see below). According 
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to one view, this can be interpreted as a failure 
of suppression of filtration by tubuloglomerular 
feedback (19]. 

5 Diagnosis 
The usual starting point in the investigation of 
ARF is a patient who, either in the context of 
pre-existing illness or without prior warning, 
becomes oliguric (occasionally polyuric) and is 
found to have disordered extracellular fluid 
chemistry, including a high blood urea concen
tration. The diagnostic process may then be di
vided into two phases: 

a. Establishing whether the uremia is of pre
renal, renal, or obstructive origin (see 
above). 

b. Identifying the underlying cause. 

The first step is of extreme urgency since it 
dictates the immediate management of the pa
tient. Unless the cause of the condition is clear 
at the outset, obstruction must be excluded 
without delay. It is useful to perform, as soon 
as possible after admission, (a) abdominal ultra
sound examination, (b) plain abdominal x-ray 
and micturating cystourethrogram, and (c) dy
namic 99mTc DTPA renal scan. Taken together, 
these provide the following information: the 
size and general shape of the kidneys: the pres
ence of absence of dilatation of pelvicalyceal 
systems, ureters, and bladder; the presence or 
absence of radioopaque calculi; whether or not 
the utethra is obstructed; and some indication 
of the perfusion and functional state of the kid
neys. In particular, by these means obstruction 
may be excluded with confidence. 

The distinctive functional characteristics of 
acute intrinsic renal failure are reduced GRF 
and impaired tubular reabsorption of sodium. 
In contrast, although GFR is reduced to a var
iable degree due to reduction of renal perfu
sion, sodium reabsorption is avid in prerenal 
failure. These facts allow a clear distinction to 
be made between the two on biochemical 
grounds. Formal demonstration of low GFR by 
clearance or other techniques, although useful, 
does not provide a result quickly enough to be 
helpful in the management of the acute situa-

tion, and a number of simpler (and much 
quicker) tests are available. 

The plasma urea concentration is of almost 
no value in this context; simple dehydration 
alone will produce levels similar to those seen 
in renal failure due to enhanced tubular reab
sorption of urea under conditions of low urine 
flow rate. The plasma creatinine concentration, 
on the other hand, is a reliable guide to GFR 
[38, 39] and if grossly elevated, suggests the 
presence of intrinsic renal insufficiency al
though values substantially higher than the up
per limit of normal for age [40] may be en
countered in severely hypovolemic patients 
with prerenal failure. Frequently, the patient 
will be investigated very early in the course of 
the disease, before the creatinine has had time 
to rise to diagnostic levels; thus, while a very 
high creatinine confirms the presence of renal 
failure, a lower one does not exclude it. Ex
amination of the urine is then helpful. The 
urine in ATN has the following characteristics: 
high sodium and low nitrogen (urea and creat
inine concentration and approximate isosmolal
ity with plasma (250-400 mOsmollkg water; 
specific gravity about 10 10). The oliguric pa
tient with prerenal failure produces urine with 
exactly opposite composition: high urea, creat
inine and osmolality, and low sodium concen
tration. 

Various permutations of these urinary and 
plasma values have been explored in an attempt 
to add precision to the biochemical diagnosis of 
ARF. Of these, the calculated fractional so
dium excretion (FENa) [41] has been clearly 
shown to be the most effective, that is, the 
proportion of filtered sodium that is excreted in 
the urine. This is obtained by dividing sodium 
clearance by creatinine clearance and reduces to 
the simple formula: 

FEN. (%) 
_V-"N::.._X_P-,c",-r 

X 100, 
PN • X VCr 

where FENa is fractional sodium excretion and 
the other terms represent the urine and plasma 
concentrations of sodium and creatinine, re
spectivel y. Note that timed urinary collections 
are not required; a "spot" blood and urine sent 
immediately that the presence of ATN is sus-
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pected is sufficient. The value of this calcula
tion has been documented in adults, children, 
and the newborn (42, 43J. The so-called renal 
failure index (RFI) , obtained by dividing the 
urinary sodium concentration by the urine
plasma creatinine ratio (44J, reduces in effect 
to a calculation of FENa assuming a plasma so
dium concentration of 100 mmolll. Since the 
actual plasma sodium will invariably be known 
when such calculations are made, there seems 
little reason to prefer RFI to FENa since the for
mer has no real physiological meaning. It is 
important to recognize that both FENa and RFI 
are only helpful in the oliguric, volume-de
pleted patient in whom the diagnosis lies be
tween physiologic oliguria and acute renal fail
ure. The volume-expanded, polyuric patient 
may well have high values of both these "di
agnostic indices" in the presence of good renal 
function; however, in such patients, the plasma 
creatinine concentration will be normal, so 
confusion is unlikely to arise in practice. The 
tests that may be used in the differentiation of 
ATN from physiological oliguria are listed in 
table 18-2. 

The child who when first seen has no recent 
history of a disease or event likely to predispose 
to A TN, and who is well hydrated or over-

TABLE 18-2. Biochemical differentiation of prerenal and 
renal failure 

Prerenal 
failure Renal failure 

Plasma urea raised raised 
Plasma usually raised * raised 

creatinine 
Urine urea high low 
Urine creatinine high low 
Urine osmolality high (>500) low (200-400) 
Urine specific high (>1025) low (1008-1012) 

gravity 
U:P urea high (>10) low 
U: P creatinine high (>40) low 
U: P osmolality high (>2) low (1) 
FEN. low «1%) high (>3%) 
RFI low «1%) high (>4%) 

Note: U: P urine-plasma ratio; FENa = fractional sodium excretion; 
RFI = renal failure index. 
• Although plasma creatinine may be relatively normal in mildly dehy
drated patients, the reversible fall in GFR seen in more severely volume
depleted subjects may cause it to rise considerably, and this measurement 
alone cannot be relied on to distinguish between the twO conditions. 

loaded at presentation, presents a somewhat 
different diagnostic problem. Assuming ob
struction has been excluded and ultrasound ex
amination shows the kidneys to be of normal 
size, the likely diagnoses are: (a) some form of 
glomerulonephritis, (b) acute interstitial ne
phritis, (c) hemolytic uremic syndrome, or (d) 
a drug-induced or toxic form of ATN. If there 
is no clinical or serological clue to help dis
criminate among these, urgent renal biopsy is 
indicated since early specific therapy of some of 
these possibilities may influence the eventual 
outcome. If the kidneys are not seen well on 
intravenous urography (as is probable in this 
setting), the procedure should be performed ei
ther under ultrasound control or as a formal 
open biopsy; in either case it is essential that 
an experienced operator obtain the tissue and 
that clotting defects be corrected first. 

In addition to tests designed to establish the 
presence and cause of ARF, the patient should 
be assessed to evaluate the effects of ARF on 
the patients general condition and, in particu
lar, on the composition of the extracellular 
fluid. This topic is discussed further in the next 
section. 

6 Metabolic Consequences of Acute 
Renal Failure 
Since the primary function of the kidney is reg
ulation of the volume and composition of the 
extracellular fluid (homeostasis), interruption of 
renal function leads to predictable disturbances 
in body chemistry. Homeostasis is achieved by 
adjustment of the rate of urinary output of the 
substances that make up the extracellular fluid 
in response to changes in the rate of input, the 
two routes of entry into the system being diet 
and metabolism. The changes typically result
ing from ARF are listed in table 18-3. 

The alterations in salt and water balance are 
variable and depend largely on the patient's in
take during the interval between onset of ARF 
and its clinical recognition. By the time the 
diagnosis is made, continuing intake in the 
face of diminished output has often led to over
load of salt and water, usually with water pre
dominating. Thus, the patient is frequently 
edematous, hypertensive, and hyponatremic. 



18. ACUTE RENAL FAILURE IN CHILDREN 357 

TABLE 18-3. Typical changes in plasma composition in 
acute renal failure 

Increased 
creatinine 
urea 
uric acid 
potassium 
hydrogen ion (acid) 
phosphate 
osmolality 

Decreased 
bicarbonate (metabolic acidosis) 
calcium 

Variable 
sodium 
chloride 

Since patients with ARF are usually ill as a re
sult of the precipitating cause of the failure, 
they are likely to be catabolic; this condition 
leads to increased production of urea and other 
nitrogenous products, hydrogen ion, potas
sium, and phosphate, exaggerating the increase 
in plasma concentration of these substances. 
In consequence, the conservative management 
of ARF is largely aimed at reducing the ef
fective input of these substances into the 
system, while management by dialysis is di
rected toward removing them by artificial 
means. 

7 Conservative Management 
Conservative management consists of adjusting 
the input of various dietary components in re
sponse to the damaged kidneys' limited capac
ity to excrete and regulate them. In addition, 
specific treatment may need to be given for the 
underlying disease, and attention must be di
rected to the general care and maintenance of 
the child, especially to nutrition. 

Circulating blood volume, if depleted, must 
be restored as a matter of urgency. This is best 
done with blood or plasma in the first instance, 
and the circulation should be monitored by 
means of measurement of central venous pres
sure and the central-peripheral temperature gap 
[45}. If peripheral perfusion is poor in the face 
of high venous pressure, the judicious use of 
vasodilator drugs is often helpful. It is not un
usual for the correction of volume depletion to 

be followed by the prompt restoration of urine 
flow (11, 14}, thus establishing the diagnosis 
of physiological oliguria in anticipation of the 
results of the diagnostic tests, which may not 
yet be available. If circulatory insufficiency is 
allowed to persist, the effects may be very dam
aging; not only may further damage be sus
tained by the kidneys but acidosis and hyper
kalemia may become uncontrollable due to 
release of hydrogen ion and potassium from hy
poxic tissues. The alternative problem of cir
culatory overload can, if mild, be reversed by 
reducing input below normal requirements, 
but if more than mild is an indication for di
alysis without delay. Occasionally, a patient 
may be admitted with severe congestion and 
pulmonary edema, in which case positive pres
sure ventilation may be life saving and should 
be instituted immediately. This maneuver will 
buy time for dialysis or for ultrafiltration to be 
effective in reversing the overload. If this prob
lem should be encountered in a setting where 
neither ventilation nor dialysis is immediately 
available, then the old-fashioned measure of 
venesection may tide the patient over until 
arrangements can be made for definitive treat
ment to be instituted. 

When the circulation is secure, external bal
ance for water is achieved by restricting input 
in insensible loss (see above) plus a volume 
equivalent to measured urinary and other out
put. In the oliguric or anuric patient whose 
general condition is stable, fluid intake may be 
calculated on a daily basis according to the pre
vious day's output, but the poly uric patient 
must be reassessed at much more frequent in
tervals; it may be necessary to adjust the rate 
of infusion hourly or half-hourly in order to 
"chase" an obligate diuresis. This is not a task 
that can safely be delegated to a nurse; close 
medical supervision is mandatory. The patient 
who is well enough to drink presents a partic
ular problem in approximately inverse propor
tion to age, in that it is often extremely diffi
cult or impossible to prevent a thirsty child 
from drinking. In a busy ward, the only person 
who can be relied on to exercise the necessary 
continuous control may well be the mother, 
who should be actively recruited into the treat
ment team whenever possible. 
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Sodium input is adjusted in accordance with 
the estimated degree of overload or deficiency 
at presentation and measured output. Although 
patients with ARF are frequently hyponatremic 
when first seen, this condition more commonly 
reflects water overload than sodium depletion. 
Therefore, a careful clinical estimate of volume 
status should be made as part of the initial as
sessment, and subsequent management will de
pend on this. Such factors as the presence or 
absence of edema, arterial blood pressure, cen
tral venous pressure, and peripheral skin tem
perature in a thermo neutral environment (a re
liable indicator of tissue perfusion) should 
enable the clinician to form an accurate judg
ment in this respect. If extracellular fluid vol
ume is increased, the more usual finding, the 
appropriate response to hyponatremia is water 
restriction; ongoing insensible losses will tend 
gradually to restore plasma sodium concentra
tion to normal. As discussed elsewhere, if vol
ume overload is severe, the early institution of 
dialysis will correct both hypervolemia and the 
sodium concentration. The occasional patient 
who is both volume depleted and hyponatremic 
should be managed initially by volume reple
tion and the judicious administration of so
dium. The sodium deficit is best calculated on 
the assumption that the sodium space repre
sents one-third of body weight (30 to 35%) in 
infants less than one year of age and 20 to 25% 
in older children. The redistribution of body 
water that occurs in hyponatremic states may 
lead to an underestimate of total body sodium 
deficit; but it is safer to correct in this manner 
and then to repeat the assessment than to risk 
a sodium overload in a patient who, by the na
ture of his condition, is unable to excrete excess 
salt. The consequence of accidentally induced 
hypernatremia may well be uncontrollable 
thirst, which will induce a child to drink his 
way into dangerous volume overload and pul
monary edema if he is allowed to do so. 

Alkali (usually sodium bicarbonate) is given 
in amounts sufficient to correct acidosis, the 
dose being calculated on the basis of estimated 
extracellular fluid volume as for sodium. Fre
quently, the amount of alkali required exceeds 
that which can be given without endangering 

the patient's sodium status, in which case di
alysis should be instituted. 

Potassium is severely restricted unless (un
usually) the plasma concentration is low. If 
dangerously high levels are present (6mmolll or 
more), emergency measures must be taken to 
prevent cardiac arrhythmias; these measures are 
listed in table 18-4. A cardiac monitor (show
ing waveform as well as rate) should be em
ployed until the emergency is contained. The 
first three steps should be taken in the order 
listed while dialysis is simultaneously insti
tuted. It should be noted that, of the options 
given, only the ion-exchange resin and dialysis 
actually achieve the net removal of potassium 
from the body. It therefore follows that hyper
kalemia in the context of ARF is always an in
dication for dialysis, even if conservative mea
sures as successful in temporarily normalizing 
the plasma potassium concentration. For the 
same reason, there is probably no advantage in 
attempting to control potassium levels with 
glucose and insulin infusions; the, underlying 
need for dialysis remains, and anything that 
delays it should be regarded as a form of poten
tially hazardous displacement activity. 

Phosphate absorption from the gut is re
duced by giving aluminum hydroxide gel by 
mouth, which forms insoluble aluminum phos
phate in the lumen. This is worth doing in the 
hyperphosphatemic patient who is not eating 
since a significant amount of phosphate is pres
ent in gastrointestinal secretions, particularly 
saliva. The low-protein diet the patient will be 
receiving (see below) will already be low in 
phosphate, and little further can be achieved in 
this respect by dietary manipulation. 

Calcium may need to be given to correct se
vere hypocalcemia, which should not be al
lowed to persist, particularly in the presence of 
hyperkalemia. A combination of hypocalcemia 
and marked hyperphosphatemia will not be 

TABLE 18-4. Treatment of acute hyperkaloemia 

1. IV sodium bicarbonate (1 rnmol/kg) 
2. IV calcium gluconate (O.1-().2 ml 10% solutiOn/kg) 
3. Oral andlor rectal calcium resonium (1 g/kg) 
4. Dialysis 
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corrected by the administration of calcium 
alone and is another indication for dialysis. 

Detailed attention to nutritional require
ments forms an essential part of the manage
ment of any sick child, and the child with 
renal failure is no exception. The exact policy 
to be adopted will vary somewhat according to 
the cause and duration of the renal failure; en
ergy requirements must be met as fully as pos
sible in all cases, while protein and vitamin 
and trace element intake becomes progressively 
more important as time passes. If renal failure 
persists for more than a few days, modern prac
tice requires that dialysis will routinely be in
stituted, so the need to provide full nutrition 
in the context of conservative management is 
rarely encountered. 

A child who is well enough should be fed 
orally if at all possible. If the child cannot (or 
will not) eat, intragastric or jejunal tube feed
ing should be attempted, with intravenous 
feeding reserved for failure of enteral alimenta
tion. The usual limiting factor in the oliguric 
patient is volume. It is not easy to pack suffi
cient energy into a volume not much more 
than 400 mllm2 daily, but a good approach to 
this ideal can be made by using modern highly 
concentrated energy supplements. Table 18-5 
shows the composition of a "renal feed" based 
on glucose polymer [46] as a carbohydrate 
source and arachis oil emulsion [47] as fat. 
Mixed in these ptoportions it provides 1,385 
calories in a total water volume of 465 ml (65 
ml water being contained in 130 ml Prospa
rol). The mixture may be flavored with choco
late or milk-shake flavoring for oral consump
tion or may be given unflavored down a tube. 
The aqueous phase of the feed is hyperosmolar 
with respect to plasma, and it is therefore wise 
to start with a quarter- or half-strength prepa-

TABLE 18-5. Composition of "renal feed" 

Caloreen (46) 
Prosparol (47) 
Water 

200 g 
130 ml 
400 ml 

Note: This provides 1,385 calories in a total water content of 465 ml (see 
text). Protein may be added as, e.g., Clinifeed [48} which contains 4 g 
protein in 100 ml. 

ration, working up to the full concentration 
over three or four days. Small amounts of pro
tein can be added as required, using either 
milk-based protein, for example, "Clinifeed" 
[48] or amino acid preparations; the latter are 
very expensive and offer no theoretical or actual 
advantage over protein unless digestive func
tion is impaired. The specific named products 
suggested here can, of course, be replaced by 
similar alternatives according to local availabil
ity. 

The object of intensive nutritional therapy in 
ARF is threefold: (a) to support the child's gen
eral condition and prevent cachexia, (b) to min
imize catabolism and thus limit the increase of 
urea, potassium, hydrogen ion, and phosphate 
concentrations in the extracellular fluid, and (c) 
theoretically, to accelerate healing of the renal 
lesion. There is no experimental evidence in 
support of the last objective, but the impor
tance of the first two is well established. 

Once the cause of the renal failure is known, 
there may be an indication for specific treat
ment of the underlying disease, such as steroids 
[49} or "cocktail" therapy [50} for glomerulo
nephritis (chapter 13), plasma infusions for the 
hemolytic uremic syndrome [51} (chapter 16), 
or antibiotics for septicemia associated with 
ATN. If antibiotics or other drugs are to be 
used, special attention must be directed to the 
metabolism or excretion of the drug in ques
tion. If excretion is wholly or partly via the 
kidney, appropriate modifications must be 
made to dosage, and blood levels, where rele
vant, should be obtained. A very valuable re
view of the effects of renal failure on drug me
tabolism and dosage has been published [52]. 

The use of powerful loop diuretics, particu
larly frusemide, has been advocated as a means 
of accelerating the resolution of A TN. How
ever, there is no convincing evidence of any 
benefit in man, and very little in animals, re
sulting from the administration of frusemide 
(or mannitol) after the onset of ARF. A vari
able protective effect has been demonstrated 
when the drug is given before renal failure is 
induced but probably no more so than can be 
achieved by simple saline diuresis. Frusemide 
is known to potentiate the toxic effects of an-
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imo glycosides and other nephrotoxic drugs 
and therefore has no place in the routine man
agement of ARF in childhood. This question is 
considered at length in chapters 3 and 21. 

8 Treatment by Dialysis 
The general principles governing the use of di
alysis techniques in ARF are discussed in chap
ters 23 and 24. The same methods used in 
adult patients can be applied to children, but 
various adaptations must be made with respect 
to the smaller size and different metabolism of 
the child if good results are to be obtained. 

Indications for dialysis are summarzied in ta
ble 18-6. Frequently, multiple indications will 
be present, and the need for dialysis obvious 
from the outset. On other occasions, the choice 
between conservative management and dialysis 
may be difficult, but certain generalizations 
may be made as a result of experience. First, 
the ill child who is catabolic and in renal fail
ure should be dialyzed early since the probabil
ity of succeeding with conservative manage
ment alone in such patients is remote; further, 
if dialysis is delayed until the last possible mo
ment, the risks are greatly increased. Second, 
very small infants and children are less readily 
controlled conservatively than large individuals 
and should be dialyzed for less indications than 
might be required in the latter, that is, the 
threshold for dialysis is relatively low. Third, 
once the decision has been made that dialysis 
will be required for a particular patient, it 
should be commenced immediately-delay can 
only increase risk. Fourth, if you are in doubt 
that dialysis is indicated, it probably is. Pro-

TABLE 18-6. Indications for acute dialysis 

1. Hyperkalemia 
2. Severe acidosis 
3. Salt and/or water overload (manifest as hypertension; 

generalized or pulmonary edema) 
4. Hyperphosphatemia/hypocalcemia 
5. Failure of early improvement on conservative 

management 
6. The very sick patient with impairment of other 

systems 

Note: The presence of two or more of these indications at the time of 
presentation suggests that dialysis should probably be instituted immedi
ately. without prior attempts at conservative managemenc. 

vided that the staff concerned are properly 
trained in the techniques, both peritoneal and 
extracorporeal dialysis are relatively low-risk 
procedures. Patients are much more often lost 
through failure to begin dialysis in time than 
through dialyzing someone who might have 
survived without it. 

The choice of methods lies between perito
neal dialysis (PO) and hemodialysis (HD). Both 
are highly effective as a means of managing 
ARF, and local practice will to some extent de
termine which is selected in a particular case. 
In general, the smaller the child the more dif
ficult it is to establish access to the circulation; 
thus PO is almost universally used as the treat
ment of choice in babies. Very small patients 
aside, HD is advantageous (a) in very pro
longed ARF since much less time is spent on 
dialysis and a much greater degree of mobility 
and activity is possible; (b) in hypercatabolic 
patients, in whom even continuous PO may 
not be efficient enough to keep pace with the 
rate of accumulation of urea and other meta
bolic products; and (c) arguably, in the hemo
lytic uremic syndrome since the same shunt 
used for dialysis can be used for the administra
tion of the large volumes of plasma that have 
recently been advocated as active treatment for 
the disease (51}. 

The basic technique of PO in infants and 
children is much the same as for adults (see 
chapter 24). Special cannulae are available for 
pediatric use, being essentially miniature ver
sions of the adult ones. If they are not avail
able, the perforated end of an adult cannula can 
be shortened with a pair of scissors, the ideal 
length being the maximum that can be accom
modated inside the peritoneal cavity. The cut 
end should be flamed with a match to remove 
sharp edges, and the cannula should be 
mounted on its trochar in the usual way but 
with the short length that has been cut off be
hind it; thus, the total length of tubing on the 
introducer remains the same. The conventional 
subumbilical placement of the cannula is not 
always satisfactory in infants and small chil
dren, allowing insufficient length of intra
abdominal tubing for efficient dialysis. The 
preferred site is in either flank and above and 
anterior to the anterior superior iliac spine, lat-
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eral to the inferior epigastric artery at the level 
of the umbilicus. Great care must be taken to 

avoid injury to the liver, the spleen, and the 
great vessels when using these high insertion 
sites; the most skilled operator available should 
place the cannula, and beginners should learn 
the technique firsthand from an expert. Cathe
ter insertion is made easier and probably safer 
if a volume of fluid equivalent to about half the 
intended cycle volume is infused into the peri
toneal cavity through an intravenous needle be
forehand. This separates the viscera and creates 
a space into which the dialysis cannula can be 
placed. 

The cycle volume must, of course, be re
duced in proportion to the size of the patient. 
Effective dialysis usully requires 20 to 50 mU 
kg/cycle, or approximately one litre m 2 body 
surface area. The most efficient volume is the 
maximum that can comfortably be tolerated 
without abdominal pain, respiratory embarrass
ment, or interference with venous return from 
the lower half of the body. Rapid exchanges, 
up to three to four per hour, increase the effi
ciency of dialysis but are more uncomfortable 
for the patient; one to two per hour is usually 
adequate when the patient's condition is stable. 
A mechanical dialyzer is an immense help in 
relieving nursing staff of much of the burden 
of supervision of the procedure, and a number 
of satisfactory models are available. That man
ufactured by the LKB Corporation [53) has 
been found to be safe and reliable and can be 
adapted to instill volumes as small as 125 ml 
per cyle. 

The duration and frequency of dialysis must 
be determined on a day-to-day basis according 
to the patient's condition. If renal failure is 
prolonged, a routine of about 12 hours of treat
ment in every 24 is usually satisfactory, the 
procedure being performed overnight for con
venience if adequate nursing supervision is 
available. This schedule may not be sufficient 
for ill patients, and continuous dialysis for days 
or weeks may be required. If treatment is likely 
to be needed for a prolonged period, a soft 
Tenckhoff catheter, surgically placed, is better 
tolerated than the more rigid "acute" type; al
ternatively, a change to HD may be consid
ered. 

Larger children may be hemodialyzed via 
shunts placed as in the adult patient or by the 
Shaldon technique using intermittent femoral 
venous catherization [54). The smaller the 
child, however, the greater the problem of cir
culatory access, and it is this that limits the use 
of the technique in infancy. If hemodialysis is 
essential, it is nearly always possible to gain 
access by a variety of techniques. A shunt may 
be inserted using the femoral vessels; this has 
the obvious disadvantage of the eventual sacri
fice of the femoral artery, but experience shows 
that the collateral circulation to the leg is suf
ficient in infants and young children to prevent 
acute ischemic damage. Possible long-term ef
fects on the limb, however, have not as yet 
been documented. A preferable alternative is to 
cannulate the internal or external jugular vein 
using a short umbilical catheter, and then to 
dialyze using the single-needle technique [55, 
56); effective dialysis can be maintained for 
quite long periods using this method. 

The choice of equipment for the extracorpo
real circulation can be difficult in smaller chil
dren and is constrained by two considerations. 
First, not more than 8 to 10% of the calculated 
blood volume should be outside the body at 
one time. Assuming a blood volume of 85 ml/ 
kg, the smallest commercially available equip
ment is unsatisfactory for infants smaller than 
8 kg since the priming volume of the circuit is 
about 70 ml. This can be reduced by improv
izing a set of tubing lines on an ad hoc basis, 
but this is difficult and time consuming. Work 
currently in progress in several centers should 
result in the general availability of a smaller set 
in the near future, which will greatly simplify 
the problem of HD in infants. 

Second, because metabolic rate is more 
closely related to body surface area than 
weight, the smaller the patient the greater the 
excretory and homeostatic load on the kidney 
per unit weight; this is clearly reflected in the 
development of the normal kidney, GFR being 
closely related to surface area. The logical so
lution to this problem in the child with renal 
failure is to use a proportionately larger dialy
zer (considered per Lulit body weight) the 
smaller the patient. In practice, this approach 
is limited by the size of the extracorporeal cir-
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cuit, as discussed above {57J. The only alter
native is to increase the time spent on dialysis, 
and experience shows that infants and small 
children require either longer periods on the 
machine or, preferably, shorter interdialytic in
tervals than larger subjects. Daily dialysis is 
therefore the optimal regime in such patients 
and should be employed electively if resources 
(i.e., the availability of skilled staff) permit. A 
further reason for daily dialysis is the need to 

remove fluid in order to make room for the 
provision of adequate nutrition, which, as dis
cussed above, may be critically important in 
supporting the patient's general condition. 
Usually a daily dialysis of three to four hours is 
sufficient but it is not possible to lay down 
such hard and fast rules as is the case for 
chronic dialysis; adequacy of treatment must be 
assessed on an individual basis according to the 
degree of control of extracellular fluid volume 
and chemistry. 

Providing proper account is taken of the dif
ferences in metabolism and physiology between 
individuals at different stages of development, 
application of the above principles should allow 
children in ARF to be managed with results at 
least as good as can be obtained in adult prac
tice, perhaps better in view of the child's su
perior ability to heal damaged tissues and the 
lower incidence of unrelated disease in other 
systems. It must be recognized, however, that 
the appropriate place for sick children to be 
treated is a pediatric unit equipped with all the 
specialized expertise relevant to the child's con
dition. In the particular case of ARF, this 
means a pediatric intensive care unit with more 
than occasional experience of management of 
renal failure, in particular dialysis of pediatric 
patients. The optimal treatment is therefore to 
transfer the child to such a center as soon as 
acute renal failure is diagnosed, unless circum
stances make this impossible. 
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19. ACUTE OBSTRUCTIVE RENAL 
FAILURE (POSTRENAL FAILURE) 

Antonio Dal Canton, 

Vittorio E. Andreucci 

1. Etiology 
Obstruction has been recognized since antiq
uityas a common cause of urinary disorder [l}. 
It is, indeed, one of the most frequent causes 
of chronic renal failure [2}. 

Yet, obstruction is a relatively uncommon 
cause of acute renal failure (ARF) since, for this 
to take place, urine flow must be suddenly and 
simultaneously interrupted from the whole func
tioning renal mass. possible causes of so-called 
"postrenal" ARF are listed in table 19-1. 

Postrenal ARF may occur quite easily in pa
tients with a single functioning kidney, when 
almost evefJ' kind of urinary obstacle, whatever 
the location along the urinary tract, may deter
mine total obstruction. In patients with a soli
tary kidney, renal stones, which are the most 
common cause of obstructive uropathy in the 
general population [3, 4}, are the most com
mon cause of postrenal ARF. A notable excep
tion is the patient with a kidney transplant; 
even though cases of obstruction due to calcu
lous formation have been reported [5, 6}, post
renal ARF is usually secondary to surgical com
plications [7, 8}. 

In patients with two functioning kidneys, 
obstructive anuria may occur when urine flow 
is stopped distal to the sites where the urinary 
tract becomes unique. In many instances, this 
anuria is of short duration and is better defined 
as acute urinary retention rather than postrenal 
ARF. Sometimes, however, a true renal failure 
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with azotemia may ensue (figure 19-1). This 
may occur when a stone is wedged into the ure
thra, but usually renal calculi that arrive at the 
bladder are easily expelled, unless there is an 
urethral stricture. Rarely is the urethra ob
structed by primary urethral tumors or by neo
plasms originating from pelvic organs, vagina, 
vulva, or penis [9}' In the adult male, how-

TABLE 19-1. Causes of "postrenal"' acute renal failure 

I Distal urinary tract (urethra and bladder) 
urethral stone 
primary urethral tumor 
neoplasm from pelvic organs, vagina, vulva, penis 
prostatic enlargement 
ovarian cyst, pessary, pelvic, or vulvar hematoma 

secondary to obstetrical trauma 
(in infants and children:) urethral atresia, valves, 

hypertrophy of the colliculus, ectopic ureterocele, 
hydrometrocolpos, pelvic neuroblastoma 

rectal distension due to constipation 
bullous and interstitial cystitis 
neurogenic bladder 

II Proximal urinary tract (ureter and pelvis) 
stones 
invasion by co.ttiguous malignant tumors (prostate, 

bladder, cervix, pancreas) 
ureteric metastases from malignant distant tumors 

(lung, breast, stomach) 
compression by iliac or para-aortic lymph nodes 
retroperitoneal fibrosis 
diffuse malignant infiltration of retroperitoneum 
gynecological causes: uterine prolapse, pregnancy, 

gynecological operations 
aortic aneurysm 
aortic or iliac bypass surgery 
primary ureteric tumors 
intraurinary bleeding 
fungus balls 
traumatic hematoma of abdominal wall 
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ever, prostatic enlargement is the prevalent 
cause of obstruction of the lower urinary tract. 
In females, common causes of urethral obstruc
tion are a gravid retroverted uterus, a fibroid, 
an ovarian cyst, a pessary, or obstetrical trau
mas causing pelvic or vulvar hematomas [10}. 
These masses may obstruct urine flow either by 
exerting an extrinsic pressure on the bladder 
neck or the urethra or by overstretching these 
structures. 

In infants and children, intrinsic urologic 
diseases accounting for distal urinary obstruc
tion are urethral atresia, posterior or anterior 
urethral valves, hypertrophy of the colliculus, 
and a prolapsing ectopic ureterocele [11-13}. 
Nonurologic conditions include trauma, hydro
metrocolpos, uterine and prostatic sarcomata, 
pelvic neuroblastoma, and fecal impaction [14-
17}. 

Rectal distension due to constipation may 
also result in acute obstruction in the adult, 
especially in the elderly and in psychiatric pa
tients, either by directly compressing the ure
thra or by angulating the urethrovescical junc
tion [18, 19}. 

Distal obstruction has also been reported as 
an uncommon manifestation of bullous cystitis, 
when this acute inflammation causes marked 
bullous edema involving the trigone and the 
ureteral ostia [20}. A similar mechanism may 
account for rapidly progressive obstruction of 
the vescicalureteral junctions in the course of 
chronic cystitis, such as interstitial cystitis 
[21}. Finally, acute urinary retention may be 
the first symptom of neurologic diseases, such 
as demyelinating disorders, herniated nucleus 
pulp os us , and Landry-Guillain-Barre syndrome 
[22, 23}; psychogenic urinary retention may 
also exceptionally result in renal failure [24}. 

The acute and simultaneous obstruction of 
both kidneys proximally to the bladder is an 
improbable event. Frequently, however, post
renal ARF may appear as if it were secondary 
to simultaneous obstruction of both ureters; ac
tually, a disorder may have already interrupted 
urine flow from one kidney without clinical 
symptoms; the subsequent occlusion of the 
contralateral ureter will result in anuria. Usu
ally, this occurs when the ureters are either 
compressed or invaded by malignant tumors of 
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FIGURE 19-1. Postrenal ARF due to prostatic enlarge
ment. B. P., a 60-year-old man was operated for inguinal 
hernia on 1 April 1982. Preoperatory serum creatinine 
(Sc,) was 88.40 IJoomolll (1.0 mg.dl). Postsurgical course 
was normal until April 8 when the patient became oli
goanuric. Total urine output was less than 300 mls/24 
hours. On April 10, at 8 a.m., Sc, was 751 IJoomolll (8.5 
mg/dl) and plasma urea (Pmea) 32.47 mmolll (195 mg/dl). 
The insertion of a catheter into the bladder allowed the 
collection of 1. 5 liters of urine in the next 12 hours that 
reached about 7 liters at the end of the 24 hours. 
At 8 p.m. of the same day, Sc, had already fallen to 
327 IJoomolll (3.7 mg/dl), and Pu,ea to 19.48 mmolll 
(117 mg/dl). Both Sc, and P urea were completely normal
ized on April 12, while a moderate polyuria persisted un
til April 14. 

prostate, cervix, bladder, or, more rarely, pan
creas [25, 26}. 

Complete anuria may result also from hem
atogenous or lymphatic ureteric metastases 
from distant tumors (lung, breast, cervix, and, 
more frequently, stomach and prostate) [27-
29}. These metastases appear on the mucosal 
surface of the ureters as nodules protruding 
into the lumen. 

Another mechanism of postrenal ARF is by 
encasement or compression of the ureters by il
iac or para-aortic lymph nodes, either invaded 
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by metastases (e.g., seminoma) [3D} or affected 
by primary tumors [31-33}. 

In a few cases, the postrenal ARF has been 
shown to be due to diffuse infiltration of the 
retroperitoneal space, with malignant cells 
causing a functional but not mechanical ob
struction of the ureters [34}. In such circum
stances, a retrograde catheter could be intro
duced freely to the kidney to allow urine 
drainage, but urine could not pass sponta
neously down into the bladder when the cath
eter was removed. Presumably, this occurred 
because the ureteral peristalsis, which moves 
the urine from the pelvis to the bladder, was 
abolished due to malignant infiltration and ri
gidity of ureteral wall and surrounding tissues. 
An analogous mechanism may explain the an
uria that sometimes occurs in patients affected 
by retroperitoneal fibrosis [3 5-38}. This disor
der may be either idiopatic or associated with 
such heterogeneous conditions as drug abuse 
[38}; aortic and iliac artery aneurism [39-4I}; 
Chron's disease [42}; retroperitoneal infections 
[42-44}; extravasation of urine, blood, or 
aqueous contrast in retroperitoneum [45, 46}; 
retroperitoneal arteritis [47}; radiation therapy 
[48}; and local application of Avitene, a micro
fibrillar collagen used in surgical hemostasis 
[49}. In all these disorders, the fibrosis is sec
ondary to chronic inflammation of retroperito
neal tissues. 

Uterine prolapse is a well-known gynecolog
ical cause of bilateral ureteral obstruction [50-
52} that may occasionally cause anuria [l0, 
53}. Due to uterine prolapse, the obstruction 
has been attributed to compression of the lower 
ureters either by the uterus between the blad
der and the marginis of the hiatus genitalis (the 
levator muscles) or by the uterine artery (which 
lies in the broad ligment anterior to the ureter) 
[52}. The most probable mechanism, however, 
is that the uterus carries with it the base of the 
bladder so that the ureters are compressed 
against the inferior pubic rami [51}. 

Another gynecological cause of bilateral ure
teral obstruction is pregnancy: the gravid 
uterus may compress both ureters to such an 
extent as to cause anuria [54, 55}. 

Post renal ARF may also occur as a compli
cation of gynecological operations [56-58}; the 

ureters are usually injured at the site of ligation 
of the uterine arteries; their occlusion may re
sult from partial transfixation and kinking, an
gulation caused by suture of neighboring tis
sues, or crushing due to gripping by artery 
forceps. Sometimes the ureters may be erro
neously ligated. 

Bilateral ureteric obstruction may follow aor
tic or iliac bypass surgery [59}. In such a case, 
the renal failure may occur some weeks or even 
months after the operation, the obstruction 
being caused either by organization of a hema
toma secondary to bleeding from the vascular 
anastomosis or by ureteral strictures ensuing as 
late complications of ureteric devascularization 
[60}. 

Exceptionally, postrenal ARF is the first 
symptom of bilateral primary ureteric tumors 
[61, 62}. Other rare causes of anuria are in
traurinary bleeding secondary to papillary ne
crosis [63}, in the course of anticoagulant treat
ment [64}, and "fungus balls" consisting of 
chunky clumps of Candida hyphae in patients 
with deficient immunity [65-67}. Anedoctal 
cases of anuria due to traumatic hematoma of 
the abdominal wall compressing the ureters 
have been reported [68}. 

A debated question is whether the acute, 
mechanical obstruction of a single kidney may 
evoke a reflex anuria due to marked ureteral 
spasm or ischemia of the contralateral kidney. 
In the few cases in which this condition was 
apparently documented [69, 70}, severe colicky 
pain was thought to be essential to raise the 
reflex. It cannot be excluded, however, that an
other undetected disorder was also affecting the 
apparently sound kidney, such as a small radio
lucent calculus or a pyeloureteral junction syn
drome, that was acutely decompensated by the 
sudden increase in water load, secondary to 
contralateral functional shutdown [7 I} . 

The contrast between the exceptional occur
rence of anuria and the frequency of renal colic 
in clinical practice argues against the existence 
of a "true" reflex anuria. Animal studies, how
ever, have shown that acute ligation of a ureter 
may cause moderate contralateral ischemia 
{72}. In man, with colicky pain due to unilat
eral ureteral occlusion, a similar reflex ischemia 
may be associated with vomiting, fever, and 
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feeding difficulty. A transient oliguria may 
thus result from the combination of acute loss 
of function of the obstructed kidney with re
duced function of contralateral kidney due to 
reflex ischemia and dehydration. 

2 Pathophysiology 
Acute, mechanical interruption of urine flow is 
rapidly followed by profound modifications 
both in urodynamics and in renal hemody
namics. Persistent urinary obstruction ulti
mately leads to structural alterations of the uri
nary tract and to renal damage. 

2.1 EFFECTS OF OBSTRUCTION 
ON URODYNAMICS 

Transport of urine within the normal urinary 
tract is accomplished by both active and passive 
forces. The active forces result from peristalsis 
within the calyces, renal pelvis, and ureter, 
while the passive force is the hydrodynamic 
pressure gradient between Bowman's capsule 
and the bladder. Peristaltic contractions cause 
the various tracts of the urinary conduit to 
shorten and to oppose their walls. Shortening 
plays only a minimal role in urine transport. 
More important is the opposition of the walls 
that is brought about by a force termed wall 
tension. The mechanism by which this force de
termines urine transport has been experimen
tally studied in detail in the ureter {7 3}. In the 
ureter, segmental increases in wall tension form 
the urine into boluses. Intraluminal pressure 
within each constricting segment, and there
fore behind each bolus, is markedly increased. 
This rise in pressure propels the bolus toward 
the bladder as contractions pass distally. When 
the ureter is acutely occluded, urine accumu
lates behind the obstruction, rapidly increasing 
intraluminal pressure. This may rise to about 
80 mm Hg within 60 minutes in man [74} and 
may even cause, in rare cases, spontaneous pel
vic rupture and urine extravasation {75-78}. 

The response of both pelvis and ureter to 
this rise in intraluminal pressure is similar ini
tially and consists of an increase in wall tension 
to resist dilatation, while peristaltic contrac
tions become more forceful and are generated 
at an increasing rate [79, 80}. With further 

accumulation of Uflne and an ever increasing 
intraluminal pressure, the responses of ureter 
and pelvis become different. In the pelvis, in 
fact, an adaptation to stretch occurs ("stress re
laxation"), for which the pelvis dilates, while 
wall tension and the frequency of contractions 
decrease, returning toward the original values 
[80}. In the ureter, greater and greater 
amounts of the tensile force of the wall are ap
plied to oppose dilatation. Therefore, less force 
is available for peristaltic contractions, which 
become weaker and weaker, until all the mus
cular force of the ureter is spent to maintain 
the structural integrity and no more contrac
tions are generated {73}. When occlusion con
tinues for days, however, the ureter, as well as 
the pelvis, is overdistended by the retained 
urine. Stretching overwhelms the elastic capac
ity of the walls, and structural changes take 
place, such as loss of continuity of muscle cells 
and collagen deposition {73, 81}. Finally, the 
elastic and tensile properties of the walls are 
modified, and large volumes of urine are con
tained within the dilated system at low intra
luminal pressure [82}. 

For this reason, the intrapelvic and endour
eteric pressures are commonly found normal in 
chronically hydronephrotic kidneys {74}; un
doubtedly, renal ischemia (see below) and in
creased fluid egress through pyelovenous, and 
pyelolymphatic backflow [83} greatly contrib
ute to this normal pressure. With normaliza
tion of intraluminal pressure, the chronically 
obstructed ureter regains its ability to generate 
peristaltic contractions, but these contractions 
are less forceful than normal due to scar for
mation and collagen replacement of smooth 
muscle units. These structural changes account 
for impairment of active transporting function 
of the ureter, even after the obstruction has 
been relieved [73}. 

Vescical dynamics in acute urinary retention 
have been studied in dogs in which the bladder 
has been acutely distended by both endogenous 
urine secretion and instillation of fluid. Over a 
period of 12 to 18 hours, intravescical pressure 
rose to a peak and then slowly fell, tracing a 
bell-shaped curve that fitted the requirements 
of an elastic system. The descending part of the 
curve indicated that overstretching had oc-
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curred and that the bladder had lost its normal 
elastic properties (84). Similarly, in man with 
acute vesical retention, small bladders, which 
contain less than 1 liter of urine, respond to 
withdrawal of 100 ml of urine with a much 
greater fall in intraluminal pressure than larger 
bladders. Conversely, small bladders respond 
more vigorously to refilling, with a mean in
crease in pressure of 25 cm H 20, than bladders 
originally containing larger volumes, in which 
no increase in pressure occurs (85). These ob
servations indicate that overdistended bladders 
lose their normal elasticity. Overdistension, in
stead, does not influence the response to betha
necol chloride, indicating that normal muscu
lar properties are retained. 

2.2 EFFECTS OF OBSTRUCTION 
ON RENAL HEMODYNAMICS 

Experimental studies in rats and dogs have 
shown that within a short time after acute ob
struction of one or both ureters, renal blood 
flow (RBF) is markedly increased (86-89). Mi
cropuncture studies have shown that the rise in 
RBF is secondary to a dilatation of the afferent 
arteriole, which also accounts for a significant 
rise in glomerular capillary hydrostatic pressure 
(PG). The increase in PG blunts the reduction 
in effective filtration pressure ensuing from the 
enhanced intratubular pressure (ITP) and, in 
aSSOCiation with the increased glomerular 
plasma flow, maintains the single nephron 
GFR at values that are only moderately reduced 
with respect to normal (86). This hemody
namic adaptation explains why urine continues 
to be formed and to accumulate in the collect
ing system despite very high values of ITP (up 
to 45 mm Hg in the rat) observed as early as 
two hours after ureteral ligation (90). Indirect 
evidence suggests that vasodilatation in the 
acutely obstructed kidney is mediated by in
creased PGE2 synthesis since the phenomenon 
is inhibited by indomethacin administration 
(91) (see chapter 1). 

As complete ureteral obstruction persists, 
RBF begins to decrease (89, 90, 92), probably 
due to increased renal synthesis of Thrombox
ane A2> a potent vasoconstrictor prostaglandin 
[93-95) (see chapter 1). The fall in RBF is 
striking in rats with 24-hour unilateral ureteral 

obstruction (UUO) and intact contralateral kid
ney (96). In this animal model, micropuncture 
studies have shown that glomerular blood flow 
is reduced to 40% of normal, due to a marked 
increase in afferent arteriolar resistance (96). 
The fall in glomerular blood flow is less 
marked in rats with 24-hour bilateral ureteral 
obstruction (BUO) (97), either because anuria 
is followed by extracellular fluid volume (EeV) 
expansion or because of retention of unidenti
fied vasodilating substances that are normally 
excreted in urine. In this animal model (which 
resembles more strictly postrenal ARF in man), 
PG is normal while ITP is elevated; a reduction 
in effective filtration pressure, therefore, ac
counts for the fall in GFR (97). 

Unfortunately, experimental data on renal 
hemodynamics in BUO longer than 24 hours 
are not available. Therefore, to evaluate the 
hemodynamic effects of more prolonged ob
struction, we can refer only to the unilateral 
model, bearing in mind that this is not a com
pletely satisfactory experimental counterpart of 
postrenal ARF. Studies in UUO, however, 
have shown a progressive decrease in RBF over 
a period of a few weeks. In rats, RBF is re
duced to 10% of control after 14 days of ob
struction and falls further to 5 % after 35 days 
(98). Similar results have been obtained in 
dogs (99). 

In the acutely obstructed kidney, during the 
initial phase of vasodilatation, an intrarenal re
distribution of blood flow has been shown, 
with a relative decrease in outer cortical and an 
increase in inner cortical blood flow (100, 
10 1). A similar redistribution has been ob
served in other states of renal vasodilatation 
[102, 103). Both in dogs (104) and in rats 
(105), however, redistribution of blood flow to 
inner cortex persists even after 24 hours of ob
struction, when RBF is reduced. In rats, inner 
medullary plasma flow has been found to be 
strikingly decreased both in UUO and in BUO 
(to 22% and 12% of normal, respectively) at 
18 hours (l06). 

The hemodynamic changes that occur fol
lowing urinary obstruction are associated with 
an increase in renin secretion (l07, 108). Both 
in VUO (l09) and in BUO (llO), this occurs 
immediately, while RBF is higher than nor-
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mal. At this stage, the increased renin produc
tion has been attributed either to reduced NaCl 
delivery to the macula densa (111) or to in
creased PGE release [112]. As obstruction per
sists, however, the renal ischemia may playa 
role in maintaining high renin secretion. This 
may become responsible for arterial hyperten
sion in patients with stabilized urinary obstruc
tion [113-116]. 

2.3 EFFECTS OF OBSTRUCTION ON RENAL 
MORPHOLOGY AND METABOLISM 

2.3.1 Morphologic Changes Early morpho
logic changes in the obstructed kidney have 
been thoroughly studied in rabbits [117]. 
Twenty-four hours after obstruction, the kid
ney appears swollen and deeply congested, es
pecially in the outer strip of the medulla. The 
majority of proximal convoluted tubules ex
hibit obliteration of the lumina and fine vacu
olation of the epithelial cells. Some cells have a 
diminution in basilar interdigitation. This phe
nomenon is much more marked in the ascend
ing thick segment of Henle's loop, whereas the 
descending thick segment and the thin limb 
are normal. Distal convoluted tubules and col
lecting ducts are dilated and lined by a Bat
tened epithelium. At the tip of the papilla, ne
crosis of cells lining the collecting ducts may 
be seen. The cortical interstitial space is en
larged and contains extravasated red blood cells 
and enlarged fibroblasts with both morphologic 
and autoradio-micrographic (enhanced incorpo
ration of tritiated thymidine) signs of increased 
proliferation [118]). 

On the fourth day of obstruction, all the 
changes described are more prominent. In ad
dition, there is obvious necrosis of epithelial 
cells of the thin limb of Henle's loop near the 
papilla; in the medulla, intercellular spaces are 
enlarged and often occupied by mononuclear 
cells, and capillaries are markedly congested 
and occasionally closed by microtrombi. 

With further prolongation of obstruction, 
the most prominent changes occur in the renal 
interstitium. By the seventh day of obstruc
tion, in fact, the interstitial space is diffusely 
increased and contains numerous fibroblasts 
that synthesize and lay down increased amounts 

of collagen. These fibroblasts contain numerous 
actin-like filaments and, by the sixteenth day, 
clearly react with Buorescin-Iabeled antismooth 
muscle antibodies [119]. As a result of these 
structural modifications, stripes of renal cortex 
may contract when stimulated in vitro by vaso
active substances [120]. Should a similar con
traction be operating in vivo in obstructed kid
neys, it might lead to changes in local 
microcirculation and potentiate the cortical 
ischemia secondary to afferent arteriole con
striction. Ischemia is probably the cause of pro
gressive interstitial fibrosis and tubular damage 
that result in final disruption of the normal mi
croarchitecture of the kidney. 

An important question is how long after to
tal obstruction the kidney is still able to re
cover its original integrity. The morphologic 
changes observed in the rabbit suggest that ir
reversible renal damage occurs from the second 
week of obstruction. On the other hand, a per
manent reduction in renal function has been 
observed in rats after two weeks of obstruction 
[98]. In dogs, GFR returns to 70% of normal 
after two weeks of obstruction, but only to 

30% of normal after four weeks [99], No con
clusive information is available in man, due to 
incomplete description of the reported cases 
concerning duration of obstruction and return 
to normal function. However, a two-week total 
obstruction may reasonably be considered the 
time limit beyond which the kidney is unlikely 
to return to full function (121) although longer 
periods may be followed by partial recovery 
[58, 122]. 

2.3.2 Metabolic Changes In rats, ureteralob
struction causes a host of derangements in renal 
cell metabolism. Renal medullary Na-K-ATP
ase activity is reduced after 24 hours of ob
struction [123]. The levels of ATP, ADP, and 
AMP in renal tissue fall to 67 % of control 
within six hours of obstruction and remain low 
thereafter. In renal tubules, glucose production 
from a.-ketoglutarate is significantly reduced 
after 24 hours of obstruction, indicating im
paired gluconeogenesis. The rates of glucose 
production from glycerol, malate, and pyruvate 
are also suppressed [124]. 

In dogs, the renal ability to accumulate a.-
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ketoglutarate after ex-ketoglutarate and/or 13-
hydroxy butyrate infusion is decreased by two 
weeks of obstruction. Six weeks of obstruction 
are associated with the inability to produce or 
accumulate ex-ketoglutarate, lactate, citrate, or 
malate after infusion of ex-ketoglutarate and/or 
l3-hydroxybutyrate {l25}. These metabolic 
changes indicate that aerobic metabolism is in
hibited, with the virtual elimination of many 
aerobic reactions in the six-week obstructed 
kidney. 

In rabbits, histochemical studies have shown 
an increase in acid phosphatase reaction and a 
reduction in alkaline phosphatase, adenosine 
triphosphatase, glucose 6-phosphatase, succinic 
dehydrogenase, leucine aminopeptidase, and 
DPNH and TPNH dehydrogenase activities in 
proximal tubules after four days of obstruction. 
The ascending thick segment reveals consistent 
reduction in ATP-ase, succinic dehydrogenase, 
and ex-glycerophosphate dehydrogenase activi
ties [l17}. 

One may speculate that these metabolic de
rangements interfere with energy-dependent 
renal tubular functions, mainly the active reab
sorption processes. This is suggested in rabbits 
[lI7} and in rats {l26} by a correlation be
tween reduced alkaline phosphatase reaction in 
proximal tubules and decreased glucose reab
sorption. In dogs, the rate of renal sodium 
reabsorption correlates with renal ex-ketoglutar
ate utilization {l27}. In rats, the reduced renal 
P AH uptake observed after 48 hours of ob
struction may be reasonably accounted for by 
reduced cytosolic ATP or by Na-K-ATP-ase in
hibition {l24}. 

2.4 PATHOPHYSIOLOGY OF THE 
POSTOBSTRUCTED KIDNEY 
The relief of acute obstruction is not followed 
by immediate return to normality of renal 
function. The postobstructed kidney, in fact, 
presents functional derangements, as altered 
handling of salt and water, impaired concen
trating ability, and defective urine acidifica
tion. In the clinical setting of postrenal ARF, 
the most impressive postobstructive manifesta
tion is a polyuria that is occasionally of alarm
ing volume. A more than academic question is 
whether these changes in renal function, espe-

cially the polyuria, are secondary to intrinsic 
renal defects or are merely accounted for by 
modifications of the internal environment 
caused by anuria. Unfortunately, in man it has 
been difficult to obtain information about 
the mechanisms involved in postobstructive 
changes in renal function. Therefore, most of 
our present knowledge is derived from animal 
studies. 

2.4.1 Animal Studies The function of the 
postobstructive kidney has been extensively in
vestigated in rats. 

2.4.1. 1 THE POSTOBSTRUCTIVE KIDNEYS FOLLOWING BI

LATERAL URETERAL OBSTRUCTION (BUO) It has been 
demonstrated that massive diuresis and natri
uresis occur after relief of 24-hour BUO, but 
not after relief of 24-hour UUO {l28}, unless 
the contralateral kidney has been previously re
moved {l29}. There is no doubt, therefore, 
that a period of anuria is essential to the occur
rence of postobstructive polyuria. 

Balance studies have shown that polyuria 
continues for a few days. Water balance, in 
fact, is negative until four days after release of 
the obstruction, while sodium and potassium 
balances are negative for three and five days, 
respectively [130}. Creatinine clearance is re
duced to one-sixth of normal and remains low 
for the next four days. Urine osmolality is ab
normally low throughout the recovery period 
(five days) [l30}. 

Micropuncture studies have shown that fol
lowing either BUO or UUO, the relieved kid
ney is markedly ischemic due to afferent arteri
olar vasoconstriction [96, 97}. The consequent 
fall in glomerular plasma flow and in effective 
filtration pressure will cause the reduction in 
single nephron GFR [90}. These results clearly 
indicate that the polyuria occuring in BUO is 
entirely accounted for by defective tubular 
reabsorption. Micropuncture studies have given 
evidence that this defect is not limited to a sin
gle tubular site, but occurs in proximal and 
distal tubules and in the ascending limb of 
Henle's loop {l30, 131}. In these tubular seg
ments, both absolute and fractional reabsorp
tion of salt and water are significantly reduced. 
Due to the marked fall in filtration rate, how
ever, the absolute amount of salt and water de-
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livered through the distal tubule is normal or 
only moderately increased. Therefore, the 
marked postobstructive polyuria following 
BUO must be accounted for by altered han
dling of sodium and water beyond the end of 
the distal tubule, i.e., in the collecting duct. 
Alternatively, the polyuria might result from 
alterations in fluid reabsorption in deep neph
rons; but the finding that almost half of deep 
nephrons are not filtering after relief of BUO 
{132} argues against this hypothesis. Evidence 
for a critical role of the medullary collecting 
duct has been given by Sonnenberg and Wilson 
{l33}, who have shown, by direct microcath
eterization techniques, a net addition of so
dium and water to this nephron segment dur
ing the postobstructive polyuria that follows 
BUO. Consistent with these findings are the 
results of micropuncture studies, which have 
shown a greater fraction of filtered sodium in 
final urine than at the end of the distal tubule 
{130}. 

2.4.1.2 THE POSTOBSTRUCTIVE KIDNEY FOLLOWING 

UNILATERAL URETERAL OBSTRUCTION (UUO). As men
tioned above, the relieved kidney after UUO is 
markedly ischemic, with consequent fall in 
GFR. In contrast with the findings following 
BUO, fractional tubular reabsorption along su
perficial proximal and distal tubules is mark
edly enhanced {l31}. Also in UUO, fractional 
excretion of sodium and water in final urine is 
increased even in the absence of polyuria {l29, 
131}. These findings indicate that in this con
dition also, the reduction in sodium and water 
reabsorption occurs beyond the distal tubule, 
i.e., in the collecting duct. In keeping with 
this hypothesis, Sonnenberg and Wilson {l33} 
found net addition of sodium to the collecting 
duct also after relief of UUO. The phenomenon 
did not occur when natriuresis and diuresis 
similar to that observed in postobstructive con
ditions were induced by continuous intravenous 
reinfusion of urine {133}. 

On the basis of these experimental studies we 
may conclude that anuria is an essential prereq
uisite to the development of postobstructive 
polyuria, since it does not occur after relief of 
UUO. The effects of anuria consist of an inhi
bition of tubular reabsorption both in proximal 
and distal tubules, so that fluid delivery to the 

most distal part of the nephron is not reduced, 
despite a marked fall in filtration rate. Postob
structive diuresis, however, is largely ac
counted for by impaired reabsorptive capacity 
in the collecting duct; the latter defect appears 
to be a direct consequence of obstruction, in
dependent of complete cessation of renal excre
tory function since it occurs after both BUO 
and UUO. Even though this explanation ap
pears satisfactory, some reservations should be 
maintained, in view of micropuncture studies 
in weanling rats (with accessible collecting 
ducts), which suggest that collecting duct 
function is not markedly altered following re
lease of obstruction {134}. Whether or not this 
discrepancy reflects an age-related difference, 
however, requires further investigation. 

The mechanism responsible for the func
tional defects occurring in the collecting duct 
after relief of ureteral ligation has not been 
clarified. Several factors could interact to pro
duce the observed changes in sodium and water 
reabsorption: 

a. Increased permeability of the epithelial wall, 
similar to that observed after ureteral obstruc
tion in more proximal parts of the nephron 
{l30}. Increased permeability could reduce net 
reabsorption by increasing back-diffusion. 

b. Loss of normal medullary osmotic gradient. A 
loss of medullary hypertonicity has been dem
onstrated after a brief period of obstruction 
{l35, 136} and may account for the impaired 
concentrating ability of postobstructive kid
neys, which is not modified by infusion of va
sopressin {128}. Medullary solute concentration 
gradient may be dissipated either by abnormal 
permeability to sodium and/or water in the 
loop of Henle and collecting duct or by a wash
out effect due to increased postobstructive in
ner medullary plasma flow {l37} and blood 
flow redistribution to deep cortex {l05}. 

c. Loss of normal hormonal effects, such as un
responsiveness to aldosterone {l28}, which is 
known to modulate sodium reabsorption In 

medullary collecting ducts {l38, 139}. 

Some uncertainty also exists about the mech
anisms by which anuria exerts its critical role 
in postobstructive diuresis. ECV expansion is a 
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possible mechanism, not only because of its 
well-known inhibitory effect on proximal tu
bular reabsorption, but also because it has been 
shown that Eey expansion exaggerates the 
reabsorptive defect of the collecting duct in the 
hydronephrotic kidney {140). Postobstructive 
diuresis, however, takes place even if a contrac
tion of Eev is present {130). Another mecha
nism is the retention of diuretic and natriuretic 
factors that are normally excreted in urine. Ex
perimental evidence indicates that urea is one 
of these factors (129). The osmotic urea di
uresis, however, is transient and self-limited, 
being rapidly antagonized by Eey depletion 
{129}. Therefore, other more potent factors are 
probably retained in blood or enter systemic 
circulation from urine during total urinary ob
struction. Evidence that this is the case derives 
from experiments showing that i. v. reinfusion 
of urine in normal rats produced renal vasodi
latation and massive increase in urine volume 
and sodium excretion (141). The role of circu
lating substances in postobstructive diuresis 
was confirmed in experiments involving cross
circulation of blood between rats {142). 

Experiments in dogs {143) and in rats (144) 
have shown a postobstructive defect in urinary 
acidification. In dogs with UUO, this defect 
consisted of excretion of urine from the ob
structed kidney with a higher pH than from 
the contralateral kidney. No titratable acid was 
excreted from the obstructed kidney, even after 
administration of a sodium sulphate load. 
These abnormalities were associated with, but 
not dependent on, reduced phosphate excre
tion. The acidification defect, in fact, persisted 
following normalization of urinary phosphate 
levels with sodium phosphate infusion. Frac
tional bicarbonate reabsorption during bicar
bonate load was more elevated in the ob
structed kidney, suggesting that the urinary 
acidification defect was localized exclusively in 
the distal part of the nephron. The distal defect 
appeared secondary to a generalized disorder of 
distal transport, in that K + secretion and ste
roid-responsive Na + reabsorption were im
paired in the postobstructive kidney (143). 
Similar results were obtained in micropuncture 
experiments in rats (144). These studies, in 
fact, failed to demonstrate decreased proximal 
bicarbonate reabsorption in surface nephrons 

and suggested that the acidifying defect was 
due either to decreased H+ secretion in distal 
rubule or to marked alteration in bicarbonate 
reabsorption in juxtamedullary nephrons. 

2.4.2 Clinical Studies Few studies are avail
able on renal function following relief of post
renal ARF. Seven reports, describing a total of 
ten patients with clearly inappropriate salt loss 
following release of acute prostatic obstruction 
have been recently reviewed (145). All these 
patients were azotemic at the moment when 
the obstruction was relieved. In the recovery 
period, peak urine flow averaged 30 ml/min, 
and average maximal fractional sodium excre
tion was 21 %. All patients recovered com
pletely normal renal function in a few days, 
suggesting that postobstructive polyuria was 
accounted for by extrarenal factors, such as in
creased urea load and Eey expansion. Peterson 
et al. {146) reported five patients with postre
nal ARF due to prostatic enlargement of short 
duration. A three-to-five-day post obstructive 
diuresis occurred in all patients: soon after re
lief of obstruction, GRF ranged from 23 to 157 
ml/min, renal plasma flow from 137 to 633 
ml/min, and fractional Na + excretion from 4 
to 21%. A peak daily diuresis of 35.6 liters 
occurred in an azotemic patient in whom neg
ative fluid balance and Eey depletion were 
witnessed by a fall in both body weight and 
central venous pressure. An osmotic urea load, 
therefore, may have been the main factor re
sponsible for polyuria in this patient. Peak 
daily diuresis, however, was extraordinarily el
evated (18.8 liters) in one nonazotemic patient; 
according to the authors, this was a typical ex
ample of polyuria independent of osmotic di
uresis due to urea load, inappropriate fluid ad
ministration, or lack of ADH. 

The possibility that postobstructive polyuria 
is due to the retention of unknown substances 
that are normally excreted in urine is suggested 
by studies showing that a natriuretic factor is 
identifiable in the serum of uremic patients 
{147, 148). 

Whether postobstructive diuresis is also due 
to tubular dysfunction caused by obstruction 
per se has been studied in patients with unilat
eral obstruction and normal overall renal func
tion. In most of these studies, the pathological 
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setting of the obstructed kidney was quite dif
ferent from that occurring in ARF, the ob
struction being only partial and of long dura
tion. With these limits, the present evidence is 
against a critical role of intrinsic tubular de
fects in postobstructive polyuria. In the unilat
erally obstructed kidney, in fact, postobstruc
tive fractional water and salt excretion is 
normal [149} or only moderately increased 
[l22}. In the absence of complicating urinary 
infection, we have also found a normal ability 
to generate both positive (CH20) and negative 
(~20) free-water per unit GFR; a lower maxi
mal urine osmolality was the only functional 
defect observed [150}. 

3 Diagnosis 
The recognition of obstruction as the patho
genic mechanism of ARF should be considered 
a diagnostic emergency. A prompt diagnosis of 
this mechanism and localization of urinary ob
struction will give the chance for a rapid recov
ery of renal function; the removal of the ob
struction, in fact, will avoid the risk of 
prolonged anuria and the occurrence of irrevers
ible renal damage. While approaching a pa
tient with ARF, therefore, the clinician should 
always face the question: has this patient a 
postrenal ARF? 

3.1 ANAMNESTIC CLUES 

With this question in mind, a careful past and 
recent history must be collected. 

3.1.1 Past History The existence of a soli
tary functioning kidney should be investigated. 
Unfortunately, this condition is often totally 
unknown to the patient, not only when a kid
ney is congenitally absent but also when the 
function of a kidney is obscured by acquired 
diseases, such as large pelvic stone, tuberculo
sis, or neoplasm. These disorders, however, are 
only rarely completely silent: more frequently, 
instead, past history will disclose episodes of 
colicky pain, passage of stones, macroscopic he
maturia, dysuria, or a persistent backache. 
Symptoms related to stones are of special inter
est not only because calculi are the single most 
frequent cause of unilateral loss of a kidney, 

but also because this same disorder may recur 
in the other side and suddenly obstruct the 
contralateral organ. 

Infravescical obstruction may be heralded by 
a progressive decrease in the force of the uri
nary stream, intermittency, postvoid drib
bling, urgency with frequent urination, and 
urinary incontinence ("overflow" incontinence). 
Sensory deficits, muscular weakness, or incoor
dination may be the first symptoms of a neu
rologic demyelinating disorder, such as multi
ple sclerosis, accounting for acute urinary 
retention. Vaginal or rectal hemorrhage may 
indicate pelvic tumors invading the bladder or 
the ureters. 

Retroperitoneal fibrosis should be suspected 
in patients with a long history of methysergide 
consumption, a drug used in treatment of post
gastrectomy dumping syndrome and of mi
graine. Other agents mentioned in the litera
ture as possible cause of retroperitoneal fibrosis 
are atenolol [151}, hydralazine, lysergic acid 
diethylamide, dexamphetamine, methyldopa 
and colchicine [l52}, analgesics (38}, and avi
tene (49}. Retroperitoneal fibrosis may be as
sociated with a pain along the costal margin, 
between the posterior axillary and midclavicu
lar lines, nonradiating, lasting for several min
utes, and then subsiding, unrelated to meals, 
micturition, or activity [l52}. 

A persistent or intermittent pain in the mid
dle or lower belly, often radiating to the lower 
back, is a frequent presenting symptom of an 
aortic abdominal aneurysm. 

Finally, all retroperitoneal operations should 
be carefully registered, holding in mind that 
obstructive anuria may sometimes occur as a 
late complication of retroperitoneal surgery 
[60}. 

3.1.2 Recent History The sudden onset of 
complete anuria is considered the hallmark of 
postrenal ARF [l53}' In our experience, how
ever, obstruction cannot be excluded as the 
pathogenic mechanism of ARF simply because 
total anuria is lacking. Some urine, in fact, 
may be excreted from a chronically ill and se
verely damaged kidney, when the contralateral 
kidney that bears the burden of almost total 
renal function becomes acutely occluded. More 
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pathognomonic for postrenal ARF is the inter
mittency of oliguria, that is, the excretion of 
large volumes of urine interposed between oli
guric intervals. 

Anuria due to ureteric obstruction is often 
preceded by or associated with excruciating col
icky pain in the loins, radiating to the lower 
abdominal quadrants, the testes, or the labia. 
A periumbilical localization of colicky pain 
may occur in children. Gross hematuria, fever, 
nausea, and vomiting may accompany this col
icky pain. 

3.2 PHYSICAL SIGNS AND 
LABORATORY FINDINGS 
When the obstruction has stabilized, usually 
no more colicky pain is present. The patient 
may feel well, except for a dull backache, due 
to stretching of the pelvis and the renal cap
sule, and/or a lateral abdominal or soprapubic 
discomfort due to distension of the ureter or 
the bladder, respectively. This backache may 
be increased by pressing one finger into the 
costovertebral angle, between the spine and the 
twelfth rib. Similarly, the abdominal tender
ness may be enhanced by manual palpation. 
Sometimes, abdominal examination is difficult, 
due to generalized abdominal distension that 
may simulate paralytic ileus. Bimanual palpa
tion of the upper quadrants of the abdomen 
should be performed, with one hand pushing 
into the abdomen and the other one lifting 
from the back. With this maneuver, a hydro
nephrotic kidney may be disclosed as a tender 
mass moving with inspiration. The abdominal 
profile should be carefully inspected, searching 
for a distention of the lower third that may re
sult from pelvic tumors and for a pulsatile 
mass, indicating aortic aneurysm. 

The overdistended urinary bladder may be 
detected by palpation as a soprapubic mass 
with a global shape; amazingly, this mass may 
extend up to the level of the umbelicus. The 
distended bladder can be detected also by aus
cultatory percussion: with the patient supine, 
place the stethoscope above the symphisis 
pubis, in the midline, at a constant point. 
Then, percuss the abdominal wall with the 
pulp of a finger, starting from above the um
belicus and proceeding toward the stethoscope 

along the midline. The upper border of the 
bladder is indicated by a sharp, loud change in 
the percussion note {154}. The distended blad
der, however, is not always detectable on ab
dominal examination; in the male patient, it 
may be suggested by priapism. 

Careful rectal and, in the female, pelvic ex
amination should never be neglected. The for
mer may disclose a rectal cancer, as a plateau
like, nodular, annular, or cauliflower mass. It 
also allows the appreciation of prostatic en
largement due either to benign hyperplasia or 
to carcinoma. Benign prostatic hyperplasia, 
however, is difficult to diagnose when it is lim
ited to the median lobe. In this case, in fact, 
the bulk of the lobe may protrude anteriorly 
and produce urethral obstruction, without 
being palpable. Vaginal inspection may reveal 
neoplasm either primary or extending from the 
uterus, rectum, or bladder. Bimanual pelvic 
examination may reveal uterine and ovarian tu
mors. 

Postrenal ARF can not be differentiated from 
other types of ARF by means of laboratory in
vestigations. This negative statement must be 
held in mind, especially when the patient is 
not totally anuric and a sample of urine is col
lected for examination. In some cases, the 
small amount of urine may derive from a 
chronically ill kidney contralateral to the 
acutely occluded one; in this urine, sodium 
concentration will be relatively high and os
molality will equal that of plasma, suggesting 
intrinsic ("renal") ARF (ATN). In other cases, 
the small amount of urine may derive from the 
acutely obstructed kidney(s) shortly before the 
occlusion becomes complete, as when ARF is 
the final event of a progressive invasion by ret
roperitoneal tumors; in this urine, sodium con
centration may be very low, and osmolality el
evated, mimicking sodium depletion and 
functional ("prerenal") ARF {155, 156]. 

Of interest is the experimental observation of 
Hiatt et al. {157], who found in dogs with 
BUO a markedly decreased ability to transfer 
potassium from extracellular to intracellular 
fluid. This phenomenon was neither dependent 
on anuria per se since it did not take place in 
nephrectomized dogs, nor on the renin
angiotensin system. Whether these experimen-
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tal findings have any clinical correspondence, 
in the sense that patients with postrenal ARF 
are more easily prone to hyperkalemia than 
other anuric patients, deserves investigation. 

3. 3 RADIOLOGIC FINDINGS 

3 .3 . 1 Plain Film of the Abdomen The plain 
film of the abdomen, possibly with tomogra
phy, is a simple and safe investigation that may 
show obvious causes of obstruction, such as ra
diopaque stones . Hydronephrosis can occasion
ally be suggested from the findings of an en
larged kidney and a soft tissue "mass" effect 
produced by enlarged renal pelvis [l58}. Para
vertebral linear calcifications may raise the sus
pect of aortic abdominal aneurysm. 

3 .3.2 Echography Renal sonography should 
be carried out whenever possible since it is ab
solutely safe and highly effective in ruling out 
obstruction . Obstruction causes a well-visible 
splaying of normally compact central echo 
complex, with sonolucent "fluid-filled" areas 
representing the dilated calyces and renal pelvis 
[l59}. In addition, stones as small as 1. 5 X 

1. 5 cm may be identified [160}. The ultrasonic 
properties of renal calculi are a strong reflection 
at the surface of the stone , with significant ab
sorption of sound and distal acoustic shadow
ing . 

FIGURE 19-2. E.G. , a 69-year-old hypertensive man had 
for several years a serum creatinine (Sc,) around 124-133 
f.l.molll (1. 4-1. 5 mg/ dl) . No intravenous pyelography was 
performed at any time . Suddenly, a marked rise in Sc, 
occurred to reach, in a few weeks 1,149 f.l.molll 
(13 mg/dl), with progressive decrease in urine output to 
100 mll24 hours . Plain film tomograms did not show 
renal stones. CT demonstrated the absence of the right 
kidney , while a renal stone (arrows) was identified in the 
left renal pyelocalyceal system that was clearly dilated , as 
observed in this figure. A retrograde pyelography con
firmed a nonradioopaque obstructing stone (uric acid 
stone) in the pelvis ; ureteral catheterization could over
come the obstacle and allow resumption of urine output . 
The catheter was left in place for two weeks; meanwhile, 
a treatment with allopurinol per os and sodium bicarbon
ate i.v . was performed . Sc, gradually decreased . Before 
withdrawing the ureteral catheter, the injection of con
trast material revealed the complete dissolution of the uric 
acid stone; meanwhile , Sc, had returned to baseline values 
(124-133 f.l.molll, 1.4-1.5 mg/dl). 

3 .3 .3 Computed Tomography Computed to
mography (CT) is of limited hazard to the pa
tient because the dilated renal coUecting sys
tem may be visualized clearly without using 
contrast media (figure 19-2). Due to its high 
cost, however, this investigation is not usually 
performed as the first radiologic step for ruling 
out the existence of obstruction. The main in
dication for performing CT is the suspicion 
that postrenal ARF is caused by an aortic aneu
rysm, retroperitoneal fibrosis , or retroperitoneal 
malignancies. In such instances, in fact, CT 
has proven valid not only to disclose obstruc-
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tion, but also to define the underlying disorder 
[161, 162}. 

3.3.4 Renography The radioisotopic reno
gram is used sometimes with the aim of visu
alizing urinary obstruction. However, we be
lieve that in contrast with its proven utility in 
chronic obstruction (163}, this investigation is 
of no value in the diagnosis of postrenal ARF. 
In anuric patients, in fact, the renogram fre
quently shows an "obstructed" pattern that is a 
marked delay in excretory phase, even if the 
ARF is due to nonobstructive mechanism {164]. 

3.3.5 Intravenous Pyelography Intravenous 
pyelography (IVP) is invaluable in the recog
nition of obstructive ARF (see also chapter 9). 
In this condition, clear urograms and pyelo
grams are usually obtained (figure 19-3). Pye
lograms are often surprisingly good, particu
larly in delayed films (24-36 hours), when not 
only the existence but also the level of the ob
struction may be identified. A diagnostic pye
logram is so common in postrenal ARF that its 
absence suggests a nonobstructive pathogenesis 
[165]. On occasion, IVP may also indicate the 
cause of obstruction, as when this is accounted 
for by endoureteral or pelvic obstruction or by 
retroperitoneal fibrosis; in the latter condition, 
in fact, the ureters are characteristically tor
tuous and are deviated toward the midline in 
the lower third. 

3.3.6 Antegrade Percutaneous Pyelography An
tegrade percutaneous pyelography can be per
formed by placing a 22-gauge needle directly 
into the pelvis under ultrasonic guidance. Con
trast medium is injected to opacify the collect
ing structures and ureter to the point of ob
struction. The limit of this investigation is that 
it can be safely carried out only when a large 
pelvis is easily visible with echography. Ante
grade pyelography is very useful to determine 
the site and, on occasion, the etiology of ob
struction. 

3.3. 7 Retrograde Pyelography In the last de
cade, the need for this investigation has dimin
ished markedly thanks to the other imaging 
modalities, which are preferable because retro-

grade pyelography is painful, bears a great risk 
of infection, and may cause traumatism and 
even perforations of the urinary tract. In some 
instances, however, retrograde pyelography re
mains invaluable both to diagnose obstruction 
and to delineate the exact site of urinary obsta
cle. In addition, cystoscopy, which is prelimi
nary to retrograde pyelography, can directly 
visualize vescical causes of obstruction as neo
plasms or rare occlusive types of cystitis. 

4 Treatment 
In this section, we shall deal only with the 
therapeutic problems that are peculiar to post
renal ARF. A distinctive feature of this disor
der, in contrast with other types of ARF, is the 
possibility of greatly influencing its course and 
duration by interrupting the pathogenic mech
anism, that is, by relieving the obstruction. 

4.1 INFRA VESCICAL OBSTRUCTION 

Since acute urinary retention may be asympto
matic and the enlarged bladder is not always 
easily recognized, an attempt to verify whether 
the bladder is empty should be done in all pa
tients with sudden anuria of unknown origin. 
Bladder catheterization should be first at
tempted with a Foley's catheter of adequate 
size. Due to their flexibility, however, Foley's 
catheters cannot be passed through tight ure
thral strictures. When this occurs, Couvelaire's 
rigid catheters may be successfully used, ma
neuvering gently to avoid trauma or even per
foration. Should even this attempt be unsuc
cessful, small ureteral catheters or Phillip's 
followers may succeed in establishing urinary 
drainage. Finally, when the obstruction cannot 
be bypassed through the urethra, a stab cysto
tomy has to be performed. 

When an overdistended bladder is drained 
too rapidly, hemorrhage "e vacuum" may oc
cur. To avoid sudden decompression, therefore, 
the bladder should be emptied slowly, for ex
ample, by draining 50 ml of urine at a time 
and then clamping the catheter for 20 to 30 
minutes. 

Infection is a frequent complication of cath
eterization; it occurs more frequently the 
longer indwelling catheters are left in the blad-
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der. Preventive efforts should be particularly 
focused on aseptic care of the bladder cathe
ter-that is, aseptic insertion, observation of 
handwashing by personnel before any manipu
lation of the catheter site or apparatus, and 
maintenance of a closed sterile system (166J. 
Perineal and peri catheter cleansing is recom
mended while meatal care regimens have 
proved of scant utility [167]. The collecting 
bag should be emptied regularly, and the cath
eters should be replaced only when they mal
function or become contaminated [168]. In ad
dition, the likelihood of cross-infection is 
decreased by separating infected and uninfected 
patient5 (169J. Other procedures, such as daily 
bacteriologic monitoring and maintenance of a 
high-volume urine flow, may be useful. Blad
der irrigation with antibacterial solutions is of 

FIGURE 19-3. Postdialysis intravenous pyelograms with 
nephroromography in a patient with postrenal ARF. Im
mediate adequate visualizaroin of the pyelocaliectasis was 
obtained in both kidneys. A. The right kidney. B. The 
left kidney. 

little value in reducing the occurrence of infec
tion and appears to select for more resistant mi
croorganisms [170J. 

The final objective of treatment of patients 
with infravescical obstruction is the establish
ment of bladder emptying without an indwell
ing catheter. This can be obtained with trans
urethral resection of the prostate, in case of 
hypertrophy or operable tumor. Vaginal hyster
ectomy or simply a pessary is indicated for 
procidentia. Usual treatment of neurogenic 
bladder ranges from sympatholytic agents 
(171], such as phenoxybenzamine, to transure-
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thral bladder neck resection {17 2, 173}. In 
children, urethral valves may be treated with 
sharp excision, cold disruption, or electroful
guration. 

4.2 SUPRAVESCICAL OBSTRUCTION 

Treatment of supravescical obstruction has the 
immediate objective of relieving the patient 
from uremic symptoms and the final objective 
of ensuring a durable urinary drainage. Both 
objectives can be attained simultaneously when 
(a) the cause of obstruction is rapidly diag
nosed, (b) the basic disorder is curable surgi
cally, and (c) the patient is in good condition, 
with mild uremia and low operative risk. This 
may be the case, for example, in a patient with 
radiopaque stone. More often, however, a two
step strategy has to be followed; this occurs 

when (a) the cause of obstruction is not estab
lished, or (b) the patient is at high operative 
risk, or (c) a medical treatment is indicated, 
beneficial effects of which will occur slowly. In 
these cases, in order to prevent life-threatening 
complications of uremia, emergency relief of 
the obstruction should be attempted and pre
cede the final treatment. This may be per
formed either by means of ureteral catheteriza
tion or by percutaneous pyelostomy under 
echographic control. Usually, we prefer the lat
ter procedure since it is less traumatic and car
ries less risk of infection. Should both percuta
neous pyelostomy and ureteric catheterization 
fail, a surgical pyelostomy may be carried out. 
This, however, is a true surgical intervention 
(needing general anesthesia), the validity of 
which as a transitory drainage procedure is 
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questionable. Today, in fact, dialysis facilities 
are widely available to ensure the survival of 
the patient and the achievement of that good 
clinical condition that will allow the definitive 
treatment to be performed on the basis of the 
cause and the site of obstruction {17 4}. 

In most cases of supravescical obstruction, 
treatment consists of surgical intervention, se
lection and actuation of which is a matter for 
the skilled urologist. Usually, ureterolysis is 
performed when obstruction is accounted for by 
extrinsic, noninvasive disorders encasing or 
compressing the ureter, such as retroperitoneal 
fibrosis, aortic aneurism, or enlarged para
aortic lymph nodes. While carrying out ureter
olysis, special attention is needed to completely 
free the ureter(s), thus preventing recurrences 
{l7 5}. An uretero-neocystostomy may be indi
cated to repair traumatic ureteric occlusion or 
to obviate obstruction of intramural part of the 
ureters due, for example, to prostatic cancer 
{l76} or to cystitis glandularis {177}. When 
obstruction is caused by advanced, invasive ret
roperitoneal tumors, a palliative surgical pro
cedure is selected among nephrostomy, ureter
ostomy, or the implantation of pyelo- or 
ureteralvescical prostheses. Nephrostomy is the 
treatment indicated for patients with a life ex
pectancy longer than a few months. Internal 
prosthetic diversions, being of short duration 
but much more comfortable, are to be chosen 
for patients with poor prognosis {178}. 

In some instances, the obstructive disorder 
may be treated without surgery. Thus, uric 
acid calculi may be dissolved by administration 
of allopurinol and alkalinization of urine; 
sometimes catheter irrigation of the renal pelvis 
with sodium bicarbonate solution is necessary 
{l79}. Calculi in the lower urinary tract may 
be eliminated by means of physical methods, 
such as ultrasound-lithotrypsy or administra
tion of electrohydraulic waves. These methods 
require direct contact between the energy 
source and the stone. Recently, a promising 
technique has been developed to disintegrate 
stones by externally administered shock waves 
{l80}. The patient is placed in a heated bath
ing tube, having an ellipsoidal section, at the 
bottom of which lays an energy source consist
ing of a high-voltage condensor spark dis-

charge. The discharge electrodes are placed in 
one of the two focuses of the ellipsoid, and the 
renal stone is precisely positioned in the focus 
opposite to the electrodes by an x-ray scanning 
system. Thus, the shock waves originating 
from one focus are reflected from the surround
ing wall and collected in the other focus 
against the stone. 

Another condition when nonsurgical treat
ment of obstruction may be indicated is when 
obstruction is caused by advanced or inoperable 
tumors. Radiotherapy (4,000 to 6,000 rads 
during a period of four to six weeks) may re
lieve obstruction due to prostatic carcinoma 
{l81, 182}. This tumor may also be sensitive 
to endocrine treatment (diethylstilbestrol, 3 
mg/day, or cyproterone acetate, 200 mg/day) 
{l8l}, especially when estrogens are associated 
with orchiectomy {l83, 184}. Some patients 
with hormone-sensitive tumor respond very 
well to this therapy, and relief of obstruction 
may become evident in two or three days 
{l83}. External radiotherapy is also an effective 
treatment of bladder carcinomas {l85}, while 
chemotherapy may dramatically resolve a con
dition of complete renal shutdown secondary to 
lymphomata {33, 186}. Finally, steroids (pred
nisone 60 to 80 mg/day for two to four weeks) 
have been shown to prevent recurrence and 
even to reverse obstruction due to perianeuris
mal or idiopathic retroperitoneal fibrosis {l87, 
188}. 
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20. ACUTE RENAL FAILURE 
FOLLOWING RENAL 
TRANSPLANTATION 

Brian H. B. Robinson 

1 The Special Problems Associated 
with Transplantation 
Two problems unique to organ transplantation 
are the preservation of the functional integrity 
of the organ during transfer from donor to re
cipient and the prevention of subsequent im
munological interaction with the new host. 
Thus, ischemic damage and immunological 
graft rejection are major causes of acute renal 
failure (ARF) following transplantation. To 
these crucial problems of transplantation must 
be added technical problems associated with 
vascular and ureteric anastomosis, the compli
cations of opportunist infections secondary to 
immunosuppressive therapy and of nephrotoxic 
drugs, as well as many of the causes of ARF 
discussed elsewhere in this book. 

Table 20-1 summarizes the major causes of 
ARF after renal transplantation. 

The prevention and management of ARF fol
lowing transplantation vary according to the 
time after grafting. Loss of renal function may, 
for convenience, be considered as (a) immedi
ate, with no significant renal graft function 
from the time of transplantation; (b) early renal 
failure, with immediate or early onset of graft 
function but subsequent deterioration within 
the subsequent four to six weeks; (c) delayed 
renal failure between four weeks and three 
months after transplantation; and (d) late ARF 
developing more than three months after estab-
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lishment of apparently adequate graft function. 
The probable causes and clinical management 
of graft failure vary with the chronology of the 
event in relation to initial operation. These as
pects of ARF after transplantation are consid
ered under these headings later in the chapter. 

2 Pathogenesis and Prevention of Renal 
Failure After Transplantation 

2.1 ISCHEMIC DAMAGE DURING 
ORGAN HARVESTING 

The major cause of damage to the transplanted 
organ prior to establishing adequate perfusion 
by the circulation of the recipient is ischemia 
due to interruption of blood supply during or
gan harvesting, although infections, nephro
toxins, hyper- or hypotension, anoxia, and aci
dosis in the donor may cause serious agonal 
damage. Prolonged ischemia causes progressive 
cellular damage and autolytic changes in the 
kidney, which becomes no longer viable and 
unsuitable for organ grafting. The problem is 
how to obtain organs that are viable and avoid 
the hazards of transplanting organs that will 
not function. Nonviable kidneys have been 
suggested as the cause of graft failure in as 
many as 4.6% of recipients in one series (l}, 
but, hopefully, such a high incidence is rare 
today. 

The first histological change is loss of the 
brush border of the tubules, with subsequent 
cell swelling, disintegration, and interstitial 
edema. More severe ischemic damage leads to 
cortical necrosis . Not infrequently, there may 
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TABLE 20-1. Causes of acute renal failure after transplantation 

Immediate Early Delayed 

Hypovolemia (Blood loss, salt and water 
depletion, etc.) 

Ischemic and agonal injury 
Acute tubular necrosis 
Cortical necrosis 

Vascular occlusion 

Hypovolemia 
Acute rejection 
Vascular occlusion 

Late acute tubular necrosis 
(secondary) 

Acute rejection 
Arterial thrombosis 
Arterial stenosis 
Venous thrombosis 

Arterial 
Venous 

Arterial 
Venous 

Allograft rupture or hematoma 
Ureteric obstruction or leakage 
Nephrotoxic drugs 

Ureteric complications 
Stenosis 

Hyperacute rejection 
Ureteric obstruction or leakage 

Septicemia or graft infection 
Viral infections 

Leakage 
Clot or calculus obstruction 

Nephroroxic drugs 

be an initial diuresis after restoration of circu
lation, but as a consequence of the ischemic in
jury, subsequent cell swelling and disorganiza
tion and interstitial edema develop and unne 
flow temporarily ceases. 

Tubular changes may be found even when 
graft function appears good; more severe 
changes are associated with more prolonged oli
guria, followed by gradual restoration of urine 
output and by slower restoration of urinary 
concentrating ability similar to the pattern in 
acute tubular necrosis from other causes. Very 
severe damage with cortical necrosis is likely to 
be irrecoverable; but with lesser degrees of is
chemic damage, the majority of grafted kid
neys, unless rejected, eventually recover to 
reach normal or near normal levels of renal 
function. The more severely damaged kidneys 
might be expected to develop later changes, 
such as interstitial fibrosis, and sclerosed glo
meruli are frequent; but it is difficult to distin
guish late changes that may be the result of 
acute ischemic damage from chronic minor re
jection changes or the results of infection, drug 
toxicity, or even changes pre-existing in the 
donor kidney before removal. Some kidneys 
never recover more than moderate filtration 
rates after grafting, in the absence of obvious 
rejection, as a result of damage sustained dur
ing graft retrieval, yet such organs may con-

Bacterial and fungal infections and 
septicemia 

Cytomegalovirus infection 
Lymphocele 
Recurrent glomerulonephritis 
Hypovolemia-salt-losing 

nephropathy 

tinue without significant loss of function for 
many years. In general, it seems that if donor 
kidneys sustain more than minor damage be
cause ischemia is prolonged or preservation 
techniques are inadequate, the donor tissues 
rapidly pass from a recoverable state to one of 
total nonviability. The emphasis in organ har
vesting must therefore be on identifying the 
best techniques for retrieval and preservation. 
The major damage to a graft occurs while it is 
warm. Kidney survival improves exponentially 
with lowering of temperature, and preservation 
is better at O°C than at 5°C {2, 3, 4}. Func
tional preservation is greatly prolonged, there
fore, by graft cooling. The critical factor in or
gan retrieval is therefore the warm ishemic time 
{5, 6}. 

The length of time over which the arterial 
blood flow to a human kidney can be inter
rupted without producing severe damage is 
about one hour in surgical situations, such as 
aortic grafting, in which the flow may have to 
be interrupted by vascular clamping. 

The major risk of ischemic damage to the 
kidney graft obviously arises during the period 
between clamping the artery of the organ to be 
transplanted and the completion of the vascular 
anastomosis with the recipient's circulation. 

The use of a living donor requires satisfac
tory donor selection, skilled surgery, and close 
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proximity to the prepared reOplent. Both do
nor and recipient should be in ideal condition. 
The main difficulty is the need to ensure the 
safety of the donor even more than the satisfac
tory removal of the donor organ and its at
tached blood vessels and ureter. 

Adequate preoperative hydration of the do
nor is important to ensure good early function 
after completion of the anastomosis in the re
cipient. With this proviso, immediate graft 
function is almost invariably the rule in live 
donor transplantation. 

With cadaveric transplantation, apart from 
the technical need to reanastomose the organ 
into a foreign circulation, the problems are ob
viously more complex than with a living do
nor. By definition, the donor is "dead," and 
the premortal condition of the renal circulation 
may have been far from ideal. Circulation may 
have ceased for a variable length of time before 
nephrectomy is possible. 

Graft injury may thus result from agonal 
damage even before organ removal [7}. 

The first requirement to minimize ischemic 
damage is obviously to harvest the organ for 
grafting under the best possible conditions. In 
cadaveric transplantation, the surgical niceties 
of live donor nephrectomy scarcely apply, al
though technique must be swift but careful. 
There are several recognized methods of remov
ing cadaveric kidneys for transplantation [8}, 
and they are not a subject for this review. Suf
fice it to say that damage to the kidney and 
attached blood vessels and ureter must be 
avoided, with due attention to the presence 
of polar arteries, if necessary by providing 
aortic patches. At nephrectomy, the viability 
and suitability of the donor organ must be as
sessed. 

It is not so much the technique of harvesting 
as the circumstances of organ procurement that 
influence the extent of ischemc damage at this 
stage, and it is in attending to these circum
stances that the ethical problems of cadaveric 
transplantation become most controversial. 

The need for minimizing the period between 
circulatory arrest and organ harvesting raises 
qustions; questions about the diagnosis of 
death, the stage at which it is justifiable to re
move the organs and in what conditions and in 

which situations, who is to give permission for 
organ removal, and who is to confirm that the 
donor is dead. These decisions are both ethical 
and legal. The legal definition of death varies 
from country to country, as does the definition 
of the designated legal owner of the cadaver, 
and as do the rights concerning the granting of 
consent to remove organs for transplantation. 

There is growing acceptance, not only by the 
legal as well as the medical profession, but also 
by the lay public, of the concept of "brain 
death." With more assured criteria [9, lO} for 
ascertaining irrecoverable brain damage and le
gal acceptance of the diagnosis of brain death, 
it has been increasingly the practice in many 
countries to harvest kidneys from individuals 
with severe brain injuries, intracranial hemor
rhages, etc., while the heart is still beating and 
the kidneys are adequately perfused. While 
kidneys taken after cardiac arrest may prove 
very satisfactory [II}, there is no doubt that 
the use of kidneys from "heart beating" cadav
ers has greatly increased the percentage of 
grafts giving immediate renal function. In our 
own experience, in the early 1970s, diuresis 
was usually delayed for 5 to 20 days after graft
ing. Nowadays, early diuresis is almost the rule 
as a result of the improved circumstances of or
gan harvesting. It could be argued that if the 
potential donor is considered to be dead and 
the life support systems are to be withdrawn, 
it is illogical and even perhaps unethical to 
await final cardiac arrest after a period of anoxia 
and impaired or absent renal perfusion. Unfor
tunately, the law in some countries requires 
that cardiac arrest must take place. Removal of 
a well-perfused kidney ensures better graft sur
vival, and the early diuresis prevents many of 
the diagnostic dilemmas of the early posttran
splant period (see below), makes management 
easier, and almost certainly improves the well
being of the patient at this stage. 

Another clinical dilemma surrounding ca
daveric kidney harvesting concerns the desir
ability of donor pretreatment [I2}. Ensuring 
adequate hydration and urine flow is clearly 
good treatment for the donor, but whether the 
use of mannitol infusions or drug therapy such 
as phenoxybenzamine is justifiable is an ethical 
question. Most groups would accept the theory 
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that treatment is acceptable, as long as it can 
do no harm and particularly does not hazard 
the survival of a potential donor. Once a diag
nosis of brain death is established, the decision 
to intervene becomes less questionable, but 
there should be no undue delay in organ pro
curement both to save distress to relatives and 
to diminish the risks of infection and other 
complications in the donor. 

Following organ removal, a variable time 
must inevitably elapse before vascular anasto
mosis can be completed and circulation re
stored. If the best use is to be made of a kidney 
graft by selecting and preparing a recipient and 
if necessary transporting the kidney to the re
cipient-not merely across a city, but, as now 
sometimes happens, across a continent or con
tinents-then some mode of preservation is re
quired. 

It is important to distinguish "warm isch
emia time" from "cold ischemia time." The 
former comprises the sum of the time from ces
sation of renal circulation to the time at which 
the kidney is cooled and the time spent after 
removing the kidney from cold preservation to 
completion of vascular anastomosis in the do
nor and removal of the arterial clamps. Cold 
ischemia time is that time spent in cold pres
ervation. Clearly, warm ischemia time must be 
as short as possible, but many earlier studies 
were concerned with how long the kidney 
would remain viable after cessation of effective 
circulation and removal from the donor. 

Studies in dogs suggest that warm ischemia 
time (a) less than one hour is followed by early 
recovery, (b) up to two hours, is followed by 
delayed recovery, and (c) of periods longer than 
two hours result in permanent loss of function 
[l3}. Similar figures seem to apply in man [6, 
14} although warm ischemic times should be 
less than 30 minutes. 

When warm ischemic time has been kept 
brief, storage of the cooled kidney can still re
sult in a viable graft after 12 hours with simple 
cooling in ice alone. More effective cooling and 
preservation is produced by perfusion with ice
cold solutions. Considerable debate has contin
ued as to the best solution for preservation, 
whether simple Ringer-lactate, or solutions of 
predominady "extracellular," or "intracellular" 
fluid composition are preferable. 

During ischemia and cooling, potassium is 
lost from cells, and sodium tends to enter. 
Both research studies and clinical experience 
suggest that fluids of intracellular composition, 
sometimes made hyperosmolar with a poorly 
diffusible solute such as mannitol or sucrose, 
give the best results [15, I6}. The solution 
most often used is that of Collins [15} (see ta
ble 20-2). 

Perfusing the kidney has the advantage of 
rapid cooling and undoubtedly can enhance 
survival of a viable organ as well as give some 
idea of the quality of the vasculature of the or
gan-although conclusions drawn about viabil
ity from ease of perfusion can be misleading. 
The drawbacks are that poor perfusion tech
nique can damage the graft artery or introduce 
infection. 

The use of equipment to maintain continu
ous perfusion, either normothermic or hypo
thermic with oxygenated solutions, has been 
widely practised, especially in the United 
States. The hope is that prolonged graft pres
ervation by such techniques will allow more 
careful selection and preparation of recipients. 
The drawbacks, aside from technical failures, 
are the difficulty of transporting kidneys com
plete wth perfusion machine and technician 
and the risk of damage to the transplant artery. 
In fact, some reports suggest that continuous 
machine perfusion confers little benefit and 
may result in poorer graft survival than simple 
cold rinsing [17, I8}. Apart from damage to 
the graft vessels, microembolism by thrombus, 
platelet aggregates, denatured colloid, and 
lipid in the perfusion fluid may have deleteri
ous effects. In fact, careful harvesting and cool
ing with ice-cold "intracellular" solutions pro
longs viable graft survival well beyond 24 
hours [16} and is quite adequate to permit 
transport over long distances, HLA matching, 
cytotoxicity cross-matching, and even DR 

TABLE 20-2. Collins' C3 solution 

mmoi/liter mmoUliter 

Sodium lO Sulphate 30 
Potassium 15 Phosphate 50 
Magnesium 30 Chloride 15 

Bicarbonate lO 
Glucose 139 mmolliiter pH 7.0 
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matching. Machine perfusion, particularly with 
solutions containing colloid, may prolong graft 
survival, but it is doubtful whether machine 
perfusion adds any real advantages in the pres
ent state of the art. Prolonged storage at low 
temperatures seems a possibility for the future. 
This would permit transplantation on a much 
more elective basis and in theory better organ 
matching, but the feasibility for human graft
ing as well as the balance of advantage remain 
to be established even when the techniques are 
available. 

Perioperative prevention of ischemic damage 
includes the restoration of adequate perfusion 
as soon as possible. This implies not only good 
surgical technique-though not necessarily 
hasty technique-but a recipient in ideal con
dition. In fact, both donor and recipient should 
be adequately hydrated, whether the former is 
a live or potential cadaveric donor. A previous
ly diuresing kidney would seem to be less read
ily damaged by ischemia during transfer [I2}. 
Over enthusiastic preoperative dialysis of the 
recipient may leave him hypovolemic, and the 
consequent poor graft perfusion may augment 
ischemic damage as well as increase the chances 
of graft artery or vein thrombosis (see below). 

Finally, although we have been concerned 
here with minimizing ischemic damage, it has 
been suggested that a period of tubular necrosis 
after grafting might in some way protect 
against early immunological rejection. Theo
retically, this might arise either because of the 
continuing immunosuppressive effect of uremia 
or because circulatory impairment diminishes 
the rate of immune recognition of graft antigen 
and the rate at which antibody and immune 
effector cells are carried to the graft. Later 
studies have failed to confirm that a period of 
oligo-anuria protects against early rejection in 
comparison with grafts that function immedi
ately, and our Birmingham experience does not 
suggest that there is a protective effect of early 
oliguria. 

Finally, concerning prevention, one must 
discuss the role not only of adequate hydration, 
but also of the use of loop diuretics such as 
furosemide in reducing or overcoming ischemic 
damage. It is doubtful whether these agents 
have any effect on established ischemic dam
age, but they may have a role in minimizing 

the effects of such damage before oliguria is es
tablished, as well as being helpful in assessing 
the degree of functional impairment. It is not 
uncommon for an initial brisk diuresis to be 
followed after a few hours-up to 24 hours
by a sharp cutback in urine output. One has 
the clinical impression that this cutback in 
urine production may be diminished or pre
vented by timely administration of furosemide 
or other potent diuretics, so long as subsequent 
salt depletion is avoided. 

The clinical management of ischemic graft 
damage will be discussed later in this chapter. 

2.2 GRAFT REJECTION 
A detailed review of the immunological mech
anisms of graft rejection is out of place in this 
review concerned with acute renal failure. 
There have been a number of reviews of knowl
edge concerning the immune response to allo
grafting [19, 20} and the immunogenetics of 
tissue grafting [21, 22}. 

In individuals not previously sensitized to 
histocompatibility antigens, the earliest histo
logical changes usually appear about 48 hours 
after grafting with infiltration by mononuclear 
leucocytes along the capillaries and into the in
terstitium with subsequent proliferation. The 
majority of the infiltrating lymphoid cells are 
T cells but include B cells [23, 24}. Capillary 
walls fragment, and ischemic changes affect the 
glomeruli. The humoral component of the im
mune response, the formation of circulating an
tibody by sensitized cells, is thought to be 
mainly responsible for the vascular changes of 
rejection, including fibrinoid necrosis of arteri
oles, clumping of platelets with occlusion of 
small vessels, and reduplication and fibrosis of 
the endothelium of larger vessels seen in 
chronic rejection. Following early tissue dam
age from rejection, fibrosis follows later on. 

The clinical expression of allograft rejection 
may appear as follows: 

(a) Hyperacute rejection. This term is applied 
to rejection occurring within the first 48 hours 
of transplantation [25}. It is due to humoral 
antibody in individuals already immunized 
against histocompatibility antigens [26} or 
transplanted across ABO blood group incom
patibility [27}. 
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The phenomenon can often be diagnosed be
fore the completion of the transplant operation; 
a kidney having become pink after revasculari
zation then appears cyanosed and flabby. Hy
peracute rejection is usually accompanied by 
high fever, even rigors, some systemic upset, 
and occasionally a microangiopathic hemolytic 
anemia [28, 29}. 

Microscopy reveals polymorphonuclear infil
tration, platelet aggregation, and fibrin in cap
illaries, leading to thrombosis of arterioles and 
small arteries (see chapter 6), interstitial 
edema, and hemorrhage with later cortical ne
crosis. The condition has been likened to the 
Schwarzman reaction. 

Hyperacute rejection is irreversible. 

(b) Acute rejection. Characteristically, acute 
rejection occurs between 7 and 21 days after 
transplantation although in presensitized indi
viduals it may occur sooner. Later episodes of 
acute rejection may occur several months or up 
to a year after grafting, and occasionally later if 
immunosuppressive drugs are reduced or with
drawn, or sometimes in response to infection. 
Acute rejection usually presents with fever, 
swelling of the graft with local tenderness, mal
aise, and fall in urinary output and rise in 
serum urea and creatinine. The blood pressure 
may rise. The majority of cadaver graft recipi
ents have one episode of acute rejection, which 
is usually reversed by a short course of high
dose steroid therapy, but the condition may re
cur, either becoming irreversible or necessitat
ing such repeated high doses of steroids or 
other immunosuppressive agents as to increase 
the risk of secondary infection. 

Histologically, the acutely rejecting kidney 
shows, in varying degrees, interstitial edema, 
infiltration by lymphoid cells, and swelling of 
the endothelial cells of the peri tubular capillar
ies with splitting of the basement membranes. 
These are the changes of cell-mediated rejec
tion. They are usually accompanied and fre
quently overshadowed in the immunosup
pressed patient by the changes of humoral 
rejection, which include platelet aggregation in 
the capillaries and arterioles progressing to fi
brinoid necrosis of arterioles. 

The chances of reversal by therapy are usu-

ally greater when the picture is one of predom
inant cellular rejection. Probably, many minor 
episodes of the latter reverse spontaneously 
[3D}. 

(c) Chronic rejection. After the first few 
months, rejection changes tend to show as 
gradual deterioration in function rather than 
episodes. There is slow loss of glomerular filtra
tion rate, and proteinuria is sometimes heavy 
enough to produce the nephrotic syndrome. 
Hypertension may become a major clinical 
problem. The main changes are in the arteri
oles and arteries of any size, with intimal 
thickening from continuing deposition of 
platelets and fibrin [31}. These changes are fol
lowed by interstitial fibrosis and tubular atro
phy. There is focal thickening of glomerular 
basement membranes, and epithelial crescents 
may form. This type of rejection is rarely re
versible. 

From the above account it is clear that the 
main problem in differential diagnosis of acute 
renal failure arises with the first two types of 
rejection; the approach to diagnosis will be dis
cussed later. 

2.3 PREVENTION OF ACUTE RENAL FAILURE 
FROM REJECTION 
Research into prevention of rejection has con
centrated on three aspects: the achievement of 
close histocompatibility, the use of nonspecific 
suppression of the immune response to the 
graft, and attempts to achieve donor-specific 
immunosuppression. 

2.3.1 Histocompatibility Matching The im
portance of avoiding ABO blood group incom
patibility has been indirectly mentioned above. 
The discovery of the major human histocom
patibility antigen systems genetically con
trolled by the HLA system raised the hope that 
careful matching for the HLA A and B anti
gens between donor and recipient would en
hance survival. Despite promising early stud
ies, more recent large-scale surveys suggest that 
although there is a correlation between HLA
A, B matching, and graft survival, the effect is 
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not large [32, 33, 34} perhaps of the order of 
up to 20%. More recently, there has been in
creasing interest in the influence of matching 
for HLA-DR on graft survival (34, 35} since 
these antigens may be the major stimulant for 
immune response to a graft. To date, the re
sults of the best DR matches are encouraging 
for the chances of improved graft survival (36, 
37}. 

Other histocompatibility systems, such as 
the Lewis system, remain to be evaluated or 
discovered, 

For the present, in the field of cadaver graft
ing, histoincompatibility of some degree has to 
be accepted, usually with, as yet, no great in
fluence on the chances of graft survival within 
a reasonable range of incompatibilities. How
ever, sensitization to histocompatibility anti
gens may result from previous failed trans
plants, blood transfusion, or pregnancies. 
Earlier studies suggested that if the patient's 
antibodies cross-react with donor lymphocytes, 
hyperacute rejection is likely (26}. Later it was 
suggested that positive B cell cross-matches 
might be less significant if the T-cell match is 
negative. It seems desirable to avoid transplan
tation in the presence of a positive cross-match, 
but for some patients with a high titre of an
tibodies, a more sophisticated study of the na
ture of the antibodies may be necessary if they 
are to receive a graft (38}. 

2.3.2 Nonspecific Immunosuppresion Although 
various techniques-such as irradiation, lym
phocyte depletion by thoracic duct drainage, 
total lymphoid irradiation, and the administra
tion of antilymphocyte globulin (ALG)-have 
been used in human transplantation, the latter 
in particular with some possible long-term ad
vantage [39}, the mainstay of imunosuppres
sive therapy in human renal transplantation has 
been prednisolone and azathioprine. Both 
drugs have toxic effects and increase the risk 
of opportunistic infections. In recent years, 
there has been a tendency in many centers to 
start with more moderate doses of steroid (40} 
with improved patient survival. Acute rejection 
episodes are treated with large oral doses of 
prednisolone for two to four days or with bolus 
injections or methylprednisolone. ALG has also 

been used in the therapy of rejection. 
Because of the side effects and not infrequent 

failures of conventional immunosuppression, 
the search has continued for alternative thera
pies. One promising new agent is cyclosporin 
A, isolated from the fungus Trichoderma po
lysporin. The effect is nonspecific, but cyclos
porin A, usually initially combined with pred
nisolone, has proved effective in a number of pa
tients with cadaveric renal grafts (41}. U nfor
tunately, the drug has proved to be nephro
toxic (41, 42}. Personal experience suggests 
the drug has value, but some impairment of 
overall graft renal function seems to be almost 
the rule. The true role and value of cyclosporin 
A remains to be determined, but it seems par
ticularly valuable in diabetics, permitting 
withdrawal of steroids. 

One other finding in recent years has been 
the effect of blood transfusion. Formerly 
avoided because of the risks of sensitization, it 
became clear during the 1970s that prior blood 
transfusion enhances the overall rate of success
ful grafting (34, 38}, and many centers will 
not contemplate cadaveric grafting in patients 
who have not previously received blood trans
fusion. The ideal protocol is still the subject of 
research, and the means by which transfusion 
influences graft survival remains, at the time of 
writing, the subject of much speculation and 
study. 

2.3.3 Donor-specific Immunosuppression This is 
the ideal, the aim being to suppress immunity 
to the graft but leave the recipient's overall im
mune system intact, particularly to infection 
and to potentially malignant cells. So far in hu
man cadaveric transplantation, this goal seems 
far away, but techniques such as enhancement 
and the induction of anti-idiotypic immunity 
(43} offer some promise of success. The use of 
donor-specific blood transfusion in human live 
donor transplantation may come under the 
heading of specific immunosuppression. 

2,4 SURGICAL AND MECHANICAL PROBLEMS 
AS A CAUSE OF GRAFT FAILURE 

2.4. 1 Vascular Complications The vascular 
anastomosis of the donor organ to the recipi-
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ent's vessels may be complicated by difficulties 
and damage during organ procurement, byath
eroma in the recipient's iliac vessels and by the 
presence of multiple vessels, especially small 
polar vessels. Arterial thrombosis complicates 1 
to 2 % of grafts {44], and at least some of these 
incidents are precipitated by intimal tears dur
ing surgery, perfusion cannula damage, awk
ward "lie" of the kidney in situ after grafting, 
or are secondary to acute rejection. Careful at
tention to these details must be the major line 
of prevention. 

Later, arterial stenosis may develop but is 
more likely to cause hypertension and slowly 
progressive renal failure rather than an acute 
episode. 

Venous occlusion has a slightly lower inci
dence in most series and in our experience is 
more often suspected than found. The causes 
include angulation of the vein after anastomo
sis, extension of thrombosis in a hypercoagula
ble subject, pressure from a lymphocele or uri
nary extravasation or proximity to infection. 
Acute thrombosis may present with oliguria, 
proteinuria, hematuria, and graft enlargement. 
There may be signs of iliac vein occlusion. 
Apart from technical considerations, prophylac
tic anticoagulation may, rarely, be indicated in 
predisposed subjects. 

2.4.2 Ureteric Complications The incidence of 
these complications varies between 2 and 8% 
of grafts. A major factor in prevention is care 
of the ureter in organ procurement, to avoid 
damge to the tenuous blood supply, and great 
care in making the anastomosis to avoid nar
rowing or kinking. The two major problems 
are disruption or the ureteric anastomosis with 
extravasation of urine and obstruction to the 
ureter by kinking or stenosis. The latter may 
be early or late. Obstruction by thrombus is an 
occasional problem. 

Late obstruction may be due to stricture 
from fibrosis, either ureteral or periureteric sec
ondary to previous urinary extravasation or 
infection or to a lymphocele. Ureteric calculi 
are rare but in one of our 800 patients caused 
ureteric obstruction. It is not altogether un
known for an inexperienced transplant surgeon 
to anastomose the ureter to the peritoneal cav-

ity instead of the bladder-fortunately a rare 
cause for anuria! 

Ureteric leakage is probably more often due 
to ischemia than to rejection changes involving 
the ureter, which seem less common than once 
supposed. 

2.5 MISCELLANEOUS COMPLICATIONS OF 
TRANSPLANTATION LEADING TO ARF 

2.5.1 Fluid Depletion and Related Prob
lems The ischemically damaged organ is sus
ceptible to further damage from insults, such 
as hypovolemia secondary to salt and water loss 
or hemorrhage. Recurrence of acute tubular ne
crosis can occur in a graft that has recovered 
from the initial ischemia. 

Apart from the obvious restitution of blood 
volume in the event of hemorrhage, salt and 
water depletion may follow sustained diuresis 
after grafting if the full extent of fluid require
ment is not appreciated. Some transplanted 
kidneys become significantly salt losing for 
several weeks after establishment of satisfactory 
diuresis; salt supplements are therefore neces
sary. Many patients have avoided salt during 
their previous years on dialysis and may need 
considerable encouragement to take salt once a 
functioning graft is established. On the other 
hand, many patients continue to retain so
dium, particularly while on high doses of ste
roids. 

2.5.2 Infections and Drugs Overwhelming 
septicemia complicating renal failure may be 
associated with impaired renal function, some
times by inducing disseminated intravascular 
coagulation. Overwhelming renal infection 
with bacteria or fungi in the immunosup
pressed patient may directly depress graft func
tion. Virus infections, particularly cytomega
lovirus (CMV), involve the kidney {45, 46]. 
There has been interest in polyoma virus as a 
possible factor in renal impairment or even in 
ureteric obstruction in transplanted patients 
[47, 48]. 

Unfortunately, many drugs, including che 
motherapeutic agents used for infection in 
transplanted patients, are nephrotoxic and can 
themselves harm the graft. Examples include 
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the aminoglycoside antibiotics such as genta
mycin, some cephalosporins (notably cephalor
idin), and amphotericin B and the immunosup
pressive agent cyclosporin (see chapter 2). 
These drugs must be used with caution and 
only if essential in the transplanted patient. 
Their nephrotoxic potential is often enhanced, 
in the diuresing patient, by the use of potent 
diuretics such as furosemide. 

3 Clinical Management of Acute Renal 
Failure After Transplantation 
The problems presented by renal failure after 
transplantation differ according to time at 
which the renal failure follows the operation. 
The timing can be conveniently considered un
der four headings: 

a. Immediate renal failure, in patients who re
main anuric after transplantation or fail to 
pass more urine after operation than that 
produced previously by their own kidneys. 

b. Early postoperative acute renal failure, where 
the fall in urine output occurs 24 hours to 
21 days after grafting. 

c. Delayed postoperative acute renal failure, devel
oping between three weeks and three 
months after grafting. 

d. Late renal failure, developing more than 
three months after grafting. 

3.1 IMMEDIATE RENAL FAILURE 

This is probably the most difficult diagnostic 
situation following renal transplantation. In 
this situation, we include those patients who 
have an immediate diuresis at the time of sur
gery but whose urinary flow falls within 24 
hours. The most common cause of immediate 
posttransplant renal failure is acute tubular ne
crosis due to ischemic damage. The incidence 
varies from more than 50% of grafts down to 
less than 10%. The incidence has become 
much lower with improved techniques of organ 
procurement and preservation. The diagnosis of 
this condition is sometimes made difficult in 
the first few days because the patient's own 
kidneys continue to secrete urine; it is therefore 
useful to have established the normal level of 
residual renal function in the recipient before 

grafting. The residual urine volume may even 
be augmented as a result of an increased post
operative urea load. Some centers use high 
doses of furosemide or other loop diurectis, 
hoping to augment urine flow, in an attempt 
to distinguish if the transplant function is re
covering. What is more important is attention 
to the adequacy of fluid balance in the postop
erative period. Preoperative dialysis, blood 
loss, and restriction of fluids before, during, 
and after surgery can contribute to hypovole
mia and be responsible for postoperative oli
guria and even for the aggravation of ischemic 
tubular damage. Conversely, fluid overload 
must also be avoided. 

One early concern is to recognize vascular 
occlusion, which may require immediate sur
gery or hyperacute or accelerated acute rejec
tion, which may pose a risk to the patient. Re
jection at this early stage is usually accom
panied by high fever and malaise. These two 
symptoms are very suggestive of rejection be
cause severe infection at this time is unusual 
unless it be due to postoperative chest compli
cations. Arterial occlusion is uncommon but 
more difficult to recognize. 

In the diagnosis of early anuria or oliguria, 
an isotope scan of the transplant (usually with 
99mTc DTPA) is very helpful. Arterial occlu
sion, irrecoverable ischemic damage with cor
tical necrosis, or hyperacute rejection will ap
pear as a "cold" scan, the region of the allograft 
remaining poorly perfused and showing no iso
tope uptake compared with the background 
(figure 20-1). Such a scan is an indication for 
early surgical exploration. The scan in A TN 
will show a vascular phase, but little accumu
lation of urine nor delineation of ureter or blad
der. The scan of a functioning transplant is il
lustrated for comparison in figures 20-2 and 
20-3. 

The evaluation of graft tenderness in the first 
few postoperative days may be difficult, al
though any change for the worse or evidence of 
graft swelling is likely to be significant of re
jection, hemorrhage, leakage of urine, or ve
nous occlusion. 

Acute tubular necrosis per se is not accom
panied by systemic upset; indeed, the improve
ment in well-being of the patient in compari-
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FIGURE 20-1. Use of 99mTc DTPA scanning after renal 
transplantation: "cold" scan showing no uptake of radio
activity in the region of an irreversibly rejected graft. 

son with the preoperative condition is some
times very striking despite the continuing oli
guria. This may in part be psychological or due 
to the euphoria of steroid therapy, but the res
toration of metabolic and endocrine functions 
of the kidney may playa part. 

As long as the patient remains well and the 
isotope scan confirms a well vascularized graft, 
there is no immediate indication to intervene 
in the face of continuing oligo-anuria. This 
phase, due to ischemic A TN, may last an av
erage of seven to ten days, but longer periods 
of three to four weeks with subsequent excel
lent graft function are by no means rare. Our 
personal record, with eventual recovery of sat
isfactory renal function, is 12 weeks. The prob
lem, in the face of continuing oliguria, is to 
recognize the development of acute but poten
tially reversible rejection. This is one reason 
why early graft function is so valuable, since 
the signs of reduction in urine volume and rise 
in serum creatinine, which may herald rejec
tion in the diuresing patient, are not available 
in oliguria. The clinically suspicious signs are 
the appearance of fever, tachycardia, and graft 
swelling and tenderness in the absence of evi
dence of infection. Many tests have been de
vised to detect early rejection (table 20-3), but 
not all of these are valid in the presence of 

FIGURE 20-2. Use of 99mTc DTPA scanning after renal 
transplantation: scan of a functioning transplant showing 
early uptake of activity by the graft (iliofemoral vessels 
appear in the background). 

FIGURE 20-3. Use of 99mTc DTPA scanning after renal 
transplantation: later scan than that in figure 20-2 show
ing well-defined graft and outlining bladder, confirming 
satisfactory drainage of the urine secreted by the graft. 
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ATN nor do they all give the rapid and reliable 
answers so often required clinically. Isotope 
scanning does not give a very positive answer 
until vascular rejection is well advanced al
though ultrasound scanning, a commendably 
safe and easy investigation, may be of value not 
only in detecting obstruction with distention of 
the renal pelvis and calyces, but also in record
ing the increased kidney size, prominent med
ullary pyramids, and disturbed echogenicity 
said to be associated with rejection but not seen 
with ATN (56} (see chapter 9). In the absence 
of a quick, reliable bedside test, acute rejection 
initially has to remain a clinical diagnosis. 

Renal biopsy is very valuable in confirming 
and assessing the development of rejection but 
does carry a small risk of damage to the graft. 
Transplant centers therefore differ in their en
thusiasm for the technique. Fine-needle aspira
tion [57} is safe but requires expert interpreta
tion. The latter is undoubtedly a very 
promising line of investigation. 

TABLE 20-3. Tests for detecting early rejection 

Clinical (see text) 
Falling urine volume and fluid retention; graft 

enlargement 
and tenderness, fever, rising blood pressure 

Routine laboratory tests 
Leucocytosis and platelet count, rising blood urea or 

creatinine values 
Proteinuria 
Urine cytology (lymphocytes) 

Immunological 
Serum complement or immunoconglutinin levels 
Activated lymphocytes in peripheral blood 
Mixed lymphocyte culture 
Macrophage migration inhibition {49] 
Rosette inhibition (50] 
Leucocyte aggregation 
Fibrin degradation products (51) 

Biochemical 
Urine enzymology-Lysozyme, N-acetyl-J3-D

glucosaminadase {52] 
Beta2-microglobulin monitoring {53] 

Radionuclide scanning 
Radionuclide renography 
Radio-labeled fibrinogen uptake {54] 
Uptake of lIIIndium labeled platelets {55] 

Ultrasound scanning {56] 
Histology 

Renal biopsy 
Fine-needle aspiration {57] 

If there is clinical eason to suspect rejection 
is developing (and 60 to 70% of such acute 
episodes are accompanied by fever), it is usually 
safe to give a short sharp course of high dose 
prednisolone or bolus methylprednisolone. If 
there is not a brisk response or infection is 
present, the diagnosis is best confirmed by nee
dle biopsy. 

Should there be no clinical hint of rejection 
but oliguria continues, the clinician enters a 
phase of dilemma between the need to inter
vene and assess progress and the desirability 
of avoiding unnecessary "trauma" to patient 
and graft. A good guideline is the general 
well-being of the patient. The appearance of 
any increase in urine volume is an encourag
ing sign; some centers reduce the frequency 
of maintenance dialysis to avoid dehydration 
and provide a greater osmotic load to encour
age diuresis. It is important, however, not to 
prejudice the patient's well-being and resis
tance to infection. When useful renal function 
returns, it usually soon becomes evident and 
may be more safely tested by administering a 
loop diuretic. 

During the oliguric phase, therefore, careful 
clinical monitoring and occasional ultrasound 
scanning may be augmented by isotope scan
ning when doubt is present. After 10 to 14 
days oliguria, a needle biopsy may reveal un
suspected rejection or may provide a clue to the 
severity of ischemic tubular changes and some 
guide to the likely rate of recovery. 

Obstruction to ureteric drainage may at first 
be difficult to detect. Graft tenderness and fe
ver may be mistakenly diagnosed as rejection 
until extravasated urine appears from the 
wound. Some surgeons leave a fine Tizzard 
catheter in the ureter at operation, by which 
retrograde radiological studies may be per
formed, but the results are not always reliable 
and obstruction may develop after such a cath
eter is removed. Ultrasound scanning may re
veal a collection of fluid, and isotope scanning 
may reveal whether urine is being formed and 
collecting (figure 20-3). Further evidence as to 
the drainage of the graft may sometimes be ob
tained by cystography, for transplant ureters 
not infrequently show vesico-ureteric reflux. 
The demonstration of free reflux from bladder 
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to renal pelvis excludes the presence of obstruc
tion. 

In this early oliguric phase, problems such 
as infection and drug nephrotoxicity are less 
likely to arise, although the considerations dis
cussed in the next section should be borne in 
mind. 

3.2 EARLY ACUTE RENAL FAILURE 
Although oliguria due to acute tubular necrosis 
can develop after a brief initial diuresis, the 
most common cause of renal failure after trans
plant diuresis is established is acute allograft 
rejection. The cardinal signs of rejection in the 
diuresing kidney are reduction in urine volume 
and decreased excretion of urea, creatinine, and 
sodium reflected in increasing weight and rise 
in blood urea and creatinine, fever, tachycar
dia, malaise, and enlargement and tenderness 
of the graft. There may be detectable increases 
in proteinuria and in numbers of lymphocytes 
in the urine. The blood pressure not infre
quently rises. Some or all of these signs suggest 
the need for antirejection therapy, although 
the usual careful clinical assessment is required 
to exclude salt and water depletion, infection, 
hemorrhage, obstruction, or other incidental 
complications. Acute rejection may be mim
icked by ureteric leakage with extravasation of 
urine in the region of the graft, acute venous 
occlusion, or rupture of the allograft [12}. 
Acute pain, tenderness, and shock usually 
make the latter diagnosis easy, but oliguria 
sometimes develops and the symptoms are not 
always so acute as to make the diagnosis im
mediately apparent. 

In the previously well, diuresing patient, the 
diagnosis of acute rejection may appear clear
cut, confirmed if necessary by biopsy. Greater 
difficulty lies in recognizing rejection if fever 
and other signs are absent. Some of the tests 
listed in table 20-3 were designed to detect 
very early rejection although how early one 
needs to start therapy is dubious. Many well
functioning kidneys show some changes of re
jection, and minor episodes that reverse with
out additional steroid therapy are probably 
common [30}. Nevertheless, oliguria without 
fever and graft tenderness poses a diagnostic 
problem. Salt and water depletion should be 

excluded, the drug chart scanned for nephro
toxic agents, and evidente for ureteric obstruc
tion or vascular complications sought. Venous 
occlusion may be accompanied by edema ex
tending into the thigh or clear evidence of ilio
femoral thrombosis. Ultrasound scan and iso 
tope scanning may be particulary helpful in 
differentiating obstruction from rejection. 

In the patient who has recovered renal func
tion, excretion urography may be added as a 
technique sometimes helpful in identifying ob
struction or extravasation of urine. This may be 
helpful, too, if ultrasonic scanning suggests a 
fluid collection because hemorrhage, abscesses, 
or lymph collections may cause extrinsic ob
struction. 

The real challenge in diagnosis and manage
ment arises in the patient who develops fever 
and oliguria in the presence of overt infection. 
Inappropriate antirejection therapy may jeop
ardize the life of the patient. In this situation, 
the investigative tools already discussed must 
be fully employed. The contribution of infec
tion to recurrent acute tubular necrosis or in
travascular coagulation and renal failure must 
be assessed, and nephrotoxic drugs such as gen
tamycin or amphotericin B used only where ap
propriate. Dosage and effect must be carefully 
monitored. It may be necessary to decide 
whether it is justifiable to proceed with treat
ment for rejection if infectious complications 
are progressing and the graft is failing or 
whether the risks to the patient outweigh the 
chances of recovery. Biopsy may be helpful 
here: extensive vascular changes with fibrinoid 
necrosis suggest that response is likely to be 
poor; predominantly cellular changes suggest a 
potentially reversible situation. Unfortunately, 
the needle biopsy may occasionally be unrepre
sentative of the whole. 

We have made little mention of surgical ex
ploration in these two sections. Surgical explo
ration of the graft is necessary if obstruction, 
ureteric leak, vascular occlusion, total rejec
tion, or capsular splitting are diagnosed or sus
pected. But it is as well to base these diagnoses 
on firm evidence. Needless exploration may be 
complicated by poor wound healing, and infec
tion can further complicate the patient's recov
ery. 
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3.3 DELAYED ACUTE RENAL FAILURE 

Acute renal failure developing more than three 
weeks after grafting is rarely due to acute tu
bular necrosis although the latter may be due 
to severe hypovolemia, hemolysis, or nephro
toxins. Acute rejection remains a common 
problem at this stage and may in fact be pre
cipitated by reduction in steroid dosage, or the 
use of drugs such as anticonvulsants, which in
terfere with steroid metabolism, or by discon
tinuation of azathioprine because of leucopenia. 
The diagnostic features of acute rejection de
scribed earlier still apply, but the picture may 
be complicated by more chronic and often pro
gressive changes, although acute rejection at 
this stage may still be reversible. 

Urinary obstruction may develop several 
weeks after transplantation as a result of necro
sis or stenosis at the site of anastomosis or sec
ondary to extrinsic pressure from a lymphocele. 
The latter condition is often associated with 
edema of the ipsilateral leg and may be de
tected ultrasonically. 

Patients at this stage of recovery occasionally 
have a salt-losing nephropathy, and azotemia 
may develop secondarily as a result of the hy
povolemia. Overuse of potent diuretics may 
produce a similar result. 

To the many causes of deteriorating renal 
function a few weeks after transplantation must 
be added the possibility of recurrent (or even 
de novo) glomerulonephritis, particularly focal 
segmental glomerulonephritis. Recurrent dis
ease is uncommon at this early phase, however, 
and is more likely to manifest as proteinuria 
rather than as renal failure [58, 59}. 

Deterioration in renal function at this stage 
demands full investigation, and biopsy may be 
helpful if obstruction has been excluded. Fre
quently, any deterioration is multifactorial, 
with the combined effects of rejection, infec
tion, ischemic or obstructive damage, and po
tentially nephrotoxic antibiotics. The coinci
dence of infection and rejection is particularly 
difficult to handle because of the need to main
tain immunosuppression yet control infection. 
Sometimes, when overwhelming infection re
mains uncontrolled by antimicrobial agents, it 
is necessary to make a decision to sacrifice the 
graft in order to save the patient's life by with-

drawing immunosuppressive drugs. 
A note is required here about cytomegalovi

rus (CMV), which may infect as many as 60 to 
96% of transplant patients within the first 
month to one year [48}. Often this is an 
asymptomatic infection or may be a reactiva
tion of latent virus. CMV infection is one of 
the most common causes of fever in the period 
of one to six months after transplantation. Ra
diologically, these patients show patchy lung 
changes in the lower lobes, sometimes spread
ing to focal or more generalized consolidation. 
Leucopenia and thrombocytopenia are serious 
complications, and superinfection with other 
opportunist agents and gastrointestinal bleed
ing are the major threats to life. 

There is increasing evidence that CMV may 
itself induce renal lesions, either a diffuse 
glomerulopathy with endothelial cell enlarge
ment and necrosis and accummulation of mo
nonuclear cells [45} or rubulo-interstitial 
changes [46}. Such renal lesions may mistak
enly encourage an increase in immunosuppres
sive therapy on the basis that the failing renal 
function reflects rejection, whereas a reduction 
in immunosuppression might be more benefi
cial. Renal biopsy, a search for other evidence 
of CMV infection, and possibly a search for 
viral induced changes in the T-cell subsets [48} 
will help to differentiate. 

A further complication in the management 
of renal transplantation arises with the use of 
cyclosporin A as an immunosuppressive agent. 
Although this agent can be very effective in 
renal transplantation and may have certain ad
vantages, it does have the serious drawback 
over conventional immunosuppresion (steroids, 
azathioprine, ALG) that it is nephrotoxic [60}. 
Experience suggests that acute rejection reac
tions are less florid with cyclosporin A, but de
terioration in renal function during treatment 
with this drug may occur either from direct 
nephrotoxicity or rejection and is difficult to 
distinguish on clinical grounds. Further use of 
some of the tests listed in table 20-3 may be 
particularly valuable in this clinical dilemma. 
Reduction in cyclosporin A dosage with tem
porary increase in prednisolone dosage may be 
the only simple way of resolving the clinical 
situation. In the absence of coicident rejection, 
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renal biopsies do not show the cellular infiltrate 
characteristic of the latter but reveal focal epi
thelial cell degeneration and interstitial edema, 
tubular casts, and, in the longer term, intersti
tial fibrosis and proximal tubular atrophy [61}. 
Sometimes the changes are slight or absent de
spite functional deterioration. Renal tubular 
damage often manifests as systemic acidosis and 
hyperkalemia. 

When serious doubt remains, it is necessary 
either to reduce dosage or to change to steroids 
and azathioprine. The latter maneuver is not 
without the risk of precipitating acute rejec
tion, on the one hand, or excessive immuno
suppression, on the other. Probably, such 
transfers of therapy need to be gradual. 

3.4 LATE RENAL FAILURE 

Acute renal failure is a much rarer complication 
three months or more after transplantation, 
gradual loss of renal function from chronic re
jection being much more common, although 
this may present as "acute on chronic" failure 
if the patient has escaped supervision or in con
sequence of a coincidental medical or surgical 
problem . 

. Acute rejection episodes may nevertheless de
velop, sometimes inexplicably but more often 
because of interference with immunosuppressive 
medication or failure of patient compliance. 
Such episodes are not always reversible. 

Obstruction due to ureteric stenosis may de
velop after months or years. Transplant artery 
stenosis is a late complication that may present 
as hypertension, but in our experience more of
ten as insidious renal failure. Acute arterial oc
clusion remains a rare possibility. 

Full investigation, including pyelography 
and if indicated arteriography, is indicated if 
acute renal failure supervenes at this late stage 
since surgical correction of ureteric or even ar
terial stenosis is usually possible. 

4 Prospects in Prevention 
and Management 
The prevention of graft failure must be a high 
priority. The preservation of cadaver organs has 
reached a satisfactory standard in the best cen
ters, and further advances here must await the 

development of long-term preservation tech
niques and of simple tests for graft viability. 

Closer identification of the vital factors in 
histocompatibility matching is needed; cur
rently, attention is being given to the evalua
tion of DR matching. In the field of specific 
immunosuppression, elucidation of the mecha
nism of the blood transfusion effect may give 
important clues, particularly with the promis
ing results from donor specific transfusions. 

We require improved immunosuppressive 
drugs with less toxicity. Cyclosporin A sug
gests, at least, that such drugs exist, but the 
nephrotoxicity of this drug remains a draw
back. Increasing skill is being acquired in han
dling opportunist infections, but agents for safe 
control of CMV are required. 

The apparent graft tolerance shown by long
term recipients suggests that such tolerance 
might be induced in potential recipients if the 
mechanism were understood. 

In clinical management, the major advance 
will be a simple bedside test for rejection. 
Quite possibly, simplification and refinement 
of some of the tests in table 20-3 will meet 
this need. 
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21. CONSERVATIVE MANAGEMENT 
AND GENERAL CARE OF PATIENTS 

WITH ACUTE RENAL FAILURE 

Vittorio E. Andreucci 

1 Treatment of Prerenal ARF 
Physicians must bear in mind that pre renal 
ARF, if untreated, may progress to acute tu
bular necrosis [ATN} [l}. Thus, prerenal ARF 
must be treated as early as possible. 

1. 1 HYPOVOLEMIA DUE TO RENAL 
FLUID LOSS 

In addition to the possibility of severe loss of 
blood in the urine (e.g., gross hematuria in 
uremic patients with polycystic renal disease), 
hypovolemia may follow urinary losses of salt 
and water. This may, for instance, occur in 
salt-losing nephritis and in diabetic ketoaci
dosis. 

1.1.1 Hypovolemia in Salt-Losing Nephritis 
The so-called "salt-losing nephritis" may cause 
prerenal ARF with hypotension (see chapter 2, 
section 2). This renal impairment is readily re
versed by i. v. infusion of normal saline solution 
(0.9 g/dl, 154 mmo1l1 NaCl) (table 21-1) and 
maintained by a high oral intake of salt; the 
improvement in renal function is mirrored by 
the fall in serum creatinine (see figure 21-1). As 
much as 25 grams of oral salt daily may be 
necessary to maintain stable renal function. 

1.1.2 Hypovolemia Due to Severe Diabetic 
Ketoacidosis As described in chapter 2 (section 
2), patients with severe diabetic acidosis de-

V.E. Andrtum (ed.). ACUTE RENAL FAILURE. 
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Marllnus Nt/hoff PubllShmg, Boston/The Haguel 
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velop marked renal loss of salt and water lead
ing to ECV contraction and prerenal ARF; hy
perglycemia also causes osmotic diffusion of 
water from cells to the extracellular fluid with 
consequent hyponatremia and intracellular de
hydration [2}. 

Under such circumstances, since urinary 
losses of water and salt are hypotonic, water 
and salt replacement should also be hypotonic; 
if too much salt is given, hypernatremia may 
result, which prevents cell rehydration and 
maintains excessive osmotic diuresis even when 
hyperglycemia has been corrected [2}. 

Some authors prefer the i. v. infusion of one
half normal saline solution (0.45 g/dl, 77 
mmolll NaCl) [2}. In order to avoid the possi
ble occurrence of hemolysis with hypotonic so
lutions, it is preferable to alternate normal (is
otonic) saline (0.9 g/dl, 154 mmol/l, NaCl) 
with 5 g/dl (278 mmolll) dextrose (or fructrose) 
while providing adequate insulin therapy. The 
infusion rate may vary between 500 and 1,000 
ml/hour, depending on severity of dehydration 
and degree of shock. In patients with severe 
hypotension or hypovolemic shock, isotonic sa
line should be given first and in large volume 
(2 to 3 liters i. v.), since glucose solutions (or 
hypotonic saline solutions) will not adequately 
correct ECV contraction because of a rapid shift 
of water to the intracellular compartment [2}. 

Whether or not diabetic ketoacidosis should 
be treated by bicarbonate administration while 
giving insulin is still a matter of debate. Insu
lin therapy, which should be given by i. v. lll-

403 
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TABLE 21-1. Composition of commonly used parenteral solutions 

Concentration of ions mmolll 

Concentration Osmolality 
Solutions g/dl mmolll Na+ K+ Ca++ Cl- HCO;(*) mOsm/kg H 2O 

DEXTROSE (D-GLUCOSE) OR FRUCTOSE (mol. wt. 180.16) 
5 g/dl 278 278 

10 g/dl 555 555 
20 g/dl 1,110 1,110 
30 g/dl 1,665 1,665 
50 g/dl 2,775 2,775 

MANNITOL (mol. wt. 182.17) 
5 g/dl 275 275 

20 g/dl 1,098 1,098 
25 g/dl 1,372 1,372 

SODIUM CHLORIDE (SALINE) SOLUTIONS (NaCl, mol. wt. 58.45) 
0.45g/dl (half- 77 77 

normal, 
hypotonic) 

0.9 g/dl (normal, 154 154 
isotonic) 

3 g/dl (hypertonic) 513 513 
5 g/ dl (hypertonic) 855 855 

SODIUM BICARBONATE SOLUTIONS (NaHC03, mol. wt. 84.00) 
1.4g/dl (I/6M) 167 167 

(isotonic) 
5g/dl (0.6M) 595 595 

(hypertonic) 
7.5g/dl (0.9M) 893 893 

(hypertonic) 
8.4g/dl (1M) 1,000 1,000 

(hypertonic) 

SODIUM LACTATE SOLUTION (NaC3H s0 3, mol. wt. 112.07) 
1.87g/dl (I/6M) 167 167 

(isotonic) 

RINGER'S SOLUTION 

(NaCl,KCl,CaCl2) 147 

RINGER'S LACTATE SOLUTION 

(NaCl,KCl,CaCI2 , 130 
NaC3H s0 3) 

DARROW'S SOLUTION 

(NaCl,KCl, 121 
NaC3H s0 3) 

THAM (TRIS) (C4H llN03, mol. wt. 121.14) 
3.6g/dl (0.3M) 30 

(*)HC03 or equivalenc. 

fusion (e.g., 4-8 U/hour) particularly in hypo
tensive patients (hypoperfused muscles may 
impede absorption of insulin given intramus
cularly), reverses the diabetic ketoacidosis by 
metabolizing beta-hydroxy butyrate and aceto
acetate to bicarbonate (2}. However, when ar
terial blood pH is less than 7. 15 and serum 

4 

4 

35 

5 

77 154 

154 308 

513 1,026 
855 1,710 

167 334 

595 1,190 

893 1,786 

1,000 2,000 

167 334 

5 156 312 

3 109 28 274 

103 53 312 

35 300 370 

bicarbonate less than 8 mmolll, 40 to 80 mmol 
of sodium bicarbonate should be given i.v. (2}; 
this may be done by i. v. infusion of isotonic 
sodium bicarbonate (250 to 500 ml of 1.4 g/ 
dl, 116 M NaHC03 solution, with 167 mmoll 
1). Should the hypovolemic hypotension and 
shock not be corrected after the first hour of 
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salt and water replacement, blood or plasma 
should be given immediately. 

Diabetic patients with ARF due to volume 
depletion (secondary to osmotic diuresis) are 
frequently potassium depleted. During osmotic 
diuresis, potassium is lost in the urine. Factors 
favoring this renal loss include (a) lean-tissue 
breakdown (3 mmol of potassium are liberated 
for each gram of nitrogen); (b) depletion of tis
sue glycogen (1 mmol of potassium is liberated 
for every 3 grams of glycogen); (c) cellular loss 
of potassium (favored by cellular dehydration 
and insulin deficiency); and (d) increased aldo
sterone secretion (secondary to hypovolemia) 
[2}. Furthermore, anorexia (through reduced 
intake) and vomiting (10-20 mmol of potas
sium are lost with each liter of vomitus) will 
contribute to potassium depletion. In oliguric 
ARF, however, serum potassium may be in the 
normal range (despite potassium depletion) be
cause of both severe metabolic acidosis and po
tassium shift from the cells brought about by 
extracellular hypertonicity due to hypergly
cemia [3}. 

With an increase in urine output, im
provement of renal function and correction of 
hyperglycemia and metabolic acidosis, serum 
potassium decreases, requiring potassium re
placement. If urinary output is adequate, po
tassium may be given i.v. at a dosage of 20 
to 40 mmol/hour: in oliguric patients, more 
caution is necessary. 

1. 2 HYPOVOLEMIA DUE TO EXTRARENAL 
FLUID LOSS 
The amount and nature of fluid replacement in 
patients with hypovolemia due to extrarenal 
fluid loss is an individual problem that has to 
be faced on the basis of the clinical features and 
fluid and electrolyte balance. 

1.2.1 Hemorrhage and Shock When reduction 
of blood volume or shock predominates, colloi
dal solutions should be infused intravenously in 
the form of whole blood, plasma, or dextran (in 
addition to saline solutions). 

Whole blood transfusion is undoubtedly the 
best way to replace blood loss or correct hypo
volemic shock. Massive blood transfusion may 
cause transient acidosis, possibly followed by 
alkalosis because of metabolism of the citrate 
contained in the transfused blood [4}. 

Plasma may also be used as a volume expan
der following severe hemorrhage or in shocked 
patients. Alternatively, in dehydrated patients, 
human serum albumin can be used. The 25 gl 
dl albumin solution may be diluted with nor
mal saline or 278 mmol/l (5 g/dl) dextrose to 
obtain a 5 g/dl albumin solution. 

It should be stressed that whole blood may 
transmit hepatitis virus, cytomegalovirus, and 
other infectious agents; plasma can also trans
mit hepatitis; human albumin solution will not 
transmit hepatitis, but may have side effects 
(e.g., hyperpyrexia). However, these therapeu
tic measures are life saving in shock and con
ditions of severe hypovolemia. 

Low-molecular-weight dextran (Dextran 40, 
Rheomacrodex) is a sucrose polysaccharide with 
a mean molecular weight of 40,000 which may 
be used as a plasma volume expander when 
whole blood, plasma, and human albumin are 
not available. Dextran 40 is usually available as 
10 g/dl solution (either in normal saline or in 
278 mmolll, 5 g/dl, dextrose solution) which is 
a hyperoncotic solution; in patients with hy
povolemic shock, it should be infused i.v. to
gether with isotonic saline solution. Its efficacy 
is time limited since most of dextran molecules 
leave the vascular space in a few hours (about 
80% is eliminated with urine in 12 hours when 
renal function is preserved). However, its use 
in shock appears useful both in decreasing red 
blood cell sludging and agglutination and in 
reducing blood viscosity and increasing capil
lary blood flow; these effects reduce the ten
dency of shocked patients to coagulation in the 
capillaries and to tissue ischemia [4}. 

It should be stressed that Dextran 40 may 
have important adverse effects, such as urti
caria, nausea, fever, and anaphylaxis; cases of 
death have been reported [4}. Dextran 40 may 
even cause ARF, probably because it can pre
cipitate in renal tubules [5}. It is therefore sug
gested that large quantities of Dextran 40 
should be avoided, particularly is severely de
hydrated and/or old patients. 

1.2.2 Vomiting and Nasogastric Suction The 
EeV depletion with hypokalemic, hypochlo
remic metabolic alkalosis resulting from pro
longed vomiting or nasogastric suction (or 
spontaneous gastric fistula) requires fluid re-
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placement, mainly in the form of isotonic nor
mal saline (0.9 g/dl, 154 mmolll, NaCl). 
Should correction of alkalosis not occur (be
cause of continued nasogastric drainage of large 
volumes of fluid), i.v. infusion of an acidifying 
agent (0. IN HCl solution) becomes necessary 
(see section 3 of this chapter) with careful mon
itoring of arterial blood pH and serum bicar
bonate concentration. Should urine output in
crease to more than 500 mllday and serum 
potassium remain low, potassium chloride (40 
to 100 mmollday) should be added to the in
fusion solutions with frequent monitoring of 
serum potassium level. It should be stressed 
that in postsurgical patients with high gastric 
secretion (e.g., following surgical intervention 
in patients with peptic ulcer), continuous na
sogastric drainage may maintain high gastric 
secretion and fluid loss: under such circum
stances, it is better to avoid continuous suction 
and to aspirate gastric juice as infrequently as 
possible. 

1.2.3 Diarrhea and Intestinal Drainage The 
ECV depletion with hyponatremic, hypoka
lemic metabolic acidosis resulting from diar
rhea or intestinal drainage (or intestinal fluid 
sequestration because of obstructed bowel) 
should be immediately treated with i. v. infu
sion of normal saline; as much as 4 to 6 liters 
of 0.9 g/dl (154 mmolll) may be required to 
restore blood pressure and urine output [6}. 
Meanwhile, acidosis should be treated with 11 
6M NaHC03 (1.4 g/dl, 167 mmolll), and hy
pokalemia with potassium chloride. 

1.2.4 Prerenal ARF in Burns When second
and third-degree burns involve 15% or more of 
the body surface, i. v. fluid replacement be
comes necessary to correct the severe fluid loss 
(see chapter 2, section 2). This may be carried 
out with Ringer's lactate solution (Na + 130 
mmolll, K + 4 mmolll, Ca + + 3 mmol/l, Cl-
109 mmolll, lactate, 28 mmolll; 274 mOsm/ 
Kg H 20) or with normal saline (0.9 g/dl, 154 
mmolll, NaCl solution), and 5 g/dl (278 
mmolll) dextrose solution. 

Plasma or human serum albumin should also 
be given. It has been stated that patients with 
extensive third-degree burns may exhibit as 

much as 350 to 400 grams of protein loss per 
day from a combination of direct thermal in
jury, tissue catabolism, and exudation from the 
burned wound [7}. Obviously, these losses 
must be replaced, and plasma or human serum 
albumin represent the best source of proteins. 
In emergency, Dextran 40 may also be used. 

Marked hemoconcentration occurs because 
the loss of plasma protein is greater than the 
decrease in erythrocyte mass resulting from 
hemolysis and agglutination of RBC damaged 
during burning. Therefore, blood transfusion 
should not be given until a fall in hematocrit 
is observed. 

Several formulae, based on the surface area of 
the burn, have been suggested for calculating 
fluid requirements of burned patients. A rough 
estimation of the body surface area involved by 
burns in adults is the "rule of nines" suggested 
by Hartford [8}: the body may be divided into 
11 areas, each representing 9% of the total 
body surface; the head and each arm represent 
three areas of 9%; back, anterior torso, and 
each leg represent four areas of 18% (i.e., eight 
areas of 9%). The extent of patchy burns may 
be roughly estimated by considering that the 
area of the patient's flat hand is about 1% of 
the total body surface [8}. 

The volume of fluid to be given i.v. in the 
first 24 hours to adult patients with second- or 
third-degree burns should be (a) Ringer's lac
tate solution (see table 21-1), 2.9 ml/Kg b. w.l 
% of the burned body surface area; this amount 
should be infused i. v. as rapidly as possible and 
is sufficient to maintain an adequate circulatory 
volume and to cause an urine output between 
30 and 50 mllhour [8}. Planas et al. [9} used 
only Ringer's lactate solution in an amount of 
3 mllKg b.w.l% of the burned body surface 
area in the first 24 hours; in the second 24-
hour period, they gave single-donor plasma as
sociated with 5 g/dl (278 mmolll) dextrose at a 
rate to maintain a minimum urine volume of 
0.5 mllKg b. w.lhour. Once circulatory integ
rity and urine output have been restored, vol
umes of intravenous fluid should be decided on 
the basis of hourly assessment of urine output, 
blood pressure, pulse rate, respiratory rate, 
body weight (a bed scale will be useful in these 
patients), serum creatinine, and hematocrit (or 
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blood hemoglobin). Satisfactory urine output 
should range between 30 and 50 mllhour. In 
planning fluid replacement, the predominant 
loss of water should be borne in mind (see 
chapter 2, section 2). Water loss from the burn 
may be reduced by increasing the room tem
perature (to body temperature) and by saturat
ing the air with water vapor {7}. 

If metabolic acidosis occurs, sodium bicar
bonate may be given i.v. When adequate urine 
output is maintained, hypokalemia may occur 
as a result of potassium loss (usually in the sec
ond postburn week); in these cases, potassium 
should be given i.v. (up to 150 mmollday) (7). 

1.3 PRERENAL ARF AND HYPONATREMIA 

Normovolemic hyponatremia and hyponatre
mia occurring in conditions of mild salt deple
tion are usually iatrogenic in their origin due 
to increased water intake and/or i. v. infusion of 
salt-free solutions (see chapter 7, section 8). 
Under these conditions, water restriction is 
mandatory to correct the retention of water in 
excess of sodium. In prerenal ARF, hyponatre
mia may reflect severe salt depletion in which 
hypothalamic-renal factors cause a dispropor
tionate retention of ingested water; the result
ing hypotonicity and hyponatremia are fre
quently worsened by mistakenly replacing 
sodium-rich fluids with sodium-free solution 
(see chapter 7). Under such circumstances, 
both water restriction and i. v. infusion of salt 
solutions are necessary to normalize EeV. 

As described in chapter 7, a reduction in ef
fective circulating blood volume may be seen 
in edematous states, such as congestive heart 
failure, cirrhosis with ascites, nephrotic syn
drome, severe burns, and posttraumatic condi
tions. Excessive tubular reabsorption of salt and 
water (low urine output) associated with reten
tion of ingested water may lead to hypervo
lemic hyponatremia. When the basic patho
physiology of this condition is congestive heart 
failure, treatment should be directed to im
prove myocardial function, the derangement of 
which is responsible for the impairment of 
renal perfusion and the resulting prerenal ARF. 
In hypoproteinemic states, a re-expansion of ef
fective circulating blood volume should be ob
tained by hyperoncotic colloidal solutions; 

these will mobilize extravascular fluid (edema 
fluid), increase blood pressure and cardiac out
put, and improve renal perfusion. For this pur
pose, 25 g/dl human albumin solution should 
be used; 300 to 400 ml of fluid are rapidly 
drawn (in about 30 minutes) from the intersti
tial space into the vascular bed by 100 ml of 
25 g/dl albumin (4, 1O}. A similar beneficial 
effect may be obtained with the plasma volume 
expander Dextran 40; when using a 109/dl so
lution, it will pull twice its volume of fluid 
into the intravascular space (lO}. 

1.4 PRE RENAL ARF AND HYPERNATREMIA 

As described in chapter 7 (section 8), hypovo
lemic hypernatremia may occur as a result of 
losses of hypotonic body fluids (by vomiting, 
gastric suction, diarrhea, or intestinal drainage, 
severe sweating, and, as already mentioned, 
polyuria of diabetic ketoacidosis) that have re
mained either unreplaced or partially replaced 
by relatively hypertonic solutions. This condi
tion should be corrected with hypotonic saline 
solutions, such as one-half normal saline (0.45 
g/dl, 77 mmolll NaCl) or even more dilute so
lutions. 

1.5 THERAPEUTIC ROLE OF 
DOPAMINE IN SHOCK 

Despite massive i. v. infusion of colloidal solu
tions (whole blood, plasma, human albumin, 
dextran 40) and saline solutions, patients in 
shock may remain severely hypotensive and re
quire the use of catecholamines. Under such 
circumstances, the drug of choice is dopamine. 

1.5.1 Dopamine Dopamine is an endogenous 
catecholamine, the direct biochemical precursor 
of norepinephrine. It is formed in high concen
tration in adrenal glands and in sympathetic 
nerves. 

The use of dopamine as a drug has been 
greatly investigated in recent years because of 
its peculiar effects. In 1964, in fact, Eble (11} 
reported that i. v. infusion of dopamine induced 
a vasoconstriction in some vasular bed;> (femoral 
and carotid), but vasodilation in others (mes
enteric and renal vessels) where it stimulated 
specific "dopaminergic" receptors. 

All of the three sympathomimetic amines-
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norepinephrine, epinephrine, and dopamine
increase myocardial contractility by a beta
adrenergic mechanism; they have, however, 
different peripheral hemodynamic effects. Nor
epinephrine has strong generalized alpha-adren
ergic effects in all peripheral vessels, including 
renal vessels, thereby causing a decrease in RBF 
[II} and fall in glomerular capillary pressure 
and in GFR [12, 13}. Epinephrine has both 
alpha and beta effects on the periphery but 
with predominant vasoconstriction in the renal 
vessels [13, 14}. Dopamine, even in low doses 
(1 to 5 f..Lg/Kg b. w./min), causes vasodilation 
in the renal, mesenteric, coronary, and intra
cerebral vessels [13-15}; this vasodilating ef
fect is unique for catecholamines and is due to 
stimulation of specific dopaminergic vascular 
receptors; it is not antagonized, in fact, by pro
pranolol, atropine, and antihistamines, but is 
attenuated by haloperidol and phenothiazines 
[16}. When given in greater doses (5 to 15 f..Lg/ 
Kg b.w./min), dopamine exerts its inotropic 
effect by stimulating cardiac beta-adrenergic 
receptors; this cardiac action is antagonized by 
propranolol and other beta-blocking agents 
[15}. At large doses' (greater than 15 f..Lg/Kg 
b. w./min), the predominant effect of dopamine 
in all vascular beds is vasoconstriction due to 
stimulation of alpha-adrenergic receptors [15, 
16}. 

1.5.2 Use of Dopamine in Shocked Patients In 
experimental studies in dogs, hemorrhage has 
been shown to cause a marked decrease in renal 
cortical blood flow. Intravenous infusion of do
pamine induced renal cortical vasodilation with 
a clear increase in blood flow through the cor
tex [17}. Micropuncture studies in rats have 
demonstrated a clear fall in glomerular capil
lary pressure following hemorrhagic hypoten
sion; under such circumstances, dopamine (but 
not epinephrine or norepinephrine) normalized 
both systemic blood pressure and glomerular 
capillary pressure [13}. 

These experimental studies can readily ex
plain the beneficial effects on blood pressure 
and renal perfusion (with maintained or even 
increased urine output) obtained with dopa
mine in patients with shock [18}. 

Today, dopamine is successfully used in pa-

tients with cardiogenic, septic, and traumatic 
shock, particularly when infusion is started 
soon after the onset of shock. Dopamine has 
been shown to increase cardiac output, sys
temic blood pressure, and urine output in 
shocked patients unresponsive to other sym
pathomimetic amines, with survival of patients 
after the shock episode [16}. 

Continuous i. v. drip infusion of dopamine 
should frequently be prolonged for several 
days. Because of the wide variation among 
shocked patients in cardiac output, peripheral 
resistance, and responsiveness to the drug, dos
age of dopamine should be adjusted to the 
blood pressure response of the individual pa
tient. Obviously, systemic blood pressure 
should be frequently monitored, and the lowest 
infusion rate of dopamine consistent with ade
quate organ perfusion should be maintained 
[16}. 

For a better control of dopamine infusion, 
the drug should be adequately diluted. Dilut
ing solution for i. v. drip infusion may be either 
5g/dl (278 mmol!1) glucose solution, or 0.9 
g/dl (154 mmolll) sodium chloride solution, or 
116 M sodium lactate (167 mmolll) solution; 
sodium bicarbonate or any other alkaline solu
tions cannot be used since dopamine is inacti
vated at alkaline pH [16}. 

1. 6 FURTHER MEASURES FOR PREVENTING 
RENAL DAMAGE 

1.6.1 Early Administration of Sodium Bicarbo
nate As mentioned in chapter 1 (section 4), a 
low intracellular pH seems to play a crucial 
role in the pathogenesis of ARF following an 
ischemic insult [19, 20}. On the other hand, 
studies on the isolated perfused kidney have 
demonstrated that when intrarenal pH is in
creased by selected buffers, renal function may 
significantly improve [21, 22}. 

These observations suggest a possible protec
tive effect on the kidney of early i. v. adminis
tration of sodium bicarbonate following isch
emic insults, such as hypotension, hemorrhage, 
and severe ECV contraction. 

1.6.2 Correction of Hypoxia and Hyper
capnia Patients with pulmonary edema and 
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systemic hypoxia may develop renal impair
ment or exacerbation of pre-existing renal fail
ure. Hypoxia causes peripheral vasodilation 
with a secondary increase in sympathetic tone 
and activation of the renin-angiotensin system; 
on the other hand, hypercapnia stimulates the 
sympathetic nervous system; the result will be 
severe renal vasoconstriction and a fall in GFR 
[23}. Therapy with oxygen and normalization 
of blood gases will decrease the sympathetic 
tone and improve cardiac output and renal 
function [23}. 

1.6.3 The Danger of Prostaglandin In
hibitors There is evidence that prostaglandins 
balance the vasoconstrictive effects of angioten
sin and renal nerve stimulation during hemor
rhagic hypotension in dogs [24}. The use of 
acetylsalicylic acid as an antipyretic drug 
should therefore be avoided in hypovolemic hy
potensive patients since it may favor the onset 
of ARF through its inhibition on prostaglandin 
synthesis [25}. The same precaution is neces
sary with all nonsteroidal anti-inflammatory 
drugs. 

2 Diuretic Treatment of ARF 
The most impressive feature of oliguric ARF is 
undoubtedly the very low urine output. It is 
therefore not surprising that physicians have al
ways attempted to increase urine output with 
diuretics. The first drug used for this purpose 
was an osmotic diuretic, mannitol (see chapter 
3, section 4). The discovery of loop diuretics, 
such as furosemide (see chapter 3, section 5) 
and ethacrynic acid, has led to their use both 
in replacement of and in addition to mannitol. 

Some authors have reported a beneficial ef
fect of mannitol and furosemide in reversing 
ARF. Others have limited their claims for the 
efficacy of these diuretics to the conversion of 
the oliguric form of ARF to a milder nonoli
guric form. It is commonly believed that non
oliguric ARF has a better prognosis [26-28}. 
It is, however, possible that the diuretic re
sponse of oliguric ARF to mannitol or furose
mide occurs only in cases intrinsically less se
vere with a better prognosis. The dispute has 
not yet been settled. In my opinion, since the 

treatment of ARF is undoubtedly simplified 
when urine output is high, even if the benefi
cial effect of mannitol or furosemide is limited 
to the increase in diuresis, their use should be 
recommended in all oliguric forms of ARF. 

2.1 FUROSEMIDE 

2.1.1 Effect of Furosemide in the Early Phase of 
ARF We have already discussed how to re
verse prerenal ARF by correcting impaired 
renal hemodynamics. On some occasions, how
ever, when all necessary measures to correct 
renal hypoperfusion have failed to reverse renal 
impairment, powerful loop diuretics in high 
doses have been reported to be successful (un
fortunately, in uncontrolled studies), at least in 
increasing urine output. Thus, ethacrynic acid 
increased urine output in six out of six patients 
in whom oliguria had lasted less than 22 hours 
[29}. Similarly, furosemide, when given in 
doses up to 1,000 mg i. v., increased diuresis 
in 17 out of 42 patients (40% incidence) whose 
oliguria had lasted less than 24 hours [30}. 
When 250 to 1, 000 mg of furosemide were 
given i. v. to 49 patients following surgical op
erations, a urine output greater than 1,500 ml 
daily was obtained in 13 patients; in 4 of these 
responders, dialysis seemed to have been 
averted by this therapy [31}. But in another 
retrospective study of 82 cases of postsurgical 
ARF in which 29 patients had received furo
semide intraoperatively, mortality was higher 
(21 out of 29 patients) in treated patients than 
in patients not given furosemide (27 out of 53 
patients); in this study, however, the adminis
tration of furosemide during surgery probably 
reflected a grave intraoperative event [26}. 

In order to verify whether short-term admin
istration of furosemide could improve intrare
nal hemodynamics and modify the clinical 
course of ARF, the diuretic was injected di
rectly into one renal artery (280 mg of furo
semide infused in 30 minutes) in five patients 
between two and nine days after the onset of 
oliguric ARF [32}: under such circumstances, 
furosemide not only failed to alter RBF or its 
intrarenal distribution (as evaluated by xenon 
washout technique) during and up to 40 min
utes after the infusion, but did not increase 
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urine output nor decrease serum creatinine dur
ing four days after furosemide. Only in the 
sixth patient with nonoliguric ARF was an in
crease in diuresis and decrease in serum creati
nine observed after the intrarenal administra
tion of furosemide {32}. We have had similar 
experience; when 200 mg of furosemide were 
infused into a renal artery of a patient with 
nonoliguric ARF during renal angiography, a 
significant but slight increase in inulin clear
ance, urine volume, and FENa was observed, 
but without apparent improvement of renal an
giograms {l}. 

Whether the increase in urine output is as
sociated with improvement in renal function is 
still a matter of debate. Only 7 of the above
mentioned 17 patients who diuresed after fu
rosemide (when the diuretic was given within 
24 hours of oliguria) also exhibited an increase 
in GFR (an incidence of 17% of all treated pa
tients) {30}. 

Recently, Levinsky et al. {33} have analyzed 
the data available from the literature in order 
to evaluate the clinical course of ARF in pa
tients who increased urine output (responders) 
when diuretics were given in the early phase of 
ARF: 65 out of 92 responders survived (inci
dence of 71 %) against 34 out of 72 nonre
sponders (incidence of 47%); the difference was 
statistically significant by the chi-square test. 
Whether the diuretic response indicates a real 
improvement in prognosis {27} or simply iden
tifies an intrinsically less severe ARF has still 
to be determined {3 3}. 

Some reports in the literature (mostly retro
spective studies) do not support the efficacy of 
furosemide even on urine output in oliguric 
ATN. Thus, Minuth et al. {26} have reported 
that 51 out of 79 patients (64%) failed to have 
a diuretic response to furosemide (40 to 500 
mg) given i. v. at some point of their clinical 
course; in the remaining 36%, the diuretic re
sponse was not accompanied by a reduced mor
tality, even though only 46% of patients re
sponding to furosemide needed dialysis therapy 
against 73% of nonresponders and 60% of pa
tients not treated with furosemide. 

Only in the clinical setting of pre renal ARF 
occurring in cardiogenic shock and left ventric
ular failure (see chapter 2) is it well established 

that furosemide reverses ARF by improving left 
ventricular function and, consequently, renal 
perfusion {30, 34}. A diuretic response to fu
rosemide challenge in these patients has been 
considered an index of a better prognosis since 
those who fail to diurese usually do not survive 
{34}. 

2.1.2 Effect 0/ Repeated Doses 0/ Furosemide on 
the Evolution 0/ ATN The first controlled 
study reported in the literature on the influence 
of furosemide on the course of A TN is that of 
Cantarovich et al. {35}. Forty-seven patients 
with oliguric ARF, who had failed to increase 
urine output after 60 g of mannitol (300 ml of 
20 g/dl, 1,098 mmmolll, mannitol i.v.) and 
were therefore treated by daily dialysis, were 
assigned at random to three groups: a control 
group (13 patients), a group treated with 600 
mg furosemide daily (19 patients), and a group 
receiving 100 mg of furosemide as the initial 
dose that was then increased in geometric pro
gression in the following days up to 3,200 mg/ 
day (average dose: 1,240 mg/day for 7 days) 
(15 patients). The best results were obtained in 
the group of patients treated with progressive 
doses of furosemide and may be summarized as 
follows: (a) 73% of patients (against 56% of 
controls) reached a urine output of at least 400 
ml/24 hours; (b) the duration of anuria was 
greatly shortened (5.7 days against 15 days in 
controls); (c) serum creatinine normalized more 
rapidly (17.2 days against 26.6 days of con
trols); (d) the average number of dialyses re
quired was greatly reduced (2.8 against 8.8 of 
controls). The group of patients treated with 
600 mg of furosemide as a fixed daily dose, 
when evaluated by the same criteria, did better 
than controls but not as well as patients on 
progressive doses. In a further study, the same 
authors examined retrospectively 58 additional 
patients, 39 of whom were treated with a fixed 
dose of 2,000 mg/day of furosemide, the re
mainder being controls {36}; the results evalu
ated by the same criteria were similar to those 
obtained with progressive doses in the con
trolled srudy. Despite these good results, how
ever, in neither study was the mortality rate 
significantly modified by furosemide. However, 
the improved clinical course resulting from fu-
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rosemide administration appears to support 
widespread use of this diuretic in the manage
ment of ARF. 

U nfortunatel y another controlled trial by 
Kleinknecht et al. [37} could not confirm the 
above favorable effects of diuretic therapy in 
ATN. When furosemide was given at doses up 
to 1,200 mg daily, no difference was observed 
between treated patients and controls concern
ing not only mortality but also duration of 
both oliguria and uremia, as well as number of 
dialyses required before recovery; a normal 
urine output, however, was more rapidly ob
tained in treated patients. The substantial dif
ference between these controlled studies does 
not seem to be accounted for by different doses 
of furosemide only; further investigation is re
quired. 

More recently, when repeated doses of furo
semide were given i.v. (2 g daily) for several 
days in six patients with oliguric ARF second
ary to leptospirosis and not requiring dialysis, 
a profuse diuresis was obtained in all six, but 
renal function and clinical course were not 
modified [38}. 

2.1.3 Guideline for Furosemide Therapy As 
stated above the main indication for diuretic 
therapy is pre renal ARF occurring in cardio
genic shock and left ventricular failure. Under 
such circumstances, combination with dopa
mine may give even better results (see later in 
this chapter). 

Furosemide may also be useful in those 
forms of ARF in which tubular obstruction 
plays an important role in the renal shutdown, 
such as in ARF secondary to multiple myeloma 
(myeloma kidney) or in acute uric acid ne
phropathy. 

However, since its toxicity is low, furose
mide may be used in all forms of ARF that 
have not been reversed by correction of hypo
tension and volume depletion. 

Furosemide should be given undiluted by 
i.v. drip infusion at a rate not exceeding 1,000 
mg/hour [30}. We may start with 100 mg 
i. v.; should a diuretic response not occur in the 
following few hours, a further dose of 500 mg 
i. v. may be given. The total daily dosage may 
reach 2,000 mg. Further attempts may be re-

peated during the course of the oliguric phase 
in the hope of hastening the diuretic phase. In 
my opinion, daily diuretic therapy with high 
doses should be avoided until its efficacy is 
clearly proved. 

It should be stressed that (a) furosemide 
should never be given in volume-depleted pa
tients; (b) the association of furosemide with 
nephrotoxic antibiotics (aminoglycosides in 
particular) may potentiate the nephrotoxicity of 
the latter (see chapters 1 and 3); and (c) for the 
same reason furosemide should not be used in 
those cases where nephrotoxic antibiotics may 
have been the cause of the renal shutdown. 

2.2 USE OF DOPAMINE + 
FUROSEMIDE IN ARF 

The vasodilating effect of dopamine on renal 
vessels when given in low doses has suggested 
the use of this catecholamine in the treatment 
of the early phase of ARF, when renal vasocon
striction appears to favor the induction of ARF 
(see chapter 1). 

Dogs treated with dopa:mine immediately af
ter injection of uranyl nitrate, however, were 
not protected against ARF despite a reversal of 
renal vasoconstriction; protection occurred only 
with the combination dopamine + furosemide 
[39} (see chapter 3, section 5). 
. When the association dopamine + furose
mide was used in humans with ATN, an in
crease in urine output was regularly observed. 
Thus, Graziani et al. [40} have reported that 
five oliguric patients who had failed to respond 
to i.v. infusion of 200 ml 20 g/dl (1,098 
mmol/l) mannitol promptly diuresed after do
pamine (0.5-3 f,Lg/kg b. w.!min) plus furosem
ide (1-5 mg/kg b.w.!day). Similarly, the 11 
patients reported by Henderson et al. [41} to 
exhibit a diuretic response to dopamine hydro
chloride (1 f,Lg/kg b. w.!min) were still under 
the influence of furosemide (250-500 mg i.v.) 
which they had received one to three hours ear
lier. It has been shown that when renal clear
ance is less than 15 mllmin, the plasma half
life of furosemide is 260 minutes (42}. More 
recently, Lindner et al. [43} have observed not 
only a prompt diuresis after the combination of 
dopamine (1-3 f,Lg/kg b. w./min) plus furosem
ide in six patients with ATN who had been 
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unresponsive to furosemide alone, but also im
provement of renal function in two of them. 
These promising results require further inves· 
tigation. 

The combination of dopamine plus furosem
ide is particularly likely to improve not only 
urine output but also renal function in patients 
with prerenal ARF due to c"lrdiogenic shock 
[34}. 

2.3 MANNITOL 

While most authors agree on the protective ef
fect of mannitol when given prophylactically 
(see chapter 3, section 4), mannitol efficacy in 
improving renal function once the renal insult 
has occurred is still matter of debate. 

Controlled studies have failed to demonstrate 
a definite effect of mannitol in reversing ARF 
or at least in reducing its severity. Numerous 
reports have claimed positive effects when man
nitol has been given early in the course of 
ARF, i.e., within 48 hours of the onset of oli
guria [44-48}. Thus, in a recent retrospective 
study of 20 patients with ARF associated with 
rhabdomyolysis and myoglobinuria, the i. v. in
fusion of mannitol and sodium bicarbonate (25 
g of mannitol and 100 mmol of sodium bicar
bonate in 1 liter of 5g/dl, 278 mmolll dextrose 
solution, at an infusion rate of 250 mllhour) 
resulted in a clear increase in urine output and 
normalization of renal function in nine pa
tients. No clinical or laboratory differences, 
which might be recommended for selecting po
tential responders, were observed between re
sponders and nonresponders [49l Hence, the 
renal response to mannitol is unpredictable. 

2.3 . 1 Therapeutic Mechanism of Mannitol The 
i.v. infusion of mannitol has frequently pro
duced diuresis in patients with ARF refractory 
to loop diuretics. This has been attributed to a 
preserved filtration of mannitol, even in the 
presence of reduced GFR [50l But the effects 
of mannitol on central hemodynamics may also 
play an important role; increase in cardiac out
put, expansion in ECV, increase in RBF, and 
inhibition of renal renin release have been re
ported after mannitol infusion (see chapter 3). 

The recent demonstration that mannitol in
fusion is followed by much greater increase in 

RBF and fall in renal vascular resistance (par
ticularly at the afferent arteriole level) in con
ditions of renal hypoperfusion [5 I} and that 
this renal effect is mediated, in large part, by 
an increase in PGI2 synthesis [52} appears to 
support the usefulness of treating prerenal ARF 
(i.e., a typical condition of renal hypoperfu
sion) with mannitol. Treatment should ob
viously start as early as possible since preven
tion of cell necrosis seems to be important; 
furthermore, once necrosis has occurred, intra
tubular casts (made of cell debris and protein
aceous material) may solidify with time. In ex
perimental ARF, in fact, application of 
pressure within the obstructed tubule through 
micropuncture could flush out the tubular casts 
soon after the renal insult, but not 24 hours 
later [23}. 

2.3.2 Guidelines for Mannitol Therapy 
a. Mannitol should never be used in condi

tions of ECV depletion, only when hypo
volemia has been corrected. 

b. In conditions of ECV expansion, the use of 
mannitol may be hazardous and cause pul
monary edema. 

c. Mannitol infusion should be started (if pos
sible) within 48 hours after the renal insult 
at a dosage of 12.5 g to 25 g (62.5 ml to 
125 ml of 20 g/dl, 1,098 mmolll, mannitol 
solution). 

d. Should 12.5 or 25 grams of mannitol be 
ineffective in causing diuresis, further doses 
would be not only ineffective but also haz
ardous since it is retained in the extracellu
lar compartment [50}. 

e. After 12.5 g of mannitol i.v., should urine 
output increase to more than 40 ml/hour 
during the next two hours, mannitol may 
be continued intermittently. Dosage should 
not exceed 50 g/24 hours [50}. 

f. Urinary losses of water and sodium should 
be adequately replaced by i. v. infusion of 
glucose and saline solutions. 

3 C onservative Treatment of ATN 
With the exception of the effects claimed for 
mannitol or loop diuretics in reversing renal 
impairment, treatment of ARF is nothing more 
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than symptomatic care while awaiting sponta
neous reparative processes. 

3.1 SALT AND WATER BALANCE 

In all patients with ATN, the daily external 
balance of salt and water should be carefully 
calculated, taking into consideration insensible 
loss and sweating. Thus, fluid losses should be 
divided in different categories (urine, vomitus, 
or nasogastric suction, intestinal drainage, etc.) 
and their electrolyte content carefully moni
tored. Similarly the volume of fluid adminis
tered intravenously (including blood and 
plasma), and their electrolyte content should be 
carefully recorded together with any oral intake 
of salt and water. 

Daily measurement of body weight and clin
ical examination (recording blood pressure and 
pulse rate) help in evaluating the fluid balance. 
Patients with ARF are catabolic; therefore, 
they should lose body weight (between 0.2 and 
0.4 Kg daily) because of loss of endogenous fat 
and protein. If they gain or even if they only 
maintain their weight, they are accumulating 
fluid; fluid overload may cause life-threatening 
pulmonary edema. 

Sometimes, monitoring of central venous 
pressure may be necessary, such as when the 
state of hydration is not readily apparent and/ 
or cardiac failure is suspected. 

Obviously, the tendency in recent years to 
use early and frequent dialysis in patients with 
ATN has greatly reduced the problem of fluid 
overload. Despite this fact, fluid intake should 
be limited to avoid the need for excessive fluid 
removal during dialysis. In patients able to eat 
who do not have losses of fluid, it has been 
suggested that a water intake of 400 ml should 
be allowed plus a volume of water equal to the 
urine output of the previous day (taking into 
account that as much as 750 ml of water are 
introduced with food itself) [53}. 

Patients with extrarenal losses of fluid (vom
iting, diarrhea, intestinal drainage, etc.) may 
be dehydrated. This ECV depletion should be 
corrected by saline infusions. As mentioned on 
chapter 7, usually hyponatremia in oliguric pa
tients does not reflect a salt depletion but a rel
ative water excess that is frequently iatrogenic. 
Under such circumstances fluid restriction and 

dialysis ultrafiltration may correct the condi
tion of fluid excess. Only when serum sodium 
concentration is less than 120 mmo1l1 and/or 
the patient has neurologic symptoms of hypo
natremia, may hypertonic saline be given as an 
emergency measure; the amount of sodium 
chloride necessary for such correction may be 
calculated as follows: 

Na + requirement = TBW X ([NA +}d - [Na +}p), 

where TBW = total body water which is 50 
to 54% of body weight in adult men and 43 to 
48% in adult women [4}; [Na +}d is the desired 
serum sodium concentration (in mmolll) and 
[Na +}p is the patient's present serum sodium 
concentration (in mmo1l1) to be corrected. 
Thus, for instance, should a 40-year-old pa
tient, with 80 Kg b. w., have a serum sodium 
concentration of 105 mmo1l1 with neurologic 
signs of hyponatremia, the amount of sodium 
required to raise the serum sodium to 120 
mmo1l1 would be as follows: 40 X 15 = 600 
mmol (being 0.50 X 80 Kg = 40 liters and 
120 - 105 = 15 mmol). If we decide to use 
hypertonic saline, 855 mmo1l1 (5 g/dl) NaCl 
solution, 700 ml of such solution should be in
fused i.v. in a 12-hour period or so. 

The above calculation of sodium required to 
correct hyponatremia assumes that sodium is 
distributed in total body water. Actually, so
dium is distributed in extracellular fluid, but 
water is diffusible intra- and extracellularly. 
Thus, when a condition occurs in which water 
exceeds sodium (with resulting hyponatremia), 
water moves into cells (because of the osmotic 
gradient) until osmotic pressure is equal intra
and extracellularly; this process will reduce the 
hyponatremia by raising sodium concentration 
in the extracellular fluid. The final serum con
centration of sodium, therefore, will be equiv
alent to that which would be observed if so
dium were distributed in total body water [4}. 
For this reason, correction of severe hyponatre
mia should be based on TBW rather than on 
extracellular water. 

However, should hyponatraemia reflect se
vere ECV contraction (see chapter 7), saline in
fusion is indicated even if there are no neuro
logic signs of hyponatremia. Under such 
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circumstances, (a) the above calculation of so
dium requirements will underestimate the real 
need for sodium; (b) isotonic saline solution 
(0.9 g/dl, 154 mmolll NaCl) is preferred; and 
(c) the adequacy of saline infusion will be as
sessed by clinical evaluation of the patient (see 
chapter 7). Physical examination (including de
termination of body weight, systemic blood 
pressure, etc.) and blood-chemistry determina
tions performed daily indicate the patient's 
fluid status and dictate, day to day, any 
changes necessary in parenteral therapy. 

Patients with ATN may have a low serum
protein concentration because of accelerated ca
tabolism and/or protein loss (as in burns, for 
instance). Under such circumstances, the re
duced serum oncotic pressure should be cor
rected by i.v. infusion of plasma or human al
bumin, thereby correcting abnormalities in 
fluid distribution in intra- extracellular com
partments. When hematocrit (or hemoglobin 
concentration) is low, whole blood transfusion 
should be preferred. 

3.2 ACID BASE BALANCE 

3.2.1 Treatment of Metabolic Acidosis Once 
renal shutdown has occurred, acid resulting 
from catabolism of tissue (and dietary) proteins 
will be retained, invariably leading to meta
bolic acidosis, with increasing anion gap (see 
chapter 7). Since the daily endogenous produc
tion of acid is approximately 1 mmollKg b.w.! 
day, serum bicarbonate concentration is ex
pected to decrease by 1 to 2 mmolll day (53}. 
Any condition in which overproduction of or
ganic or inorganic acids occurs (hypercatabolic 
states, lactic acidosis, diabetic ketoacidosis) 
will worsen metabolic acidosis. 

It should be stressed that i.v. infusion of 
amino acids or protein hydrolysates for paren
teral nutrition will represent a further acid 
load. 

Mild metabolic acidosis does not require cor
rection. Severe acidosis may decrease myocar
dial contractility, increase pulmonary vascular 
resistance, and cause peripheral vasodilation, 
thus leading to pulmonary edema and shock in 
addition to severe metabolic disorders (4}. 
Thus severe metabolic acidosis must be treated. 

Alkalinizing solutions for clinical use in-

clude sodium bicarbonate, sodium lactate, so
dium acetate, and TRIS (or THAM) (table 
21-1). 

Sodium bicarbonate is undoubtedly the al
kali of choice for the treatment of metabolic 
acidosis since its alkalinizing effect is immedi
ate. Sodium lactate and sodium acetate (the lat
ter is used for dialysate solutions) do so only 
after conversion of lactate or acetate ions to bi
carbonate ion. Lactate was introduced in clini
cal practice because of technical difficulties in 
manufacturing bicarbonate solutions for i. v. in
fusion. It also had the advantage of not form
ing insoluble salt with calcium (as bicarbonate 
does), so that calcium can be added to lactate 
solutions when calcium infusion is needed. Lac
tate is metabolized in the liver; but in severe 
acidosis, the liver capacity for metabolizing it 
is greatly reduced. Thus, lactate is contraindi
cated in conditions of impaired liver function 
but also during hypotension, shock, hypoxia, 
severe anemia, and lactic acidosis (4}. Since the 
technical problems in preparing bicarbonate so
lutions have been largely solved, sodium bicar
bonate is now preferred for i. v. therapy. 

TRIS (tris-(hydroxymethyl} - aminometh
ane), or THAM, is an organic amine buffer 
suggested for the treatment of severe metabolic 
acidosis in patients in whom sodium loading 
(which would result from sodium bicarbonate 
or lactate administration) should be avoided; it 
is a much stronger base than bicarbonate. Fur
thermore, THAM can combine with carbonic 
acid and release bicarbonate (4}. A great dis
advantage is its tendency to cause respiratory 
depression and severe hyperkalemia (54}. Fur
thermore, extravasation during i. v. infusion 
may cause necrosis of neighboring tissues; its 
alkalinity (a solution 0.3 M has a pH of 8.6) 
may cause phlebitis or thrombosis. It has been 
suggested that THAM should be used in pa
tients with respiratory distress syndrome in 
which a combined respiratory and metabolic 
acidosis is observed, provided that facilities for 
mechanical ventilation are available (54}. Since 
its excretion is mainly renal, THAM is con
traindicated in renal failure (4}. 

In treating metabolic acidosis with i.v. in
fusion of sodium bicarbonate, care should be 
taken to avoid iatrogenic hypervolemic hyper
natremia (see chapter 7). 
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The amount of bicarbonate necessary for the 
correction of metabolic acidosis may be calcu
lated with the following formula in which bi
carbonate space is considered as 50% of body 
weight {4} (some authors use 40% of body 
weight as bicarbonate space) {53}: 

HCO; requirement 

= ([HCO;Jd - [HCO;Jp ) X (0.50 X Kg b.w.), 

where {HCO;}d is the desired serum bicarbon
ate concentration (in mmolll), and {HCO;}p is 
the patient's present serum bicarbonate concen
tration (in mmolll). Thus, a 40-year-old man, 
80 Kg b. w., with 15 mmolll of serum bicar
bonate will require 400 mmol of sodium bicar
bonate to obtain a serum bicarbonate level of 
25 mmolll. Fifty percent of the calculated re
quirement may be given in three to four hours, 
the remainder later. It is preferable to avoid a 
rapid complete correction of metabolic acidosis. 
The equilibration of bicarbonate concentration 
between blood and cerebrospinal fluid, in fact, 
is slow, so that a rapid rise in plasma bicarbon
ate is not associated with a simultaneous rise in 
brain bicarbonate. The increase in blood pH, 
however, is responsible for a reduction in ven
tilation and consequent rise in blood pC02 • 

Since CO2 is readily diffusible, the higher 
blood pC02 is quickly transmitted to the cere
brospinal fluid and brain where the increased 
pCOl> in the presence of a continuing low bi
carbonate concentration, will result in a further 
drop in the already low pH. This sharp fall in 
the pH of the cerebrospinal fluid may cause 
nausea, vomiting, giddiness, and disturbances 
of consciousness {55} and even convulsion and 
coma. 

Rapid correction of metabolic acidosis in hy
pocalcemic patients, by reducing ionized cal
cium, may cause tetany; it is advisable to give 
calcium to these patients. 

Changes in acid-base balance modify the 
serum concentration of potassium by redistri
buting potassium ions between intra- and ex
tracellular fluid. It is usually stated that meta
bolic acidosis will increase serum potassium 
concentration by 0.6 mmolll for every 0.1 unit 
change in arterial pH. Actually, the correlation 
between serum potassium and arterial pH is 
present in patients with metabolic acid-base 

disturbances but· not in those with respiratory 
disturbances. Furthermore, the hyperkalemic 
effect of metabolic acidosis is very marked 
when acidosis is due to mineral acid (such as 
sulphuric acid and phosphoric acid) retention; 
under such circumstances, the rise in serum po
tassium will be much greater than 0.6 mmolll 
per 0.1 unit change in pH {3}. In patients 
with metabolic acidosis due to retention of or
ganic acids (such as lactic acidosis), the increase 
in serum potassium is much smaller. Only the 
hyperkalemia of diabetic ketoacidosis may be 
severe; but this is due partly to the hyperton
icity created by hyperglycemia {3} (see below). 

Physicians should take into careful consider
ation the redistribution of potassium that oc
curs between extra- and intracellular fluid when 
correcting metabolic acidosis. A patient with a 
normal serum concentration of potassium and 
severe metabolic acidosis has a potassium defi
ciency and will experience dangerous hypoka
lemia when the metabolic acidosis is corrected 
unless potassium supplements are given {56}. 

3.2.2 Treatment 0/ Metabolic Alkalosis Meta
bolic alkalosis also may occur in ATN, usually 
as a result of continuous nasogastric drainage in 
surgical patients. The use of cimetidine has 
been suggested to correct this condition {57}. 
In some patients with severe metabolic alka
losis, however, the i.v. infusion of hydrochloric 
acid may become necessary {58}. Hydrochloric 
acid will react with plasma bicarbonate as fol
lows: 

HCl + HCO; = CO2 + H 20 + Cl-, 

so that chloride will replace bicarbonate. Since 
this reaction occurs as soon as hydrochloric acid 
enters the blood vessel, it may leave pure water 
and cause hemolysis; that is why some authors 
suggest that i. v. hydrochloric acid should be 
given in 5 g/dl (278 mmolll) dextrose solution 
or in normal saline {59}, 

The amount of acid required to correct met
abolic alkalosis may be calculated as follows 
{53}: 

H+ requirement 

= ([HCO;Jp - [HCO;Jd X (0.40 X Kg b. w.). 
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However, Kopple and Blumenkrantz [4} sug
gest that acid requirement should be evaluated 
on calculated chloride deficit: 

Chloride deficit 
= «(Cl-}d - (Cl-}p) X (0.20 X Kg b.w.), 

where [Cl-}d is the desired serum chloride con
centration (in mmolll), [Cl-}p is the patient's 
present serum chloride concentration (in mmoll 
1), and 0.20 indicates the extracellular fluid 
space (in liters/Kg b.w.), which is the main 
compartment for chloride. Half of the calcu
lated chloride deficit should be replaced by an 
equivalent amount of HCl during the first 24 
hours; obviously, an additional amount of HCI 
should replace continuing chloride losses, 
which must be carefully calculated [4}. Thus, 
a 40-year-old man, 76 Kg b.w., with ARF and 
severe metabolic alkalosis due to nasogastric 
suction of 1. 500 mllday of gastric fluid (with 
100 mmolll of chloride) will lose 150 mmol of 
chloride daily. If his serum chloride concentra
tion is 80 mmolll, chloride deficit will be 
(150 - 80) X (0.20 X 76) = 380 mmol. Thus, 
he should receive, in the first 24 hours, 340 
mmol of hydrochloric acid (150 mmol to re
place the daily chloride loss in gastric juices 
plus 380: 2 = 190 mmol in order to correct the 
chloride deficit in part). Hydrochloric acid may 
be given as a slow i. v. infusion of O.IN HCl 
solution (100 mmolll of HCl possibly in nor
mal saline or dextrose solution) into a large
diameter, high-flow vein since it may cause co
agulation of blood at catheter tip and necrosis 
of tissue at the infusion site [4}. 

The correction of metabolic alkalosis causes 
an increase in serum potassium concentration 
that is, however, less than 0.6 mmolll per 0.1 
unit change of pH [58}. 

Arginine hydrochloride cannot be used to 
correct metabolic alkalosis in oliguric patients 
since it may cause life-threatening hyperkale
mia [60}. Ammonium chloride is also contrain
dicated in ARF since the dissociation of NHt 
into H + and NH3 will increase plasma urea 
level. 

3.3 POTASSIUM BALANCE 

3.3. 1 Treatment of Hyperkalemia The main 
danger of death in ARF derives from severe hy-

perkalemia (see chapter 7), which must be 
treated immediately. The quickest method of 
lowering serum potassium is not dialysis. 
Emergency therapy of life-threatening hyper
kalemia includes the following. 

3.3.1.1 CALCIUM GLUCONATE INFUSION. This is 
the emergency therapy of life-threatening car
diac conduction disturbances secondary to hy
perkalemia. Hyperkalemia, in fact, may impair 
membrane excitability by reducing the resting 
potential; since membrane excitability is de
fined by the difference between resting and 
threshold potentials, when resting potential is 
reduced (as in hyperkalemia), the normal mem
brane excitability may be restored by reducing 
the membrane threshold potential; this is ob
tained by increasing extracellular calcium con
centration through calcium gluconate infusion 
[61}. For this purpose, 10 to 30 ml of 109/dl 
(232 mmolll) calcium gluconate solution may 
be infused intravenously in three to five min
utes under continuous ECG monitoring; con
duction abnormalities will reverse in a few 
minutes. The infusion may be repeated after 
five to seven minutes if no effect is observed or 
if conduction abnormalities recur [61}. Cal
cium infusion is contraindicated in digitalized 
patients [53}. 

This emergency treatment has only transient 
effects since calcium is taken up by bone; it 
helps, however, in gaining time to prepare 
other therapeutic measures. 

Hypertonic sodium solutions may have sim
ilar beneficial effect in hyperkalemic hypona
tremic patients since hyponatremia may exag
gerate the effects of hyperkalemia on myo
cardial conduction [61}. 

3.3.1.2 SODIUM BICARBONATE INFUSION. This 
treatment will lower the serum concentration 
of potassium by promoting entry of potassium 
into cells, thereby restoring the transcellular 
gradient of potassium. In severe hyperkalemia, 
it has been suggested that 50 to 100 ml of 1M 
(8.4 g/dl) NaHC03 (i.e., 50-100 mmol of 
NaHC03) should be infused i.v. over 5 to 10 
minutes [53, 62}; this, however, will be an os
motic load (1M NaHC03 solution has an os
molality of 2,000 mOsm/Kg H 20) (table 21-
1), which may be partly counterproductive to 
the treatment of hyperkalemia (hypertonicity, 
in fact, may cause a shift of potassium from 
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cells to extracellular fluid) (3}. A less concen
trated sodium bicarbonate solution may be pre
ferred, such as 116M (1.4 g/dl) NaHC03 solu
tion (an i. v. infusion of 500 ml will give 83 
mmol of NaHC03). It should be stressed that 
the i. v. infusion of sodium bicarbonate may 
represent a problem in oliguric patients, espe
cially in the presence of congestive heart fail
ure. In patients with life-threatening hyperka
lemia, i. v. infusion of sodium bicarbonate may 
be lifesaving even when metabolic acidosis is 
not present. The alkalosis induced by bicarbon
ate may precipitate tetany and even seizure by 
lowering ionized calcium level; the i. v. infu
sion of at least 10 ml of 109/dl (232 mmolll) 
calcium gluconate prior to alkali therapy may 
prevent this complication. It should be stressed 
that calcium gluconate cannot be added to the 
solution of sodium bicarbonate because of the 
precipitation of calcium salts. 

3.3.1.3 GLUCOSE-INSULIN INFUSION. The i.v. in
fusion of insulin (plus glucose) may lower 
serum potassium concentration within 15 to 20 
minutes since potassium will move into the 
cells with glucose. 

The efficacy of insulin in treating hyperka
lemia is well known; it stimulates potassium 
uptake by skeletal muscle and hepatic cells. 
This hypokalemic effect is dose related, reach
ing a maximum at blood concentrations of in
sulin 20 to 40 times the basal levels (63, 64}. 
It is therefore advisable to give insulin as an 
intravenous bolus to have the maximal hypo
kalemic effect, followed by i. v. infusion of glu
cose to avoid hypoglycemia (3}. 

It has been suggested that hyperkalemia 
should be treated by i. v. injection of 50 to 100 
ml of 50g/dl (2.775 mmolll) dextrose with 5 
to 10 units of soluble insulin (i.e., 1 unit of 
soluble insulin every 5 grams of glucose) [53, 
62}. The resulting sudden hyperglycemia, 
however, with the consequent hypertonicity 
may worsen hyperkalemia by causing a shift of 
potassium from cells to extracellular fluid (hy
pertonicity will cause cellular dehydration, an 
increase in intracellular concentration of potas
sium, and then passive diffusion of the cation 
out of cells) (3}. 

In my opinion, the following schedule is 
preferable (3}: i. v. bolus of 5 units of soluble 
insulin, to be repeated every 15 minutes, while 

a 10 g/dl (555 mmolll) dextrose solution is in
fused i. v. at an infusion rate of 500 mllh (or 
20g/dl, 1. 11 molll, dextrose solution is infused 
at 250 mllh). 

The beneficial effect of glucose-insulin may 
last two to four hours, but the treatment may 
be repeated. It has been stated that glucose so
lution may be given i. v. without insulin in 
nondiabetic patients since the resulting hyper
glycemia will readily stimulate insulin secre
tion {61}. This is not correct since endogenous 
insulin secretion will not be enough to obtain 
the maximal hypokalemic effect {3}. 

All the above maneuvers are only temporary 
measures and should be followed by potassium 
removal. As described above (chapter 7), in oli
guric ATN, hyperkalemia is mainly due to po
tassium retention and will be definitively cor
rected only by potassium removal. 

Potassium may be removed by potassium ex
change resins, such as sodium polystyrene sul
phonate or Kayexalate (Resonium A). Kayexal
ate acts by exchanging its sodium for 
potassium in the colon (it is therefore ineffec
tive in patients who have undergone colectomy) 
{61}. It may be given orally in doses of 20 
grams, three to four times daily: with each 
dose of resin, 20 ml of 70 g/dl sorbitol should 
be given orally as an osmotic cathartic in order 
to prevent fecal impaction. Alternatively, 50 
grams of Kayexalate in 50 ml of 70 g/dl sor
bitol and 100 ml of tap water may be given as 
a retention enema. The enema should be re
tained for at least 30 minutes (an inflated rectal 
catheter may help). Beneficial effect of the resin 
is evident one to two hours after oral adminis
tration and a half to one hour after enema. 
Each gram of Kayexalate binds 1 mmol of po
tassium in exchange for 1 mmol of sodium 
{53}. Thus, Kayexalate leads to sodium reten
tion. The calcium form of the resin is therefore 
preferable (calcium resonium) (65}. 

An efficient measure for removing potassium 
is dialysis. Hemodialysis is more effective than 
peritoneal dialysis; as much as 50 mmol of po
tassium may be removed each hour. Peritoneal 
dialysis using potassium-free dialysate may re
move 15 mmol of potassium per hour; but the 
extent of potassium removal is extremely vari
able, depending on peritoneal blood flow, time 
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of intraperitoneal infusion and withdrawal of 
dialysate, etc.; furthermore, in hypotensive pa
tients, the mesenteric vasoconstriction will 
greatly impair the exchange process (61}. 

Beta-adrenergic blocking agents and digi
talis glycosides may exacerbate hyperkalemia in 
acidemic patients with ARF [3}. 

3.3.2 Treatment of Hypokalemia Hypo
kalemia may occur in patients with ARF either 
as a result of extrarenal loss of potassium ions 
or in the diuretic (recovery) phase of ARF. Se
vere hypokalemia requires i. v. infusion of po
tassium. 

When serum potassium is less than 3 mmoll 
1, an i. v. infusion of 200 to 400 mmol of po
tassium is required to increase serum potassium 
level by 1 mmoll 1; the same increment of 1 
mmolll is obtained with 100 to 200 mmol if 
serum potassium is greater than 3 mmolll (4}. 
Rapid infusion of potassium should be avoided. 
It is suggested that the infusion rate should be 
limited to no more than 10 mmollhour and no 
more than 100 to 200 mmo1l24 hours, using 
solutions with potassium concentration no 
greater than 30 mmolli. 

3.4 PREVENTION AND TREATMENT 
OF COMPLICATIONS 

3.4. 1 Infections Since infections represent 
the major cause of death in ARF, physicians 
should use all measures to reduce sources of po
tential infections. 

Usually, these patients are maintained in 
bed and their activities limited to a minimum. 
Even though this behavior is understandable 
because of the patient's critical condition, phy
sicians should always encourage mobilization as 
much as possible to avoid hypostasis in the 
lung and decubitus ulcers. Physiotherapy is 
important; breathing exercises are particularly 
crucial in preventing pulmonary infections. 

An indwelling bladder catheter for measur
ing urine output is not necessary once the di
agnosis of ARF has been established; even 
closed bladder catheter drainage, in fact, will 
cause urinary tract infections. These should be 
avoided. Because of the difficulty in obtaining 
adequate urinary concentration of antibiotics in 

renal failure, infections of the urinary tract are 
difficult to treat and may cause septicemia. Ob
viously, the patient and nurses should be 
warned about the importance of complete urine 
collection obtained by spontaneous voiding. 

Indwelling central venous lines for parenteral 
nutrition may also become infected and should 
be handled with aseptic technique. Obviously, 
the patient should be encouraged to take food 
by mouth (see chapter 22). 

In surgical patients, all unnecessary tubes 
and catheters must be removed. 

Should infection occur, early identification of 
the responsible micoorganism is very impor
tant. Thus, urine, blood, and drainage fluid 
cultures should be obtained very frequently and 
sensitivity to antibiotics tested in order to se
lect the appropriate antimicrobial agents. Ob
viously, the dosage should be adjusted to re
duced renal function (as suggested in chapter 
3), taking into account whether or not the pa
tient is treated by dialysis since dialysis may 
remove drugs. 

Should antibiotic therapy be instituted be
fore identification of the responsible microor
ganism, it should be borne in mind that tetra
cycline antibiotics (with the exception of 
doxycycline) may increase BUN by inhibiting 
protein anabolism. Doxycycline, a tetracycline 
active against Gram-positive and anerobic mi
croorganisms, has no catabolic effects, is not 
nephrotoxic, does not accumulate in renal fail
ure, and so can be used without reduction in 
dosage (66}. 

It should be stressed that corticosteroids also 
increase BUN by enhancing protein catabo
lism. 

Body temperature, blood pressure, and pulse 
rate should be monitored frequently during the 
day. 

3.4.2 Gastrointestinal Complications Gastro
intestinal abnormalities are frequent in patients 
with ARF, in the form of anorexia, nausea, 
retching, and vomiting. These symptoms are 
partially prevented or reversed by early and fre
quent dialysis. 

Gastrointestinal bleeding is not unfrequent. 
It may be due to bleeding diathesis (see chapter 
6), stress ulcers, gastritis, enterocolitis. It oc-



21. MANAGEMENT OF ACUTE RENAL FAILURE 419 

curred (usually in the first 8 days after the on
set of ARF) in 151 of 760 cases of ARF (20% 
incidence) in a study reported in 1973, causing 
death in 66 patients; its incidence was de
creased significantly by early and frequent di
alysis {67]. The presence of blood in the gut 
will represent urea and potassium loading, re
sulting in severe increase in BUN and hyper
kalemia despite intensive dialysis. Stool should 
be checked frequently for blood in the course 
of ARF. 

The introduction of Hrreceptor antagonists 
(cimetidine and ranitidine) in clinical pharma
cology has greatly reduced the incidence of gas
trointestinal bleeding due to stress ulceration 
in critically ill patients. Thus, some authors 
treat all ARF patients with cimetidine, as a 
preventive measure, in a dosage of 300 mg i.v. 
every 12 hours {53}. In patients without gas
tric symptoms, it may be given orally, at re
duced dosage since the drug is excreted in the 
urine. Larsson et al. {68} have suggested that 
200 mg of cimetidine should be given thrice 
daily when GFR is 15-30 ml/min, 200 mg 
twice daily when GFR is less than 5 ml/min, 
or the patient is on dialysis treatment (the drug 
should be given after dialysis). 

Significant increases in serum levels of cre
atinine have been reported after cimetidine ad
ministration by several authors. It seems, how
ever, that this rise in serum creatinine does not 
reflect a fall in GFR, since e1Cr)EDTA clear
ance remained unchanged during long-term 
treatment with cimetidine {68}. 

Ranitidine may replace cimetidine in the 
prevention of gastrointestinal hemorrhage in 
ARF, in doses of 50 mg i.v. twice daily, or 
150 mg/day per os. 

3.4.3 Cardiovascular Complications Systemic 
hypertension and congestive heart failure may 
occur in ARF patients as a result of volume 
overload. This should be treated by dialysis. 

Hypertension can be treated by common an
tihypertensive drugs: beta-blocking agents, 
clonidine, hydralazine, methyldopa, and pra
zosin. Obviously, dosages should be adjusted 
to the hypotensive effect, as usual. 

Fibrinous uremic pericarditis may also occur; 
in these cases, a pericardial friction rub is usu-

ally appreciated. Pericardial effusion is uncom
mon. Pericarditis is an indication for dialysis. 

3.4.4 Neurologic Complications The most fre
quent neurologic abnormalities in patients with 
ARF involve intellectual function. Mental con
centration and recent memory are reduced, and 
the ability to focus or sustain attention is im
paired. Anxiety, irritability, sleeplessness, or 
apathy and sluggishness may occur and are fre
quently followed by lassitude, muscular fa
tigue, weakness, daytime drowsiness, and in
somnia at night. If the patient is not treated 
by dialysis, further deterioration of cerebral 
function will occur with disorientation, confu
sion, hallucination, torpor, myoclonus, and 
convulsions, which will represent a terminal 
symptom. 

These neurologic abnormalities can be cor
rected by dialysis. 

3.5 RECOVERY PHASE OF ATN 
After days or even weeks of oliguria, urine out
put will start increasing in a stepwise fashion, 
sometimes reaching values greater than normal 
(polyuria). The improved management of water 
and salt balance by frequent dialysis in ATN 
patients has frequently reduced the incidence of 
postanuric polyuria. Even when polyuria oc
curs, however, both serum creatinine and BUN 
continue to increase for one to three days; de
spite the increase in GFR, in fact, the rate of 
production of creatinine and urea still exceeds 
the excretion rate. Then, serum creatinine and 
BUN level off for a further two to three days 
(excretion rate equals production rate). Finally, 
they start to decline (excretion rate exceeds pro
duction rate). The fall of serum creatinine will 
be progressive in the following days, reaching 
and then exceeding 70.7 /-Lmol/l/day (0.8 mgl 
dllday) {69}' 

During most of the recovery phase, U/Per> 
UOsm, UNa, FENa, and renal failure index re
main within the specific limits of ATN (see 
chapter 7) {69}. 

In some patients, recovery of tubular func
tion occurs more slowly than that of GFR. 
Polyuria will ensue (as mentioned) with salt 
and water loss. Should this loss not be re
placed, volume depletion would result. This 
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may be mirrored by serum creatinine not main
taining its rate of decrease, stabilizing at high 
levels, or even increasing again; this condition 
is obviously reversed by correcting volume de
pletion with i. v. saline solutions. 

In the case of polyuria, therefore, urinary 
losses of water, sodium, and potassium should 
be replaced. Replacement should be complete 
during the first days in order to maintain an 
high urine output and favor the excretion of 
retained solutes (nitrogen compounds in partic
ular). In the following days, fluid and electro
lyte infusion should be gradually reduced, 
monitoring the state of hydration of the pa
tient. Defect in urine concentration may persist 
for years. 

Even during the diuretic phase, infections 
may occur and should be prevented. 

Obviously, during the diuretic phase the 
prognosis is improved in comparison with the 
oliguric phase of A TN. In a series of 276 cases 
of ARF, however, in which 102 patients died, 
30 of these deaths (29%) occurred during the 
diuretic phase [70}. 

3.6 PROGNOSIS 

When reviewing the 949 patients dialyzed for 
ARF at the University of Minnesota Hospitals 
between 1968 and 1979, Kjellstrand et al. 
[71} found that ARF occurred after renal trans
plantation in 264 cases; among the remaining 
685 cases, ATN was the primary disease in 432 
cases (63%), obstruction in 35 (5%), primary 
glomerulopathy in 75 (11 %). 

The highest mortality rate (68%) was ob
served in patients with ATN; there was no dif
ference in the mean age between patients who 
survived (mean age: 48 years) and those who 
died (mean age: 47 years). When patients with 
ATN were subdivided into different basic dis
ease groups, the mortality rate was 63% in the 
group of medical diseases, 73% in the group of 
cardiovascular surgery, and 78% in the group 
of gastrointestinal surgery [71}. Thus, post
surgical ARF has a high mortality rate, espe
cially when surgery involves the abdomen [71-
73}' Unfortunately, despite the improvement 
in dialysis equipment and procedures, better 
blood access, hyperalimentation, and more ef
ficient antibiotics, the mortality rate of patients 
with ARF has not decreased over the years. 

Thus, the mortality rate reported by Kjell
strand et al. [71} is no better than those re
ported by Balslow and Jorgensen [72} and by 
Kennedy et al. [73}. 

Undoubtedly, gastrointestinal bleeding and 
infections are the most important complica
tions of ARF that adversely affect the prognosis 
[71}. 

It has been stated that neglected surgical 
complications may contribute to the severe 
prognosis of ARF [71}. This would suggest a 
more careful evaluation of the patients operated 
on by surgeons since early reoperation for sur
gical complications may decrease the mortality 
in postsurgical ARF. 

Only 140 out of 432 cases of ATN reviewed 
by Kjellstrand et al. [71} survived .(i.e., 32% 
survival rate), but only four survivors (3% of 
survivors) had no return of renal function and 
were maintained on RDT; 87% of survivors re
gained renal function (enough to go off di
alysis) within a month, 9% within two 
months; in one patient only return of renal 
function sufficient to stop dialysis occurred af
ter 88 days. ATN following transplantation 
was characterized by a mean time of 11 days to 
regain renal function [74}. 
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22. THE ROLE FOR NUTRITION 
IN ACUTE RENAL FAILURE 

Joel D. Kopple 

Bruno Cianciaruso 

1 Metabolism in Acute 
Renal Failure 
Patients with acute renal failure (ARF) have 
widely varying metabolic and nutritional sta
tus. Most patients with ARF have some degree 
of net protein breakdown (synthesis minus deg
radation) and have altered fluid, electrolyte, or 
acid-base status. Commonly, there is water over
load, azotemia, hyperuricemia, hyperkalemia, 
hypocalcemia, hyperphosphatemia, and meta
bolic acidosis with large anion gap. However, 
there are patients who show no evidence for 
negative-nitrogen balance and who have normal 
water balance, plasma electrolyte concentrations, 
and acid-base status. These latter patients usually 
have no severely catabolic underlying illnesses. 
Generally, they are not oliguric, and, typically, 
the cause of their ARF is an isolated, noncata
bolic event, such as administration of radiocon
trast drugs or other medicines. 

Patients with ARF can sustain massive net 
protein degradation, with net losses of 150 to 
200 g/day or more [1, 2J; by comparison, the 
total protein mass of a 70 kg man is about 6 
to 10 kg [3J. When ARF is caused by shock, 
sepsis, or rhabdomyolysis, patients are more 
likely to be catabolic. Feinstein et al. [2J ob
served that the mean urea nitrogen appearance 
(UNA, net urea nitrogen production) in pa
tients was 12.0 ± 7.9 (SD) g/day when ARF 
was caused by hypotension and/or sepsis and 
12.3 ± 7.9 g/day when it was due to rhabdo-
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myolysis. These values were significantly 
greater (p < 0.001 and p < 0.05, respectively) 
than the UNA of patients with ARF due to 
other causes, 3.8 ± 2.4 g/day. 

When patients with ARF have marked net 
protein breakdown, there is usually an acceler
ated rise in plasma potassium, phosphorus, and 
nitrogen metabolites, and in acidemia. In non
uremic humans, wasting and malnutrition can 
impair normal wound healing and immune 
function [4, 5J and enhance morbidity and 
mortality. Thus, patients with ARF who are 
very catabolic may also be at increased risk for 
delayed wound healing, infection, prolonged 
convalescence, and increased mortality. 

1.1 FACTORS PROMOTING WASTING IN ARF 
Many factors cause wasting in ARF. In ani
mals, several studies suggest that acute uremia 
itself may cause disorders in amino acid and 
protein metabolism and promote wasting. Lacy 
[6J observed increased uptake of several amino 
acids and enhanced urea production in liver 
from acutely uremic rats. Frohlich et al. [7J 
examined net glucose and urea output from 
perfused liver in rats with bilateral nephrec
tomy and in sham-operated and nonoperated 
controls. They found that in comparison to 
controls, the acutely uremic rats had increased 
hepatic release of glucose, urea, and the 
branched chain amino acids-valine, leucine, 
and isoleucine-which are not well metabo
lized by the liver. These findings indicate that 
acute uremia in rats stimulates both gluconeo
genesis and protein degradation in the liver. 

The response of protein synthesis and degra-
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dation to acute uremia may vary independently 
of each other and according to the organ stud
ied. McCormick et al. {8] found increased in
corporation of 14 C-leucine into TCA-precipit
able material in liver homogenates from acutely 
uremic rats, suggesting enhanced hepatic pro
tein synthesis. Shear {9] reported that protein 
synthesis was increased in liver and heart and 
decreased in skeletal muscle of acutely uremic 
rats. Fliigel-Link et al. flO] and Pan and co
workers {11] studied protein synthesis and deg
radation in perfused posterior hemicorpus of 
rats made acutely uremic by bilateral nephrec
tomy and in sham-operated control rats. There 
was increased UNA in the acutely uremic rats, 
indicating enhanced hepatic gluconeogenesis 
and net protein degradation; plasma and intra
cellular muscle concentrations of most amino 
acids were significantly decreased. Muscle pro
tein synthesis was reduced and protein degra
dation was increased in the acutely uremic an
imals. These animals also manifested increased 
release of tyrosine, phenylalanine, alanine, total 
nonessential amino acids, and total amino acids 
from the perfused hemicorpus. Clark and 
Mitch {l2] also reported increased degradation 
and decreased synthesis of muscle protein in 
acutely uremic rats. 

The mechanisms responsible for increased 
gluconeogenesis and net protein degradation in 
rats with ARF are not well defined. Sapico and 
associates {l3, 14] report that activity of glu
tamic oxaloacetic aminotransferase, which cat
alyzes the transamination of glutamate, is in
creased in the liver of acutely uremic rats. In 
addition, there is reported to be increased ac
tivity of two enzymes involved with metabo
lism of urea cycle amino acids, ornithine trans
aminase, which catalzyes the conversion of 
glutamate to ornithine, and arginase, which 
catalyzes formation of urea and ornithine from 
arginine. In addition, Sapico et al. {l5] report 
that in liver of acutely uremic rats, phenylala
nine hydroxylase activity is not increased while 
tyrosine aminotransferase is elevated; these en
zymes catalyze the initial reactions along the 
major degradative pathway for phenylalanine 
and tyrosine. 

Acute uremia may alter glycogen metabo
lism. Bergstrom and Hultman {l6] reported 

decreased muscle glycogen content in catabolic 
acutely uremic patients. Horl and Heidland 
{17] observed reduced muscle glycogen in bi
laterally nephrectomized rats in comparison to 
sham-operated controls. In muscle from these 
rats, they also found increased activity of phos
phorylase a, which catalyzes glycogenolysis, 
and decreased activity of glycogen synthetase I, 
which catalyzes glycogen synthesis. It is not 
known whether these alterations contribute to 
protein wasting in acute uremia. It is of inter
est that Horl and Heidland {17] found that 
muscle glycogen synthetase I activity increased 
in these rats when their low-protein diet was 
supplemented with serine. 

The contribution of altered endocrinological 
function (vide infra) or retention of toxic met
abolic products to these metabolic changes in 
acute uremia is not known. There is also the 
possibility that the surgical procedures utilized 
for making rats uremic (e.g., bilateral nephrec
tomy) may be a greater catabolic stress to the an
imal than is the sham surgery. If it is, then the 
enhanced net protein catabolism in these ani
mals might be due to surgical stress rather than 
to the influence of uremia. However, since al
most every study indicates that acute uremia is 
a catabolic stress in rats, it seems most likely 
that enhanced catabolism in these animals is 
due to uremia per se rather than to the meth
ods of creating renal failure. 

The wasting that frequently occurs in ARF 
may be caused by several factors (table 22-1): 
First, metabolic products that accumulate in 
uremia may be toxic {l8]. Although there have 

TABLE 22-1. Potential causes of catabolism in patients 
with acute renal failure 

1. Accumulation of toxic metabolic products. 
2. Increased plasma concentrations of catabolic hormones 

or resistance to the anabolic hormone, insulin. 
3. Increased protease activity. 
4. Release of endogenous leukocyte mediators. 
5. Inadequate nutrient intake. 
6. Underlying or superimposed illnesses. 
7. Nutrient losses in draining fistulas. 
8. Nutrient losses from dialysis. 
9. Blood sampling or blood loss. 

Note: Although there is evidence that each of these factors contributes to 
wasting in patients with acute renal failure, the evidence is not always 
definitive. 
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been many studies of the potential toxlClty of 
these compounds [18], there are still no defin
itive studies demonstrating that these com
pounds may promote wasting in acute or 
chronic uremia. 

Second, increased plasma concentrations of 
catabolic hormones may also promote wasting. 
Eigler et al. [19} showed that healthy dogs in
fused with cortisone, epinephrine, and gluca
gon in quantities sufficient to raise plasma con
centrations to levels found in acutely catabolic 
patients demonstrated a sustained increase in 
glucose production. Since much of the glucose 
formed was probably derived from amino acids, 
particularly alanine and glutamine, it is likely 
that these endocrine disorders also promoted 
protein wasting. There is less information con
cerning the effects of these hormones in ARF. 
Serum glucagon levels are increased in ARF 
[20}. In chronic uremia, there appears to be 
increased sensitivity to the actions of glucagon 
[2l}; however, Mondon and Reaven [22} were 
unable to demonstrate enhanced sensitivity to 
glucagon in acutely uremic rats. Although 
there is resistance to the action of insulin in 
chronic renal failure (CRF) [23, 24}, there are 
less data concerning insulin resistance in ARF. 
Glucose intolerance is common in patients with 
ARF (2}. Parathyroid hormone, another poten
tially catabolic agent [25}, may be increased in 
ARF [26, 27}. 

A third factor, recently reported by Hod and 
Heidland [28}, is that proteolytic activity is in
creased in the sera of patients with ARF who 
are very catabolic. These observations suggest. 
that in sera of such patients, there may be a 
rise in the quantity of proteases (i.e., enzymes 
that catalyze the degradation of proteins), a re
duction in protease inhibitors, or an increase in 
factors that enhance protease activity. Increased 
activity of certain muscle proteases has been re
ported in nonuremic patients with net protein 
catabolism [29}. To our knowledge, increased 
muscle or liver protease activity has not been 
described in uremic patients. In the acutely 
uremic rats who have increased muscle protein 
degradation, Flugel-Link et al. [10} found that 
muscle activity of the proteases-cathepsin B I , 

cathepsin D, and alkaline protease-were not 
different from controls. The role of protease ac-

tlvlty in uremia should be an important area 
for further investigation. 

A fourth factor has recently been suggested: 
that acutely stressed nonuremic catabolic pa
tients have circulating compounds that stimu
late muscle protein degradation, possibly by 
activation of prostaglandins and muscle pro
teases [30, 31}. The compounds may be struc
turally related or identical to interleukin-l. 
Whether these compounds are also active in ca
tabolic patients with ARF is not known. 

Other potential causes for wasting and mal
nutrition in ARF include a fifth factor, that 
many patients are unable to eat adequately be
cause of anorexia or vomiting. These symptoms 
may be caused by acute uremia, underlying ill
nesses, or the anoretic effects of dialysis treat
ment. Other causes for poor food intake in
clude medical or surgical disorders that impair 
gastrointestinal function and the frequent em
ployment of diagnostic studies that require the 
patient to fast for several hours. A sixth factor, 
the patient's underlying or superimposed med
ical disorders, frequently isa major cause of 
wasting. Chief among these catabolic condi
tions are infection, hypotension, surgical or 
nonsurgical trauma, and rhabdomyolysis. 

Nutrient losses in draining fistulas and losses 
of nutrients during dialysis therapy, the sev
enth and eighth causes, may also lead to wast
ing and malnutrition. Approximately 6 to 7 g 
of free amino acids are removed during a four
hour hemodialysis [32-34}. During intermit
tent peritoneal dialysis for approximately 24 to 
32 hours, about 5 g of amino acids are lost 
[35, 36}. With continuous ambulatory perito
neal dialysis (CAPD), about 1.5 to 3.5 g of 
free amino acids are lost each day [37, 38}. 
Not much protein is removed during hemodi
alysis; however, during acute intermittent peri
toneal dialysis for about 36 hours, approxi
mately 22 g of total protein and 13 g of 
albumin are lost [39}. During maintenance in
termittent peritoneal dialysis for about 10 
hours, about 13 g of total protein and 8 to 9 g 
of albumin are removed [39}. Much of these 
losses are from ascitic fluid washout. With 
CAPO, the 24-hour losses of total protein and 
albumin are about 9 g and 6 g, respectively. 
In patients undergoing chronic intermittent 
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peritoneal dialysis who have acute peritofllt1s, 
protein losses can increase markedly. We have 
observed one such patient who lost 106 g of 
protein during a 24-hour period. With treat
ment of acute peritonitis, protein losses may 
fall quickly but may not return to normal for 
many weeks. 

Patients undergoing hemodialysis with glu
cose-free dialysate may lose 20 to 50 g of glu
cose during a four- to six-hour procedure. Glu
cose losses are directly related to the dialyzer 
used and to the blood glucose levels. There is 
net glucose absorption with peritoneal dialysis 
because the dialysate contains glucose mono
hydrate, 1. 5 to 4.25 g/dl. Glucose absorption 
varies directly with the concentration of glu
cose in dialysate or the total quantity of glucose 
instilled. During CAPD, glucose absorption 
(y, g/day) is related to the quantity instilled 
each day (x, g/day) as follows [40}: y = 0.S9x-
43, r = 0.91, p < 0.001. In the experience 
of Grodstein et al. [40}, about ISO g/day of 
glucose was absorbed during CAPD. Water
soluble vitamins and probably other biologi
cally active substances are also lost during both 
hemodialysis and peritoneal dialysis. Losses of 
the water-soluble vitamins during dialysis are 
readily replaced with oral or peritoneal vitamin 
supplements. 

A ninth cause of protein depletion in ARF is 
blood loss; blood drawing, gastrointestinal 
bleeding, which may be occult, and blood se
questered in the hemodialyzer are the major 
sources of blood loss. A person with a hemo
globin of 12.0 g/dl and a serum total protein 
of 7.0 g/dl will lose approximately 16.5 g of 
protein in each 100 ml of blood removed. 

2 Previous Experience With Nutritional 
Treatment of ARF 
There are three major goals for which nutri
tional therapy has been advocated in ARF: (a) 
to reduce uremic toxicity and improve meta
bolic derangements; (b) to maintain or improve 
overall nutritional and clinical status, particu
larly with regard to wound healing, immuno
logical function, and host resistance; and (c) to 
facilitate healing of the injured kidney. 

In this section, we will review the published 

literature concerning nutritional therapy in 
ARF, particularly with regard to its effects on 
nutritional and metabolic status, metabolism of 
the kidney, recovery of renal function, and sur
vival. 

2.1 EARLY EXPERIENCE WITH NUTRITIONAL 
THERAPY FOR PATIENTS WITH ARF 

Before the mid-1960s, the primary goal of nu
tritional therapy was to reduce accumulation of 
nitrogenous products of protein metabolism 
that were considered to be toxic. Many clini
cians advocated severe or total restriction of 
protein intake for patients with ARF [41-43}. 
To reduce the rate of protein degradation, 
small amounts of energy (e.g., 400 to SOO 
kcal/day) were given as candy, butterballs, or 
intravenous infusions of concentrated glucose. 
This therapy was based on Gamble's studies of 
lifeboat rations for healthy young men. Gamble 
(44} found that administration of 100 g/day of 
sugar could substantially reduce net protein 
breakdown; 200 g/day of sugar could spare 
more protein although the protein sparing was 
not twice as great as with 100 g/day of sugar. 
However, these latter studies were carried out 
in healthy volunteers who were clinically sta
ble, whereas acutely uremic patients are often 
severely catabolic and may have extra losses of 
nutrients from dialysis, wound drainage, and 
blood drawing. Hence, the ability of such 
small quantities of calories to reduce net pro
tein wasting in stressed patients with ARF may 
have been markedly limited or negligible. 

Anabolic steroids were frequently employed 
because they transiently decreased the UNA, 
the rate of rise of serum urea nitrogen (SUN) 
or nonprotein nitrogen, and the development 
of acidosis. In the 1960s, the Giordano-Giov
annetti diet was developed, which provided 
about 20 g/day of protein. About 12 to 14 g 
of the protein was usually supplied by two 
eggs, which provided the recommended daily 
allowances for essential amino acids (again for 
healthy young adults). Although this diet was 
derived for patients with CRF, some clinicians 
advocated the diet for the acutely uremic pa
tient who was able to eat. These clinicians be
lieved that the diet could be utilized efficiently 
and, hence, would minimize the degree of pro-
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tein wasting while it reduced accumulation of 
nitrogenous metabolites [45}. 

These techniques for nutritional therapy 
were developed at a time when dialysis treat
ment was not readily available. Hence, the pri
mary goal of treatment was to reduce uremic 
toxicity and other complications of renal failure 
and thereby to maintain life until renal func
tion recovered. Maintenance of good nutrition 
was a secondary aim. When dialysis became 
available, it usually was employed only to treat 
specific sequelae of renal failure, such as uremic 
symptoms, congestive heart failure, or hyper
kalemia, and great efforts were often made to 
avoid the need for dialysis therapy. It is now 
generally accepted that early and frequent di
alysis should be employed prophylactically in 
patients with ARF to prevent uremic signs and 
symptoms and morbidity as well as mortality 
[46}. 

2.2 DEVELOPMENT OF TOTAL PARENTERAL 
NUTRITION (TPN) FOR ARF 
With the development· of modern techniques 
for TPN and more widespread availability of 
dialysis therapy, many physicians employed 
this former treatment in patients with ARF 
who were unable to eat even though it in
creased the need for dialysis therapy. In 1967, 
Lee and coworkers [47J described their results 
in several patients with acute or chronic renal 
failure; patients were infused solutions contain
ing casein hydrolysate, fructose, ethanol, and 
soya bean oil emulsion (Intralipid®) into a pe
ripheral vein. Despite the severity of the pa
tients' illnesses, marked loss of weight did not 
occur and convalescence was shortened. 

In 1969 and 1970, Dudrick and associates 
[48, 49} reported treating 10 acutely or chron
ically uremic patients with intravenous infu
sions of essential amino acids and hypertonic 
glucose into the subclavian vein. They de
scribed weight gain, improved wound healing, 
and stabilization or reduction in SUN levels. 
Decreased serum potassium and phosphorus 
and positive nitrogen balance were often ob
served. They also reported that anephric bea
gles who received intravenous infusions of es
sential amino acids and 57% glucose had a 
lower rise in SUN and longer survival than 

anephric beagles who were given food or infu
sions of glucose (5% or 57%) alone [50}. 

Abel and coworkers [5 1-55} reported a se
ries of studies in patients with ARF who were 
treated with hypertonic glucose and eight es
sential amino acids, excluding histidine. They 
found that the serum potassium, phosphorus, 
and magnesium fell and that SUN often stabi
lized or decreased. They carried out a prospec
tive double-blind study in 53 patients with 
ARF who were randomly assigned to receive 
infusions of either essential amino acids and hy
pertonic glucose or hypertonic glucose alone 
[51}. Total calorie intake averaged 1,426 and 
1,641 kcal/day with the two solutions. Mean 
amino acid intake with the former preparation 
was about 16 g/day. It was not stated whether 
patients ate food during the study. The pa
tients receiving the essential amino acids and 
glucose had a higher incidence of recovery of 
renal function. However, overall hospital mor
tality was only slightly and not significantly 
improved in this group. The essential amino 
acid solution appeared to be particularly effec
tive in patients with more severe renal failure, 
such as those who needed dialysis therapy or 
who sustained serious complications such as 
pneumonia and generalized sepsis. Among 
these latter patients, hospital survival was sig
nificantly greater in those who received essen
tial amino acids and glucose than in those in
fused with glucose alone. 

Baek and coworkers [56} compared 63 pa
tients treated with a fibrin hydrolysate and hy
pertonic glucose with 66 subjects who received 
varying quantities of glucose. The rate of rise 
in SUN in the two groups was not different, 
but the incidence of hyperkalemia, morbidity, 
and mortality was lower in the patients given 
the hydrolysate and glucose. However, it is not 
clear whether the patients were randomly as
signed to the two treatment regimens or 
whether the two groups of patients were even 
treated concurrently. 

McMurray et al. [57} and Milligan and as
sociates [58} studied patients with acute tubu
lar necrosis (ATN) who received either hyper
tonic glucose alone (200 to 400 kcal/day) or a 
mixture of essential and nonessential amino ac
ids and hypertonic glucose which provided 12 
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g nitrogen/day and greater than 2000 kcal/ 
day. In patients with no complications, there 
was no difference in survival between the two 
treatment groups. However, in those with 
three or more complications or with peritoni
tis, the patients who received 12 g/day of 
amino acid nitrogen and hypertonic glucose 
had significantly greater survival in comparison 
to the individuals receiving low quantities of 
glucose alone. 

Blackburn, Etter and MacKenzie [59} de
scribed studies in 11 patients with ARF who 
were given, in a crossover design, infusions 
providing 1.2% essential amino acids and 37% 
glucose, 2.0% essential and nonessential amino 
acids and 37% glucose, or 2.1% essential and 
nonessential amino acids and 52% glucose. Pa
tients were not severely ill at the time of the 
study. Infusion with greater quantities of glu
cose was associated with a significant fall in 
SUN and creatinine, whereas there was a slight 
but not significantly greater decrease in SUN 
in patients receiving the essential amino acids 
as compared to those given essential and non
essential amino acids which provided more ni
trogen. When nitrogen intake was increased to 
4 to 5 g/day, nitrogen balance improved and 
became almost neutral. Patients did not appear 
to be assigned in random fashion to their treat
ment group. 

Abitbol and Holliday [60} infused, in se
quential order, glucose alone and glucose with 
essential amino acids to four anuric children 
who had the hemolytic-uremic syndrome and 
to two children with systemic lupus erythema
tosus or congenital nephrosis. Nitrogen balance 
was negative with glucose alone and positive 
with glucose and essential amino acids; SUN 
rose more slowly with the latter solution. As 
energy intake increased from 20 to 70 kcal/kg/ 
day, nitrogen balance became less negative. 
The children were malnourished at the onset of 
the study, and they were given first the glucose 
infusion and then the infusion of glucose and 
amino acids; the latter was also higher in calo
ries. These factors could account for the greater 
anabolic response to both the higher energy in
take and the amino acid therapy. 

Several studies indicate that nitrogen re
quirements are high in patients with ARF who 

are hypercatabolic and that nitrogen balance is 
difficult to attain with low-nitrogen diets. 
Leonard, Luke, and Siegel [l} carried out a 
prospective study in patients with ARF who 
were randomly assigned to receive infusions of 
1. 75% L-essential amino acids and 47% dex
trose or 47% dextrose alone. Patients who were 
able to eat or tolerate tube feeding were ex
cluded from the study, and many had severe 
complicating illnesses. Most patients required 
dialysis frequently. The rate of rise in SUN was 
significantly less in the group receiving essen
tial amino acids. However, mean nitrogen bal
ance was negative by approximately 10 g/day 
in both groups, and there was no difference in 
the rate of survival or recovery of renal function 
in the two groups. 

Spreiter, Myers, and Swenson [61} carried 
out 32 studies in 14 patients with ARF who 
were infused with various quantities of amino 
acids and hypertonic glucose. Nitrogen balance 
became positive in only four subjects and at a 
time when the mean amino acid and glucose 
intake was 1.03 g/kg/day and 50 kcal/kg/day, 
respectively. These studies may have underes
timated nutrient requirements because patients 
often were not able to tolerate the fluid and 
nitrogen loads associated with the higher in
takes until some days had passed, and by that 
time their clinical condition may have im
proved. Thus, the patients may have received 
the higher nitrogen and energy intakes at a 
time when they were less ill and possibly more 
able to become anabolic. 

Lopez-Martinez et al. [62} evaluated the ef
fects of parenteral nutrition for 12 days in 35 
septic patients with ARF. At the time of 
study, the patients were in the polyuric phase 
and were not very uremic; none had received 
dialysis therapy. Patients were given 4.4 g/day 
of nitrogen from essential amino acids and 
2,000 kcal/day (group 1), or 15 g/day of nitro
gen from essential and nonessential amino acids 
and 3000 kcal/day provided either from glucose 
and fat (group 3). Nitrogen balance, apparently 
estimated from the difference between nitrogen 
intake and UNA, was initially negative in all 
three groups and became more positive with 
time, particularly in groups 2 and 3. During 
the 12-day period of study, the grand means of 
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nitrogen balances in groups 2 and 3 were each 
significantly more positive than in group l. 

Hasik et al. {63} fed diets varying in protein 
content to nine patients with ARF at a time 
when they were polyuric. The authors con
cluded that these patients, who were probably 
not severely ill at the time of study, required 
0.97 g protein/kg/day. Since patients were nei
ther very uremic or ill in these last two studies, 
the results may be more applicable to the pa
tient who is not very catabolic and is recover
ing from ARF. 

Feinstein et al. evaluated 30 patients with 
ARF who were unable to be adequately nour
ished through the enteral tract. Patients were 
randomly assigned to receive parenteral nutri
tion with glucose alone (n = 7), glucose and 21 
g/day of the essential amino acids (n = 11), or 
glucose and 21 g/day of essential amino acids 
and 21 g/day of nonessential amino acids 
(n = 12). They did not receive enteral nutrition 
during the study {2}. Mean energy intake var
ied from 2,300 to 2,700 kcal/day and did not 
differ significantly among the groups. Patients 
were studied in a prospective double-blind 
fashion; mean duration of study in the three 
groups was 9.0 ± 7.7 days. Many patients 
were markedly catabolic throughout the course 
of study as determined from the UNA, nitro
gen balances, serum total protein, albumin, 
transferrin levels (table 22-2), and plasma 
amino acid concentrations (figure 22-1). Mean 
nitrogen balance, estimated from the difference 
between nitrogen intake and UNA, which un
derestimates nitrogen losses, was - 10.4 ± 
5.7 g/day with glucose alone, -4.4 ± 7.3 g/ 
day with glucose and essential amino acids, and 
- 8. 5 ± 7.9 g/ day with glucose and essential 

and nonessential amino acids. Although the es
timated nitrogen balance was not different with 
the three infusates, in a few patients who re
ceived essential or essential and nonessential 
amino acids balance was only slightly negative 
or, in one patient, possibly neutral or positive. 
Serum potassium, phosphorus, and SUN often 
stabilized or decreased in all three treatment 
groups; these changes in serum levels were 
probably related to dialysis therapy, recovering 
renal function, or the natural history of the un
derlying metabolic disorders. Of the seven pa
tients who received glucose, two recovered 
renal function and two survived. Of the 11 pa
tients given glucose and essential amino acids, 
seven recovered renal function and six survived. 
Of the 12 patients who received glucose and 
essential and nonessential amino acids, four re
covered renal function and three survived. The 
slight and not significant tendency for greater 
recovery and survival in patients who received 
glucose and essential amino acids may be due 
to the fact that renal failure was caused by 
shock or sepsis in a lower proportion of these 
patients as compared to the other groups {2}. 
In all patients in whom renal failure was attrib
uted to hypotension and/or sepsis, there was a 
significantly lower rate of recovery of renal 
function (17%) and survival (17%) as com
pared to patients with renal failure from other 
causes. 

The findings from this study, therefore, indi
cate that there is a high incidence of wasting and 
malnutrition in patients with ARF who are un
able to receive adequate nourishment through 
the gastrointestinal tract, particularly if shock 
or sepsis is the cause of their renal failure. 
None of the nutritional treatments led to defi.-

TABLE 22-2. Serum protein concentration at termination of parenteral nutrition in patients with acute renal failure. 

Serum proteins Normal Glucose Glucose + EAA 

Number of 49 5 7 
subjects 

Total protein (g/dl) 7.43 ± 0.63" 6.1 ± 1.0b 5.7 ± 0.9c 
Albumin (g/dl) 5.06 ± 0.35 2.8 ± 0.7c 2.8 ± 0.4c 
Transferrin (mg/dl) 309 ± 39 127 ± 53c 131 ± 62c 

aMean ± standard deviation. Probability that serum concentrations are not different from normal values; 
bp <O.005. 
'p<O.OOl. 
Source: Adapeed from Kopple and Feinstein (64). 

Glucose + ENAA 

9 

5.0 ± 0.6c 
2.8 ± 0.7c 
161 ± 44c 
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nite clinical improvement. Moreover, the high 
UNA, negative nitrogen balance, and low 
serum protein values and plasma amino acid 
concentrations indicate that with each treat
ment regimen the patients were often hypercat
abolic and wasted. 

As a result of these studies, Feinstein and 
coworkers [64, 65} investigated whether TPN 
with larger quantities of essential and nones
sential amino acids could improve nutritional 
status, recovery of renal function, and survival 
in patients with ARF. Patients with ARF who 
could not be nourished through the enteral 
tract were randomly assigned to receive one of 
two intravenous treatments: 21 g/day of the 
nine essential amino acids (2.3 g amino acid 
nitrogen/day) or a quantity of essential and 
nonessential amino acids that varied according 
to the UNA. With the latter therapy, the daily 
nitrogen intake was adjusted every two or three 
days in an attempt to exceed the UNA by 2.0 
g Niday. Nitrogen intake, however, was not 
allowed to increase above 15 g/day. During the 
study, patients did not receive any nutrition 
through the enteral tract. The ratio of essential 
to nonessential amino acids with the latter 
therapy was 1: 1; at the time they commenced, 
commercially available mixed amino acid solu
tions that provided a higher ratio of essential 
to nonessential amino acids were not available. 
Patients were given hypertonic glucose, min
erals, and vitamins with both therapies. 

Preliminary data are available in 11 patients; 
five received the essential amino acid solutions 
for 12 ± 3 days, and six were treated with the 
essential and nonessential amino acid regimen 
for 18 ± 5 days. ARF was attributed to shock 
in 10 patients. The average daily energy intake 
was similar with the two treatments, 2542 ± 
130 and 2563 ± 137 kcal/day, respectively. 
Three patients given essential amino acids re
covered renal function and two survived. Two 
patients treated with essential and nonessential 
amino acids recovered renal function, but non 
survived. Mean daily nitrogen intake was less 
in the essential amino acid group than in the 
essential and nonessential group (2.3 ± 0.3 gl 
day vs 11.3 ± 1.9 g/day, p < 0.001). UNA 
was significantly less in patients receiving es
sential amino acids (7.5 ± 1.4 vs 14.3 ± 1. 9 
g/day, p < 0.02). Nitrogen balance, estimated 
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FIGURE 22-1. Plasma total free amino acid concentrations 
in normal subjects and patients with acute renal failure 
who received parenteral nutrition, which provided glucose 
(G); glucose and the nine essential amino acids (G,EAA); 
or glucose, the nine essential amino acids, and six nones
sential amino acids (G,ENAA). The circles are values in 
individual patients at the end of their treatment with par
enteral nutrition. The bars represent the mean values for 
each group, and the brackets indicate one standard devia
tion. The uremic patients treated with glucose and essen
tial amino acids or glucose and essential and nonessential 
amino acids were receiving intravenous amino acids at the 
time of blood sampling; blood was obtained from normal 
controls after an overnight fast. From Kopple and Fein
stein (64}, with permission of the editors. 

from the difference between nitrogen intake 
and UNA, was - 2.9 ± 4.0 g/day with the 
essential amino acids and slightly but not sig
nificantly greater with the essential and nones
sential amino acids, - 5.2 ± 2.9 g/day. This 
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calculation underestimates nitrogen balance by 
about 2 g/day. 

These preliminary results suggest that par
enteral nutrition providing larger quantities of 
essential and nonessential amino acids, with an 
essential-nonessential ratio of 1: 1, is associated 
with increased UNA, no marked improvement 
in nitrogen balance, and no greater survival in 
comparison to intravenous therapy with about 
21 g/day of essential amino acids. The in
creased fluid load and UNA with these larger 
amounts of essential and nonessential amino ac
ids may also increase the dialysis requirements. 

2.3 EFFECT OF NUTRITION ON RECOVERY 
OF RENAL FUNCTION 

Several studies suggest that nutritional therapy 
might facilitate healing of the acutely failed 
kidney. In rats with acute tubular necrosis 
caused by injection of mercuric chloride, the 
proximal tubular cells undergo increased syn
thesis of protein, nucleic acids, and phospho
lipids and accelerated replication; these changes 
are apparent as early as the second day after 
injection [66-69J. Toback [70J has pointed out 
that this regrowth should increase the require
ments for nutrients and that this greater de
mand occurs at a time when food intake is of
ten depressed and the organism is developing 
uremic toxicity. An increased need for nu
trients by the injured kidney could be further 
accentuated by the low plasma amino acid con
centrations that are present in many patients 
with ARF [2J. Moreover, in rats with mercuric 
chloride-induced ATN, Toback et al. [71J 
found that free leucine concentrations in regen
erating renal cells were 17% below normal. 
Cells deficient in a single amino acid may have 
a reduction in protein synthesis, and a defi
ciency of leucine, which has a special ability to 
stimulate protein synthesis, might be particu
larly inhibitory of protein anabolism. Finally, 
Abel and coworkers [51J found that in patients 
with ARF who received intravenous glucose 
and essential amino acids as compared to glu
cose alone, there was a tendency for serum cre
atinine concentrations to decrease sooner and to 
lower levels. The difference between these two 
treatment groups, however, were not statisti
cally significant. 

Toback and coworkers [71-73 J carried out a 

series of studies on the effects of administering 
essential and nonessential amino acids and glu
cose to rats with ATN caused by intravenous 
injection of mercuric chloride. Since cellular 
membranes are composed in large part of phos
pholipids and protein, these investigators as
sessed new membrane formation in regenerat
ing cells of renal cortical slices by the rate of 
incorporation of 14C-choline into phospho
lipids. Choline is a precursor of phosphatidyl
choline, which is the major phospholipid in 
membranes of renal cells [74J. During each of 
the first four days of ARF, the rats who re
ceived intravenous infusions of essential and 
nonessential amino acids and glucose had 
higher rates of 14C-choline incorporation into 
phospholipids as compared to those receiving 
glucose alone. 

Preincubation of cortical slices from these 
rats with amino acids without glucose also in
creased synthesis without changing breakdown 
of phospholipids; this finding suggests that 
amino acids themselves may increase phospho
lipid synthesis in regenerating renal tubular 
cells [73J. The amino acids increased the accu
mulation of 14C-choline in renal cortical cells 
and V max of the choline kinase and choline
phosphotransferase reactions, which catalyze 
the formation of phosphatidylcholine. Infusion 
of amino acids also raised the low leucine con
centrations in renal cortical cells and increased 
protein synthesis, as measured by incorporation 
of 14C-Ieucine into protein [71J. Toback [72J 
observed that rats with mercuric chloride
induced ATN who received infusions of amino 
acids and glucose had a significantly lower 
serum creatinine level than those who received 
glucose alone or no infusion. Thus, the rats 
with ATN who were given amino acids and 
glucose had greater rates of phospholipid and 
protein synthesis and decreased severity or en
hanced recovery of renal function. 

Oken and coworkers [75J were unable to 
confirm beneficial effects of infusions of amino 
acids and glucose in rats with ARF. The rats 
were made acutely uremic by injection of mer
curic chloride or glycerol. They were then in
fused with varying quantities of essential and 
nonessential amino acids and glucose, essential 
amino acids and glucose, or glucose alone. The 
uremic rats infused with large amounts of 
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amino acids had very high SUN levels and 
much higher morbidity as compared to those 
given glucose alone or no infusion. The rats 
with glycerol-induced renal failure who re
ceived large quantities of amino acids were the 
only group receiving amino acids who had a 
significantly lower serum creatinine. However, 
this could have been due to the high mortality 
rate in this group; the ones who died might 
have had more severe renal failure and higher 
serum creatinine levels. 

2.4 LACK OF CONCLUSIVENESS 
OF PUBLISHED RESEARCH 

Although the foregoing studies, taken to
gether, suggest that treatment of ARF with 
glucose and essential or nonessential amino ac
ids as compared to glucose alone or no nutri
tion will improve the rate of recovery of renal 
function, nutritional status, or survival, the 
data do not demonstrate this thesis conclu
sively. There are probably several reasons why 
it has been difficult to show a beneficial effect 
for such therapy. They may include the follow
Ing reasons: 

a. The clinical course of patients with ARF 
is so variable and often so complex that it may 
be necessary to study scores or possibly 
hundreds of patients in a randomized prospec
tive study to define accurately the advantages 
of a specific nutritional therapy. For example, 
in most groups of patients with ARF, there are 
some patients who will die despite the most 
sophisticated medical treatment. Conversely, 
others will recover without special medical 
care. For another large segment of patients, 
survival may depend much more on the types 
of antibiotics, drainage procedures, or medical 
interventions than on nutritional therapy. 
Thus, it might be anticipated that even if nu
tritional therapy is available, it may affect re
covery of renal function or survival in only a 
small proportion of patients. Hence, to dem
onstrate its effectiveness on recovery or sur
vival, it may be necessary to study large num
bers of patients. Alternatively, one may choose 
other outcome measurements that may vary 
more closely with adequacy of nutritional sup
port (e.g., tissue amino acid concentrations, 

nitrogen balance, immune function, or wound 
healing). The limitation to this latter approach 
is that one must also demonstrate that im
provement in such outcomes will, in fact, be 
associated with a more ultimate benefit, such 
as better survival and rehabilitation or lower 
hospital costs. 

b. All prospective studies of parenteral nu
trition in patients with ARF have evaluated 
different types of nutritional therapy (e.g., hy
pertonic glucose with amino acids versus hy
pertonic glucose without amino acids); none of 
these studies has compared the response of nu
tritional therapy to administration of no energy 
or amino acids. 

c. As the foregoing discussion has indicated, 
the metabolic response to ARF and catabolic 
stress is very complex. There is increased pro
tein degradation and reduced protein synthesis 
in muscle. Activity of certain catabolic en
zymes in liver and hepatic gluconeogenesis are 
increased. Most amino acid concentrations in 
plasma and, in rats, in muscle are decreased; 
these observations suggest that despite the in
creased release of amino acids from the liver, 
the propensity for the liver to catabolize circu
lating amino acids is so great that the plasma 
and muscle intracellular amino acids are de
creased. When amino acids are infused intra
venously in this setting, it is not surprising 
that they are readily catabolized, raising the 
UNA. 

These and other processes promoting catab
olism are, almost certainly, mediated by many 
factors; these may include increased plasma 
concentrations of catabolic hormones, resistance 
to anabolic hormones, enhanced proteolytic ac
tivity, interleukin, and uremic toxins (vide su
pra). Indeed, these catabolic processes may be 
viewed as formerly a beneficial adaptive re
sponse. Until only the last few years, animals 
or humans who were injured or severely ill 
were unable to procure, ingest, digest, or as
similate exogenous nutrients. The body's own 
reserves of protein, fat, and, to a lesser extent, 
carbohydrate were virtually the only source of 
energy or amino acids for synthesis of new pro
teins for antibody formation, cell replication, 
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fibrin and collagen deposition, and a host of 
other processes. 

Now that man can be nourished completely 
by intravenous infusions, this complex adaptive 
response for mobilizing and catabolizing the 
body's nutrients may no longer be of value. In
deed, possibly, the adverse consequences of 
these processes may now outweigh their former 
benefits. Not only can they induce profound 
wasting, but the organism is so organized met
abolically that it avidly catabolizes infused 
amino acids and carbohydrates. 

If this hypothesis is correct, then the cata
bolic patient with ARF may need both tech
niques for suppressing catabolic processes and 
enhancing anabolic reactions and provision of 
nutrients. Infusion of amino acids and glucose 
without such metabolic intervention may not 
be sufficient to improve the morbidity or mor
tality of these patients. 

d. Also, the nutrient composition of the in
fusates is probably not optimal, and this might 
reduce the clinical benefits of nutritional ther
apy. For example, there may be advantages to 
raising or lowering the proportions of certain 
amino acids in parenteral solutions (vide infra). 

Despite the foregoing concerns, intuitively it 
seems that patients who are very ill should fare 
better if they are nourished than if they are al
lowed to starve. The need for nutritional ther
apy may be particularly great for patients who 
are wasted, who cannot eat for extended peri
ods, or who are very catabolic. We therefore 
believe that until more definitive information 
is available, patients with ARF, in general, 
should be administered sufficient oral or par
enteral nutrition to attain the most optimal nu
tritional status, provided that the nutritional 
therapy does not jeopardize the patients' clini
cal status. 

3 Current Recommendations for 
Nutritional Therapy for Patients 
with ARF 
From the available data, it is not possible to 
recommend definitive protocols for nutritional 
treatment of patients with ARF. The following 

therapeutic approach is based on our analysis of 
the literature and our personal experience. 

3. 1 USE OF UREA NITROGEN 
APPEARANCE (UNA) 

The quantity of nitrogen given to patients with 
ARF is often dictated by the patients' UNA. 
UNA is a simple, inexpensive, and accurate 
measure of net protein breakdown (degradation 
minus synthesis). The usefulness of the UNA 
is based on the fact that urea is the major ni
trogenous product of protein and amino acid 
metabolism, and the UNA usually correlates 
closely with total nitrogen output. UNA is cal
culated as follows: 

UNA (g/day) = urinary urea nitrogen (g/day) (22.1) 
+ dialysate urea nitrogen (g/day) 

+ change in body urea nitrogen (g/day); 

Change in body urea nitrogen (g/day) (22.2) 
= (SUNf - SUN" gil) X BWi(Kg/day) 

X (0.60 UKg) + (BWf - BW" Kg/day) 
X SUNJg/L) X (1.0 UKg); 

where i and f are the initial and final values for 
the period of measurement; SUN is serum urea 
nitrogen (grams per liter); BW is body weight 
(kilograms); 0.60 is an estimate of the fraction 
of body weight that is body water; and 1.0 is 
the volume of distribution of urea in the 
weight gain or loss. 

The estimated proportion of body weight 
that is water may have to be increased in pa
tients who are edematous or lean and decreased 
in individuals who are obese or very young. 
Changes in body weight during the one-to
three-day period of measurement of UNA are 
assumed to be due entirely to changes in body 
water. In patients undergoing hemodialysis or 
intermittent peritoneal dialysis, the urea con
centration in dialysate is low and difficult to 
measure accurately, and UNA is usually calcu
lated during the interdialytic interval. The 
term UNA is used rather than urea production 
because some urea is degraded in the gastroin
testinal tract. Virtually all of the ammonia re
leased from hydrolyzed urea seems to be con
verted back to urea (76), and this recycling 
will not affect the accuracy of the UNA as an 
indicator of net urea production or net protein 
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breakdown. Also, it is not possible to measure 
the magnitude of urea recycling without isoto
pic studies. 

In our experience, the relationship between 
UNA and total nitrogen output in chronically 
uremic patients not undergoing dialysis is as 
follows: 

Total nitrogen output (g/day) 
= 0.97 UNA (g/day) + 1.93. (22.3) 

If the individual is more or less in neutral ni
trogen balance, the UNA also will correlate 
closely with nitrogen intake. Equation 22.4 
describes our observed relationships between 
UNA and dietary nitrogen intake in clinical
ly stable nondialyzed chronically uremic pa
tients: 

Dietary nitrogen intake (g/day) 
= 0.69 UNA (g/day) + 3.3. (22.4) 

Moreover, if both nitrogen intake and UNA 
are known, nitrogen balance can be estimated 
from the difference between nitrogen intake 
and nitrogen output estimated from the UNA. 
Pregnancy or large protein losses (for example, 
nephrotic syndrome or peritoneal dialysis) can 
alter the relation between UNA and total ni
trogen intake or output (77}. Similarly, aci
dosis in individuals with sufficient kidney func
tion to excrete large quantities of ammonia 
may change these relationships. 

Sargent and Gotch [78} have proposed an in
genious technique for assessing UNA in he
modialysis patients, which they refer to incor
rectly as urea generation. Their calculations are 
based on the SUN and body weight at the be
ginning of two consecutive hemodialyses and at 
the end of the dialysis, the residual renal func
tion, the mass transfer characteristics of the di
alyzer employed, the blood and dialysate flow 
rates, and the duration and other aspects of the 
hemodialysis procedure. Although this tech
nique is useful, it requires a somewhat compli
cated computer program for calculation, and, 
in our preliminary experience, it does not ap
pear to be more accurate than the method de
scribed here. 

3.2 COMPOSITION OF AMINO 
ACID PREPARATIONS 

Currently, most essential amino acid formula
tions for nutritional therapy in renal failure are 
based largely on the recommended daily dietary 
intake for essential amino acids as proposed by 
Rose from his studies in healthy young adults 
[79}. Histidine is added because it is consid
ered an essential amino acid in both normal 
men and in chronically uremic patients [80} 1. 

Some workers have proposed adding tyrosine 
and arginine. Tyrosine can be derived in vivo 
only from phenylalanine or from catabolized 
pep tides or proteins. Since the conversion of 
phenylalanine to tyrosine is impaired in uremia 
[81} and plasma, red cell, and muscle tyrosine 
are usually decreased in uremic patients [81-
84}, it has been suggested that tyrosine may be 
essential for uremic patients. Wurtman [85} 
has suggested that there are pharmacological 
properties of tyrosine in stressed patients that 
argue for including tyrosine in amino acid for
mulations. 

Arginine is normally released by the kidney 
[86}, and in renal failure, there also may be a 
dietary requirement for this amino acid. How
ever, there is not yet convincing evidence that 
uremic patients receiving low quantities of es
sential amino acids (e.g., 20 to 30 g/day) ben
efit from addition of either tyrosine or arginine 
to the diet. 

Several lines of evidence suggest that the pa
tient with renal failure might benefit from a 
different formulation of amino acids. First, in 
patients with acute or chronic renal failure, 
there is an abnormal pattern of plasma amino 
acids, and concentrations of both essential and 
nonessential amino acids are altered [2, 18}. In 
CRF, there tend to be low concentrations of 
plasma leucine, valine, and tyrosine, and high 
levels of cystine, citrulline, NI-methylhisti
dine, and NII-methylhistidine. Also, in chron
ically uremic patients, abnormal amino acid 
concentrations have been described in muscle 
by Bergstrom and coworkers [84}, in blood 
cells by Ganda et al. [87}, in leukocytes by 
Metcoff and associates [88}, and in red cells by 
Flugel-Link, Jones, and Kopple [83}. 

In ARF, alterations in plasma amino acid 
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levels may be more pervasive. Feinstein and co
workers [2} observed low plasma concentrations 
of histidine, isoleucine, leucine, lysine, threo
nine, valine, arginine, citrulline, and tyrosine. 
There were low normal to normal levels of ala
nine, asparagine, glutamine, serine, ornithine, 
and cystine and normal to increased concentra
tions of methionine, phenylalanine, aspartic 
acid, glutamic acid, and glycine. Tissue amino 
acid concentrations have not been described in 
humans with ARF. 

Furst, Alvestrand and Bergstrom [89} fed 
nondialyzed chronically uremic patients low
protein diets that were supplemented with a 
special formulation of essential amino acids and 
tyrosine, which was designed to normalize 
plasma and muscle amino acid concentrations. 
The proportions of the essential amino acids 
were changed from the Rose formulation so 
that threonine and valine were increased, tryp
tophan remained the same, and the other essen
tial amino acids were reduced. Plasma and 
muscle concentrations of essential amino acids 
did become more normal with this formula
tion. Whether similar types of preparations 
will improve amino acid levels and, more im
portantly, the clinical status of patients with 
ARF is not known. 

The finding that the branched-chain amino 
acids-valine, leucine, and isoleucine-are de
creased in plasma from patients and in plasma 
and muscle from rats with ARF suggests that 
such patients may have a greater nutritional re
quirement for these amino acids. The branched
chain amino acids, particularly leucine, may 
stimulate protein anabolism in vitro [90, 91}, 
and recent data suggest that intravenous infu
sions in which 40% of the total amino acids are 
branched-chain may ameliorate the hypercata
bolic response in severely stressed nonuremic 
patients [92, 93}. 

Whether nonessential amino acids should be 
included in amino acid formulations is contro
versial. When chronically uremic patients are 
given very low nitrogen diets (i.e., 2.0 to 3.0 
g Niday) containing virtually only essential 
amino acids, nitrogen balances and plasma 
amino acid concentrations generally seem to be 
as well maintained as when such patients are 

fed isocaloric low-protein diets similar in nitro
gen content [94}. At higher nitrogen intakes, 
the argument for inclusion of nonessential 
amino acids in oral and parenteral preparations 
is much stronger. Both animal and human 
studies indicate that diets providing both es
sential and nonessential amino acids may be 
nutritionally superior to those that provide es
sential amino acids alone. Both the rat and the 
chick seem to grow better when a mixture of 
nonessential amino acids is the source of non
specific nitrogen [95-97J. Moreover, normal 
humans who eat low nitrogen diets may main
tain more positive nitrogen balance when non
specific nitrogen is provided as a combination 
of nonessential amino acids rather than as 
diammonium citrate, glycine, or a mixture of 
glycine and glutamic acid [98, 99}' Pennisi, 
Wang, and Kopple [100} tube-fed chronically 
uremic rats diets providing essential amino ac
ids, essential and nonessential amino acids, or 
casein. Growth was greater in the rats fed the 
latter two diets as compared to the ones provid
ing essential amino acids, even when compari
sons were between isonitrogenous diets. 

Nonessential amino acids are as necessary for 
protein synthesis as essential amino acids, and 
a deficiency of a nonessential amino acid inside 
the cell could disrupt protein synthesis [10 I}. 
The metabolic costs of synthesizing nonessen
tial amino acids are not known. Also, since 
many amino acids share common transport 
mechanisms and compete for intracellular 
transport, a selective infusion of essential 
amino acids that might lead to high extracel
lular concentrations of some amino acids might 
impair intracellular movement of others. Con
versely, a low extracellular concentration of an 
amino acid could lead to decreased intracellular 
movement of that amino acid and accelerated 
cellular transport of others. 

The paper of Motil, Harmon, and Grupe 
[lO2}, on two children with acute renal failure 
is pertinent in this regard. The children, who 
were very ill, had been infused with a relatively 
large dose per kg of eight essential amino acids 
without histidine. They had very low plasma 
concentrations of histidine and the urea cycle 
amino acids-ornithine, citrulline, and argi-
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mne. Plasma methionine and blood ammoma 
were increased, and the patients developed a 
metabolic acidosis. When the children received 
an infusion of essential and nonessential amino 
acids, the amino acid pattern was more normal. 
We have also observed striking elevations in 
plasma lysine, methionine, phenylalanine, and 
threonine in a man and a woman with ARF 
who received intravenously about 60 to 75 gl 
day of essential amino acids and no nonessential 
amino acids; one patient did not receive histi
dine. During infusion of these large quantities 
of essential amino acids, the patients remained 
severely ill or deteriorated further, and both ul
timately died. Both patients had severe under
lying illnesses, which could account for their 
poor outcome. Nonetheless, these findings sug
gest that large doses of essential amino acids 
only can disrupt amino acid metabolism and 
possibly cause clinical deterioration. 

In comparison to the daily dietary require
ments for proteins or amino acids, the dietary 
need each day for essential amino acids is quite 
small. Rose (79} recommended 12.7 g/day as a 
safe intake for the eight essential amino acids 
excluding histidine. The difference between the 
dietary requirements for essential amino acid 
nitrogen and for total nitrogen is referred to as 
the need for nonspecific nitrogen. Thus, in a 
patient who recieves 40 to 100 g/day of amino 
acids, there may be no advantage to providing 
only those that are essential. 

The foregoing considerations suggest that 
patients with ARF who receive larger amounts 
of amino acids (i.e., more than 35 to 40 g/day) 
should be given both essential and nonessential 
amino acids. These should probably include ar
ginine, tyrosine, alanine, glycine, proline, and 
serine. There are little data concerning the op
timal ratio of essential to nonessential amino 
acids for patients with ARF. In standard intra
venous solutions, the ratio of essential to nones
sential amino acids is about 1: 1 with histidine 
considered essential and arginine, nonessential. 
For acutely uremic patients, a more effective for
mulation might be 3: 1 or 4: 1, with perhaps 
40% of the essentials provided as branched
chain amino acids. Patients who are adminis
tered small amounts of essential amino acids 
(e.g., 2 to 3.5 g Niday) should probably also re-

cieve a high proportion of the branched-chain 
amino acids. Further studies are clearly necessary 
to examine these questions. 

When administering mixtures of essential 
and nonessential amino acids, it is preferable to 
use solutions of free L-amino acids rather than 
protein hydrolysates. There may be compounds 
in the latter solutions that may not be well
utilized and. may accumulate in renal failure 
[l03}. Also, the latter preparations may contain 
hazardous concentrations of aluminum [104}. 

3.3 SELECTION OF NITROGEN INTAKE 

The decision concerning the quantity and type 
of amino acids or proteins given to the patient 
is influenced by a number of factors. In pa
tients who have low rates of UNA (e.g., equal 
to or less than 4 to 5 g Niday) and who are not 
very wasted, we may prescribe a dietary or in
travenous intake low in nitrogen. 

The amount of nitrogen administered also 
depends on the SUN, residual renal function, 
anticipated time until renal function recovers, 
and projected needs for dialysis therapy. If 
renal function is anticipated to begin recover
ing imminently, or the patient is about to de
velop uremic symptoms, and there are indica
tions to postpone or avoid dialysis treatment, 
we may use 0.3 to 0.5 g/kg/day of high-quality 
protein or 0.3 to 0.4 g/kg/day of essential 
amino acids with or without arginine. This 
regimen will usually maintain neutral or only 
slightly negative balance and should minimize 
the rate of accumulation of nitrogen metabo
lites. Hence, the need for dialysis therapy may 
be minimized or avoided. On the other hand, 
in patients who are frankly uremic, highly cat
abolic and either are or will be needing dialysis 
therapy, we may provide a higher nitrogen in
take, up to 1.0 to 1.2 g/kg/day of protein or 
amino acids. 

As a result of the study of Feinstein and as
sociates that indicated that large quantities of 
essential and nonessential amino acids (i.e., 
11.3 g Niday with an essential-nonessential ra
tio of 1: 1) did not improve the clinical course 
or nutritional status of patients with ARF, we 
are inclined to use somewhat lower nitrogen in
takes. For patients with UNA rates larger than 
4 to 5 g/day, we generally feed or infuse about 
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0.80 to 1.0 g/kg/day of protein or amino acids. 
In comparison to small quantities of essential 

amino acids, these large nitrogen intakes may 
reduce the magnitude of negative nitrogen bal
ance. However, the UNA will almost invari
ably rise, and the large volume of fluid neces
sary to provide this amount of amino acids may 
increase the requirements for dialysis. Patients 
with greater residual renal function, higher 
fluid tolerance, and a healthy cardiorespiratory 
system are usually more tolerant of these large 
nitrogen intakes. With appropriate dialysis or 
continuous arterial venous hemofiltration, the 
high-nitrogen intakes are well tolerated by 
most patients. When renal failure persists for 
more than two to three weeks and patients un
dergo regular dialysis treatment, they are 
treated as with maintenance dialysis patients 
with about 1. 0 to 1. 2 g/kg/day of protein or 
amino acids for hemodialysis or 1. 2 to 1. 5 g/ 
kg/day for maintenance intermittent or contin
uous ambulatory peritoneal dialysis. 

3.4 NUTRITION VIA THE 
GASTROINTESTINAL TRACT 
For patients who can receive nutntIOn by eat
ing, enteral tubes, or gastrostomy, it is gener
ally preferable to administer nutrition in this 
way rather than intravenously. The latter is 
more hazardous, provides greater fluid loads, 
and is more costly. There are very little exper
imental data concerning enteral nutrition for 
patients with ARF, and the treatment regi
mens are to a large extent based on experience 
derived from chronically uremic patients {105J. 

When the patient requires a low nitrogen 
diet (vide supra), one may give 0.30 to 0.40 g/ 
kg/day of the nine essential amino acids (ap
proximately 20 to 30 g/day). An additional 
0.04 to 0.14 g/kg/day of protein of miscella
neous quality (about 3 to 10 g/day) is con
tained in the high-calorie, low-nitrogen food
stuffs that provide most of the energy intake. 
In clinically stable, chronically uremic patients 
who are not receiving dialysis treatment and 
who have a low UNA, these diets should main
tain neutral or near neutral nitrogen balance 
{105]. Where available, ketoacid or hydroxy
acid analogues may be substituted for several 
essential amino acids. If the patient has a resid-

ual GFR of about 4 to 10 ml/min, one may 
add more protein or give diets providing 0.55 
to 0.60 g/kg/day of protein. About 20 to 24 g/ 
day of this protein should be of high biological 
value. 

If patients undergo regular dialysis therapy for 
at least two or three weeks and they are able to 
eat, they should be prescribed the same protein 
intake as is recommended for patients undergo
ing maintenance dialysis (vide supra) {106J. Ap
proximately 50% of this protein should be of 
high biological value. 

For patients who must be fed by an enteric 
tube or gastrostomy, there are many liquid 
protein or defined formula (elemental) diets 
available. The composition and the clinical ef
fects of these diets in nonuremic patients have 
been reviewed recently {l07, 108J. Experimen
tal evidence indicates that when patients re
ceive large quantities of amino acids (e.g., 
more than 30 to 40 g/day), they should be 
given nonessential amino acids (vide supra). 

3.5. TOTAL PARENTERAL NUTRITION (TPN) 
Patients who are unable to receive enteral nutri
tion, have a UNA of 4 to 5 g/day or less, and are 
not very wasted are given 0.30 to 0.40 g/kg/day 
of essential amino acids intravenously (vide su
pra). With a higher UNA, both essential and 
nonessential amino acids are given; the quantity 
and proportions of individual amino acids to be 
infused are determined as described above. A 
typical formulation for TPN in acutely uremic 
patients is shown in table 22-3. 

3.6 ENERGY, VITAMINS, AND MINERALS 
Since patients with ARF are usually in negative 
nitrogen balance, large quantities of calories are 
probably indicated to reduce negative nitrogen 
breakdown. There is no easy way to estimate 
the energy expenditure or requirement in these 
patients, and we empirically administer 35 to 
50 kcal/kg/day. Indirect calorimetry has been 
used to estimate energy expenditure in stressed 
uremic patients. However, the current studies 
do not indicate the level of energy intake that 
will optimize utilization of amino acids or pro
teins for such patients. 

If nitrogen balance, as determined by the 
difference between observed nitrogen intake 
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TABLE 22-3. Typical composition of TPN infusate for adults with acute renal failure'·b.e 

Volume 

70% dextrose (d-glucose) (500 ml) 

Essential and nonessential free crystalline amino acids (:5500 ml) 

or essential amino acids (:5500 ml) 

Energy (approx.)d 

Electrolytes· 
Sodiumf 

Chlorid/ 
Potassium 
Acetate 
Calcium 
Phosphorus 
Magnesium 
Iron 

Vitamins 
Vitamin A 
Vitamin D 
Vitamin Kh 
Vitamin E' 
Niacin 
Thiamin HCl (B I ) 

Riboflavin (B2) 

Panrothenic acid 
Pyridoxine HCI (B6) 

Ascorbic acid (C) 
Biotin 
Folic acidh 

Vitamin Bl/ 

liters 

g/liter 

g/liter 

g/liter 

kcallliter 

mmollliter 
mmollliter 
mmollday 
mmollday 
mmollday 
mmollday 
mmollday 
mg/day 

USP units/day 
USP units/day 
mg/week 
IV/day 
mg/day 
mg/day 
mg/day 
mg/day 
mg/day 
mg/day 
mg/day 
mg/day 
IJ-g/day 

1.0 

350 

25-40 

10-14 

1225-1330 

50 
25-35 

35 
35-40 

5 
8 
4 
2 

See textS 
See text' 

4 
10 
20 

2 
2 

10 
10 

100 
200 

1 
4 

'In general. when the UNA is greater than 4-5 g Niday, 1.0 giday of essential and nonessential amino acids are given. If the UNA is 4-5 g Niday or 
less, 0.3 co 0.5 g/kg/day of essential amino acids with arginine are administered. See text for a more detailed discussion of indications for different 3JJlounts 
and type of amino acid preparations. Nitrogen content of 42.5-50 g of essential and nonessential amino acids is approximately 6.5-7.9 g. depending on 
the preparation. The prescribed amino acids often may be provided in less than 500 mt of solution, and the volume of 70% dextrose may be increased to 
bring volume up to one liter and to provide additional calories. Energy intake is usually maintained at 35-50 kcal/kg/day. Sufficient 70% dextrose may 
be given to attain this energy intake. A total of 1.5-2.5 Uday of TPN solution may be necessary to provide sufficient amino acids and energy. The fluid 
load necessary to provide this quantity of amino acids and energy may increase the need for dialysis or continuous arterial venous hemofiltration. During 
dialysis treatment, amino acid and glucose losses can be replaced by increasing infusions (see text). Administration of 250-500 g of lipid emulsion daily 
can be used in place of some glucose and will prevent essential fatty acid deficiency. It is patticularly indicated in long-term TPN. The 20% lipid emulsion 
will provide the most fat calories per ml water (2kcal/mi). 
~hese nutrients are included in each botde containing crystalline amino acids and 70% dextrose. An exception is the vitamins and trace elements that 
should be added to only one bottle per day. 
(Composition and volume of infusate may have to be changed if patients are very uremic, acidotic, or volume overloaded, if serum electrolyte concentrations 
are not normal or relatively constant, or if dialysis therapy is nOt readily available. 
dApproximate caloric value of dextrose monohydrate, 3.4 kcal/g; amino acids. 3.5 kcal/g. 
eWhen adding electrolytes, the amounts intrinsically present in the amino acid solution should be taken into account. 
'Refers to final concentration of elecrrolytes after any extra 70% dextrose has been added. 
gVitamin A is best avoided unless TPN is continued for more than several weeks. 
hShould be given orally or parenterally and not in solution because of antagonisms. 
'May need to be increased with use of lipid emulsions. 
'Currently, 1,25-dihydroxycholecalciferol is not commercially available for parenteral administration. 
Source: Adapted from Kopple, JD Nutrition and the Kidney, in Hodges RE Human Nutrition. A Comprehensive Treatise (New York: Plenum Publishing 
Corp., 1979), vol. 4, pp. 409-457. 

and nitrogen output calculated from the UNA 
(equation 22.3), is negative, we try to provide 
an energy intake closer to 50 kcal/kg/day. 
Many researchers believe that there is little ad
vantage to administering more than 4,000 to 
5,000 kcal/day to catabolic patients. In fact, in 

patients with higher energy intakes, the large 
quantity of carbon dioxide produced from the 
infused carbohydrate and fat can cause hyper
capnia if pulmonary function 1S impaired 
[109]. Since most acutely uremic patients are 
intolerant of large water intakes, glucose is 
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generally provided in 70% solution; this prep
aration is mixed with the amino acid solution 
so that amino acids and energy are provided 
concurrently (table 22-3). Patients receiving 
TPN for more than five to seven days should 
receive an infusion of 250 to 500 g of lipid 
emulsions, preferably daily but no less than 
twice weekly to prevent essential fatty acid de
ficiency. Both 10% and 20% lipid emulsions 
are available; they are essentially isotonic and 
provide 1.1 and 2.0 kcal/ml, respectively. In 
contrast, 70% dextrose (d-glucose monohy
drate) yields about 2.38 kcal/ml and is the par
enteral solution that gives the greatest calories 
per ml. Dextrose is well utilized by virtually 
all tissues and provides needed calories for 
those organs that consume glucose as the pri
mary energy source. In catabolic patients, glu
cose has been reported to promote more posi
tive nitrogen balance than does isocaloric 
quantities of lipids {110, 111}, although more 
recent evidence disputes this finding. Per calo
rie, 70% dextrose is far less expensive than a 
lipid emulsion. For these reasons, in acutely 
uremic patients receiving parenteral nutrition, 
glucose is used as the major source of calories, 
and lipids are given daily but in lesser 
amounts. 

The vitamins and minerals employed with 
TPN are shown in table 22-3. Vitamin re
quirements have not been well defined for pa
tients with ARF, and much of the recom
mended intake is based on information 
obtained from studies in chronically uremic pa
tients or normal individuals. Vitamin A is 
probably best avoided because in chronic renal 
failure, serum vitamin A levels are elevated. 
Even small doses of vitamin A have been re
ported to cause toxicity in chronically uremic 
patients (Il2}. Also, since most patients with 
ARF receive TPN for only a few days to weeks, 
it is unlikely that deficiency of this fat-soluble 
vitamin will occur. 

Although vitamin D is fat-soluble and vita
min D stores should not become depleted dur
ing a few days or weeks of TPN, the turnover 
of its most active form, 1,25-dihydroxychole
calciferol, is much faster. However, the re
quirement for this vitamin D analogue in ARF 
has not yet been defined. Furthermore, at the 

present time, a parenteral preparation of 1,25-
dihydroxycholecalciferol is not commercially 
available. Although vitamin K is a fat-soluble 
vitamin, deficiencies have been reported in 
nonuremic patients who were postoperated, not 
eating, and receiving antibiotics (113}. Vita
min K supplements are therefore given rou
tinely to patients receiving TPN. Ten mg/day 
of pyridoxine hydrochloride is recommended 
because studies in patients undergoing mainte
nance hemodialysis indicate that this amount 
may be necessary to prevent or correct vitamin 
B6 deficiency (114}. 

The recommended concentrations for miner
als with TPN are tentative. If the serum con
centration of an electrolyte is increased, it may 
be advisable to reduce the concentration or not 
to administer it at the onset of parenteral nu
trition. The patient must be monitored care
fully, however, because hormonal and meta
bolic changes that often occur with initiation 
of TPN may cause serum electrolytes to fall 
rapidly. This is particularly likely for serum 
potassium and phosphorus. Conversely, a min
eral deficit may indicate a need for greater than 
usual intake of that element. Again, metabolic 
changes can lead to a rapid rise in serum levels. 

It must be emphasized that the nutrient con
tent of solutions for TPN in acutely uremic pa
tients must be carefully re-evaluated each day 
and sometimes more frequently. This is partic
ularly important because these patients may 
undergo rapid changes in their metabolic and 
clinical status. The actual techniques, compli
cations, and methods for assessing nutritional 
and clinical status in patients receiving TPN 
have been described previously (115}. 

3.7 PERIPHERAL AND SUPPLEMENTAL 
PARENTERAL NUTRITION 

Peripheral parenteral nutrition has been advo
cated as an alternative to TPN. The solutions 
are infused into a peripheral vein, and the risks 
and expenses of inserting a central catheter are 
avoided. A limitation to peripheral parenteral 
nutrition is that osmolality of the infusate must 
be restricted to about 600 milliosmols to pre
vent thrombophlebitis; even then, the needles 
or catheters must be changed frequently, usu
ally every 18 to 48 hours. Isaacs et al. {116} 
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report that addition of heparin, 500 U/L, and 
cortisol, 5 mg/L, allowed solutions of 900 mos
mols to be infused into a peripheral vein for an 
average of 114 hours before local inflammation 
required changing the infusion site. In contrast 
to these infusates, a typical solution for TPN 
via a central vein has a tonicity of about 1,800 
mosmols. Thus, with peripheral parenteral nu
trition, less nutrients can be infused per liter, 
and it has little or no role in the treatment of 
the hypercatabolic patient, the wasted patient 
who needs added nutrients for repletion, the 
patient with oliguria or fluid intolerance, and 
the patient who will need parenteral nutrition 
for extended periods of time. 

For patients with ARF who are able to in
gest some nutrients or tolerate some tube feed
ings, peripheral infusions may enable them to 
receive adequate nutrition without resorting to 
TPN. In these latter cases, it is often most 
practical to infuse 8.5 to 10% amino acids or 
20% lipid emulsions into a peripheral vein and 
administer as much as possible of other essen
tial nutrients, including carbohydrates through 
the enteral tract. 

Peripheral vascular accesses used for hemo
dialysis can also be used for TPN [117, 118}. 
However, this technique probably increases the 
hazard of infection, and it should not be done 
in patients who will need a hemodialysis access 
for extended periods. 

In patients who have marginally adequate 
intakes, supplemental amino acids and glucose 
may be given during hemodialysis treatment. 
Some nephrologists infuse 20 or 30 g of the 
nine essential amino acids at the end of dialysis 
therapy [I 19}. However, since most patients 
who need nutritional supplements. have de
creased intake of energy and total nitrogen, we 
give 40 to 42 g of essential and nonessential 
amino acids and 200 g of d-glucose (150 g of 
d-glucose if dialysate contains glucose). This 
preparation is infused into the blood leaving 
the dialyzer at a constant rate throughout the 
dialysis procedure in order to minimize disrup
tion of amino acid and glucose pools that occurs 
with hemodialysis [l20}. Patients who have 
low serum concentrations of phosphorus or po
tassium at the start of the dialysis treatment 
may need supplements of these minerals. With 

such infusions, plasma amino acids and glucose 
do not fall during dialysis and over 85% of the 
infused amino acids are retained [l20}. If the 
dialysate is glucose free, the infusion is not 
stopped until the end of hemodialysis in order 
to prevent reactive hypoglicemia. Also, the pa
tient should eat some carbohydrate 20 to 30 
minutes before the end of the infusion. Other
wise, the infusion must be tapered or a periph
eral infusion of glucose must be started. 

3.8 CONTINUOUS ARTERIAL-VENOUS 
HEMOFILTRATION (CAVH) 
CA VH is a new and potentially valuable tech
nique for fluid control in critically ill patients 
with renal failure [I2l}. With CAVH, there is 
a continuous flow of blood through a hemofil
ter. Up to 10 to 15 ml of ultrafiltrate is formed 
per minute, and CA VH can prevent or correct 
fluid overload. Hence, it can obviate the prob
lem of overhydration from parenteral nutrition. 
Also, since the ultrafiltrate contains the same 
concentration of the small molecules (e.g., 
urea, creatinine) as in plasma, it can clear up 
to 10 to 15 mllminute of these compounds 
from plasma, thus allowing patients to readily 
tolerate higher nitrogen loads. 

When sufficient fluid has been removed from 
the patient, CAVH may be temporarily 
stopped by clamping the arterial and venous 
lines, or patients can be infused with replace
ment solutions. These solutions can be infused 
into a vein or into the arterial line prior to the 
hemofilter. In the latter case, the dilution of 
the blood will decrease the ratio of the solute 
clearance to the volume of ultrafiltrate. 

Arterial and venous catheters can be inserted 
into a peripheral artery and vein in the arm or 
leg or into a Scribner shunt. 

The resistance through the system is low 
enough to avoid the need for blood pumps. 
Thus, monitoring the blood pressure and 
bleeding can be less stringent. Intensive care 
unit nurses can be taught to perform CAVH, 
and the cost for a trained dialysis nurse can be 
avoided. 

Because, with CAVH, fluid removal is slow 
and continuous and possibly because acetate is 
not administered, blood pressure is well main
tained. CA VH has been employed successfully 
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in hypotensive patients receiving pressor medi
cations {122}. If the ultrafiltration rate is low, 
it can often be increased with application of 
continuous suction to the ultrafiltrate outflow 
tube {123}. Patients are generally given hepa
rin, and CA VH may be more hazardous in pa
tients who are actively bleeding. Amino acid 
losses into ultrafiltrate are not great [121}. Less 
is known about the quantity of protein re
moved with CAVH, but it does not appear to 
be massive [123]. 

CA VH may reduce the need for dialysis 
treatment in sick patients with renal failure, 
possibly from five to seven times per week to 
three or four times weekly. However, current 
experience indicates that will not entirely pre
vent the need for dialysis treatment unless (a) 
it is employed virtually constantly with a high 
rate of ultrafiltrate formation (10 to 15 mll 
minute) and infusion of large volumes of re
placement fluid, or (b) the patient has substan
tial residual renal function. 

4 Newer Directions for 
Nutritional Therapy 
Several pharmacological techniques may have a 
role in facilitating anabolic processes or reduc
ing catabolic rates in patients with renal fail
ure. Preliminary results with each of these 
techniques in sick patients or experimental an
imals have been promising, although further 
studies are necessary to define their potential 
role in patients with ARF. These techniques 
involve the use of insulin, anabolic steroids, 
protease inhibitors, and adenine nucleotides. 

Since insulin is the most potent known ana
bolic hormone, it is natural to question 
whether this compound could reduce protein 
wasting in sick patients. Two studies have now 
indicated that in nonuremic patients who have 
catabolic illnesses, insulin can reduce nitrogen 
output and negative nitrogen balance [124, 
125]. Serum glucose concentrations greater 
than 460 mg/dl occurred in approximately half 
our patients with ARF who received parenteral 
nutrition [2]. Moreover, Clark and Mitch [12] 
reported that insulin enhances synthesis and re
duces degradation of muscle protein from the 
hindquarter of acutely uremic rats. These ob-

servations suggest that there may be value to 
administering insulin routinely to catabolic pa
tients with ARF. 

Anabolic steroids can also promote anabo
lism and have been used to treat catabolic pa
tients with acute or chronic renal failure [126-
130}. These compounds can decrease UNA and 
the rise in SUN, enhance positive nitrogen and 
potassium balance, retard the development of 
acidosis, and delay the need for dialysis therapy 
[128-131]. In recent years, the use of anabolic 
steroids for treatment of catabolic patients with 
renal failure has been largely neglected because 
its effects last only several days to weeks and 
dialysis therapy is readily available. However, 
dialysis treatment does not reduce catabolism 
and is often hazardous in severely ill patients. 
Since the period of critical illness in patients 
with ARF is often only a few days to weeks, 
anabolic steroids might still be beneficial, even 
if they reduce net catabolism and UNA only 
transiently. Recently Pan and associates [11] 
found improved muscle protein synthesis in 
perfused hemicorpus from acutely uremic rats 
when they were given the anabolic hormone 
oxandrolone prior to the perfusion. 

Anabolic steroids are not always effective, 
particularly in severe catabolic stress, and they 
can have masculinizing effects in women and 
children. These compounds may be ineffective 
unless the patient also receives nourishment. 
Many anabolic steroids can cause cholestatic 
jaundice although this is not observed with tes
tosterone or its esters (enanthemate or propio
nate). Commonly used anabolic steroids in
clude testosterone enanthemate, testosterone 
proprionate, methandrostenolone, nondrolone 
decanoate, norandrolone phenylproprionate, 
and norethandrolone. 

Two therapeutic procedures that show excit
ing promise but have not yet been employed in 
patients are the use of protease inhibitors and 
of adenine nucleotides. Horl and associates [28] 
described increased protease activity in ultrafil
trates of plasma from patients with ARF who 
were catabolic. The protease inhibitor alphar 
macroglobulin was undetectable in plasma 
from some of these patients. Addition of 
alpharmacroglobulin, in vitro, to plasma ul
trafiltrate inhibited the proteolytic activity 
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[l32}. These findings suggest that in patients 
with ARF who are catabolic, enhanced activity 
of proteases in plasma and possibly other tis
sues may be a cause of accelerated protein wast
ing. If this is confirmed, eventually such pa
tients may be treated with specific inhibitors of 
these proteases. 

Siegel and coworkers [l33} studied the ef
fects of infusion of magnesium chloride with 
either ATP, ADP, or AMP into rats with ARF 
caused by ischemia. The rats who received one 
of these adenine nucleotides with magnesium 
chloride had less impaired insulin clearance, 
renal blood flow and osmolar clearance, a low 
fractional excretion of sodium, and less histo
logical evidence of renal injury as compared to 
rats who received no infusion or ATP, magne
sium chloride, or adenosine alone. Although 
the mechanism for these effects is unknown, it 
is tempting to speculate whether adenine nu
cleotides and magnesium chloride may act by 
altering glomerulotubular or vascular dynamics 
or by improving energy metabolism in the in
jured and regenerating cells. 

Note 
1. Essential amino acids are histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, tryptophan, 
and valine. 
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23. TREATMENT OF ACUTE RENAL 
FAILURE BY HEMODIALYSIS 

Victor Parsons 

1 The Indications for 
Starting Hemodialysis 
Before hemodialysis is instituted, a thorough 
assessment must be made of the nature of the 
renal failure as shown by the signs and symp
toms of a failure of water excretion, nitroge
nous breakdown products and ions, such as po
tassium, sodium, and phosphate (see chapter 
7). 

If the ratios between urine and plasma con
firm established acute renal failure (ARF) and 
resultant measures have been instituted and 
failed, the patient must be dialyzed. Very of
ten, the situation is complicated by surgery, 
and dialysis must be fit in around it. Priorities 
must be decided for obligatory situations and 
elective ones (table 23-1). 

2 Peritoneal or Hemodialysis? 
The type of dialysis is determined by the ad
vantages of each procedure, as outlined in table 
23-2. In addition to these clinical indications 
decisions may have to be made according to th; 
facilities available; often peritoneal dialysis can 
be started while preparations are being made 
for hemodialysis or ultrafiltration, which de
mands access to the circulation. 

3 Access to the Circulation 

3.1 SUBCLAVIAN VEIN CANNULATION 

This is the most rapid form of access (1) and 
provides adequate flows, irrespective of the 
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blood pressure, the state of peripheral vessels, 
and the size of the patient; it can be inserted 
while the surgery of trauma or the limbs is an
ticipated or underway. The technique requires 
a "single-needle adaptation," or a peripheral 
vein can be used for the venous return. In be
tween dialyses, the cannula is kept from clot
ting by replacing the small dead space by hep
arin. The risks are infection, often with skin 
organisms, which seldom give rise to signifi
cant morbidity [2). The risks include vessel 
perforation and hemorrhage; careful radiologi
cal checks should be made if there is the slight
est problem of flow [3), and ultrasound can be 
used to locate the vessel more accurately [4). 

3.2 CAVAL CATHETERIZATION 

This technique was introduced to achieve ade
quate dialysis in the patient with ARF where 
peripheral vessels are exhausted or where the 
patient is hypotensive and shocked. The tech
nique either involves the introduction of a dou
ble lumen catheter into the femoral vein or one 

TABLE 23-1. Indications for dialysis 

Obligatory 
Uremia with confusion, drowsiness, and vomiting 

(Urea >35 mmollliter). 
Creatinine >1500 j.l.mollliter, hyperkalemia (K >6.5 

mmollliter). 
Metabolic acidosis (NaC03 < 10 mmoilliter). 
Hepatic coma, NH4 t, profound hypoalbuminemia 

(albumin < 1. 5 g/liter). 
Hypervolemia, pulmonary edema, cerebral edema. 
Rarely for drug intoxication. 

Elective 
Preoperatively in the absence of any of the obligatory 

reasons above. 
To accommodate intravenous feeding regimens. 
To accommodate blood or plasma infusions. 

447 



448 

TABLE 23-2. Peritoneal dialysis, hemodialysis, and ultrafiltration. Preferred techniques. 

Peritoneal 
Condition dialysis 

Poor cardiac function +++ 
Pancreatitis and peritonitis +++ 
Hepatorenal failure (HRF) +++ 
Hematological diseases, e.g., sickle +++ 

cell, bleeding diathesis 
Multiple abdominal drains 0 
Pulmonary complications 0 
Hypercatabolic states 0 
Ascites and HRF 0 
Poisoning 0 
Diabetes with gross edema 0+ 

into the femoral artery and femoral vein sepa
rately using the Seldinger technique {5, 6J. 

Catheters are reinserted for each dialysis, and 
the groin sites are alternated. After dialysis and 
heparinization are reversed, the catheters are 
withdrawn and a pressure dressing is applied 
for ten minutes to arrest any leakage. Review 
of 700 uses of such catheterizations over a pe
riod of seven years revealed that five patients 
had complications, three had femoral vein 
thrombosis with a small pulmonary embolus in 
one, while two had retroperitoneal bleeding 
due to venous tears {7}. 

3.3 SHUNT INSERTION 

Where dialysis is likely to be prolonged and 
peripheral vessels are usable, the insertion of 
straight (Ramirez) silastic shunts into arm or 
leg vessels is to be preferred; in children, groin 
shunts inserted into the larger vessels using a 
Thomas applique shunt with a dacron cuff are 
necessary. Straight shunts in the acute situation 
are to be recommended in preference to the 
moulded reflex Scribner variety for ease of de
clotting, as this occurs in patients subjected to 
surgery, hypotension, and tranfusion to high 
hemoglobin concentrations in contrast to the 
more chronic patients. Flows in excess of 200 
mllmin should be aimed for to achieve satisfac
tory dialysis. Sudden declotting of arterial 
shunts run the risk of retrograde embolism as 
the clot is forced into the main circulation, and 
urokinase (10,000 units in 5 ml of saline) 
should be left in situ for a time before declot
ting is attempted. All access sites should be 

Ultrafiltration 
Hemodialysis and reinfusion 

0 ++ 
+ 0 
± ++ 
+ 0 

++ + 
+++ + 
+++ ± 
++ +++ 
++ + 
++ +++ 

swabbed regularly, and any persistent sepsis 
treated appropriately, as repeated septic embo
lization from infected sites leads to endocarditis 
in susceptible patients. 

3.4 PATIENTS ON BYPASS OXYGENATORS 

Occasionally, patients with severe trauma to 
the chest and heart have to receive dialysis 
while their circulation is being sustained by 
cardiac bypass or pulmonary bypass procedures. 
The most common need is ultrafiltration; in 
these circumstances it is achieved by inserting 
an ultrafiltration cartridge in the circuit where 
three liters/hour of ultrafiltrate can be removed 
without the use of any dialysis apparatus. We 
have found that where dialysis is necessary to 
correct uremia, high clearance rates can be 
achieved by using two coils in series and clear
ances of 300 mIs/min can be achieved with the 
high flow rates tapping the bypass circuit. 

Once access to the circulation has been 
gained, a series of decisions must be made on 
what type of dialysis is best to correct the pa
tient's most severe abnormalities. The decision 
pathways are illustrated in figure 23-1. Ultra
filtration, either a preliminary therapy or an in
tervening therapy between hemodialysis, is 
being used increasingly in the treatment of pa
tients with ARF {8J. The removal of up to six 
liters of excess fluid can be achieved in three 
hours by using either a conventional dialyzer 
with a high transmembrane pressure {9J-best 
achieved by a positive pressure in the blood 
compartment and a negative pressure in the di
alysate compartment-or an Amicon untrafil-
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FIGURE 23-1. Choices of treatment for managing the ov
erload high-risk cardiac patient. 

tration cartridge containing the XP membrane 
(1O}. Ultrafiltration in the unstable cardiac pa
tient has the advantage of isoosmotic fluid re
moval without producing severe hypovolemia 
(II) or pulmonary vascular changes due to hy
poxia (l2). 

4 Choice of Anticoagulant 
Once access has been obtained, the choice of 
anticoagulant is important since in some cir
cumstances further hemorrhage in the patient 
is likely either from surgical operation sites, 
tracheostomy, or gastrointestinal ulceration. 
Various techniques are available to avoid this. 

4.1 NO ANTICOAGULANT USED AT ALL 
This technique has been used frequently, par
ticularly in patients whose coagulation mecha
nisms may be reduced by sepsis or liver disease. 
High flow rates should be aimed at around 300 

mIs/min, and saline washes can be given into 
the coil every 15 minutes (13). Careful moni
toring of pressures on either side of the coil 
will pick up thrombosis within the coil and 
avoid bursts. 

4.2 USE OF REGIONAL HEPARINIZATION 
Here heparin at a rate of 1,000 units per hour 
is introduced using a syringe pump into the 
arterial line, and protamine at around 1 mgt 
hour is infused downstream of the coil to neu
tralize the heparin (14). Clotting times are es
timated rapidly using a Haemochron apparatus 
incorporating a glass clotting time detected 
magnetically. One problem is that the heparin 
protamine complexes may dissociate later to 
prolong the clotting time (15]. 

4.3 USE OF PROSTACYCLIN 
This agent stops platelet aggregation and indi
rectly white blood cell sequestration and fibrin 
deposition within the coil. Given at rates of 5 
ng/Kg/minute, dialysis can be achieved with
out hypotension and flushing within the pa
tients, common signs of prostacyclin adminis
tration (16, 17}. 

4.4 "TIGHT HEPARINIZATION" 
This technique is commonly used to achieve 
the minimum of heparinization consistent with 
anticoagulation within the coil without over
heparinization of the patient. A low dose of 
heparin (1,000 units for a 70 kg patient) is 
given to the patient, and small frequent bo
luses or a constant infusion of small quantities 
of heparin, often less than 3,000 units, are 
needed for a four-hour dialysis (18]. Because 
sudden hemorrhage in an overheparinized pa
tient can provoke massive hemorrhage, partic
ular care is required in patients with pulmo
nary hemorrhage and Goodpasture's syndrome 
or pulmonary emboli, and expert help to place 
bronchial blockers needs to be at hand. 

5 Choice of Dialyzer and Techniques 
In many circumstances, ultrafiltration and 
clearance rates should be high in patients with 
ARF. With subclavian vein catheterization, 
"single-needle techniques" are often used with 
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TABLE 23-3. Type of dialyzer with clearances at a dialysate flow of 500 mls per minute and a blood 
flow of 200 mls per minute 

Thickness of 
Dialyzer membrane Area (m2) 

Cordis Dow Cellulose 2.5 
(C Dak 5) 30 f.Lm 
HF 130 Cuprophane 1.3 
(Cobe) 20 f.Lm 
Gambro Cuprophane 1.5 
Lundia Major 13.5 f.Lm 
RP6 Polyacrylonitrile 1.2 
Rhone Poulenc 30 f.Lm 

... At 100 mmHg transmembrane pressure. 

high pressures developing across the dialyzer 
membrane. Cuprophane membranes are known 
to be more likely to activate platelets and white 
blood cell deposition in the dialyzer and are 
best avoided in the sensitive patient. Dialyzers 
are available with cellulose acetate, cellulose 
hydrate, and polyacrylonitrile membranes (ta
ble 23-3). 

In the majority of adult patients with high 
urea generation rates and negligible renal func
tion, a dialyzer will be chosen that will give 
adequate clearances over a period of time and 
will not produce disequilibrium or excessive ul
trafiltration. 

In our experience, machinery designed for 
chronic hemodialysis is adequate for acute di
alysis, particularly where there is an ability to 
manipulate the sodium concentration. But 
there is an advantage in the Travenol R.S.P. 
machine or the Rhone Poulenc fixed-volume 
dialysate machine, whose composition can be 
altered at will to contain a dialysate tailored to 
the patient's needs, which vary according to 
the situation that led to the patient's needing 
dialysis (table 23-4). 

Such variations are reflected in the large 
number of commercially concentrated solutions 
now made available, and certainly some meta
bolic corrections can be made by ultrafiltration 
and infusion of the "correct" electrolyte solu
tion to allow for the appropriate excess or defi
clency. 

Infusion of chelators in the dialysate has 
been used in the treatment of poisoning with 
arsenic; the patients are given dimercaprol 
(BAL), which when mixed with arsenic is di-

U rea clearance B12 UF 
mllmin mllmin ml/hr 

186 ± 2 30 306 

142 ± 3 29 261 

147 ± 2 25 461 

162. 75 3240 

alyzable. Similarly, EDTA can be used to che
late calcium, and desferrioxamine to chelate 
iron in the poisoned patient. A series of chela
tors have been used to remove mercury in sim
ilar circumstances, the most effective being 
acetylcystine [l9}' Alcohol has been used to 
displace ethylene glycol in patients poisoned 
with the substance {20-21}. 

In one very restless manic patient who did 
not warrant paralysis and ventilation, we con
trolled her mania during dialysis by the use of 
dialysate containing lithium at 0.85 mmoilliter 
{22}. 

6 Acetate or Bicarbonate Dialysate 
and Acute Dialysis 
Acetate was used as an ionic buffer because the 
introduction of continuously automated, rather 
than large-batch, mixes of dialysate, which had 

TABLE 23-4. Varying dialysate compositions 

Corrections required 

Overhydration 
Hyponatremia 
Hyperkalemia 
Hypercalcemia 
Cardiac failure and instability 

Dehydration 

Hypocalcemia 
Hypokalemia 

Hyperosmolar states 

Acidosis 

Dialysate 

Na+ 140-145 mmolll 
Glucose 12 mmolll 
K + 1. 0 mmolll 
Ca + + < l.0 mmolll 
HCO"3 20 mmol/l 
Na + 130 mmolll, 
Glucose free 
Ca++ 3.5 mmolll 
K+ 3.0 mmol/l, 
Glucose free 
Na + 130 mmolll, 
Glucose free 
HCO"3 30 mmol/l 
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to contain all the constituents, required soluble 
calcium and magnesium salts that would not 
precipitate out in cold stored concentrate. At 
the same time, carbon dioxide was not added 
to the bath to saturate it. For routine regular 
dialysis, this was an advance; since automated 
machines were used for acute dialysis, acetate 
became the buffer of choice. 

Various studies have raised the question that 
acetate may not be metabolized to bicarbonate 
as quickly in seriously ill patients as in chronic 
patients and that as a result certain unwelcome 
features of acetate as a buffer may hazard the 
compromised patients [23}. 

Acetate may not correct the acidosis quickly 
enough and collect to become cardiodepressant, 
especially with highly efficient dialyzers [24}. 
In the chronic situation, high levels of acetate 
collecting at the end of dialysis have not been 
associated with any particular hypotensive epi
sode or morbidity [25}; but other evidence has 
suggested that in the sick patient, acetate may 
well be vasodilatory, and in children, particu
larly, hypotensive episodes have been associated 
with high acetate concentrations [26, 27}. Loss 
of carbon dioxide in the dialysate may lead to 
a loss of respiratory function, due either to al
terations in pulmonary ventilation perfusion or 
to depression of the respiratory center [28-30}. 
Finally, activation of platelet and white blood 
cell emboli formation and the release of vaso
active substances during membrane dialysate 
blood interaction within the dialyzer may be 
heightened in the presence of acetate [I2}. 

For these reasons, a swing back to the use of 
bicarbonate has been made possible by the ad
aptation of several machines to deliver from 
two sources of diluted and heated concentrate a 
dialysate containing up to 28 mmols/liter of bi
carbonate together with up to 12 mmols/liter 
of acetate required to keep the calcium and 
magnesium in solution. It is still possible to 
make up large-bath, single-batch mixes of ace
tate-free dialysate, adjusting the pH with lactic 
acid rather than acetate. 

Patients who need a long dialysis and yet are 
hypotensive, have poor cardiac function due to 
intrinsic heart disease or to exogenous toxins, 
or who have liver failure are most likely to ben
efit from bicarbonate dialysis [31, 32}, al
though controlled trials of sequential dialysis 

with alternating bicarbonate and acetate di
alysis have not shown increased mortality [33}. 
It must be commented that this trial contained 
very few children and patients with severe car
diac disease. 

7 Complications of Hemodialysis 

7.1 PULMONARY COMPLICATIONS 

Pulmonary edema is a complex feature of ARF. 
Studies of pulmonary water in ARF show that 
it is associated with a high cardiac output and 
not necessarily with poor ventricular output 
[34, 35} although after cardiac surgery this 
may be the dominant cause. Hypoalbuminemia 
is another contributory factor reflecting in
creased permeability of capillary beds in many 
areas. There are a variety of causes of such in
creased permeability, including septicemia, en
dotoxemia, and vasoactive substances associated 
with shock [36}. The pathology of uremic 
pneumonitis has been reviewed recently and 
shows that there is evidence for alveolar capil
lary damage and the formation of a hyaline 
membrane [37}. It is against this background 
of pulmonary edema that the added hazard of 
dialysis hypoxia and hypotension has to be 
measured. This occurs in the first ninety min
utes of connecting the patient to a dialysis cir
cuit and is associated with a series of hemato
logical changes, which include leucopenia, 
thrombocytopenia, and hypocomplementemia 
[38}, and a loss of fibrin from the blood that is 
deposited in the dialysis membrane [39}. This 
activation of the complement and coagulation 
pathways is associated with local changes in the 
lungs associated with an alteration in ventila
tion and perfusion, which mechanical ventila
tion does not prevent [40}. 

Pulmonary leucoembolism {41} and platelet 
activation are probably responsible for these 
vascular changes and result in hypoxia; and 
where acetate has been used in the dialysate, 
the drop of the partial pressure of oxygen may 
be greater due to the mass transfer of bicarbon
ate from the plasma to the dialysate, which ac
etate metabolism is unable to regenerate so 
quickly [28, 30}. 

For the majority of patients, such reversible 
pulmonary changes and hypoventilation are not 
that dangerous, but where pulmonary reserve is 
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already hazarded, this is an unnecessary risk 
that can be lessened by the use of membranes 
that do not activate these embolic and vasoac
tive changes so readily. Cellulose hydrate and 
polyacrylonitrile membranes seem less aggre
gatory in this context {29, 42). 

The use of prostacyclin and high-dose meth
ylprednisolone has not been successful in 
changing the leucopenia and complement acti
vation (I2); even if these changes are minimal 
as occur in patients with no complement to ac
tivate {43), bicarbonate transfer can still ac
count for the hypoventilation, thus making a 
change to bicarbonate dialysis a further help in 
this situation. 

The interesting effects that temperature may 
have on this process-and also the fact that 
during ultrafiltration without dialysate in the 
compartment these changes are not seen very 
readily-make ultrafiltration and reinfusion 
techniques all the more important in the haz
arded patient {44). 

7.2 CARDIAC COMPLICATIONS 
The heart is compromised in various ways dur
ing ARF. In the shocked septic patient, aci
dosis and endotoxins contribute to a depression 
in cardiac output, pulmonary changes men
tioned above only make the situation worse for 
cardiac function, and the withdrawal of part of 
the output into the dialysis circuit may make 
cardiovascular support more important {45, 
46). 

Hypotension in the first ninety minutes of 
dialysis may further compromise the pulmo
nary artery filling, and changing potassium, 
calcium, and magnesium concentrations render 
the heart more sensitive to previously adminis
tered digoxin. High cardiac outputs are com
monplace in ARF and may be altered in either 
direction by the dialysis procedure {47, 48). 
Where tamponade is possible, echocardio
graphic investigation is helpful and drainage 
of collections vital {49). 

Various techniques are available to support 
the failing myocardium. 

a. Correction of acidosis. Myocardial contractility 
is depressed in the acidotic state. This needs 
correction not only with dialysis over a pe-

riod of time but also by the active admin
istration of bicarbonate early in dialysis if 
this is a problem. Inotropes do not work in 
the presence of metabolic acidosis; this cor
rection is important. 

b. Administration of inotropes, such as dopamine 
and dobutamine {50). 

c. In the shocked septic patient, naloxone 
seems to be of use in counteracting endor
phine-like substances, which may well de
press cardiac and respiratory function [5 1-
53). Polymyxin has been found in certain 
circumstances to counteract endotoxin from 
the pseudomonas pyocyanea; it is useful in 
patients with hepatorenal failure with this 
type of septicemia and who have high levels 
of endotoxemia [54). 

d. Balloon pumping. This variety of cardiac sup
port has gained increasing use, particularly 
in patients following cardiac surgery, but it 
is also being used in patients with over
whelming septicemia to tide them over the 
period when exo- and endotoxins are at 
their height and where resuscitation is ex
tremely difficult [55). 

e. Finally, the dialysis circuit can be used to 
aid cardiac output by reversing the flow 
from venous to arterial so that the dialysis 
pump provides energy on the left side of the 
heart. This occasionally has to be resorted 
to when the patient's blood pressure has 
rapidly decreased during dialysis and when 
there is no time to set up a more routine 
type of caval dialysis [56). 

7.3 GASTROINTESTINAL COM PLICA TIONS 
Many of the factors leading to the establish
ment of acute tubular necrosis similarly affect 
the gut, liver, and the mucosa of the gut. Mea
surements of the partial pressure of oxygen in 
the venous outflow from the duodenum and 
pancreas during shock have shown that these 
areas are even more poorly perfused than the 
kidney [57). This is followed in the severe sit
uation by a high incidence of gastrointestinal 
hemorrhage, perforation of the small and large 
bowel, pancreatitis, and hepatic cholestasis. 
Besides perfusion and toxic insults, there are 
hormonal changes leading to a relative excess of 
corticosteroids, gastrin, and parathyroid hor-
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mone, all factors known to influence the devel
opment of gut lesions {58, 59}. 

"Stress ulcers" are frequently seen after acute 
cerebral trauma and after multiple surgical op
erations. Sudden unexplained rises in the serum 
blood urea concentration often alert the physi
cian to occult bleeding while nasogastric aspi
ration can suddenly become blood stained. 
Pancreatitis can also be occult and occur after 
prolonged hypotension and septicemia {60}. 
Signs include a deterioration of pulmonary 
function, rising white blood count, hypocal
cemia, and rising amylase concentrations over 
and above the common rise due to failure of 
urinary excretion. Benign cholestasis is simi
larly a complication of prolonged hypotension 
and sepsis in the portal system. 

For these reasons, close attention is paid to 
the gut to reduce these complications. Gastric 
acid hypersecretion is countered by the use of 
alkalis, aluminum hydroxide or carbonate {61}, 
or by the use of H2 receptor antagonists, ci
metidine, [62}, or ranitidine {63}. 

In either case, regular tests for gastric aspi
rate need to be carried out to make sure that 
alkalinization has taken place. Prolonged alu
minum hydroxide administration can lead to 
hypophosphatemia and a myopathy {64} while 
intestinal and colonic overload, especially in 
these patients with abdominal complications, is 
to be avoided. 

Despite these measures, perforation and gas
trointestinal hemorrhage occasionally require 
surgery, which has to be carried out between 
dialyses. The an uric transplant patient is par
ticularly prone to peptic and stercoral ulcera
tion and needs immediate surgical interven
tion. We have also seen multiple ulceration in 
the gut resulting from treating mercury poi
soning with hemodialysis therapy {65}. Pan
creatitis is best treated with peritoneal dialysis, 
but if it accompanies abdominal trauma, total 
pancreatectomy is the only measure to rescue 
the patient. 

7.4 CENTRAL AND PERIPHERAL 
NERVOUS COMPLICATIONS 

Uremia has a direct effect on cerebral function, 
but when it is corrected in the acutely ill pa
tient who may have been underdialyzed or di-

alysis has been delayed, the abrupt removal of 
urea and other metabolytes leads to the dis
equilibrium syndrome {66}. At its simplest, it 
is accompanied by severe headache and vomit
ing, and progresses occasionally to semicoma 
and fits with and without localizing signs. The 
differential diagnosis of other cerebral lesions 
must also be made, such as emboli, cerebrovas
cular accidents, spontaneous hypoglycemia, 
and, in the dialyzed transplant patient partic
ularly, encephalitis, cerebral abscess, and trans
plant rejection encephalopathy {67}. 

In patients with severe pre-existing hyper
tensive encephalopathy, hypertension may be 
exacerbated by acute dialysis, and careful con
trol of blood pressure must therefore be 
achieved. 

Occasionally, the fitting may be continuous 
and difficult to control without paralysis and 
ventilation; both barbiturates and clonazepam 
intravenously seem to be the best combination 
. . 
10 our expenence. 

To avoid a recurrence on dialysis due to dis
equilibration, a high glucose concentration 
should be used in the dialysate (20 mmoi/liter), 
and mannitol can be infused during or at the 
end of the shortened dialysis period {33}. 

In some patients, the main complication is a 
progressive sensory and motor peripheral neu
ropathy, probably originating in the same 
mechanism of neuronal swelling since the in
tracellular urea gradient has been acutely 
changed on dialysis {68, 69}. The combination 
of sepsis, hypotension, and disequilibrium may 
provoke a more extensive and protracted pe
ripheral neuropathy that is slow to recover and 
occasionally irreversible. 

The differential diagnosis of hypertensive en
cephalopathic fits, epilepsy due to organic ce
rebral disease, and disequilibrium needs to be 
made since patients tend to be given anticon
vulsants after a series of fits without the realiza
tion that such therapy may complicate further 
drug therapy such as with vitamin D PO}. 

8 Dialysis Timing and Strategy 
Once the patient has established renal failure 
and dialysis has been initiated, various criteria 
determine the length and frequency of dialysis 
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until such function has returned or the patient 
enters a regular dialysis regimen. 

8.1 UREA GENERATION RATE 
Protein catabolism depends on a variety of 
mechanisms, which include the size of the pa
tient; children require a modified time on di
alysis according to their body surface area [71}. 
Patients with obstetric anuria in the absence of 
sepsis have a slower rise of blood urea than sur
gical patients with anuria and can be safely di
alyzed every other day or every third day. In 
contrast, higher protein breakdown rates are 
seen in patients with septicemia, trauma, and 
hemorrhage into the gut, and after steroid ad
ministration; in this group, there is evidence 
that prophylactic dialysis lessens the urea rise 
[72}. This is related to the phenomenon that 
protein catabolism is accelerated at high levels 
of urea with accompanying metabolites. An
other factor is that complications such as sep
ticemia and gastrointestinal hemorrhage are 
lessened if a deliberate attempt is made to keep 
the blood urea below 30 mmoilliter [73}. 

In the hypercatabolic patient who may be 
breaking down 15 grams of nitrogen a day, the 
urea rise is greater than 12 mmolliiter/day. In 
a 70 kg patient with 42 liters of extracellular 
fluid, this may lead to the collection of 500 
mmols urea; and if clearances of 3 to 5 mmols 
of urea per minute are achieved throughout a 
dialysis (with a generation rate continuing at 
the same rate at the same time), the patient 
will require something of the order of four to 
six hours dialysis daily on a 1.5 square meter 
coil [7 4}. It is possible to construct a mathe
matical prediction of the "dialysis dose" re
quired to keep the urea concentration within 
prescribed limits [75}. 

It is for this reason that peritoneal dialysis 
has often been abandoned in favor of hemodi
alysis in the hypercatabolic group. Urea gener
ation rate is depressed in patients with hepatic 
failure, and dialysis still needs to be carried out 
while taking more note of the creatinine in 
these patients [76}. 

8.2 EDEMA 

This condition may be the result of simple 
fluid overload and is reflected in a high central 
venous pressure, peripheral vessel engorge-

ment, relative hypertension, and the presence 
of septal lines on the chest radiograph. Here 
dialysis with diafiltration or simple hemofiltra
tion is all that is required to correct the situa
tion. With high ultrafiltration rates, the loss of 
fluid can be predicted with an accurate knowl
edge of blood flow rates across the membrane 
in the dialyzer; if fluids and blood are also 
being administered at the same time, the final 
fluid loss is best estimated by the use of a bed 
weighing device. 

Not all edema is due to fluid overload, and 
in septicemic shocked patients, pulmonary 
edema is due to increased pulmonary leakage of 
fluid into the interstitial spaces. The shadows 
on the chest radiograph are much more fluffy 
and diffuse, and effusions are frequent [77}. 
The plasma oncotic pressure is low, and the 
plasma albumin is reduced due to transudation 
occasionally coupled with low synthetic rates 
by the liver [36}. 

In this situation, administration of albumin 
must be accompanied by dialysis and ultrafil
tration-because, occasionally, fluid moved for 
the periphery by increased oncotic pressure can 
make central pulmonary edema worse; this can 
be monitored by transthoracic electrical imped
ance [78}. Very often until the sepsis is cor
rected, the albumin will remain low despite 
adequate replacement and the persistence of an 
albumin below 2.0 gm/liter is associated with 
a poor prognosis [79, 80}. 

8.3 INTRAVENOUS FEEDING
FLUID ADJUSTMENTS 
This problem is discussed in greater detail in 
another chapter, but allowance must be made 
not only for the volume of fluid required to 
obtain a sufficient calorie intake but also to cal
culate the water production from infused car
bohydrate and lipid, which may not be lost in 
the insensible loss fraction of water balance if 
the patient is on a ventilator with humidified 
gasses. Once again, bed and patient weighing 
is important. 

8.4 ELECTROLYTE LOADS THAT NEED 
CORRECTION 

Hyperkalemia from tissue breakdown, infused 
blood, and absorbed gastrointestinal hemor
rhage may make daily dialysis necessary for this 
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reason alone. Large quantItIes of sodium are 
also given in some salts of carbenicillin; 30 
grams may contribute 150 mmollday and ino
tropes are often made up in saline. Sodium ni
troprusside is occasionally used in the control 
of severe hypertension and in cardiac failure; 
cyanide and thyocyanate may collect and need 
to be dialyzed out, even when the patient is 
not requiring dialysis frequently. 

9 Hemofiltration and Hemoperfusion 
Very often, the need for daily dialysis because 
of uremia is unnecessary owing to the high ef
ficiency of the dialyzers; yet the removal of 
fluid remains a problem, especially where in
tensive feeding is required. We have found the 
use of alternate dialysis and ultrafiltration using 
one of the high-flux dialyzers (table 23-3) to 
be a useful additional technique, especially in 
the patient with an unstable myocardium who 
responds poorly to dialysis. If a shunt has been 
inserted, there is no need for a pump in the 
circuit; and the patient can be "bled" gently 
over a period of 12 hours with low transmem
brane pressures to remove two to six liters of 
fluid in this time. Reinfusion of 2.78 molll 
(50g/dl) glucose and twice the normal saline 
(302 mmol/l, 1. 8 g/dl) maintains electrolyte 
balance where fluid loss is excessive {9}' 

Hemoperfusion using carbon particles or an 
exchange resin is often carried out at the same 
time as hemodialysis and has been found of 
help in hepatic coma with and without parace
tamol poisoning (81}. 

The use of hemoperfusion for the removal of 
excess drugs and their metabolites is a useful 
adjunct to hemodialysis, particularly where the 
drug is protein bound. 

Amberlite resins IRA 900, XAD 2, and 
XAD 4 have achieved clearances of glutethim
ide approaching 300 m Is/minute, methaqua
lone clearances of 180 m Is/minute to 200 m 1s/ 
minute, and barbiturates from 100 to 250 
mIs/minute. There is often a lack of close cor
relation between clinical improvement and the 
blood concentration of the intoxicant during 
hemoperfusion. This represents a dynamic re
lationship between the intracellular compart
ment, the central nervous system, and the re
moval rate by the column. It is possible that 

intracellular concentration of the drug is 
mainly responsible for the clinical level of coma 
and that the measurement of the plasma drug 
concentration may not be determining all of its 
physiological effects {82}. 

Resin columns, particularly XAD 4 and XE 
326, have been used to remove excess antibiot
ics, such as gentamicin and cephalothin. Clear
ances of between 125 and 190 mls have been 
achieved in the first hour of the columns' use 
[82}. Similar clearances have also been achieved 
with penicillin {83}. 

10 The Administration of Drugs in 
Renal Failure and During Dialysis 
Renal function profoundly affects the handling 
of all drugs excreted by the kidney. The first 
task is to establish how elimination of the drug 
takes place in the patient with good renal func
tion; there is a quotient of excretion between 
renal, hepatic, and gastrointestinal routes [84}. 
Where the main route of excretion is hepatic, 
alterations in dosage need not take place and 
are unaffected by dialysis to any extent (see ta
ble 23-5). Many of these drugs are not used in 
the acute situation, but when they are, the 
drug is best administered after the dialysis pro
cedure is over. With anticonvulsants, regular 
estimations of blood concentrations are neces
sary; the same considerations apply to isoniazid 
and ethambutol and certain antifungals [85}. 

Where the drug is excreted by glomerular 
filtration or tubular excretion, the dose is mod-

TABLE 23-5. Drugs whose main route of elimination is 
hepatic and whose dosage is not affected by acute renal 
failure and where dialysis should not alter the regime 

ANTIBIOTICS 

chloramphenicol 
clindamycin 
erythromycin 
lincomycin 
cloxacillins 

NARCOTICS 

codeine 
methadone 
morphine 
naloxone 
pentazocine 

SEDATIVES 

pentobarbital 
chlordiazepoxide 
diazepam 
mepobramate 
chlorpromazine 

CARDIOVASCULAR DRUGS 

lidocaine 
OTHERS 

warfarin 
propranolol 
hydrallazine 
prazosin 
minoxidil 

steroids 
diphenylhydantoin 
trimethadone 
chlorpropamide 
isoniazid 
insulin 
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ified according to the quotient of main renal 
excretion and increased hepatic excretion in 
renal failure. Two other features influence ther
apy: the first is the degree of protein binding 
of the drug, as in this situation clearance on 
the hemodialysis is dependent on the degree of 
binding; the second is that in uremia, drug 
binding to receptors is altered by the degree of 
uremia and that dialysis affects such receptor 
status. The first feature is available for analysis, 
the second mainly for future investigation [86]. 

The drugs whose plasma protein binding is 
decreased in uremia are shown in table 23-6, 
and as some of the drugs are not excreted nor
mally by the kidney, some loss can be expected 
on dialysis, for which some allowance should 
be made over a period of several dialyses. 

A full discussion of drug administration in 
renal failure is not appropriate here and is fully 
reviewed elsewhere [87, 88) (see also chapter 
3). One cardinal fearure of the treatment of the 
ARF patient is to restrict administration to ab
solutely essential drugs, to give them after the 
dialysis procedure, intravenously if possible, 
and to monitor blood concentrations regularly 
so that effective concentrations are available in 
the plasma and tissues, avoiding overloading 
where possible (89). 

Drugs that need adjusting because of a pe
riod of hemodialysis are shown in table 23-7. 
Very often, there are alternative drugs that are 
not excreted either by the kidney or lost across 
the dialysis membrane. Finally, there are a se
ries of drugs that should not be given to pa
tient with ARF, as shown in table 23-8. 

11 The Prognosis in Acute Renal Failure 
Every physician involved in the treatment of 
ARF is concerned in the management of the 
whole patient, whose renal failure may be the 
easiest problem to solve, and brings other fac
tors determining the prognosis into relief. 
Many series of dialysis-treated patients report 
an overall mortality of 50% or more, depend
ing on the age of the patient and the initial 
precipitating cause. A careful analysis of the 
causes of death highlights the problems that 
must be tackled in reducing the mortality to 
that of the irreversible damaged organs, such as 

TABLE 23-6. Drugs whose plasma protein binding 
is decreased in uraemic sera (normal binding 
shown in parentheses) 

Barbiturates (20-45 %) 
Benzylpenicillin (20-60%) 
Diazepam (97-98%) 
Diazoxide (95%) 
Dicloxacillin (94%) 
Digitoxin (94%) 
Morphine (35 %) 
Phenytoin (90%) 
Warfarin (97%) 

TABLE 23-7. Drugs usually requiring supplemental 
dosage after hemodialysis 

ANTIBIOTICS 

aminoglycosides, cephalosporins, penicillins, 
trimethtoprim, metromidazole, sulphanamides, 5-
Huotocytosine, ethambutol, isoniazid. 

ANTICONVULSANTS 

phenytoin, barbiturates, phenothiazines, sodium 
valproate. 

H2 RECEPTOR DRUGS 

cimetidine, ranitidine 

CARDIOVASCULAR DRUGS 

procainamide, disopyramide, theophylline, nitroprusside, 
methyldopa 

TABLE 23-8. Drugs best avoided in acute renal failure 

Potassium supplements "Slow K" 
Potassium-sparing diuretics spironolactone and amiloride 
Magnesium trisilicate 
Lithium carbonate 
Clofibrate 
Tetracycline 
Prostaglandin synthesis inhibitory drugs 
Aminoglycosides, which collect in the renal cortex 
Cephalosporins, which will sustain tubular damage 

the heart, lungs, and brain. Various clinical 
scores are available to predict the outcome of a 
particular illness complicated or precipitated by 
trauma, surgery, or toxins, and it is the pa
tients with highest risk scores that need partic
ular attention [90, 91). In a study of patients 
with multiple systems organ failure, the worse 
metabolic predictors were the plasma concen
trations of urea, glucose, lactate, triglycerides, 
and free fatty acids, all items reflecting cellular 
damage and failure of renal homeostasis (92). 
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Turning particularly to ARF following car
diac surgery, a prospective survey of 500 con
secutive patients showed an 88% mortality 
among those whose creatinine peaked at greater 
than 450 IJ.mols/liter in contrast to those whose 
creatinine never rose above 130 IJ.mols/liter 
(mortality 0.8%). The exact diagnosis of the 
type of heart disease, the type of operation, the 
length of time on bypass, the use of balloon 
pumping postoperatively, and the use of 
furosemide and nephrotoxic drugs did not cor
relate positively with a development of ARF. 
The features of the worst group of patients that 
could be positively associated with ARF and 
that had, incidently, a higher mortality are 
shown in table 23-9 (93}. This characteriza
tion of cardiac features, independent of sepsis, 
shock, and ventilation, illustrates the impor
tant effect initial cardiac and renal function 
play in the development of ARF, particularly 
in those at high risk. It has been our deliberate 
policy to prepare patients for dialysis at the 
time of surgery by the insertion of either a 
shunt or a peritoneal dialysis catheter so that 
dialysis can begin immediately. With this reg
imen, six patients to date have survived ARF 
postoperatively. 

Another group of patients at particular risk 
are those with ruptured or incipiently ruptur-

TABLE 23-9. Risk factors associated with ARF 
and eventual mortality 

CVS FACTORS 

Age 
Preoperative renal failure 
Pre- or postoperative 

cardiac arrest 
Low preoperative cardiac 

index «2.02 liters/ 
minlsqm) 

High LVEDP > 17 
mmHgb 

Long period on bypass 
or ctoss-aortic 
clamping 

HEPATIC FACTORS 

Cirrhosis (end-stage) 
Massive hepatic necrosis 
Persistent biliary 

obstruction 

aCVS = cardiovascular system. 

TRAUMATIC FACTORS 

Sepsis 
Massive transfusion (> 30 

units) 
Major injury to abdomen, 

thigh, head, and cervical 
spine 

Presence of skin loss and 
muscle damage 

PULMONARY FACTORS 

Endotoxic and septic edema 
Neurogenic edema 
Gastric aspiration 
Massive pneumonic 

consolidation 

bLVEDP = left ventricular end-diastolic pressure. 

ing aortic aneurysms. If renal failure develops 
postoperatively, then mortality is particularly 
high, ranging from 38 to 88% (94, 96}. Once 
again, age, cardiac disease, pre-existing renal 
damage, massive transfusion requirements, 
prolonged hypotension, and cross-aortic clamp
ing play a part in the development of ARF. 
Every effort is made with intravenous feeding 
and prophylactic hemodialysis to keep pace 
with the hypercatabolic state that characterizes 
these patients. 

Turning to the patients with hepatorenal 
failure (see chapter 11) whose pathophysiology 
includes hypovolemia, vasomotor nephropathy, 
drug toxicity, endotoxemia, hyperbilirubine
mia, and sepsis, treatment with both hemodi
alysis, peritoneal dialysis, and hemoperfusion 
has led to recovery of renal function determined 
by the type of hepatic disease and its revers
ibility and the ability of the liver to regen
erate over a period of time following toxic 
or inflammatory necrosis. Obstructive jaun
dice, if relieved, holds the best prognosis 
(>75%) followed by reversible causes of he
patic necrosis (viral hepatitis and a proportion 
of patients with toxic hepatic damage) where, 
if dialysis and nutritional support is maintained 
for weeks, recovery ranges from 30 to 50%; 
end-stage necrosis holds the worst prognosis 
« 10%), and here hepatic transplantation 
seems to offer the only hope for recovery of 
renal function (76, 81, 97J. 

In considering ARF developing with 
trauma, various factors emerge to determine 
the outcome, however well the electroylyte ab
normality and calorie deficit is corrected. 
Where shock has remained uncorrected with 
blood and flows for longer than four hours and 
where transfusion needs have exceeded four 
times the circulating volume, prognosis is 
worsened (90}. Trauma to the abdomen with 
its accompanying sepsis, to the thighs with 
rhabdomyolysis and to the head and neck-all 
carry an increased mortality (98}. Combined 
skin burns and muscle damage carry a worse 
mortality (99, 100}. 

In our experience, every patient who did not 
survive after initially doing well from resusci
tation and dialysis was found to be harboring 
occult collections of sepsis, dead tissue, or un-
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suspected bowel perforation. Repeated pressure 
must be maintained on all the surgical teams 
to explore and remove all unviable tissue at an 
early stage [10 I}. Computerized tomography 
scanning may now reveal collections of sepsis 
and cystic gas containing tissue and has been of 
particular use in the surgical management of 
acute pancreatitis (102}. 

One further risk factor, artificial ventilation, 
adds to the complications of acute renal failure; 
patients managed in an intensive care area with 
ventilation have a different prognosis from 
those managed in a renal unit without ventila
tion [91}. The degree of shock, pulmonary 
edema, acute pancreatitis, sepsis, and endotox
emia usually leads to the patient being venti
lated despite a full trial of pharmacological 
measures to combat edema [l03}. Dialysis in 
this situation gives the opportunity to correct 
fluid overload, raise the oncotic pressure by re
moval of fluid, and administer albumin. Posi
tive pressure ventilation also helps diminish the 
collection of edema. 

Colonization of the edematous uremic lung 
is a serious complication and increasing diffi
culty in maintaining adequate oxygenation a 
serious prognostic sign. Despite early tracheos
tomy construction, aspirates of gastric bacteria 
still take place 1fi antacid-treated patients 
(104}. 

Once the pulmonary edema clears, the ven
tilation can be adjusted, usually by a period of 
intermittent mandatory ventilation to normal 
respiration. The nephrologist's task is to re
verse the collection of analgesic depressant 
drugs, to ensure that the patient is not hypo
phosphatemic from repeated dialysis, and to 
anticipate rises in potassium as relaxants are 
withdrawn-which also lead to partial ileus 
and large quantities of gut fluid being reab
sorbed at this time. 

The overall mortality of ARF is improving 
as problems are anticipated, nephrotoxic drugs 
are avoided, and nephrologists demand more 
from their colleagues to correct other system 
failure [l05}. 
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1 Introduction 
In 1959, Maxwell et al. [l} introduced a sim
plified technique of peritoneal dialysis using a 
single disposable peritoneal catheter, commer
cially produced sterile dialysis solutions, and 
disposable tubing sets. Peritoneal dialysis (PD) 
became practicable as a clinical routine, and its 
effectiveness for controlling abnormalities of 
acute uremia was soon confirmed on a large 
number of patients. However, a high incidence 
of peritonitis remained associated with this 
technique. Effective prevention of peritoneal 
infection was made possible by the develop
ment of a closed dialysate delivery circuit with 
an automated cycling machine by Boen in 
1962 {2} and was later improved when Tenck
hoff introduced a bacteriologically safe perma
nent peritoneal access in 1968 {3}. These ad
vances were primarily intended for treatment of 
end-stage renal disease, as was the new mode 
of PD introduced by Popovich et al. in 1976 
{4}. However, these remarkable technological 
and conceptual innovations have strongly influ
enced the technique and indications of PD in 
acute renal failure (ARF). 

In this chapter, our goal will be to review 
the technical aspects of PD and also to analyze 
the advantages and shortcomings of this di
alysis method when it is utilized in patients 
with ARF. 
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2 Kinetics of Peritoneal Dialysis 
Following the pioneering work of Boen {5}, a 
considerable wealth of knowledge has been 
gathered on the physiology of the peritoneum 
and the kinetic of peritoneal transport {6, 7}. 
A brief overview of the main functional char
acteristics of PD is presented here to emphasize 
the factors that affect the removal of uremic 
toxins and/or fluid across the peritoneal mem
brane. 

The peritoneal blood flow rate, the dialysate 
flow rate, and the mass transfer area coefficient 
are the three dominant parameters determining 
the peritoneal clearance of urea {6}. The mass 
transfer area coefficient is a measure of the max
imum possible dialysis clearances that would 
occur if the dialysate metabolite concentration 
level was maintained at zero at all times. The 
relative values of the blood and dialysate flow 
rates and the mass transfer area coefficient are 
the limiting factors of peritoneal clearance. At 
infinite blood and dialysate flow rates, the 
clearance value will equal the mass transfer area 
coefficient value and is therefore mass-transfer 
limited. If the dialysate flow rate is lower than 
the mass transfer area coefficient, the clearance 
will become dialysate-flow-rate limited. At 
lower dialysate flow rate, the clearance will 
equal the value of dialysate flow rate including 
ultrafiltration volume, as in continuous ambu
latory peritoneal dialysis (in the range of 5 to 8 
ml per minute). The peritoneal clearance of 
urea increases to a value of 30 to 35 mllmin 
with increases in dialysate flow rate in the 
range of 70 to 80 ml/min; at higher dialysate 
flow rates, very small increments of urea clear-
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ance will be observed as mass transfer area coef
ficient becomes the limiting factor. Therefore, 
the optimum urea clearance to be expected in 
clinical PD equals at most one-fifth to one
sixth of the clearance of modern artificial kid
neys. In practice, the limited efficiency of PD 
should always be kept in mind when using PD 
in the context of acute renal failure. Prolonging 
the duration of dialysis (i.e" continuous di
alysis) will often be necessary to control ade
quately uremic abnormalities (8}. 

The factors affecting the efficiency of PD are 
listed in table 24-1. Changes in membrane 
permeability may be permanent, such as re
duced effectiveness induced by anatomical fac
tors (e.g., peritoneal adhesions, vascular disease 
of the splanchnic arterial bed). They may also 

TABLE 24-1. Factors affecting the effectiveness of 
peritoneal dialysis 

1. Diffusion 
A. Increasing with 

higher dialysate flow rate (up to 80 mllmin) 
larger dialysate volume per exchange 
ultrafiltration rate 
increased dialysate temperature 
peritonitis (increased permeability of the 

peritoneal membrane) 
use of various drugs (intraperitoneal and/or 

systemic) 
B. Decreasing with 

lower dialysate flow rate 
alterations in permeability of the peritoneal 

membrane (e.g., vascular disease, 
peritoneal sclerosis) 

patients with acute renal failure secondary to 
heat stroke, hemolysis 

low dialysate temperature 
severe hypotension, shock (decreased 

splanchnic blood flow) 
loss of peritoneal surface area (e.g., adhesions 

with loculations of dialysis fluid, extended 
resection of bowel and mesenterium) 

ileus 
II. Convection 

A. Increasing with 
osmolality of dialysis solution 
optimal dwell time 

B. Decreasing with 
peritonitis (higher permeability to small 

solutes) 
reduced surface area (adhesions) 
loculation of dialysis fluid 
serum hyperglycemia 
too long a dwell time 

be transient as the increase in the permeability 
of the peritoneum induced by peritoneal in
flammation, which improves peritoneal clear
ances, reduces the capacity of the peritoneum 
to ultrafiltrate and increases protein losses (9}. 

Ultrafiltration in PD is accomplished by cre
ating a gradient of osmotic pressure between 
dialysis solutions and blood (1O}. Dialysate is 
rendered hyperosmolar by its high glucose con
tent (15 gil to 42.5 gil; 83 mmolll to 233 
mmoll 1). Dialysate hyperosmolality is the driv
ing force for the transport of water from blood 
to the peritoneal cavity. This process is self
limited, as glucose concentration in dialysate 
decreases exponentially with time. The dissi
pation of the osmotic gradient is explained (a) 
by the addition of plasma water to dialysis fluid 
and (b) by the rapid loss of glucose passing into 
the blood stream. Convective transport has a 
small but definite influence on urea removal. 

The permeability characteristics of the peri
toneal membrane also allow the transfer of 
large molecular species. Proteins, including al
bumin, transferrin, and immunoglobulin have 
all been found in the peritoneal fluid following 
various diffusion times (11}. The resulting pro
tein loss is usually moderate (6 to 15 glday ac
cording to the dialysis schedule), but it may 
increase to a high level in peritonitis and con
tributes significantly to the negative nitrogen 
balance observed in this setting. 

In infants and small children, the peritoneal 
surface area in relation to body weight is 
greater than in the adults, and PD is more ef
ficient in this group of patients (12]. 

3 Technical Aspects of Peritoneal Dialysis 
In this section, an overview of the various tech
niques of PD will be presented. The reader 
looking for more detailed information concern
ing the realization of a dialysis session should 
refer to the selected references where catheter 
placement and connect-disconnect procedures, 
preparation of the dialysate delivery circuit, 
and automated equipments are described in de
tail (13-15}. 

3.1 PERITONEAL CATHETERS 

PD requires the creation of a peritoneal access 
to the peritoneal cavity, which will permit the 
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instillation and drainage of dialysate through 
repeated cycles. 

3.1.1 Catheters Two main types of perito
neal catheters are available; the rigid disposable 
plastic catheters [16} and soft indwelling silas
tic catheters [3}. Both types of catheters have 
an intraperitoneal segment with multiple small 
holes in the distal 7.5 cm. They are supplied 
in two sizes, one for adult, the other for chil
dren and infants. The rigid nylon catheter in
tended for acute use only is disposable and 
should be removed after each dialysis session. 
The "acute" indwelling catheter developed by 
Tenckhoff [l7} incorporates a dacron felt cuff 
on its subcutaneous portion: tissue ingrowth 
into the dacron anchors the tube more firmly 
in position and minimizes the likelihood of 
bacterial ingress through the sinus tract around 
the tubing. 

3.1.2 Disposable Versus Indwelling Catheter In 
our OplnIOn, indwelling silastic catheters 
should always be preferred except in the follow
ing circumstances: (a) acute emergencies (e.g., 
hyperkalemia, pulmonary edema) where insert
ing a catheter at the bedside with a stylet 
method may be life saving; (b) cases of ARF 
where only one dialysis lasting at most 48 
hours is planned; (c) waiting procedure prior to 
the placement of an indwelling catheter; and 
(d) in cases of failure to drain with a Tenckhoff 
catheter due to one-way obstruction. Despite 
slightly more complex implantation proce
dures, indwelling silastic catheters offer many 
advantages: better lfflgation characteristics 
(shorter infusion and drainage times); less ab
dominal discomfort; possibility to mobilize the 
patient during dialysis and also to dialyze in 
the sitting position or ambulatory; easy initia
tion and discontinuation of PD by nursing per
sonnel, facilitating frequent dialysis; and single 
permanent peritoneal access in case of pro
tracted anuria. 

3.1.3 Catheter Placement Peritoneal catheters 
can be implanted using a stylet [l6}, using a 
trocar [3, 17}, or with a surgical technique un
der local anesthesia. In our unit, the latter is 
mastered by trained nephrologists and is almost 
exclusively used, as it permits catheter place-

ment under direct vision control, so eliminat
ing the hazards of blind catheter insertion, par
ticularly bowel perforation or mesenteric vessel 
wall erosion [l8}. Without going into details 
of placement procedures, we stress here the 
main rules to be adhered to for a safe implan
tation. Even in an emergency, adequate psy
chological (in conscious subjects) and physical 
preparation is mandatory. To obtain the pa
tient's cooperation during catheter placement, 
the operator, after a careful physical examina
tion of the abdomen, should give the patient a 
detailed description of the procedure prior to 
operation; explanation should be reiterated step 
by step during implantation. The bladder 
should be empty, either by asking the patient 
to void or by urethral catherization. Prevention 
of infection should be a major concern. The ab
domen will be carefully shaved from xyphoid 
to symphysis; the surgical field, disinfected 
with povidone iodine widely applied on the ab
dominal wall with particular attention to the 
umbilicus, will be carefully draped. The rules of 
surgical asepsy should be strictly respected by 
the operator and all bystanders, whether the 
placement is done at the bedside or in the op
erating room. Whenever a blind technique is 
used (stylet or trocar), it is safer to instill two 
liters of dialysis fluid in the abdomen, either 
prior to operation using a standard I8-gauge 
needle or at the time of operation by burying 
the perforated part of the catheter into the peri
toneal cavity. Sites for implantation are the 
midline of the abdominal wall, 3 to 4 em be
low the umbilicus, or either fossa iliaca. For 
stylet or trocar insertion, a narrow skin incision 
will ensure postoperative tightness as the sur
rounding tissues will fit snugly around the 
catheter. With a surgical technique, a midline 
incision 4 to 6 em long will permit an easy 
dissection down to the peritoneum. During 
placement, the greatest attention should be 
given to several steps. Avoiding catheter entan
glement in the omentum is essential. When in
serted blindly, the catheter should never be 
pushed in against a resistance; if this happens, 
the catheter should be withdrawn and insertion 
attempted at a different angle. When a surgical 
technique is used, it is easier to pull up the 
omentum with the index finger or a smooth 
forceps toward the epigastric fossa to remove it 
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from the lower abdominal cavity. When the 
catheter is introduced into the peritoneal cav
ity, the operator should make sure that the me
tallic stylet or obturator used to stiffen the 
catheter has its extremity sheathed inside the 
catheter lumen, to prevent accidental erosion of 
the peritoneum and/or a mesenteric blood ves
sel. Before closing the peritoneum, the catheter 
should be checked for ease of irrigation if ade
quate return of the infused fluid is not ob
tained. At the end of the procedure, the peri
toneal cavity should be tightly closed around 
the catheter to prevent postoperative leaks. 

In a patient requiring abdominal surgery in 
whom there is a high probability of acute tu
bular necrosis (A TN) , it is simpler to have the 
catheter placed at the time of operative closure 
for use in the immediate postoperative period. 

3.1.4 Postimplantation Care After catheter 
placement, the skin exit site should be pro
tected with a closed dressing made with 10 x 
10 cm square gauzes, cut to fit around the tub
ing. PD should be started as soon as possible 
using heparinized dialysis fluid. During the 
first 48 hours, small volumes of dialysate 
(about 1 I per exchange) should be used to 
minimize the likelihood of dialysate leakage. 

3.2 PERITONEAL DIALYSIS SOLUTIONS 

3.2.1 Composition Irrigation of the perito
neal cavity requires sterile apyrogenic solu
tions, either commercially produced and ready 
mixed, or prepared at the bedside by propor
tionate mixing of a concentrate with reverse
osmosis-treated water (l9}. To prevent the 
rapid absorption of dialysate in the vascular 
compartment and to permit fluid removal, all 
dialysis solutions are made hypertonic with the 
addition of glucose. Table 24-2 shows the 
composition of standard dialysis solutions avail
able on the market. Over the years, guidelines 
have been proposed to standardize the formulae 
[20}, and commercially produced dialysates 
have very similar electrolyte content. The three 
main formulae are characterized by increasing 
osmolality with the glucose concentrations of 
82.5, 137.5, and 233 mmolll (1.5, 2.5 and 
4.25 g/dl), respectively. Calcium and magne-

TABLE 24-2. Composition of the most commonly 
prescribed peritoneal dialysis solutions 

Solution Compositions available 

Glucose (mmol/l) 83 137 233 
Sodium (mmolll)" 135 135 135 
Chloride (mmol/l) 105 105 105 
Lactate (mmolll)b 35 35 35 
Calcium (mmolll) 1. 75 1.75 1. 75 
Magnesium (mmolll) 0.75 0.75 0.75 
Potassium (mmolll)' 0 0 0 
Total osmolality 359.5 414.5 510 

(mOsm/kg) 

aSodium concentrations of 130, 132, 137, and 140 mmolll are also avail
able. 
h Acetate is used instead of Ianace by cercain pharmaceutical companies. 
(Some formulae include potassium chloride at a concentration of 2 mmolll. 

sium levels of 1. 75 and 0.75 mmolll, respec
tivel y, are standard, although a lower magne
sium concentration seems commendable to 
obtain a better control of hypermagnesemia. 
Potassium-free dialysate is administered in 
most patients with ATN as potassium removal 
is slow in PD. However, potassium should be 
added to prevent myocardial irritability and 
potentially lethal arrhythmias that could be in
duced by sudden serum potassium changes in 
digitalized patients or in malnourished subjects 
dialyzed continuously for several days. Bicar
bonate cannot be included in preparations con
taining calcium and magnesium. Lactate and/ 
or acetate in a concentration of 35 mmolll are 
used instead as a source of bicarbonate: a 
slightly higher concentration (38 to 40 mmoll 
I) would permit a more complete correction of 
metabolic acidosis. 

There are two concentrate solutions for use 
with reverse osmosis machines: a glucose and 
electrolyte concentrate used for preparing di
luted dialysate with 82.5 mmolll 0.5 g/dl) 
and 135 mmolll sodium; a pure glucose con
centrate containing 2.75 molll (50 g/dl) glu
cose, used for adjusting the dextrose content of 
the final dialysate, according to the patient's 
needs. 

3.2.2 Conditioning Today, most dialysis so
lutions are available in two- to three-liter plas
tic bags and in ten-liter plastic containers. 
Plastic bags and containers offer many practical 
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advantages by comparison with the classic one
to two-liter glass bottles. However, it is im
possible to guarantee the absolute sterility of 
their content at the time of use, particularly 
when they are made of thick translucent plastic 
material. To obviate the risk of peritoneal in
fection from a dialysis fluid contaminated dur
ing storage, we routinely use an 0.22 f.Lm pore 
bacteriological filter (Twin 90, Millipore, Bed
ford, Ma.) placed in the dialysate infusion line 
{21}. 

3.2.3 Additives Addition of various drugs to 
the dialysate is indicated in various circum
stances. Heparin (100 to 1,000 I.V.lI), pre
scribed after catheter implantation to prevent 
plugging of the catheter lumen by clots in case 
of postoperative bleeding, is also considered as 
a useful adjunct in the treatment of peritonitis. 
Systemic blood coagulation was not affected by 
1,000 I. V. doses of intraperitoneal heparin 
{22}. 

Addition of antibiotics to dialysis solution is 
an important aspect of the treatment of perito
neal infection. Penicillin G, methicillin, am
picillin, cephalothin, nafcillin, carbenicillin, 
vancomycin, kanamycin, tobramycin, genta
mycin, 5-fluorocytosin, and amphothericin B 
have all been used in various protocols. How
ever, few studies have demonstrated that these 
antibiotics retain their full activity with time 
once added to the dialysate. In one study, the 
deactivation of kanamycin added to fresh ready
mixed dialysis solutions amounted to 30% of 
initial dosage at 24 hours {23}. Similar effects 
were observed in another study when antibiot
ics were added to commercially produced con
centrates: after 24 hours gentamicin retained 
80% of its activity, nafcillin 70% activity, 
cephalothin and penicillin G less than 50% ac
tivity {24}. 

When prescribing several additives in the 
same solution, the physician should be aware of 
the possible interference between drugs. For in
stance, heparin has been shown to have adverse 
effects on gentamicin activity in blood {25}. 
However, if the final concentration of heparin 
and gentamicin in the dialysate is kept at 1 
I. V.lml and 10 f.Lgiml, respectively, the activ
ity of both drugs will be preserved {26}. No 

significant deactivation of tobramycin was ob
served after 48 hours in dialysate containing 10 
f.Lg/ml tobramycin and 1 to 2 I. V.lml of hep
arin {27}. 

Insulin addition to dialysate has been shown 
to effectively control hyperglycemia and to ob
tain excellent control of blood sugar in diabetic 
patients {28}. 

Various vasoactive substances have also been 
added to dialysate in order to modify mass 
transfer rates across the peritoneal membrane, 
but the clinical implications of these investi
gations have not yet been fully elucidated {29, 
3D}, 

3.3 IRRIGATION OF THE 
PERITONEAL CAVITY 

3.3.1 Manual Techniques The use of a 
straight polyvinyl chloride tubing to connect 
the peritoneal catheter to the dialysate bag 
from both infusion and drainage, as originally 
described by Maxwell et al. {l}, remains the 
simplest technique for irrigation of the perito
neal cavity. However, to obtain adequate dialy
sate flow rates, fresh dialysis solution has to be 
exchanged at frequent intervals (once or twice 
an hour). These time-consuming procedures ex
pose the peritoneal cavity to a high risk of bac
terial contamination due to the repeated open
ings of the dialysate delivery circuit. 

3.3.2 Automatic Cyclers Several models of 
automated equipments have been designed for 
the delivery of dialysis solutions with a closed 
circuit. They derive from the original concept 
of Boen {2}, and they utilize commercial ready
mixed solutions. Several 2-1 bags or 10-1 con
tainers are assembled in series or in parallel to 
form a single reservoir, with a total volume of 
dialysate proportional to the planned duration 
of dialysis to the expected dialysate flow. Au
tomatic cyclers consist of three electric clocks 
activating two electric clamps controlling the 
succession of unlimited number of PD cycles, 
each cycle comprising three periods, one for in
fusion, one for diffusion (dwell time), and one 
for drainage of the dialysis fluid. The delivery 
circuit, including interconnecting tubings for 
peritoneal irrigation and drainage, is available 
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in disposable sets specially designed for a given 
equipment. 

3.3.3 Reverse Osmosis Machines These PD 
systems use reverse osmosis to produce sterile 
apyrogenic water from tap water. Dialysis so
lutions are prepared by a proportioning pump 
that mixes one volume of glucose electrolyte 
concentrate to 19 volumes of reverse osmosis 
treated water; to the mixture, a variable 
amount of dextrose concentrate is added to 
modulate the glucose concentration of the final 
dialysate according to the patient's needs {19}. 
The safety of this system depends on the per
fect quality of the reverse osmosis modules that 
should be disinfected with 3% formalin after 
each use and that should be tested every three 
months for intactness of the membranes. The 
use of reverse osmosis machines in the intensive 
care unit necessitates well trained personnel, 
precisely defined protocols for sterilization and 
rinsing procedures, and a closely controlled 
maintenance program to prevent the risk of 
bacterial contamination of the equipment [31}. 

3.3.4 Dialysis Schedules Peritoneal dialysis 
may be administered according to a wide spec
trum of schedules [32}. In practice, the two 
main modes are periodic PD (improperly 
termed intermittent peritoneal dialysis) and con
tinuous equilibration [33} or low-flow PD 
[34}, both deriving from the concept of contin
uous ambulatory peritoneal dialysis (CAPD) 
used in patients with end-stage renal disease 
[6}. In periodic PD, dialysate flow rate is kept 
in the high range (between two and six liters 

per hour) with a dwell time of 2 to 30 min
utes. The dialysis session may last 12 hours or 
be continued without interruption during sev
eral consecutive days. The interval between the 
sessions and the duration of each dialysis are 
determined according to the patient's catabolic 
state and the peritoneal urea clearance [5, 6, 8}. 

In continuous equilibration PD [33, 34J, 
the dwell time is prolonged up to three or six 
hours (four to eight exchanges per day). In this 
setting, the peritoneal clearance of urea equals 
the volume of drained peritoneal fluid (i.e., in
fused dialysate volume plus ultrafiltration vol
ume). 

The volume of dialysate infused at each ex
change is standardized at two liters in adults 
and at 50 ml per kg body weight in infants. 
The dialysate infusion volume should be re
duced soon after catheter implantation, after 
recent abdominal surgery, and in patients with 
acute or chronic respiratory insufficiency. 

The choice of dialysis solutions will be de
cided on by considering the' type and severity 
of water and electrolyte imbalances observed in 
the individual patient. This choice should be 
adapted daily in case of long-lasting dialysis 
sessions to prevent the occurrence of hyperna
tremia or extracellular volume depletion. Di
alysis fluid with high-dextrose concentration 
may also be required to maintain fluid balance 
in patients receiving large daily volumes of in
travenous fluid for parenteral nutrition. Table 
24-3 presents rough estimates of ultrafiltration 
rates that can be expected as a function of di
alysate osmolality and duration of dwell times. 
However, as the capacity of the peritoneum to 

TABLE 24-3. Approximate ultrafiltration rates obtained with intermittent (periodic) peritoneal dialysis (IPD) 
and continuous equilibration peritoneal dialysis (CEPD) using three dialysate formulae and various dwell times 

Duration 
of dwell 
time 
(minutes) 

Dialysate glucose concentration mmol/l (g/dl) 

PD technique 

IPDa 

CEPDb 

20 
180 
340 

83 (1.5) 

300-lO00 
200-400 
lOO-300 

'Fluid removal per 24 hours: compiled from [35} and from our personal experience (unpublished data). 
bFluid removal per two-liter exchanges: compiled from [36} and [37J. 

137 (2.5) 

3000-4000 
300-500 
200-400 

233 (4.25) 

6000-7000 
600-1000 
600-800 
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ultrafiltrate varies greatly between patients, the 
effect of dialysate composition on ultrafiltration 
rates should be carefully monitored in each pa
tient. 

3.3.5 Monitoring In patients with ARF, 
peritoneal dialysis is in most cases only one as
pect of a complex therapeutic approach, includ
ing respiratory care, parenteral nutrition, and/ 
or postoperative care. Peritoneal dialysis proce
dures should be mastered by the nursing per
sonnel of the intensive care units. Nursing pro
tocols should be established with three major 
aims: (a) prevention and early detection of peri
toneal infection; (b) maintenance of an ade
quate fluid and electroylte balance; and (c) pre
vention of severe hyperglycemia. 

Strict adhesion to sterile procedures by phy
sicians and nursing staff is a must during cath
eter implantation and whenever manipulations 
of the dialysate delivery circuit are required. 
The higher risk of contamination is at the time 
of bottle or bag exchange of fresh dialysate, 
particularly when a manual technique and a 
rewarming bath are used. The drained perito
neal fluid should be checked at frequent inter
vals to detect without delay the appearance of 
a cloudy dialysate heralding a peritonitis epi
sode. 

Meticulous recording of fluid intake and out
put is essential. Errors in cumulative fluid bal
ance may occur as a consequence of underesti
mated leaks around the peritoneal catheter or 
through peritoneal drains, but also because the 
dialysate content of commercial containers is 
often larger than indicated on the label (38J. 
The physician's prescription should include 
predetermined levels of positive or negative 
balances, beyond which the physician should 
be notified. 

In the diabetic patient or in patients in 
whom the protracted use of high-dextrose
content dialysate is deemed necessary, blood 
glucose levels should be monitored every three 
to four hours. Regular insulin should be added 
to the dialysate or given subcutaneously to 
maintain blood glucose in a safe range (i.e., 
below 16.5 mmol/l or 300 mg/dl). Insulin 
should be witheld four hours before discontin-

uing dialysis to prevent severe postdialysis hy
poglycemia. 

3.4 HAZARDS AND COMPLICATIONS 
OF PERITONEAL DIALYSIS 

The hazards and complications of PD have been 
thoroughly reviewed in recent years (39, 40} 
and are listed in table 24-4. In the following 
section, we discuss in detail only those prob
lems that are frequently encountered in the 
context of acute renal failure. 

3.4.1 Complications Related to Catheter P lace
ment and Function Most of the complications 
related to catheter placement can be prevented 
by careful preparation of the patient and use of 
a meticulous surgical technique (18J. 

Bleeding mostly comes from the abdominal 
wall. The peritoneal fluid, initially pink or 
grossly bloody during the first exchanges, has a 
tendency to clear spontaneously. A colorimetric 
estimation of the degree of bleeding with time 
is obtained by saving aliquots of drainage fluid 
every two hours. Attempts to stop persisting 
bleeding include the following: (a) injection of 
sterile saline around the plastic catheter to cre
ate a high tissue pressure acting as an internal 
tourniquet; (b) placement of a deep purse 
string around the catheter; and (c) discontin
uation of heparin addition to the dialysis fluid. 
The latter may result in catheter plugging by 
clots. Catheter disobstruction may be obtained 
by the introduction of streptokinase or uroki
nase (2 500 000 1. U .II) in the catheter lumen. 

One way obstruction, the most frequent mode 
of catheter dysfunction, may be due to organic 
causes: catheter entanglement in the perito
neum; catheter encasement by surrounding tis
sues (particularly in case of peritonitis); inter
nal obstruction due to suction of peritoneal 
fringes into the catheter lumen when wall per
forations are too large; dislodgement of the in
traperitoneal segment of a silastic catheter from 
the pelvis gutter. However, catheter failure to 
drain is most commonly functional and in some 
way related to bowel function (13J. Bowel 
stimulation by a suppository or a small enema 
will often re-establish a satisfactory catheter 
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TABLE 24-4. Hazards and complications of peritoneal dialysis 

I. Related to peritoneal catheter 
Bleeding (intraperitoneal; parietal) 
Dialysate leakage around catheter 
Hollow viscus perforation (bowel, bladder) 
Preperironeal placement 
Catheter dysfunction: 

two-way obstruction 
one-way Obstruction (failure ro drain) 

Skin exit infection 
Accidental catheter removal (unconscious agitated patients) 
Dissection of dialysate into the subcutaneous tissue 

II. Pain 
Localized 

Permanent or at the end of drainage: pressure of the catheter tip on the peritoneum 
During infusion: 

hypertonic and/or low pH dialysate 
incarceration of tissue inside holes of the catheter 

Diffuse 
During infusion only: high dialysate flow rate and pulsatile flow from roller pump 
At the end of infusion: distention of abdominal cavity from excessive dialysate volume 
Permanent (with rebound tenderness): peritonitis 

III. Related ro irrigation of the peritoneal cavity 
Peritonitis 

Infectious peritonitis 
Aseptic peritonitis: "chemical peritonitis"; endotoxin containing dialysate 

Pleuropulmonary complications 
Basal atelectasia 
Pneumonia 
Bilateral pleural effusion 
Massive hydrothorax 
Hypoventilation and hypoxemia 

Cardiovascular complications 
Reflex bradycardia 
Arrhythmias 
Hypotension and shock 

Metabolic consequences 
Extracellular volume depletion or excess 
Water deficit (hypernatremia) 
Hypokalemia 
Hyperkalemia (hypercatabolic patients) 
Metabolic alkcalosis 
Persisting lactic acidosis in liver-failure patients dialyzed with lactate containing dialysis solutions 
Hyperglycemia 
Protein losses 

flow and should always be tried first in order to 
avoid unnecessary catheter procedures. 

3.4.2 Abdominal Pain Pain is more com
monly observed with rigid plastic catheters. 
Persisting localized pelvic pain or intermittent 
pain occurring when drainage is completed re
sults from pressure of the catheter tip on pos
terior parietal, rectum, or bladder peritoneum 
and is prompty relieved by withdrawing the 

catheter one or two centimeters. 
Diffuse abdominal pain occurring at the end 

of infusion is often associated with respiratory 
embarrassment. It results from too large a vol
ume of infused dialysate or from the accumu
lation of fluid in the peritoneal cavity due to 
incomplete drainage during several successive 
dialysis cycles. It requires complete evacuation 
of the peritoneal fluid by prolonged drainage 
and subsequent adjustment of the volume of 
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infused dialysate and of the duration of drain
age time. 

When dialysis lasts more than 24 to 36 
hours, diffuse permanent abdominal pain, rec
tus muscle pain at the costal margin, and 
shoulder pain referred from the diaphragm are 
frequently present. They do not indicate bac
terial peritonitis and vanish in a few hours after 
dialysis discontinuation. 

3.4.3 Peritoneal Infection Bacterial peritoni
tis remains the most feared complication of 
peritoneal dialysis. Exogenous contamination of 
the peritoneum occurs through the catheter lu
men or across the abdominal wall through the 
sinus tract around the catheter. Contaminated 
dialysis solutions at time of dialysate exchange 
(particularly when a rewarming bath is used), 
negligent connect-disconnect procedures, or ac
cidental opening of the dialysate circuit are the 
main causes of exogenous peritoneal infection. 
This may also occur from a defective reverse 
osmosis module when a reverse osmosis ma
chine is used. Endogenous contamination re
sulting in secondary bacterial peritonitis [41} is 
due to acute visceral diseases such as appendi
citis, cholecystitis, diverticulitis of the colon, 
or perforation of the bowel. 

The diagnostic criteria of peritonitis are both 
clinical and bacteriological including at least 
two of the following: (a) symptoms and signs 
of peritonism; (b) cloudy dialysate effluent; (c) 
positive cultures of the peritoneal fluid. A 
cloudy effluent is a constant finding. Diffuse 
abdominal pain, rebound tenderness, and fever 
are observed in more than 50% of the cases. 
Nausea, vomiting, ileus, or diarrhea are less 
frequent (10 to 30% of the cases). 

Peritoneal fluid cultures are the cornerstone 
of the diagnosis. An adequate methodology 
should be used to obtain a high percentage of 
positive cultures [42}. Peritoneal fluid speci
mens should be transferred without delay to 
the microbiology laboratory. Appropriate me
dia should be used for aerobic, anaerobic and 
fungal cultures. Cultures should be kept in the 
oven for at least one week (aerobic organisms) 
or two weeks (anaerobic organisms) to allow 
time for growth of fastidious organisms. 

Gram staining of the peritoneal fluid is a 

useful diagnostic tool when peritonitis is sus
pected: organisms seen on direct examination 
in 30 to 40% of smears give a 'useful clue as to 
the choice of the initial antibiotic before the 
results of cultures become available. 

Cell numeration in the peritoneal fluid adds 
little to the diagnosis since an increase in the 
number of cells is detectable by the naked eye 
beyond 50 cells per mm3 . A differential cell 
count showing more than 50% polymorphonu
clear and its return to a normal pattern is use
ful for monitoring the effectiveness of anti
biotic therapy. 

The most common infectious agents are 
Gram-positive cocci (i.e. Staphylococcus epi
dermidis, Staph. aureus, Streptococcus viri
dans, Enterococcus) and Gram-negative bacte
ria (i.e., Enterobacteriaceae, Pseudomonas sp., 
Acinetobacter sp.). Yeasts (Candida sp.), 
fungi, and anaerobic species are less frequently 
encountered. The simultaneous identification 
of several organisms in the same culture (par
ticularly Gram-negative bacteria together 
with yeasts andlor anaerobic bacteria) is 
highly suggestive of fecal leakage from the 
bowel. 

To maintain a low incidence of peritoneal in
fection in patients receiving PD in the inten
sive care unit, an active prevention program 
should be established with the nursing staff. 
Precise protocols should be designed concern
ing catheter care, connect-disconnect proce
dures, and preparation of automated equip
ments. With manual techniques, plastic bags 
should be preferred and rewarming baths aban
doned. A closed-dialysate-delivery circuit should 
be used whenever possible. The use of inline bac
teriological filter on the dialysate infusion line 
[21, 43} will further reduce the potential risk of 
peritoneal contamination from infected dialysis 
fluids. Routine disinfection of reverse osmosis 
machines with 2 to 4% formalin after each use 
and frequent checks on membrane integrity are 
mandatory with this type of equipment [31}. 
Finally, as the incidence of peritonitis rises 
with the duration of dialysis (at least with 
manual techniques), limiting each dialysis ses
sion to less than 72 hours is another useful pre
ventive measure [44}. Antibiotic prophylaxis 
showed no benefit in several studies and adds a 
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potential risk of selecting antibiotic-resistant 
strains and of facilitating Candida peritonitis. 

The management of peritoneal infection 
includes both intraperitoneal and systemic an
tibiotic treatment [42}. Peritoneal lavage re
moving fibrin and cellular debris is instituted 
after completion of diagnostic procedures. 
Heparin should be added to the dialysate at a 
concentration of 500 I. U./ 1. Continuation of 
peritoneal lavage has been proposed until neg
ative cultures have been obtained on three con
secutive days. The usefulness of this procedure 
has recently been questioned [45}. 

Antibiotics are prescribed intraperitoneally, 
systemically, or by both routes. Addition of 
antibiotics to the dialysate according to con
ventional dosages, shown in table 24-5, main
tains bactericidal concentration inside the peri
toneal cavity. Most antibiotics diffuse readily 
across the peritoneal membrane and can attain 
bactericidal serum levels provided their dialy
sate concentration is adequate. An initial load
ing dose given intravenously or intramuscularly 
is recommended to obtain without delay an ef
fective serum concentration. There is a risk of 
antibiotic accumulation in the serum when in
traperitoneal antibiotics are used for several 
consecutive days. Serial serum concentrations 
measured at daily intervals are of particular im
portance to prevent aminoglycoside ototoxicity. 

TABLE 24-5. Recommended antibiotic concentrations 
to be added to dialysis solutions for the 
treatment of bacterial peritonitis 

Antibiotic 
generic name 

Penicillin G 
Cloxacillin 
Ampicillin 
Cephalothin * 
Cefuroxime* 
Carbenicillin 
Tobramycin* 
Gentamicin * 
Kanamycin 
Amikacin 
Vancomycin* 
5-Fluorocytosine 
Amphotericin B 

Recommended 
intraperitoneal dose 
(mg/l) 

50 000 Unitll 
100 
50 

250 
50 

200 
8 
8 

150 
50 
30 
50 

2-4 

• An initial loading dose is recommended to reach serum bactericidal con
centration. This dose can be given parenterally or intraperitoneally. 

A practical antibiotic regimen includes the 
addition of 200 mg cephalothin per liter dialy
sate as initial therapy. If Gram stains and/or 
cultures show the presence of Gram-negative 
bacteria in the peritoneal effluent, tobramycin 
(8 mgll dialysate) should be added too. Such an 
antibiotic association has a broad activity spec
trum and is effective against most bacteria 
[42}. Kanamycin [23} or trimethoprim sulfa
methoxazole [46} have also be proposed as the 
initial antibiotic, but this choice should be re
vised later according to the in vitro sensitivity 
testing of isolated organisms. In case of staph
ylococcal infection with a penicillin resistant 
strain, vancomycin has given excellent results 
[47}. 

Fungal peritonitis has been successfully man
aged with intraperitoneal 5-fluocytosine [48}. 
Cure has also been obtained with intraperito
neal andlor intravenous amphotericin B [49}' 
However, catheter removal and discontinuation 
of PD has also been recommended as a safer 
therapeutic approach to fungal peritonitis [50}. 

The resolution of peritonitis should occur 
promptly. If peritoneal fluid cultures remain 
positive after three to five days of adequate an
tibiotic treatment, infection of the sinus tract 
around the catheter or fecal leakage from the 
bowel should be suspected. This is an indica
tion for catheter removal andlor abdominal sur
gery in search of a visceral lesion. 

3.4.4 Pleural and Pulmonary Complications 
Prolonged bed rest, inefficient cough with 
bronchiolar stasis of mucous secretions, and 
limitation of diaphragmatic excursion induced 
by the distension of the peritoneal cavity with 
dialysate may trigger pulmonary or pleural 
complications. Bacterial pneumonia with severe 
hypoxemia may result from latent basal atelec
tasia or from aspiration of gastric content, par
ticularly in patients with hiatal hernias, and 
carries a significant mortality. The prevention 
of these ventilatory disorders necessitates stim
ulation of frequent coughing, deep breathing, 
and forced expiration. 

More exceptional is the occurrence of acute 
massive hydrothorax, either spontaneously or in 
patients with a posttraumatic diaphragmatic 
rent. This complication, revealed by a severe 
dyspnea occurring during the first 24 hours of 
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PD, improves with the cessation of dialysis and 
may require thoracocentesis {51}. 

3.4.5 Cardiovascular Complications Cardio
vascular complications consist of reflex brady
cardia at time of catheter implantation {52} 
with the stylet method and arrhythmias ob
served more commonly in digitalized patients 
who become hypokalemic during dialysis. The 
addition of 4 mmoUl potassium chloride to a 
potassium-free dialysate should maintain an ad
equate serum potassium level and minimize the 
likelihood of myocardial irritability. 

3.4.6 Fluid and Electrolyte Disorders Extra
cellular volume depletion leading to hypovole
mia and hypotension may occur as a result of 
excessive ultrafiltration without compensatory 
sodium and water intake. Instances of extracel
lular volume excess have been ascribed to the 
dissection of dialysis fluid through operative in
cisions of the peritoneum (posterior or anterior) 
into the subcutaneous tissue and to its subse
quent mobilization {38}. 

Hypernatremia with serum sodium concen
tration above 150 mmoUl may lead to obnubi
lation and hyperosmolar coma. This complica
tion has been observed with the protracted use 
of hypertonic solutions providing a negative 
free-water balance. A water allowance equal to 
half the ultrafiltration volume has been sug
gested to prevent this disorder {53}. 

Severe hypokalemia is seldom observed ex
cept in patients unable to eat and receiving 
continuous peritoneal dialysis during several 
consecutive days. In these circumstances, the 
addition of potassium chloride (2 to 4 mmoUl) 
to the dialysate is mandatory. 

Acid-base disorders are very unlikely to oc
cur with the usual concentrations of lactate and 
acetate in dialysis solutions. Metabolic alcalosis 
has been ascribed to the use of dialysis fluid 
containing 42 to 45 mmoUl of lactate {38}. 
Rare instances of persisting metabolic acidosis 
have been reported in patients with severe liver 
failure dialyzed with lactate-containing dialy
sate [54}. 

3.4.7 Metabolic Complications Hyperglycemia 
with blood glucose levels in the range of 10 to 
15 mmol/l (180 to 260 mg/dl) is very com-

mono Severe hyperglycemia leading to hyperos
molar nonketotic coma and convulsions may be 
fatal. It has been observed in patients treated 
with dialysate containing high dextrose concen
tration (233 mmoUl, 4.25 g/dl) used conti.nu
ously for several hours. Alternating "isotonic" 
(83 mmoUl 1.5 g/dl glucose concentration) and 
"hypertonic" (233 mmolll 4.25 g/dl glucose) 
dialysate formulae prevents this complication. 
Close monitoring of blood glucose level and a 
judicious use of insulin as described above (see 
section on monitoring) will prevent this poten
tially lethal complication. 

Protein losses are obligatory during perito
neal dialysis due to the high permeability of 
the peritoneal membrane. The amount of pro
tein lost per dialysis is influenced by the nature 
and type of peritoneal catheter, the duration of 
dwell time, the osmolality and temperature of 
dialysis solutions, and the duration of dialysis. 
It remains in the range of 6 to 12 g/24 hours 
in the absence of peritoneal infection {II}. Five 
to 15-fold increases in protein loss have been 
observed during peritonitis. These losses may 
induce a hypercatabolic state with negative ni
trogen balance, leading ultimately to severe 
protein malnutrition. In this setting, the use of 
parenteral nutrition is mandatory to supply the 
patient with adequate amounts of proteins and 
calories [55}. 

4 Indications 0/ Peritoneal Dialysis in 
Acute Renal Failure 
In spite of remarkable improvements in hemo
dialysis techniques, including high-perfor
mance dialyzers and easier blood connections, 
peritoneal dialysis still remains an essential part 
of the therapeutic armamentarium in ARF. 
However, there is a wide range of opinions re
garding its value, some clinicians considering 
peritoneal dialysis as the treatment of choice 
[56} and others, as a poor substitute of hemo
dialysis except in special circumstances {57}. 

4.1 PERITONEAL DIALYSIS VERSUS 
HEMODIALYSIS IN ACUTE RENAL FAILURE 

By comparison with hemodialysis, PD admit
tedly offers some advantages, such as technical 
simplicity, safety due to the absence of the ex
tracorporeal circuit, no bleeding risk, excellent 
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cardiovascular tolerance, and lower risk of dis
equilibrium syndrome. PO has also recognized 
limitations with a lower effectiveness, the risk 
of peritoneal infection, the need for an intact 
peritoneal cavity offering the necessary tight
ness for intermittent dialysate flow, and an ad
equate membrane surface area, protein losses 
and restrictions to early mobilization of the pa
tient. 

In routine clinical practice, the preference 
for PO is often dictated by logistics or by the 
physician's biases and personal experience. 
However, ARF is a syndrome observed in pa
tients of all ages, with a wide spectrum of eti
ological factors and various degrees of severity, 
depending on the presence or the absence of 
infection, gastrointestinal bleeding, and/or as
sociated multiple organ involvement. It is our 
opinion, therefore, that PO and hemodialysis 
should be seen as complementary to each other. 
By having both dialysis methods available in 
the intensive care unit, the nephrologist may 
provide patients with the most suitable treat
ment at any given time. This view seems jus
tified because most series comparing the out
come of patients with ARF treated either with 
hemodialysis or PO show no difference in the 
success rate with either technique [58}. How
ever, this point should be accepted with cau
tion and should be clarified best by prospective 
studies reevaluating the incidences of compli
cations during hemodialysis or PD, as a recent 
study reported a high incidence or arrhythmia 
and cardiac arrest in peritoneal dialyzed pa
tients with pre-existing heart disease, thus sug
gesting that PO may not be as safe for such 
patients as has been previously contended [59}. 

4.2 GENERAL INDICATIONS 

Peritoneal dialysis may be utilized in all vari
eties of ARF. In obstructive ARF, it is the 
technique of choice to correct hyperkalemia or 
pulmonary edema in a patient requiring gen
eral anesthesia for urologic or surgical proce
dures. In cases of prerenal ARF associated with 
high blood urea levels, PO can be used to per
mit a faster control of uremia. However, PO 
finds its main indications in ATN. In adults, 
PD should be preferred in cases of ARF with
out hypercatabolism, in patients with bleeding 

complications, or in those with predominant 
extracellular volume excess, hypervolemia, and 
cardiopulmonary overload. When there is a 
doubt as to the nature of the renal disease, PD 
remains the best approach since it allows a 
rapid correction of the main acid-base and fluid 
electrolyte disorders, prevents or corrects the 
bleeding tendency of uremia, and buys time to 
assess the patient's status and to decide whether 
to resort to hemodialysis or to continue with 
PD. Patients with severe cardiac disease or 
with a disease of the central nervous system 
will also fare better with PD. In small chil
dren, PO is more efficient than in the adult 
and is preferable in all forms of ARF [60}. 

4.3 SPECIAL INDICATIONS 

4.3.1 Hypercatabolic Acute Renal Failure A 
hypercatabolic state, defined by a high urea 
apparition rate with a daily rise in blood urea 
levels greater than 10 mmolll, is observed in 
ATN complicating accidental trauma, post
operative surgery, severe burns, and leptospi
rosis. In such cases, early institution of dial
ysis, maintenance of a high nitrogen and calo
ric intake during the period of illness, and con
tinuation of periodic PO with adequate dialy
sate flow rates will permit keeping blood urea 
levels below 30 mmolll [8}. If the control of 
uremia remains inadequate despite the above
mentioned measures, hemodialysis should be 
instituted as soon as possible to meet the pa
tient's dialysis needs. 

4.3.2 Acute Renal Failure Following Cardiac 
Operations ARF is a frequent complication of 
operations utilizing cardiopulmonary bypass. 
When this complication is severe enough to re
quire dialysis, it is said to be highly lethal 
[61}. Early institution of dialysis, as little as 
24 hours after oliguria, has been recommended 
to improve the outcome. Although hemodi
alysis can eventually be conducted without ma
jor complications, in such cases the less vigor
ous peritoneal dialysis will give better results 
in patients with extremely unstable cardiovas
cular status [62}. Continuous equilibration 
peritoneal dialysis was highly successful in a re
cent series of ARF after open-heart surgery. 
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Serum urea and creatinine were stabilized at 25 
mmolll and 550 J..Lmolll, respectively, serum 
potassium was constant at 4.6 mmolll, and ex
tracellular volume was controlled satisfactorily 
with 2.3 liters ultrafiltration per day. Hemo
dynamic disturbances were avoided in all pa
tients. Depression of respiratory function due 
to the upward displacement of the diaphragm 
did not occur [63}. 

4.3.3 Acute Renal Failure after Major Abdomi
nal Surgery Several reports have confirmed 
that peritoneal dialysis is technically possible 
after major abdominal surgery (including ab
dominal aortic grafts) and that it can obtain 
satisfactory results [64}. However, the occur
rence of specific complications might be ex
pected, particularly when the posterior perito
neum has been opened or when abdominal 
drains or colostomy are in place. Dissection of 
dialysis fluid in the subcutaneous tissue of the 
retroperitoneal space can lead to scrotal edema 
and pulmonary edema later when the fluid is 
mobilized into the vascular space. Dialysate 
leakage around drains and enterostomies are al
most unavoidable and results in grossly inac
curate fluid balance. Wound dehiscence from 
abdominal distention can occur if too large a 
volume of dialysate is infused with each ex
change or if dialysis fluid accumulates due to 
incomplete drainage during several cycles. In 
our experience, this complication carries a sig
nificant mortality. These potential problems 
are often seen as strong arguments to recom
mend hemodialysis in such patients [65}. 

4.3.4 Secondary Bacterial Peritonitis Complicated 
with Acute Renal Failure An approach to the 
management of patients with secondary bacte
rial peritonitis complicated with ATN is to use 
PD to treat both peritoneal infection and ARF 
[41}. At the end of abdominal surgery and af
ter careful peritoneal toilet, a silastic catheter 
is implanted and peritoneal irrigation is im
mediately initiated. Heparin and appropriate 
antibiotic should be added to dialysis solutions. 
However, this approach is a source of potential 
danger. The respiratory failure that often ac
companies peritonitis may be aggravated, re
quiring mechanical respiratory assistance via an 

endotracheal tube during the period of lavage 
[41}. Peritoneal irrigation per se and the con
siderable protein loss observed in case of peri
toneal inflammation may interfere with wound 
healing of enterostomies and anastomoses. 
Finally, a positive fluid balance may result 
from the decreased capacity of the peritoneum 
to ultrafiltrate during peritonitis [9}. 

4.3.5 Acute Renal Failure and Acute Pancre
atttts In cases of ATN secondary to acute pan
creatitis (see chapter 2), PD offers the potential 
advantage of washing clear the peritoneum of 
pancreatic enzymes (and so limiting autodiges
tion) while correcting uremic waste retention 
and fluid electrolyte imbalances. Monitoring of 
blood glucose is mandatory for the early detec
tion of hyperglycemia and immediate institu
tion of insulin therapy. 

PD has also been proposed in the manage
ment of acute pancreatitis in patients with pre
served renal function [66}. In most. cases, peri
toneal lavage resulted in a marked clinical 
improvement and a decreased mortality. A re
cent study of lipase and amylase peritoneal 
clearances suggests that both enzymes were re
moved by direct spilling into the dialysate 
from necrotic pancreatic and surrounding tis
sues rather than by passive diffusion from peri
toneal capillaries to the dialysate [66}. 

4.3.6 Acute Uric Acid Nephropathy Hyper
uricemia complicating acute leukemia may re
sult in intratubular precipitation of uric acid, 
particularly when the tubular urine is concen
trated and highly acid (see chapter 2). When 
renal failure has set in, only allopurinol and di
alysis have resulted in consistent improvement. 
The use of peritoneal dialysis in several series 
has been accompanied by a prompt lowering of 
the serum uric acid concentration and remark
able recoveries [67, 68}. The peritoneal clear
ance of uric acid is in the range of 10 to 15 
ml/min for a dialysate flow rate of 2 to 4 lIhour 
[5}. 

4.3.7 Acute Renal Failure after Renal Trans
plantation Patients with end-stage renal dis
ease treated by maintenance PD may benefit 
from a renal transplant. With the advent of 
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CAPD, the number of patients reCeiVIng a 
renal graft while treated with peritoneal di
alysis has increased in recent years. Early re
ports suggest that peritoneal dialysis can be 
safely resumed in the postoperative period in 
case of ATN, provided the peritoneal mem
brane is left intact after transplantation {69, 
70}. The usual sterile procedures recommended 
for the prevention of peritoneal infection 
should be strictly reinforced for use of PD in 
such immunocompromised patients. 

4.3.8 Acute Renal Failure Following Adminis
tration of Radiographic Contrast Material ARF 
has been reported with an increasing frequency 
following the administration of large doses of 
iodinated contrast material (see chapter 2). In 
these cases, early institution of peritoneal di
alysis is recommended for preventing uremia 
and pulmonary edema and is also an effective 
method to remove the offending agent. In one 
study, the peritoneal clearance of iodide was 12 
mllmin with two liters 60 min exchanges, and 
56% of iodide was removed during 64 hours of 
intermittent peritoneal dialysis {71}. 

4.3.9 Acute Renal Failure Complicating Ma
laria ARF may cause death in falciparum ma
laria. Hemodialysis, though effective, is not 
commonly available in endemic malarial areas. 
PD is eminently suitable for hospitals in the trop
ics and has been successful in the treatment of 
ARF following malarial hemoglobinuria {72}. 

Studies of peritoneal solute clearances in 
these patients have shown that urea and creati
nine clearance values were low during the early 
acute stage of illness and returned to normal by 
the time the second dialysis is done 48 hours 
later. It was suggested that this phenomenon 
might be explained by the known occurrence of 
intravascular coagulation deficits and sludging 
in malaria or by a reduction in splanchnic 
blood flow during the acute illness {72}. 

4.4 PERITONEAL DIALYSIS AND PARENTERAL 
NUTRITION IN ACUTE RENAL FAILURE 

During peritoneal dialysis, glucose is readily 
absorbed; the amount transferred into the 
blood is related to dialysate blood flow rate and 
dialysate glucose concentration. 

In periodic peritoneal dialysis, an average of 
9.5 g and 38 g of glucose was absorbed each 
hour when dialysate containing 83 mmolll (1. 5 
g/dl) and 233 mmolll (4.25 g/dl), respectively, 
was used {73}. Thus, the daily glucose load 
will theoretically vary between 230 to 800 g 
during a 24 hour dialysis, depending on the 
amount of hypertonic solution prescribed. 

In continuous-equilibration peritoneal di
alysis, there is a close relationship between the 
amount of glucose absorbed each day and the 
concentration of glucose in the dialysate {74}. 
The net glucose uptake can be predicted from 
the concentration of glucose in the inflow using 
the following equation: 

Glucose absorbed 
(24.1) 

Liter of dialysate 
= 11.3 (average daily concentration in mg/dl) - 10.9. 

For instance, a patient with ATN receiving six 
exchanges per day with three two-liter ex
changes of 1.5 g/dl (83 mmolll) glucose and 
three two-liter exchanges of 4.25 g/dl (233 
mmolll) glucose will have an average daily glu
cose concentration of 3.0 g/dl (165 mmolll). 
From equation (24. 1), it is therefore possible 
to predict the amount of glucose absorbed from 
each liter of inflow as follows: 

glucose absorbed = 11.3 (3) - 11 
22.9 gil dialysate inflow; 

giving a daily intake of: 

22.9 x 12 liter inflow = 275 g/day. 

The quantity of glucose absorbed during di
alysis is a valuable source of energy provided 
blood glucose levels are monitored during di
alysis and insulin is added in case of hypergly
cemia. 

The administration of aminoacids through 
the peritoneal membrane has also been advo
cated to suppress aminoacid losses and to im
prove nitrogen balance during peritoneal di
alysis {75}. A preliminary work has recently 
confirmed that the peritoneal cavity may be 
used safely as a simplified gut for total paren
teral nutrition in patients with ARF {76}. This 
possibility deserves further evaluation. 
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5 Contraindications 
It has been commonly held that there are no 
absolute contraindications for peritoneal di
alysis. Although such a statement might still 
hold true today in centers where peritoneal di
alysis is the only available dialytic method, 
there are circumstances where hemodialysis (or 
hemofiltration) should be preferred. 

Patients with severe chronic respiratory fail
ure or with postoperative pneumonia are at risk 
of becoming severely hypoxemic during peri
toneal dialysis. The patient with multiple ab
dominal scars and/or peritoneal adhesions from 
previous abdominal surgery is also a poor can
didate for peritoneal dialysis. In patients with 
intestinal ileus, drainage problems, or poor res
piratory tolerance to the infusion of the ade
quate dialysate exchange volumes, a low effi
ciency is to be expected. In patients with 
enterostomy and colostomy or with peritoneal 
drains, leakage of dialysis fluid is frequent, ren
dering it difficult to maintain an accurate fluid 
balance and increasing the risk of peritoneal in
fection. Discontinuation of peritoneal dialysis 
and transfer of the patient to hemodialysis is 
mandatory in cases of acute massive hydro
thorax [51}. Hemodialysis should be resorted 
to without delay when an inadequate control of 
uremia (persisting blood urea concentration 
>25 mmoll1) results either from a hypercata
bolic state (daily blood urea increases of 10 
mmol/l or more) or from reduced peritoneal 
clearances due to alteration in the splanchnic 
arterial bed (e.g., diabetics, scleroderma [77}) 
or due to heat-stress-induced ARF [78}. 
Finally, when ARF occurs in the context of 
acute poisoning, the use of hemodialysis and/or 
hemoperfusion seems preferable, taking into 
account the superior effectiveness of poison re
moval obtained with these two techniques by 
comparison with PD [79}. 
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25. LONG-TERM FOLLOW-UP OF RENAL 
FUNCTION AFTER RECOVERY FROM 

ACUTE TUBULAR NECROSIS 

Arthur C. Kennedy 

The management of acute renal failure (ARF) 
was dramatically altered in 1945 by the suc
cessful use of hemodialysis by Kolff [I} in a 
patient with acute postoperative renal failure 
and by the improved understanding of the 
basic principles of fluid and electrolyte manage
ment [2, 3}. Attention at first naturally fo
cused on the impact of these newer forms of 
management on the immediate prognosis, par
ticularly since it appeared that if death during 
the acute phase could be prevented, complete 
clinical recovery was the rule. Study of the lit
erature, however, shows that even from the late 
forties it was becoming apparent that recovery, 
although complete in the clinical sense, was 
not necessarily complete as regards renal func
tion. Burwell et al. [4} reported a patient who 
developed ARF following abortion and died 
three months later after a good clinical recov
ery. Death was due to serum hepatitis, but at 
postmortem examination the kidneys showed 
minor but definite abnormalities, including 
subcapsular scarring, lymphocytic foci, and 
some dilated tubules with flattened epithelium. 
Marshall and Hoffman [5} reported delayed re
covery of renal function in three out of four 
patients, and in four cases of acute tubular ne
crosis (ATN) due to carbon tetrachloride poi
soning, Sirota [6} observed that although renal 
function usually returned to the lower limit of 
normal, there might be some residual vascular 
damage. 
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All the above reports [4-6} were on small 
numbers of cases followed up for relatively 
short periods of time. A more extensive but 
still preliminary report came from Lowe [7}, 
who found in 14 patients with ARF followed 
for periods varying from 78 to 38 months that 
renal function tests tended to remain below 
normal limits. All the patients were females, 
and none had received dialysis, a fact that 
might possibly suggest that the severity of the 
ARF could have been somewhat less than that 
of patients in later series, many of whom would 
have undoubtedly died but for dialysis. Lowe 
speculated on the possibility of increased fre
quency of hypertension in the survivors, but 
the number of patients was insufficient to per
mit a definite view. Finkenstaedt and Merrill 
[8} reported on 16 patients studied at periods 
ranging from 1 month to 76 months after re
covery from ARF. The subjects were selected 
because of the absence of any cardiovascular or 
renal disease before the acute episode. Some pa
tients were studied on more than one occasion. 
The findings were similar to those of Lowe [7}, 
namely, that clearance values remained below 
the lower limit of normal in most patients; 
they concluded that "these findings are consis
tent with permanent renal damage of mild de
gree." Only one patient showed progressive de
crease of renal function but this was attributed 
to the development of periarteritis nodosa with 
renal involvement. 

A more favorable report came from Edwards 
[9}, who found that in 15 patients in Australia 
followed for periods of up to 76 weeks after 
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recovery from ARF, the glomerular filtration 
rate (GFR), as measured by endogenous creati
nine clearance or urea clearance, returned to 

normal in 14 out of 15 cases within three 
months. Edwards, however, comments that he 
placed the normal range of GFR at "a some
what lower level than other workers" and that 
this might account for his more optimistic 
findings. Certainly, no subsequent authors have 
reported in such an optimistic fashion. Price 
and Palmer {1O} carried out a functional and 
morphological follow-up study of 14 patients 
who had recovered from ARF. Glomerular fil
tration was assessed by inulin clearance in 10 
of the 14 patients; the mean value was 94 ± 
27 mllmin., the three lowest values being 79, 
73, and 40 ml per minute, respectively. Renal 
biopsy was performed in eight patients, and it 
is perhaps unfortunate, from the scientific 
viewpoint, that they did not include any of the 
three patients with the lowest glomerular filtra
tion rates. Ward et al. {11} studied maximum 
urine osmolality in 11 patients some months 
after recovery from ATN. The response im
proved to normal values over the months, but 
a severe defect (maximum urine osmolality of 
356 mOsm/kg) was still evident at 10 months 
in one patient. A comprehensive study of renal 
function after recovery from A TN was reported 
by Briggs et al. {12}. Fifty patients were stud
ied, all of them after a previously well
documented episode of A TN. The age of the 
patients at the time of the A TN ranged from 
18 to 67 years. The patients were studied on 
average at 35 months after the episode of renal 
failure, and the follow-up period varied from 4 
to 75 months. It was less than one year in only 
2 of the 50 patients. Some abnormality of renal 
function was present in 37 (74%) of the pa
tients, the most common defect being a low
ered GFR, which was present in 71% of the 
patients. The mean GFR was 94 mllmin, and 
in seven patients (17 %), the rate was less than 
50 mllmin. Tests of tubular function were 
found to be abnormal in a smaller number of 
patients, the concentration test being impaired 
in 3 1 %. No correlation was found between 
renal function at the time of follow-up and ei
ther the severity of the renal failure or the pre
cipitating cause, except that patients in whom 
the renal failure had been due to antepartum 

hemorrhage or postpartum hemorrhage with a 
preceding pre-eclampsia did have a greater 
likelihood of residual renal functional impair
ment. There was no evidence in this study {12} 
that hypertension developed after the ATN, 
nor was any alteration in renal size or calyceal 
change evident on intravenous pyelography nor 
was there any apparent predisposition to sub
sequent urinary tract infection. Serial studies in 
14 patients suggested that no subsequent de
terioration in renal function followed the initial 
recovery. 

Hall et al. {13} published very similar find
ings from the Mayo Clinic. From an initial 
population of 186 patients with ARF, 87 sur
vived, and from these 36 patients underwent a 
study of renal function more than three months 
after recovery from the episode of ARF. Of the 
36 patients, 22 (61%) had incomplete renal 
functional recovery using the same criteria as 
Briggs et al. (12), namely, that inulin clear
ance values were more than one standard devia
tion below expected values. Patients who failed 
to regain normal function were on the average 
nearly two decades older and had experienced a 
more prolonged period of oliguria. Five pa
tients in the group with incomplete functional 
recovery were suspected of having prior renal 
disease, but even when these patients were ex
cluded, the mean clearance values for the group 
were essentially unchanged. Hall et al. {13} 
did not find any evidence for an increased oc
currence of urinary tract infection after recov
ery. These authors made serial observations in 
22 patients for an average observation period of 
42.4 months (range: 2 to 125 months), and 
nine patients were followed for seven years. In 
seven of these nine patients, inulin clearance 
values decreased, the average decline being 
17.6%. Rather similar findings were noted by 
Lewers et al. {14}. Thirty patients who had 
survived A TN were followed from 2 to 15 
years. Although clinical recovery was complete 
in all patients, endogenous creatinine clearance 
was abnormal in 37%, and there was a defect 
of urine concentration power in 47%. There 
was no correlation of abnormal GFR with in
terval of follow-up or age at follow-up. No in
creased prevalence of hypertension or urinary 
tract infection was noted. In only 30% of the 
patients were all renal function studies within 
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normal limits, which is almost identical to the 
findings of Briggs et al. [12}. Long-term prog
nosis after ARF was also studied by Amerio et 
al. {15} in 57 ARF survivors. Only 14 of the 
57 patients were srudied more than two years 
after recovery. Although some of these patients 
had attained a normal GFR, the mean values 
for the group were lower than normal (76.6 ± 
24.4 mllmin). Bonomini and his colleagues 
{16} have recently reported their clinical and 
renal biopsy findings in a large number of pa
tients with ARF, including 125 patients with 
ATN. Follow-up studies at one year revealed 
62.4% with complete functional recovery, 
31. 2% with partial recovery, and 6.4% with 
no recovery. No detail is given of the labora
tory investigations used to determine renal 
function or what "partial recovery" means. Re
peat follow-up studies at five years included 
measurement of GFR although the method is 
not recorded. Of the 125 patients, 56.8% had 
a GFR greater than 80 mllmin, 32% a GFR 
greater than 15 ml/min, and 11.2% a GFR less 
than 15 mllmin. 

Leaving aside the more optimistic report of 
Edwards [9}, it is possible on the basis of sev
eral studies [7-16} involving a total of 353 pa
tients who had all survived A TN to define in 
broad terms a spectrum of the outcome as re
gards return of renal function: 

a. Restoration of normal, or virtually normal, 
renal function in perhaps 30 to 40% of pa
tients. 

b. Complete clinical recovery but with a slight 
to modest defect of glomerular filtration 
and or tubular function in perhaps 40 to 
50% of patients. 

c. Significant impairment of renal function, 
which may require medical supervision in 
perhaps 10% of patients. 

d. In a small minority of patients, impairment 
of renal function of such a degree that renal 
replacement therapy is likely to be required 
either soon or relatively soon after the acute 
illness. 

A few patients with significant or marked im
pairment of renal function after ATN are in
cluded within some of the larger series {12, 16}, 
but individual clinical details are not recorded. 

In the 38-year-old male patient reported by 
Levin et al. [I7}, severe A TN developed after a 
perforated appendix with peritonitis. Although 
he was oliguric for only a few days, the renal 
failure was extremely protracted. On the 37th 
day, when the creatinine clearance was 5 ml/ 
min, a renal biopsy was carried out for diag
nostic and prognostic reasons; it revealed ATN 
with evidence of tubular regeneration and nor
mal glomeruli. The creatinine clearance rose 
slowly to plateau at 18 ml/min by 30 months. 
A second renal biopsy, 17 months after the ini
tial illness, showed widespread tubular atrophy 
with diffuse interstitial fibrosis. Some tubules 
were well differentiated, indicating that regen
eration had occurred. The authors suggest that 
the antibiotic therapy given to control the per
itonitis may have contributed to the renal dam
age (three of the six antibiotics used were 
potentially nephrotoxic) and that continuing 
active pyelonephritis (of which there was evi
dence on the second biopsy) may have been an 
additional factor. Siegler and Bloomer [I8} re
ported five patients with presumed ATN who 
remained oliguric for 31 to 72 days. All recov
ered from the ARF, but in three patients sig
nificant renal failure persisted. No renal biop
sies were performed, so it is uncertain whether 
there was any renal abnormality apart from the 
presumed ATN. Merino et al. [I9} reported 
125 patients with postsurgical ATN, of whom 
87 died, 34 regained normal renal function (as
sessed by the level of serum creatinine), and 4 
were left with severe permanent renal failure. 
Preoperatively, these patients had normal renal 
function. These authors believe that the com
bination of older age (over 60 years), the use of 
nephrotoxic antibiotics (particularly cephalo
thin and gentamicin sulphate), and the use of 
methoxyflurane anesthesia is particularly liable 
to produce a very severe form of ATN. Renal 
histology was obtained (at autopsy) in only one 
of the four patients: the kidneys showed fibrosis 
of the renal cortex with multiple small ab
scesses; so in this patient at least the renal his
tology was not simply that of ATN. Collins et 
al. [20} reported the case of a 65-year-old 
woman with very severe ATN (confirmed by 
serial biopsies) due to ethylene glycol poison
ing. Oliguria persisted for 50 days, and at 
three and one-half months the creatinine clear-
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ance had reached its maximum value of 9.5 mll 
min. Irreversible acute oliguric renal failure af
ter methoxyflurane anesthesia was described in 
three patients by Hollenberg et al. [21}; but 
renal histology revealed that in addition to 
A TN, there were severe glomerular damage 
and marked interstitial edema, fibrosis, and 
round-cell infiltrate. In arsine-induced acute 
oliguric renal failure [22, 23}, marked tubular 
necrosis occurs, but it is accompanied by a se
vere degree of diffuse interstitial nephritis, 
which is followed by interstitial fibrosis. The 
importance of acute interstitial fibrosis as a 
cause of ARF is now well recognized [16, 24, 
25}. It may be present as the sole or the dom
inant lesion, or it may be present in addition 
to severe A TN. The combination of the two 
lesions seems likely to have an adverse effect on 
ultimate recovery of complete renal function. It 
is apparent, therefore, that in many of the 
well-documented cases of incomplete recovery, 
some renal damage in addition to ATN is also 
present. 

Clinical features suggested [13, 18, 19, 21} 
as likely to be associated with incomplete re
covery of renal function include older age, very 
protracted oliguria, use of nephrotoxic anti
biotics and methoxyflurane anesthesia. Har
wood et al. [26} have made the interesting sug
gestion that incomplete recovery of renal 
function can be predicted early in the illness by 
renal scanning. 

Most nephrologists, understandably, do not 
carry out renal biopsies as part of the long-term 
follow-up of patients who have made a com
plete clinical recovery from A TN and who have 
regained normal or near normal renal function. 
Biopsies were performed in 8 of the 14 patients 
in the study by Price and Palmer [lO} but not 
in the three patients who had the greatest func
tional impairment. In two patients, the biop
sies were performed very close to the acute ill
ness (five and six weeks, respectively), and the 
other biopsies ranged from six months to four 
years after the initial illness. Price and Palmer 
found little correlation between the kidney bi
opsy findings and the clearance values in these 
patients. They observed, however, that the 
small number of patients examined does not 
permit any real conclusions to be made. 
Changes observed tended to be particularly in 

the glomeruli and consisted of thickening and 
splitting of the basement membrane of the glo
merular tuft and Bowman's capsule as well as 
thickening of the capillary walls and adhesions 
between the glomerulus and Bowman's cap
sule. Such changes were noted in six of eight 
biopsy specimens. Periglomerular fibrosis was 
noted in three out of eight patients. An 
impression was noted of an increase in the 
number of hyalinized glomeruli. Tubular le
sions consisted of tubular atrophy and base
ment membrane thickening; in almost all cases 
they were associated with glomeruli that 
showed mild, moderate, or severe damage. 
Areas of interstitial fibrosis, often associated 
with infiltration of chronic inflammatory cells, 
were noted. Renal biopsy was carried out at 
long-term follow-up in 11 of the 30 patients 
reported by Lewers et al. [l4}. Four had com
pletely normal renal function. The follow-up 
biopsy specimens frequently had mild intersti
tial edema or fibrosis. Vascular changes were 
not impressive except for occasional atheroscle
rotic changes, presumably unrelated, and glo
merular changes were noted to be "insignifi
cant." Obsolescent glomeruli were occasionally 
seen but were usually associated with vascular 
changes. Electron microscopic studies in six pa
tients showed increased intertubular collagen 
material, with some thickening of the tubular 
basement membrane in two patients. These au
thors observe that there was no correlation be
tween the histology and renal function after 
prolonged follow-up. Renal biopsy was carried 
out in three of the 57 patients studied by 
Amerio et al. [15}. The biopsies were taken 
three years after the ARF; unfortunately, the 
renal function of these patients at the time of 
biopsy is not given. Histological abnormalities 
included chronic interstitial changes, tubular 
damage sometimes amounting to atrophy, 
thickening and rupture of basement mem
branes, sclerosis of glomeruli, and disturbed ar
chitecture of the mesangium. These authors 
suggest that some of these changes might be 
due to a progressive pyelonephritis, but such 
evidence is difficult to obtain from their report. 
Bonomini et al. [16} used renal biopsy to clas
sify 227 patients in their series of ARF. No 
details are given of the biopsy findings in the 
125 patients classified as suffering from ATN, 
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either at onset or on follow-up, although repeat 
biopsies were clearly carried out. Twelve pa
tients from the series of ARF were classified as 
suffering from acute interstitial nephritis, but 
there is no indication whether any of the 125 
patients classified as having A TN also had any 
element of interstitial nephritis. 

In summary, in those patients who make a 
good clinical recovery from A TN and who re
gain normal renal function or are left with a 
clinically unimportant slight to modest defect 
in renal function, the characteristic late biopsy 
findings range from minimal chronic tubular 
changes to the loss of a proportion of the orig
inal nephron population. In those patients who 
are left with critically damaged kidneys, the 
late biopsy will show changes consistent with 
massive nephron loss and may also indicate that 
the original ATN was accompanied by intersti
tial nephritis and possibly by a glomerular le
SIOn. 
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25-26, 28F, 39 
Anicteric ARF, in leptospirosis, 323-324 

ATN as, 323 
renal failure index in, 323 

Anion gap 
in acute ethylene glycol poisoning, 
in ARF, 196 
in rhabdomyolysis-induced ARF, 255, 

259 
Antegrade percutaneous pyelography, in 

postrenal ARF, 209F, 210, 210F, 
377 

Antibiotics. See also names of specific 
agents 

addition of, to dialysis solutions, in 
peritoneal dialysis, 467, 
471-472, 472T 

and endotoxemia, 58 
intraperitoneally, in treatment of 

peritonitis during peritoneal 
dialysis, 472 

precautions when using nephrotoxic, 
133-140 

prophylaxis in surgery, 141-142 
whose dosage is not affected by ARF 

and hemodialysis, 455T 
Antibodies, 

anti-GBM (glomerular basement 
membrane), 277, 278, 279 

anti-TBM (tubular basement 
membrane), 274 

Anticoagulant therapy. See Heparin 
Antidiuretic hormone (ADH). See also 

Vasopressin 
effect of, on prostaglandin synthesis, 

32F, 33 
Antifungal agents. See also names of 

specific agents 
ARF induced by, 97 
in peritoneal dialysate, for treatment of 

fungal peritonitis, 472, 472T 
Antipyrine. See Phenazone 
Antrafenin, acute interstitial nephritis 

(AIN) induced by, 89 
Anuria 

complete, hallmark of postrenal ARF, 
374 

rellex, 367-368 
Aorta 

abdominal, aneurism of, as cause of 
postrenal ARF, 374 

dissection of, ARF due to, 310 
Aortography. See Arteriography 



ARF. See Acute renal failure 
Arginine hydrochloride, effect of, In 

ATN,416 
Arteriography, renal 

in acute (bilateral) cortical necrosis 
(ACN), 212, 346F 

in ARF, 21O-2l2, 2l1F, 212F, 213F 
in ATN, 2 ll-2l2 , 2l1F, 212F, 213F 
in normal subject, 211 

Artery occlusion, renal 
ARF due to, 310 

after transplantation, 388T, 394, 
400 

Aspiration, fine-needle, for diagnosis of 
tejection after renal 
transplantation, 397, 397T 

Aspirin (acetylsalicylic acid), 33 
acute interstitial nephritis (AIN) 

induced by, 90 
danger in use of, in prerenal ARF, 

409 
effects of, on renal function, 61-62 
in treatment of hemolytic uremic 

syndrome, 337 
Atenolol, as cause of retroperironeal 

fibrosis, 374 
A TN. See Acute tubular necrosis 
ATP. See Adenosine triphosphate 
Autotegulation renal, 51 
Avirene, as cause of retroperitoneal 

fibrosis, 367, 374 
Azathioprine 

acute interstitial nephritis (AIN) 
induced by, 90 

dosage during therapy with 
allopurinol, 85 

in treatment of crescentic nephritis as 
part of vasculitis, 286 

in tteatment of Goodpasture 
syndrome, 282 

Backleak of glomerular filtrate 
in ATN following open-heart surgery, 

60-61 
in cisplatinum-induced ARF, 8 
in gentamicin-induced ARF, 10 
in glycerol-induced ARF, 24 
in mercuric chloride-induced ARF, 7 
in nonoliguric ARF, 225-226 
in post-ischemic ARF, 19 
in uranyl nitrate-induced ARF, 4 
role of, in pathogenesis of ARF, 

37-39, 38F 
Barbiturate 

as cause of rhabdomyolysis, 255 
as predisposing factor to 

methoxyflurane nephrotoxicity, 78 
effect of, on renal function, 76 

Bence Jones protein, and ARF secondary 
to multiple myeloma, 86 

Benzodiazepines, 76 
Beta-adrenergic blocking agents. See also 

names of specific agents 
effect of, on experimental ARF, 14, 

28,31,37 
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effect of, on serum potassium in ATN, 
418 

in prevention of post-ischemic ARF, 
18, 120 

in treatment of hypertension in ARF, 
419 

in treatment of malignant 
hypertension, 303 

Beta, = microglobulin 
as test for detecting early graft 

rejection, 397T 
plasma concentration of, for 

monitoring renal function, 192 
urinary excretion of, and 

aminoglycoside nephrotoxicity, 
139, 192 

urinary excretion of, in hepatorenal 
syndrome, 237 

Bicarbonate 
hemodialysis, in ARF, 449F, 450-451 
plasma concentration of, in ARF, 357 
requirement, in treatment of metabolic 

acidosis, 415 
Bicarbonate, sodium, solutions for 

parenteral use, 404T 
infusion of, in prevention of acute uric 

acid nephropathy (UAN), 133 
infusion of, in treatment of acute uric 

acid nephropathy (UAN), 83(F), 
85 

infusion of, in treatment of 
hyperkalemia in ARF, 358T, 
416-417 

infusion of, in treatment of metabolic 
acidosis, in ARF, 358, 408, 414 

infusion in treatment of urinary tract 
obstruction by uric acid stone, 
376F, 380 

Bilateral cortical necrosis. See Acute 
(bilatera/) cortical necrOJis (ACN) 

Bile acids, role of 
in heparorenal syndrome, 243 
in leptospirosis, 322 

Biligrafin. See Iodipamide 
Bilirubin 

tole of, in pathogenesis of hepatorenal 
syndrome, 239, 243 

serum level of, in hemolytic uremic 
syndrome, 298, 33 1 

serum level of, in leptospirosis, 322 
Biopsy, renal. See Renal biopsy 
Bladder catheterization, in postrenal 

ARF, 377 
Bleeding, See Hemorrhage 
Blood urea nitrogen, (BUN) 

following rhabdomyolysis, 254 
in ARF, 192, 227T 
in hepatorenal syndrome, 236 
in nonoliguric ARF, 227T 

Blood-urea-nitrogen-to-serum-creatinine 
ratio (BUN/Sc,), 

following rhabdomyolysis, 254 
in ARF, 193, 227T 
in ARF associated with leptospirosis, 

323 

Blood volume depletion. See Volume 
depletion 

Blood volume, effective 
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after myocardial infarction with low 
cardiac output, 59 

and serum concentration of sodium, 
194 

definition of, 194 
effect of endotoxemia on, in septic 

patients, 57, 57F 
in hepatorenal syndrome, 240, 241, 

246F 
reduction in, following burns, 54 
reduction in, treatment, 407 
role of prostaglandins in preserving 

renal function in reduced, 34 
Bowel juice 

concentration of potassium in, 195 
concentration of sodium in, 194 

Bradykinin, 35-36 
effect of, on prostaglandin synthesis, 

32F, 33 
in ARF, in humans, 172 
renal accumulation of, effect of 

captopril, 12 
Brattleboro rats (with diabetes insipidus), 

2l 
Brucellosis, acute interstitial nephritis 

(AIN) secondary to, 91 
Bumetanide, in treatment of ARF 

associated with 
glomerulonephritis, 275 

BUN. See Blood urea nitrogen 
Bunamiodyl, sodium, as nephrotoxin, 

67,68,75-76 
BUN/Sc ,. See Blood-urea-nitrogen-to-serum

creatinine ratio 
BUO. See Ureteral obstruction, bilateral 
Burns 

ARF after, I, 54 
treatment of, 406-407 

effective arterial blood volume after, 
194 

"rule of nines" for estimation of body 
surface area involved in, 406 

volume of fluid to be infused in 
treatment of, 406-407 

CuA/Cc,. See Uric-acid-dearance-to
creatinine-clearance ratio 

Calcification of damaged muscles, in 
rhabdomyolysis-induced ARF, 
255 

Calcitonin (CT) in ARF, 169 
Calcium 

and calcitonin, in ARF, 169 
concentration in cells, 14, 17, 25, 37 
gluconate in treatment of hyperkalemia 

in ARF, 358T, 416 
resonium, in treatment of 

hyperkalemia in ARF, 358T 
serum concentration of, in ARF, 

196-197,357T 
serum, derangement in 

rhabdomyolysis-induced ARF, 
260-262 
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Calcium (continued) 
treatment of hypocalcemia in ARF 

with, 358 
Calculi, renal 

therapy of, 376F, 379-380 
by electrohydraulic waves, 380 
by external shock waves, 380 
by ultrasound-lithotrypsy, 380 

urinary tract obstruction from, 365, 
365T 

Cancers, disseminated, as cause of 
disseminated intravascular 
coagulation and ARF, 178T 

Candida petitonitis, duting petitoneal 
dialysis, 472 

treatment of, 472 
CAPD. See Continuous ambulatory 

peritoneal dialysis 
Captopril 

acute interstitial nephritis induced by, 
90, 100 

ARF induced by, 99-101, 102F 
effect of, on gentamicin-induced ARF, 

12, 27 
effect of, on sodium excretion, 10 1, 

102F 
in treating ARF in nephrotic patients 

with minor glomerular 
abnormalities, 291 

therapy with, in malignant 
hypertension, 303 

Carbenicillin 
acute interstitial nephritis (AIN) 

induced by, 90 
concentration of, in dialysate, during 

peritoneal dialysis with 
peritonitis, 472T 

Carbenoxolone, as cause of 
rhabdomyolysis, 256 

Carbohydrate intolerance 
and growth hormone, in ARF, 168 
in ARF, 171 

Cardiac output, 
effect of endotoxemia on, 57, 57F 
in ARF following open-heart surgery, 

60 
in glycerol-induced ARF, 20, 21 
in hepatorenal syndrome, 240, 240T 
in mercuric chloride-induced ARF, 6 
in miocardial infarction, 59 
prerenal ARF and, 1 

Cardiogenic shock, and ARF, 59 
Cast(s) 

formation of 
in cis platinum-induced ARF, 66 
in glycerol-induced ARF, 24 
in multiple myeloma following 

radiocontrast agents, 70 
in nephrotoxic A TN, 3, 7, 8 
in nonoliguric ARF, 226-227 
in post-ischemic ARF, 18, 19, 154, 

155F, 158F 
in rhabdom yo lysis-induced ARF, 

259 
in urinary sediment, 
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in ARF, 190 
in ARF associated with 

glomerulonephritis, 271 
in hemolytic uremic syndrome, 331 
in hepatorenal syndrome, 236 

Catabolism, accelerated, 
causes of, in ARF, 423-426, 424T 
hemodialysis in patients with ARF 

and, 454 
in ARF associated with leptospitosis, 

323 
in ARF following burns, 54-56 
in posttraumatic ARF, 264 
peritoneal dialysis in patients with 

ARF and, 474 
treatment of patients with ARF and, 

360 
Catecholamines. See also Epinephrine, 

Norepinephrine and Dopamine, 
30-31, 407-408 

in myocardial infarction, 59-60 
Catheterization, bladder, in postrenal 

ARF, 377 
Catheters 

for bladder, 377 
Convelaires rigid, 377 
Foley's, 377 
Phillip's follower, 377 

for peritoneal dialysis, 465 
placement of, 465-466 
use of heparin to prevent plugging 

of, 467 
CA VH (Continuous arterial-venous 

hemofiltration). See Hemofiltration 
Cecal fluid 

concentration of potassium in, 195 
concentration of sodium in, 194 

Cefadroxil, 65 
dosage in renal failure, 13 7T, 140 

Cefamandole 
ARF induced by, 65 
dosage in renal failure, 137T, 139 

Cefazolin 
acute interstitial nephritis induced by, 

90 
as nephrotoxin, 9, 65 
dosage in renal failure, 136T, 139 

Cefotaxime, 65 
dosage in renal failure, 137T, 140 

Cefoxitin 
dosage in renal failure, 137T, 140 
serum creatinine and therapy with, 65 

Cellulose membranes, for hemodialysis, 
450, 450T 

CEPD. See Continuous equilibration 
peritoneal dialysis 

Cephacetrile, 65 
Cephalexin 

acute interstitial nephritis (AIN) 
induced by, 90 

as nephrotoxin, 65 
dosage in renal failure, 136T, 139 

Cephaloridine 
aminoglycosides and, nephrotoxic 

effects of, 64 

as nephrotoxin, 9, 64, 139, 152 
Cephalosporins. See also names of specific 

agents 
aminoglycosides and, nephrotoxic 

effects of, 63 
ARF induced by, 64-66, 395 
as nephtotoxins, 9 
nonoliguric ARF induced by, 224 
prevention of renal damage by, 

139-140 
Cephalothin 

acute interstitial nephritis (AIN) 
induced by, 90 

aminoglycosides and, nephrotoxic 
effects of, 64 

as nephrotoxin, 9, 65 
dosage in renal failure, 136T, 139 
use of, in peritoneal dialysis, 472, 

472T 
Cephapirin, 65 

dosage in renal failure, 137T, 
139-140 

Cephradine, 65 
acute interstitial nephritis (AIN) 

induced by, 90 
dosage in renal failure, 137T, 140 

Chelators, use of, in dialysate for 
treatment of poisoning, 450 

Children 
ARF in, 351-362 
basal water requirement in, 351-352 
causes of ARF in, 352-353, 353T 
clinical features of ARF in, 354-355 
conservative management of ARF in 

357-360 
diagnosis of ARF in, 355-356 
dialysis for treating ARF in, 360-362, 

360T 
fluid balance in, 351-352 
formula for estimating surface area 

(SA) in, 351 
metabolic consequences of ARF in, 

356-357 
pathophysiology of ARF in, 353-354 

Chloride 
calculation of deficit of, in metabolic 

alkalosis, 4 15-4 16 
plasma concentration of, in ARF, 

357T 
Chlorprothixene, ARF induced by, 99 
Cholangiography, ARF after, 67, 75-76 
Cholecystography, ARF after, 67, 75-76 

prevention of, 130 
Cholografin. See Iodipamide 
Chronic renal failure (CRF) 

and intravenous pyelography (IVP), 67 
and the kidney as endocrine organ, 

167 
as potentiating factor of 

aminoglycoside nephrotoxicity, 9, 
64 

in diabetics as risk factor for 
radiocontrast-induced ARF, 69 

recommend dosages of antibiotics in, 
136T, 137T 



Cimetidine 
acute interstitial nephritis (AIN) 

induced by, 90 
use of, in prevention of gastrointestinal 

ble(ding, 419 
use of, in surgical patients, 415 
use of, in treatment of gastric acid 

hypersecretion in ARF, 45 1 
Circulating volume, effective. See Blood 

volume, effective 
Circulatory failure. See Conge.rtive heart 

failttre 
Cirrhosis, 

and hepatorenal syndrome, 233, 239, 
246F 

effective arterial blood volume in, and 
serum concentration 

of sodium, 194, 407 
renal dysfunction in, after non 

steroidal anti-inflammatory drugs 
(NSAID), 61-62 

Cis-diamine dichloroplatinum 
(cisplatinum) ARF induced by, 

experimental model, 7 
in humans, 66-67 
nonoliguric, 222T, 223 
prevention of, 130--132 

Cisplatinum. See CiJ-diamine 
dichloroplatinum 

Cistobil. See Iopanoic acid 
Clonidine 

in preventing oliguria in eclampsia, 
347 

in prevention of post-ischemic ARF, 
120--121 

in treatment of hypertension in ARF, 
419 

in treatment of malignant 
hypertension, 303 

Cloxacillin, concentration of, in 
dialysate, during peritoneal 
dialysis with peritonitis, 472T 

Coagulation 
disseminated intravascular. See 

DiJJeminated intravaJcular 
coagulation (DIC) 

in pathogenesis of ARF, 36-37 
intravascular (lC), in ARF, 177-183 
system in ARF, 177-184 

Coagulopathy, consumption in ARF, 
177, 178 

Colchicine, as cause of rettoperitoneal 
fibrosis, 374 

Colistimethate. See ColiJtin 
Colistin (colistimethate) 

ARF induced by, 97 
dosage of, in renal failure, 137T, 140 

Colomycin. See ColiJtin 
Coma 

hepatic, as indication for hemodialysis, 
447T 

hepatic, as indication for 
hemoperfusion, 455 

hypetosmolru nonketonic, secondary to 
hyperglycemia during peritoneal 

INDEX 

dialysis, 473 
hyperosmolar, secondary ro 

hypernatremia during peritoneal 
dialysis, 473 

Compartmental syndrome, 262 
Complement 

activation of, effect of endotoxemia on, 
58 

decrease of serum 
during hemodialysis, 451 
in ARF associated with 

glomerulonephritis, 272, 278 
in ARF associated with 

leptospirosis, 323 
Computerized axial tomography (CT), 

215 
in ARF, 216-218 
in normal kidneys, 215-216 
in polycystic kidney disease, 217F, 

218 
in postrenal ARF, 216, 216F, 

376-377, 376F 
in transplanted kidney, 216 
use of iothalamate for, 216 
with contrast material as cause of 

ARF,67-75 
Computed tomography. See Computerized 

axial tomography 
Congestive heart failure 

and effective arterial blood volume, 
194, 407 

as complication of ARF, 419 
renal dysfunction in, after nonsteroidal 

anti-inflammatory drugs, 61-62 
Conray. See lothalamate 
Continuous ambulatory peritoneal dialysis 

(CAPD),468 
glucose absorption during, 426 
loss of amino acids and protein during, 

425-426 
renal transplantation in patients on, 

475-476 
Continuous equilibration peritoneal 

dialysis (CEPD), 468-469, 468T 
Contraceptive treatment, oral, hemolytic 

uremic syndrome following, 180, 
302, 304, 345 

Contrast nephropathy. See RadiocontraJt
induced ARF 

Converting enzyme (-kininase II), 12, 
29, 35 

inhibitors of (See also Captopril), 22, 
26, 27, 30, 36 

"SQ 20,881" and ARF, 101 
Corrosive sublimate. See Mercuric chloride 
Cortical necrosis. See Acute (bilateral) 

cortical necroJiJ (ACN) 
Corticosteroids 

effects of, on nephrotic patients with 
minor glomerular abnormalities, 
291 

in treatment of acute endocapillary 
glomerulonephritis with ARF, 
275 

in treatment of oligo-an uric crescentic 
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glomerulonephritis, 281-288. 
Cortisol, in ARF, 170 
Co-trimoxazole, acute interstitial 

nephritis (AIN) induced by, 89 
CPK. See Creatine phoJphokinaJe 
Creatine, 253-254 

serum concentration of, 253-254 
in normal subjects, 253-254 
in rhabdomyolysis-induced ARF, 

254 
Creatine phosphokinase (CPK), 

as marker of muscle damage, 252-253 
serum levels of, after rhabdomyolysis, 

258 
Creatinine 

clearance of, calculation from serum 
creatinine, 134, 191 

serum concentration of, after therapy 
with cefoxitin, 65 

serum concentration of (Sc,), in ARF, 
191, 227T, 355, 356T, 357T 

serum concentration of, in hepatorenal 
syndrome, 236, 237 

urine concentration of, in prerenal 
ARF and in ATN, 355, 356T 

Creatinuria, 253-254 
Crescentic glomerulonephritis. See also 

GlomerulonephritiJ, extra-capillary 
ARF in, 275-288 

anticoagulants in treating, 281, 
283, 286 

azathioprine and cyclophosphamide 
in treating, 282, 286 

clinical presentation of, 278-279 
frequency of oligo-anuria in relation 

to number of crescents, 279, 
280T 

outcome of, 279-281 
plasma exchange in treating, 282, 

283, 287 
plasmapheresis in treating, 281T, 

282, 283, 286 
prednisolone and 

methylprednisolone in treating, 
281-283, 283T, 286 

prognosis of, 280 
treatment of, 297T, 281-287 

as part of vasculitis, 284-287 
presumed idiopathic immune complex, 

282-284 
Crescents 

definition, 276 
formation of, 277F 
in glomerulonephritis, 272, 274, 

275F, 276, 285F 
number, and prognosis in 

extracapillary glomerulonephritis, 
279,280T 

CRF. See Chronic renal failure 
Crush, as cause of rhabdomyolysis, 255 
Crush syndrome. See POJttraumatic ARF 
Cryoglobulinemia, essential 

ARF in, 309-310 
methylprednisolone in treating, 287 
mixed, 287 
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Cryoglobulinemia (continued) 
monoclonal, 287 
immunosuppression in, 287 
plasma exchange in, 287 
plasmapheresis in, 287 

CT. See Computerized tomography. 
Cuprophane membranes, for 

hemodialysis, 450, 450T 
CVM. See CytomegaloviruJ infection 
CyA. See CycloJPorin A 
Cyclophosphamide 

dosage during therapy with 
allopurinol, 85 

in treatmenr of crescentic nephritis as 
part of vasculatis, 286 

in treatment of Goodpasture 
syndrome, 282 

Cyclosporin A (CyA) 
ARF induced by, 99, 395, 399 
as immunosuppressive agent, after 

renal transplanration, 399-400 
Cystoscopy, in postrenal ARF, 377 
Cytomegalovirus (CVM) infection 

leucopenia and thrombocytopenia in, 
399 

renal impairment by, after renal 
transplanration, 388T, 394, 399 

Darrow's solution, for parenteral use, 
404T 

DDP. See CiJ-diamine dichloroplatinum 
Deoxyribonucleic acid (DNA), 

metabolism of, 81-82 
Dermatomyositis, as cause of 

rhabdomyolysis, 256 
Desferrioxamine 

ARF induced by, 99 
use of, to chelate iron, during 

hemodialysis, 450 
Dextran 

clearance of, in ARF following open
heart surgery, 61 

i. v. infusion of, in treatment of 
hemorrhagic shock, 405 

i. v. infusion of, in treatmenr of 
prerenal ARF in burns, 406 

Dextrose solutions, for parenreral use, 
404T 

Diabetes mellitus 
as cause of renal fluid loss, 52, 54F 
as risk factor for radioconrrast-induced 

ARF,69-70 
hyperkalemia in, 195 
peritoneal dialysis in, 467, 469 

Diabetic ketoacidosis 
metabolic consequences of unrreated, 

52, 54F 
unconrrolled, acute renal failure from, 

52, 54F 
treatmenr of, 403-405 

Diabetic nephropathy, as risk factor for 
radioconrrast-induced ARF, 70 

Dialysis. See also HemodialYJiJ and 
Peritoneal dialYJiJ 

indications for, in children with ARF, 
360T 
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treatmenr of hyperkalemia by, 358, 
358T,360T 

treatment of water overload by, in 
ARF,360T 

Diarrhea 
hypokalemia after, 195-196 
hypovolemic hypernatremia after, 

194-195 
volume depletion and ARF secondary 

to, 1, 54 
treatment of, 406 

Diatrizoate 
as nephrotoxin, 67-75 
use of, for digital substraction 

angiography, 213 
use of, for inrravenous pyelography 

(IVP) in ARF, 209 
Diazoxide, therapy with, in malignanr 

hypertension, 302 
Ole. See DiJJeminated intravaJcular 

coagulation 
Digital substraction angiography (DSA), 

212-214 
Digitalis, and hyperkalemia, 195, 418 
Dihydralazine. therapy with, in 

malignanr hypertension, 302 
Dihydroxycholecalciferol (1 ,25-(OHl,D3) 

and growth hormone, in ARF, 168 
in ARF, 169-170 
in rhabdomyolysis-induced ARF, 260, 

261 
DIP. See Drip infuJion pyelography 
Diphenhydramine inroxication, with 

normal renal structure, 162, 
162F 

Diphosphopyridine nucleotide (DPN), 
253 

Diphteria, acute inrerstitial nephritis 
(AIN) secondary to, 91 

Dipyridamole, in treatmenr of hemolytic 
uremic syndrome, 303, 337 

Diquat, ARF induced by, 96-97 
Disseminated inrravascular coagulation 

(DIC) 

acute (bilateral) cortical necrosis (ACN) 
and, 150, 150T, 178-180 

association of, with ARF, 178T, 179T 
endoroxemia and, 57F, 58 
following incompatible blood 

transfusion, 102, 103F 
following rhabdomyolisis, 259 
in infancy and childhood, 353T 
in leptospirosis, 321 
therapy of ARF associated with, 180 

Dithiothreitol, 27 
Diuretics. See also names of specific 

agenrs 
acute inrerstitial nephritis (AIN) 

induced by, 90 
as cause of hypovolemic ARF, 52 
as precipitating factor of hepatorenal 

syndrome, 235, 235T, 240, 246 
clinical use in myocardial infarction, 

60 
loop, in treatmenr of ARF, 359, 

409-412 

osmotic, 121 
DNA. See DeOXYribonucleic acid 
Dopamine, 407--408 

in prevenrion of uranyl nitrate-induced 
ARF,3 

in treating ARF in nephrotic patienrs 
with minor glomerular 
abnormalities, 291 

in treatmenr of shock, 407-408 
plus furosemide in prevention of ARF, 

127 
role of, in hepatorenal syndrome, 243, 

247 
DPN. See DiphOJphopyridine nucleotide 
Drip infusion pyelography (DIP), in 

chronic renal failure, 67 
Drugs. See also names of specific agenrs 

analgesic. See AnalgeJic drugJ 
anesthetic. See AneJthetic agentJ 
list of, best avoided in ARF, 456T 
list of, not requiring dosage change in 

ARF and hemodialysis, 455T 
list of, requiring supplemental dosage 

after hemodialysis, 456T 
list of, with decreased plasma protein 

binding in ARF, 456T 
Drug-induced AIN. See Acute interJtitial 

nephritiJ, drug-induced 
DSA. See Digital Jubtraction angiography 

EAA (Essenrial amino acids). See Amino 
acids 

Echogram, renal. See U ItraJonography, 
renal 

Echography, renal. See U ItraJonography, 
renal 

Eclampsia 
as cause of ARF, 342T, 344 
as cause of ARF associated with 

disseminated inrravascular 
coagulation, 178T 

ECV. See Extracellular fluid volume 
Edematous states, effective blood volume 

in, and serum concentration of 
sodium, 194 

EDTA, use of, to chelate calcium during 
hemodialysis, 450 

Effective blood volume. See Blood volume, 
effective 

Effective filtration pressure (EFP), 19 
during ureteral obstruction, 369 
following relief of ureteral obstruction, 

371-372 
in mercuric chloride-induced ARF, 6 

Effective glomerular filtration pressure. 
See Effective filtration preJJure 
(EFP) 

EFP. See Effective filtration prmure 
ENAA (Nonessenrial amino acids). See 

Amino acids 
Endocapillary glomerulonephritis. See 

Gloment/onephritiJ, endocapillary 
Endocarditis, bacterial. See Subacute 

bacterial endocarditiJ 
Endocistobil. See lodipamide 



Endocrine abnormalities in ARF, 
167-173 

Endothelial cells 
glomerular, change in diameter and 

density of fenestrae 
in gentamicin-induced ARF, 11 
in mercuric chloride-induced ARF, 

6 
in uranyl nitrate-induced ARF, 3 

vascular, swelling (no-reflow 
phenomenon), 14 

Endotoxemia, effects of, 57, 57 F 
in hepatorenal syndrome, 243 
in leptospirosis, 322 

Endotoxin 
and Shwartzman reaction, 178 
ARF induced by, 57 
role of, in hepatorenal syndrome, 243 

Enflurane anesthesia 
effect of, on renal function, 78 
prevention of ARF due to, 132-133 

Enteral nutrition, in ARF, 437 
Enzymology, urine, for detecting early 

rejection, 397T 
Eosinophils, in acute interstitial nephritis 

(AIN) 
increase of, in blood, 91 
in renal tissue, 91, 93 
in urinary sediment, 190 

Epinephrine, role of, in hepatorenal 
syndrome, 242, 243 

Erythromycin, in treatment of 
leptospirosis, 324 

Erythropoietin, 167, 172 
Estradiol 

correlation of, wi th prolactin, 168 
plasma level of, in ARF, 170 

Estrogens, effect of, Ion progactin 
secretion, in ARF, 168 

Ethacrynic acid, 32F, 33, 228 
Ethylene glycol, ARF secondary to, 

SO-81 
Exertional rhabdomyolysis, 255 
Extracellular fluid volume (ECV) 

depletion of, 1, 20, 34, 52, 54F 
during peritoneal dialysis, 470T, 

473 
effects of nonsteroidal anti

inflammatory drugs (NSAID) on, 
61-62 

in nonoliguric ARF, 227 
role of, in pathogenesis of ischemic 

ARF, 38, 38F 
serum concentration of sodium in, 

194-195 
treatment of, 403-407 

expansion of, 
by mannitol, 121-122, 124F 
during bilateral ureteral obstruction, 

369 
effect of, on experimental ARF, 18, 

21, 28, 29 
role of, in postobstructive diuresis, 

372-373 
serum concentration of sodium in, 

194-195 

INDEX 

Failure, left ventricular, and miocardial 
infarction, 59 

FDP. See Fibrin(ogen) degradation products 
FEN.' See Fractional sodium excretion 
"Feed, renal" for children, composition 

of, 359, 359T 
Feeding (See also Nutrition) 

intragastric or jejunal rube, in children 
with ARF, 359 

intravenous, as indication for 
hemodialysis, 447T 

intravenous, in children with ARF, 
359 

Fenoprofen 
acute interstitial nephritis (AIN) 

induced by, 90 
effects of, on renal function, 61-62 

Fibrin, in crescents, 276, 277F 
Fibrinogen, 23, 36 

increase in plasma concentration of, 
in ARF, 183 
in ARF asociated with leptospirosis, 

321, 323 
in hemolytic uremic syndrome, 331 
in normal pregnancy, 346 

Fibrin(ogen) degradation products (FDP), 
23, 36, 37 

following rhabdomyolysis associated 
with disseminated intravascular 
coagulation, 259 

in hemolytic uremic syndrome, 181, 
331 

in human acute allograft rejection, 
182, 397T 

serum levels of, in acute cortical 
necrosis, 347 

serum levels of, in leptospirosis, 321, 
324 

significance of, in ARF, 177, 179 
Fibrinolysis, 35, 37 

in ARF, 183-184 
in hemolytic uremic syndrome, 181 

Fluid overload, hemodialysis or 
hemofiltration for, in ARF, 454 

Fluoride inorganic 
following enflurane anesthesia, 78 
following halothane anesthesia, 79 
following isoflurane anesthesia, 79 
in methoxyflurane-induced ARF, 77 

5-Fluorocytosine, in treatment of fungal 
peritonitis during peritoneal 
dialysis, 472, 472T 

Focal segmental proliferative 
glomerulonephritis. See 
Glomerulonephritis 

Folic acid, 38 
Follow-up of renal function, after 

recovery from ATN, 481-485 
Fractional sodium excretion (FEN.) 

following diuretic use, 52 
following relief of postrenal ARF, 373 
in anicteric renal failure associated 

with leptospirosis, 323 
in ATN, 191, 198T, 355, 356T 
in hepatorenal syndrome, 23ST 
in prerenal ARF, 1, 191, 355, 356T 

in radiocontrast-induced ARF, 73 
in recovery phase of ATN, 419 

Free thyroxine index (FT4I), in ARF, 
169 
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Fructose solutions, for parenteral use, 
404T 

FSH (Follicle-stimulating hormone), in 
ARF, in humans, 170 

FT 4I. See Free thyroxine index 
Functional renal failure. See Acute renal 

failure 
Fungizone, ARF induced by, 97 
Furosemide 

acute interstitial nephritis (AIN) 
induced by, 90 

effect of, in evolution of A TN, 
4lO-411 

effect of, on prostaglandins, 32F, 33 
inhibition of tubuloglomerular 

feedback by, 27 
in prevention of ARF, 125-127 
in prevention of cisplatinum-induced 

ARF, 131 
in prevention of radiocontrast-induced 

ARF, 128-130 
in prevention of rhabdomyolysis

induced ARF, 262 
in prevention of uranyl nitrate-induced 

ARF,3 
in treating hypercalcemia of 

rhabdomyolysis-induced ARF, 
263 

in treatment of acute 
glomerulonephritis with ARF, 
275 

in treatment of acute hypercalcemic 
nephropathy, 89 

in treatment of ARF, 38F, 228, 359, 
409-412 

in treatment of ARF associated with 
leptospirosis, 324 

in treatment of ARF in nephrotic 
patients with minor glomerular 
abnormalities, 291 

toxic effect of, 
in association with aminoglycosides, 

9,64,411 
in association with cephalosporins, 

64-65 
use of, after renal transplantation, 395 
use of, plus dopamine in ARF, 3, 

411-412 

Gambro Lundia Major, dialyzer, use of, 
in ARF, 450T 

Gastric juice 
concentration of potassium in, 195 
concentration of sodium in, 194 

Gastrin 
and calcitonin, 169 
in ARF, 171-172 

Gastrointestinal bleeding 
as precipitating event of hepatorenal 

syndrome, 235, 235T, 240 
in ARF, 52, 183, 228T 

treatment of, 418-419 
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Gastrointestinal bleeding (continued) 
in hemolytic uremic syndrome, 330, 

334 
GCP. See Glomerular capillary pressure 
Gentamicin 

acute interstitial nephritis (AIN) 
induced by, 90 

as nephrotoxin, 62, 152 
concentration in dialysate, during 

peritoneal dialysis with 
peritonitis, 472T 

dosage in renal failure, 136T 
Gentamicin-induced ARF, 9-13, 27 
G FR. See Glomerular filtration rate 
Glafenin 

acute interstitial nephritis (AIN) 
induced by, 89 

ARF induced by, 96 
Glomerular blood flow, 25, 29 

during ureteral obstruction, 369 
Glomerular capillary pressure (GCP or 

PG ) 

during ureteral obstruction, 369 
effect of angiotension II on, 25 
following blockade of tubule, 29 
following hemorrhagic hypotension, 

408 
effect of dopamine on, 408 

following ischemia, 18, 19 
following mannitol infusion, 14, 122 
in hypovolemic ARF, 51 

Glomerular capillary ultrafiltration 
coefficient (K,) 

effect of angiotension II on, 25, 30 
effect of prostaglandins on, 34-35 
in acute hypercalcemic nephropathy, 

88 
in ARF following open-heart surgery, 

60 
in ARF in nephrotic patients with 

minor glomerular abnormalities, 
290 

in cisplatinum-induced ARF, 8 
in gentamicin-induced ARF, 11-12 
in glycerol-induced ARF, 23 
in mercuric chloride-induced ARF, 

6-7 
in nonoliguric ARF, 225 
in pathogenesis of ARF, 38F, 39 
in post-ischemic ARF, 15 
in rhabdomyolysis-induced ARF, 

259 
in uranyl nitrate-induced ARF, 3-4 

Glomerular diseases and ARF, 51 T 
Glomerular filtration rate (GFR) 

at birth, 354 
during open-heart surgery, 60 
effect of kinins on, 35-36 
effects of nonsteroidal anti-

inflammatory drugs (NSAID) on, 
61 

effect of prostaglandins on, 33-35 
following mannitol infusion, 122 
in cisplatinum-induced ARF, 8 
in gentamicin-induced ARF, 9, 11 
in glycerol-induced ARF, 20-21 

INDEX 

in hepatorenal syndrome, 237, 238T, 
240, 240T 

in mercuric chloride-induced ARF, 6 
in post-ischemic ARF, 13 
in recovery phase of ATN, 419-420 
in single nephron (SNGFR), 4, 7, 8, 

11, 29 
during ureteral obstruction, 369 
following relief of ureteral 

obstruction, 371-374 
in uranyl nitrate-induced ARF, 3 
pathogenesis of reduction in, in ARF, 

25, 38F, 39, 39F 
Glomerular plasma flow- (GPF) 

dependency of GFR on, 101 
during ureteral obstruction, 369 
following mannitol infusion, 122 
following relief of ureteral obstruction, 

371-372 
Glomerulonephritis 

acute, in pregnancy, 342T, 343 
acute postinfectious, ARF caused by 

150, 150T, 152F, 153F, 272, 
274, 278 

classification of oliguric, 278T 
diagnosis of ARF in, 271 
endocapillary, with ARF, 272-275, 

272F, 278T, 282, 342T 
extracapillary (crescentic), ARF caused 

by, 150, 150T, 151F, 272, 
275F, 275-288, 278T 

focal segmental necrotising 
glomerulonephritis, 284, 285F 

focal segmental proliferative, 274, 
278T 

in infancy and childhood, 353, 353T, 
354, 356 

mesangiocapillary (MCGN), 27 3F, 
274, 278T, 282 

poststreptococcal glomerulonephritis, 
274F, 277, 278T 

renal biopsy in, 202, 202T, 203, 
203T 

urinary diagnostic indexes in acute, 
199 

Glucagone, in ARF, 171,425 
Glucose, in peritoneal dialysis 

concentration of, and ultrafiltration 
rates, 468T 

concentration in dialysate, 466T, 468, 
468T 

Glucose intolerance. See Carbohydrate 
intolerance 

Glucose solutions, for parenteral use, 404 
plus insulin, in treatment of 

hyperkalemia, 417 
Glutamic oxaloacetic transaminase (GOT) 

as marker of muscle damage, 253 
serum levels of, after rhabdomyolysis, 

258 
serum levels of, in acute farty liver of 

pregnancy, 346 
Glycerol, 20, 36 
Glycerol-induced ARF, 20-24 
Glycyrrhizic acid, as cause of 

rhabdomyolysis, 256 

Gonadotropin, human chorionic, effect 
of, in ARF, 170 

Goodpasture syndrome, 280, 281-282, 
281T 

and anti-GBM nephritis, treatment of 
281-282 

Goodpasture-like syndrome, 277 
GOT. See Glutamic oxaloacetic 

transaminase, 
Gout, primary and hyperuricemia, 82 
GPF. See Glomerular plasma flow 
Growth hormone (HGH) 

and calcium, in ARF, 167-168 
and PTH, in ARF, 169 
in ARF, 167 

Halothane anesthesia 
and pseudo-hepatorenal syndrome, 

235T 
effect of, on renal function of, 79 

HCG (Human chorionic gonadotropin), 
effect of, in ARF, 170 

HCL. See Hydrochloric acid solution 
Heart disease and acute renal failure, 
Heart failure. See Congestive heart failure 
Heat injury, as cause of rhabdomyolysis, 

255 
Heavy metals, ARF induced by, 2-9, 

24-25, 37 
Hemodialysis 

effect of, on bleeding tendency, 10 

ARF, 183 
in children, with ARF 

cannulation of jugular vein for, 361 
femoral venous catheterization for, 

361 
in prevention of ARF following 

rhabdomyolysis, 263 
in treatment of acute hypercalcemic 

nephropathy, 89 
in treatment of ARF, 447-458 

acetate or bicarbonate dialysate for, 
450-451 

administration of drugs during, 
455-456, 455T, 456T 

anticoagulants for, 449 
cardiac complications of, 452 
caval catheterization for, 447-448 
choice of dialyzer and techniques, 

449-450, 450T 
dialysate compositions for, 450T 
gastrointestinal complications of, 

452-453 
indications for, 447, 447T, 448T 
in patients on bypass oxygenators, 

448-449 
nervous complications of, 453 
pulmonary complications of, 

451-452 
shunt insertion for, 448 
subclavian vein cannulation for, 447 
timing and strategy of, 453 
type of, 449F 

in treatment of ARF in pregnancy, 
348 



in treatment of ARF secondary to 
multiple myeloma, 87 

in treatment of hemolytic uremic 
syndrome, 360 

in treatment of hyperkalemia in ATN, 
417 

in treatment of postpartum renal 
failure, 345 

in treatment of uric acid nephtopathy 
(UAN),87 

loss of amino acids during, 425 
loss of glucose during, 426 
versus peritoneal dialysis, in ARF, 

447, 448T, 473-474 
Hemofiltration 

continuous arterial-venous (CAVH), in 
ARF, 440-441 

in treatment of ARF, 448T, 455 
Hemoglobin, 20 

and nonoliguric ARF, 222T, 223 
Hemoglobinuria, 20, 102 

and nonoliguric ARF, 222T, 223 
Hemolysis, 20, 36, 56 

ARF following, 150T 
following incompatible transfusion, 

101-104 
in ARF associated with leptospirosis, 

323 
in hemolytic uremic syndrome, 302, 

329 
Hemolytic anemias, as cause of 

disseminated intravascular 
coagulation and ARF, 178T 

Hemolytic uremic syndrome (HUS) 
and intravascular coagulation, 

180-181 
ARF caused by, 150, 150T 
in adults, 298-308 

and scleroderma, 307-308 
clinical course of, 299 
etiology of, 303-304 
histopathology of, 299-301 
histopathology of, in patients with 

vascular disease, 306-30 
in malignant hypertension, 

304-306 
pathophysiology of, 301-302 
physiopathology of, in patients with 

vascular disease, 307 
relationship between, and cortical 

necrosis, 304 
relationship between, and 

thrombotic thrombocytopenic 
purpura, 304 

treatment of, 302-303 
treatment of, in patients with 

vascular disease, 307 
in infants, 327-338, 353, 353T, 354, 

356 
anemia in, 331 
clinical picture of, 329-330 
diagnosis of, 335-336 
epidemiology of .327-328 
neurological sequelae of, 330 
pathogenesis of, 328-329 
pathological features, 332-335 

INDEX 

prognosis of, 337-338 
thrombocitopenia in, 331 
treatment of, 336-337, 360 

in leptospirosis, 321, 324 
in pregnancy, 180, 342T 
postpartum, 344-345 

Hemoperfusion 
indications for, 455 
in endotoxemia, 59 

Hemorrhage 
and renin release, 26, 35 
as cause of ARF, 1, 38, 38F, 52 
effect of dialysis on, in ARF, 183 
gastrointestinal, in ARF, 183, 330 
hypotension secondary to, effect of 

dopamine, 408 
in icteric ARF or Weil' s syndrome, 

324, 330 
prostaglandins following, 34, 35 
sympathetic nerve activity following, 

31 
tendency of, in ARF, 183 
treatment of pre renal ARF secondary 

to, 405 
uterine, as cause of ARF in pregnancy, 

342T 
Hemostasis, in ARF, 183-184 
Henoch-Schonlein purpura, ARF 

associated with, 276, 277, 278, 
278T, 284, 287, 353T 

Heparin 
therapy 

in ARF associated with disseminated 
intravascular coagulation, 180 

in hemolytic uremic syndrome, 303, 
336 

in renal transplant rejection, 183 
use of, for hemodialysis in ARF, 449 
use of, in peritoneal dialysis, 467, 

469, 472 
Heparinization 

regional, for hemodialysis, 449 
tight, for hemodialysis, 449 

Hepatic encephalopathy, 236 
Hepatic failure 

after paracetamol (acetaminophen) 
poisoning, 94, 235T 

and renal failure, 235T, 346 
Hepatitis, ARF associated with, 234, 

235T 
Hepatorenal syndrome (HRS), 233-248 

clinical course of, 236 
diagnosis of, 238-239 
differential diagnosis with prerenal 

ARF,235 
nonoliguric form of, 235 
pathogenesis of, 239-240, 240T 
precipitating facrors, 235, 235T 
prevention of, 246 
pseudo-, 234, 235T 
renal pathology in, 237-238 
transition of, to ATN, 233, 234, 238, 

2.38T, 239 
treatment of, 245-248 

Herbicide poisoning, ARF secondary to, 
96-97 
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Heroin, as cause of rhabdomyolysis, 255 
HgCl,-induced ARF. See Mercuric 

chloride-induced ARF 
HGH. See Growth hormone 
Hippuran, use of, for renography, 218 
Histamine release, following 

incompatible blood transfusion, 
103, 103F 

Histidine, as essential amino acid, 
434-436 

Hormones. See also names of specific 
substances) 

catabolic, promoting wasting, in ARF, 
424T, 425 

in ARF, 167-173 
HRS. See Hepatorenal syndrome 
HUS. See Hemolytic uremic syndrome 
Hydralazine 

as cause of retroperitoneal fibrosis, 374 
in preventing oliguria in eclampsia, 

347 
in treatment of hypertension in ARF, 

419, 455T 
Hydration 

in prevention of acute uric acid 
nephropathy (UAN), 86, 133 

in prevention of cisplatinum-induced 
ARF, 130-13 1 

in prevention of postsurgical ARF, 
140 

in prevention of radiocontrast-induced 
ARF, 128 

in treatment of acute uric acid 
nephropathy (UAN), 83F, 85 

Hydrochloric acid solution (HCl) 
in treatment of metabolic alkalosis, 

406,415 
required for treatment of metabolic 

alkalosis, 415-416 
Hydrochlorothiazide, acute interstitial 

nephri tis (AIN) ind uced by, 90 
Hydrogen ion 

plasma concentration of, in ARF, 357 
requirement of, for correction of 

metabolic alkalosis, 415 
Hydroxyacids, substituting essential 

amino acids in enteral nutrition, 
in ARF, 437 

Hydroxycholecalciferol (25-(OH) D,) 
in ARF, 169-170 
in rhabdomyolysis-induced ARF, 

260-262 
Hypaque. See Diatrizoate 
Hypercalcemia 

and PTH, in ARF, 169 
as cause of ARF, 87-89, 222T 
dialysate composition for correction of, 

by hemodialysis, 450T 
in multiple myeloma, 87 
in rhabdomyolysis-induced ARF, 

196-197,259,260-262 
Hypercalcemic nephropathy, acute, 

87-89 
Hypercatabolism. See Catabolism, 

aaderated 
Hyperfibrinogenemia. See Fibrinogen 
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Hyperglycemia 
during peritoneal dialysis, 467, 469, 

470T, 473, 475, 476 
hyperkalemia caused by sudden, 195 

Hyperkalemia (See also PotaJJium) 
dialysis, in treatment of, in ARF, 

360T, 447T, 450T, 454 
in ARF, 195 
in ARF associated with leptospirosis, 

323 
in ARF, in children, 357T 
in acute uric acid nephropathy (VAN), 

84,85 
in metabolic acidosis, 415 
in rhabdomyolysis-induced ARF, 254, 

259 
secondary to sudden hyperglycemia, 

195 
treatment of, in ARF, 358, 358T, 

416-418 
Hypernatremia, 52, 358, 407 

during peritoneal dialysis, 470T, 473 
hypervolemic, 195 
hypovolemic, 194-195 

Hyperosmolar states, dialysate 
composition for correction of, by 
hemodialysis, 450T 

Hyperparathyroidism 
primary, hypercalcemic ARF in, 

87-89 
secondary, in ARF, 169 

Hyperphosphatemia 
dialysis in treatment of, in ARF, 360T 
following antineoplastic therapy, 83, 

85 
following rhabdomyolysis-induced 

ARF, 254-255, 259, 260 
in ARF associated with leptospirosis, 

323 
treatment of, in ARF, 358 

Hypersensitivity reaction 
to radiocontrast agents, 72 
to rifampicin, 92 

Hypertension 
as complication of ARF, treatment of, 

419 
in ARF associated with acute 

glomerulonephritis, 275 
in hemolytic uremic syndrome, 299, 

330, 344 
treatment of, 302 

malignant and hemolytic uremic 
syndrome, 304-307 

treatment of, in pregnancy, 347 
Hypertensive encephalopathy 

in hemolytic uremic syndrome, 299, 
330 

in malignant hypertension, 305 
Hypertensive retinopathy 

in hemolytic uremic syndrome, 299 
in malignant hypertension, 305 

Hyperuricemia 
ARF secondary ro, 81-86, 222T 

prevention of, 133 
in rhabdomyolysis-induced ARF, 255, 

259 

INDEX 

Hyperuricosuria 
and ARF, 81-86 
and nephtolithiasis, 81, 82-83 

Hypervolemic hypernatremia. See 
Hypernatremia 

Hypervolemic hyponatremia. See 
Hyponatremia 

Hypocalcemia 
and secondary hyperparathyroidism in 

ARF, 169, 196 
in ARF, 196 
In ARF associated with 

rhabdomyolysis, 196, 255, 259, 
260 

in acute uric acid nephropathy, 84 
in endotoxemia, 58 
dialysate composition for correction of, 

450T 
treatment of, in ARF, 358 

Hypofibrinogenemia, after 
rhabdomyolysis associated with 
disseminated intravascular 
coagulation, 259 

Hypokalemia. See also Potassium 
dialysate composition for correction of, 

in hemodialysis, 450T 
due to diarrhea, 195 
due to sweating, 195 
due to vomiting, 53, 195 
during peritoneal dialysis, 470T, 473 
treatment of, in ATN, 418 

Hypomagnesemia 
following cisplatinum administration, 

229 
following high-dose gentamicin 

therapy, 229 
Hyponatremia 

dialysate composition for correcting 
hyponatremia, by hemodialysis, 
450T 

Hypervolemic, 194 
hypovolemic, 194 
in diabetic acidosis, 52 
in endotoxemia, 58 
sodium requirement for correction of, 

143 
treatment of, in ARF, 358, 407 

Hypoperfusion, renal, 
during cardiopulmonary bypass, 60 
in hepatorenal syndrome, 329-241, 

246F 
in myocardial infarction, 59 
in pre renal ARF, 1, 5 1 

Hypophosphatemia, due to endotoxemia, 
in septic patients, 58 

Hypotension 
and hemodialysis, 449F 
during acetate hemodialysis, 450-451 
during peritoneal dialysis, 470T, 473 
hemorrhagic, and renin release, 26, 35 
hemorrhagic, as cause of ARF, 1, 38, 

52 
hemorrhagic, prostaglandins following, 

35 
slight, in hepatorenal syndrome, 239, 

240, 240F 

Hypovolemia. See Volume depletion 
Hypovolemic ARF, 51-57 
Hypovolemic hypernatremia. See 

Hypernatremia 
Hypovolemic hyponatremia. See 

Hyponatremia 
Hypovolemic shock, 52 

Ibuprofen, 33 
acute interstitial nephritis induced by, 

90 
effect of, in hepatorenal syndrome, 

244 
effects of, on renal function, 61-62 

Ie. See Intravascular coagulation 
Icteric renal failure (Weirs syndrome), 

associated with leptospirosis, 324 
alkaline phosphatase in, 324 
hemorrhage in, 324 
Hyperuricemia in, 324 

Icterohemorrhagia infection. See 
LeptospiroJis 

IgA nephropathy, ARF associated with, 
275, 278T 

Ileal fluid 
concentration of potassium in, 195 
concentration of sodium in, 194 

Ileus, 56 
Illicit drug abuse, and rhabdomyolysis, 

263 
Imidazole, 33 
Immunoglobulins, light chains of, and 

ARF secondary to multiple 
myeloma, 86 

Indomethacin 
acute interstitial nephritis (AIN) 

induced by, 90 
as potentiating factor in experimental 

ARF, 9, 22, 29, 31 
effect of, in hepatorenal syndrome, 

244 
effect of, in minimal change nephrotic 

syndrome, 289 
effect of, in ureteral obstruction, 369 
effect of, on prostaglandin synthesis, 

32F, 33, 34, 35 
effect of, on renal function, 61-62 

Infancy, ARF in, 351-362. See also 
Children 

Infections 
ARF due to, after renal 

transplantation, 394 
as complications of ATN, 418 
prevention of, in surgery, 141-142 
renal biopsy in ARF associated with, 

203, 203T 
treatment of, in surgical patients, 142 

Insulin 
immunoreactive (IRI), in ARF, 171 
in dialysate, during peritoneal dialysis 

in diabetics, 467, 469, 473 
in treatment of hyperkalemia, 417 
resistance to, 425 
role of, in nutritional therapy, 441 
use of, in ARF and hemodialysis, 

455T 



Interleukin-I, in ARF, 425 
Interstitial nephritis, acute. See Acute 

interJtitial nephritiJ (AIN) 
Intestinal drainage 

Hypokalemia after, 195 
hypovolemic hypernarremia after, 194 
treatment of Eev depletion and 

prerenal ARF due to, 406 
Intestinal juice. See Bowel juice 
Intracellular 

acidosis, in renal rubules, 15, 16, 25 
electrolyte composition in renal 

rubules, 15, 16, 25 
Intrapelvic pressure, in postrenal ARF, 

2l0,268 
Intratubular hydrostatic pressure, (ITP) 

during ureteral obstruction, 369 
in gentamicin-induced ARF, lO 
in glycerol-induced ARF, 24 
in mercuric chloride-induced ARF, 7 
in post-ischemic ARF, 14, 17-18, 20 
in uranyl nitrate-induced ARF, 4 
role of, in pathogenesis of ARF, 38F, 

39, 39F 
Intravascular coagulation (Ie) 

in ARF, 177-183 
in ARF associated with leptospirosis, 

323 
in ARF, in humans, 178-183 
in ARF of transplant rejection, 

181-183, 182T 
in experimental ARF, 178 
in hemolytic uremic syndrome, 

180-181,302,328,331 
pathogenetic role of, in human ARF, 

179 
Intravenous pyelography (IVP) 

as cause of ARF, 67-75 
in acute (bilateral) cortical necrosis 

(ACN), 207-208 
in acute glomerulonephritis, 207 
in acute oliguric pyelonephritis, 207 
in ARF, 206-209 
in ATN, 206-207, 206F, 207F 
in normal subjects, 205-206 
in postrenal ARF, 208, 208F, 377, 

378F 
suggestions for, in ARF, 209 

Intrinsic renal failure, 1, 353 
Inulin 

clearance, in ATN following open
heart surgery, 61 

microinjection of, 38 
in cisplatinum-induced ARF, 8 
in gentamicin-induced ARF, lO 
in glycerol-induced ARF, 24 
in mercuric chloride-induced ARF, 

7 
in post-ischemic ARF, 18, 19, 20 
in uranyl nitrate-induced ARF, 4 

lodipamide, as nephrotoxin, 67, 68, 
75-76 

lopamidolo, 74 
Iopamiro, 74 
lopanoic acid, as nephrotoxin, 67, 68, 

75-76 

INDEX 

Iothalamate, as nephrotoxin, 67-75 
loxithalamate, use of, for digital 

subtraction angiography (DSA), 
213 

IPD (Intermittent perironeal dialysis). 
See Peritoneal dialYJiJ 

IRI (immunoreactive insulin). See InJulin 
Ischemia, renal 

ARF due to, 13, 150T, 152-159, 
155F, 156F, 157F, 158F 

by norepinephrine, 13 
by renal artery clamping, 13, 27 
effect of, on prostaglandin synthesis, 

32F, 33 
in pathogenesis of ARF, 38F, 39 

IsoHurane anesthesia, 
effect on renal function, 79 
prevention of ARF due to, 132-133 

Isopaque. See Metrizoate 
ITP. See lntratubular hydroJtatic preHure 
IVP. See I ntravenOUJ pyelography 

Jaundice 
and heparorenal syndrome, 239, 243 
in acute fatty liver of pregnancy, 346 
in leptospirosis, 322, 324 

JGA. See Juxtaglomerular apparatuJ 
Juxtaglomerular apparatus (JGA), 4, 26, 

37, 38, 38F 

K,. See Glomerular capillary ultrafiltration 
coefficient, 3 

Kallikrein, 35-36 
effect of gentamicin on, 29 
in acute pancreatitis with hypovolemic 

ARF,56 
role of, in the tubuloglomerular 

feedback, 36 
Kallikrein-kinin system, 35-36 

in hepatorenal syndrome, 245 
role of, in regulation of renal vascular 

resistance, 34 
Kanamycin 

as nephrotoxin, 62, 135, 152, 153F, 
154F 

concentration of, in dialysate, during 
peritoneal dialysis with 
peritonitis, 472, 472T 

dosage of, in renal failure, 136T 
Kayexalate. See ReJinJ, ion-exchange 
Ketoacids, substituting essential amino 

acids, in enteral nutrition in 
ARF,437 

Kininase I, 35 
Kininase II. See Converting enzyme 
Kinins, 35-36 

effect of captopril on, 12 
effect of, on prostaglandin synthesis, 

32F, 33 
effect of, on tubuloglomerular 

feedback, 28 
in ARF, in humans, 172 
in endotoxemia, 58 

Lactate, sodium. See Sodium 
Lactic acidosis, and hyperuricemia 

following rhabdomyolysis, 255 
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Lactic dehydrogenase (LDH) 
as marker of muscle damage, 253 
serum level of, after rhabdomyolysis, 

258 
LDH. See Lactic dehydrogenme 
Legionnaire's disease, as cause of 

rhabdomyolysis, 256 
Leptospires 

ARF d~ to infection by, 319-325 
demonstration of, in renal biopsy 

specimens, 3 19 
Leptospirosis 

anicteric ARF associated with, 
323-324 

ARF associated with, 319-325 
blood hyperviscosity in, 321 
disseminated intravascular 

coagulation (DIe) in, 321 
hemolysis in, 321, 323 
hemolytic uremic syndtome (HUS) 

in, 32l, 324 
hyperbilirubinemia in, 322 
hyperfibrinogenemia in, 321, 323 
hypovolemia in, 321 
intravascular coagulation in, 321, 

323 
jaundice in, 32l, 322, 324 
pathogenesis of, 320-321 
prostacycline in, 321 
renal biopsy in, 319-320 
treatment of, 324 

icteric ARF associated with, 324 
Leukemia(s) 

ARF caused by, renal interstitial 
infiltration, 150T 

as cause of disseminated intravascular 
coagulation and ARF, 178T 

hyperuricemic ARF in, 82-86 
Leukocitosis 

during acute rejection, 397T 
following rhabdomyolysis, 258, 259 
in ARF, 197 
in hemolytic uremic syndrome, 331 

Leukopenia, during hemodialysis, 451 
Leydig cells, behaviour of, in ARF, 170, 

172 
LH. See Lutropin 
LH-RH. See Luliberin 
Lipolysis, effect of endotoxemia on, 58 
Liquorice, ingestion of, as cause of 

rhabdomyolysis, 256 
Lissamine green, 8 
Liver disease, 34 

acute fatty liver (yellow atrophy of 
liver) in pregnancy, 342T, 
346 

and ARF, 234, 235F 
disseminated intravascular coagulation 

and, 234 
LTH. See Prolactin 
Luliberin (LH-RH), effect of, on plasma 

prolactin, in ARF, 168 
Lupus Erythematosus Systemic (SLE) 

and pseudo-hepatorenal syndrome, 
235T 

as cause of ARF in children, 353T 
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Lupus Erythematosus Systemic (continued) 
nephritis in, 277, 278, 278T, 284, 

287 
anticoagulants in therapy of, 287 
dialysis in patients with, and ARF, 

287 
effects of nonsteroidal anti

inflammatory drugs (NSAID) on, 
61-62 

plasmapheresis in patients with, and 
ARF, 287 

Lutropin (LH), in ARF, in humans, 
170-171 

Lymphoma(s) 
hyperuricemic ARF in, 82-86 
renal biopsy in, 202 

Lysergic acid, as cause of retroperitoneal 
fibrosis, 374 

Lysin, effect of, in gentamicin 
nephrotoxicity, 11 

Lysosomal changes 
in aminoglycoside-induced ARF in 

humans, 63 
in experimental gentamicin-induced 

ARF, 10 
in ischemic ARF, 158, 158F 
in mercuric chloride-induced ARF, 5 

Lysozyme, urine, for detecting early 
rejection, 397T 

MAC (Minimal Alveolar Concentration) 
hour values, and methoxyflurane 

nephrotoxicity, 77 
of anesthetic agents, 104 

Macrophage migration inhibition, as test 
for detecting early rejection, 
397T 

Magnesium 
chloride plus adenine nucleotides in 

treatment of ARF, 442 
renal wasting after cisplatinum or 

gentamicin therapy, 229 
sulphate, in preventing oliguria in 

eclampsia, 347 
Malaria, peritoneal dialysis in ARF 

complicating, 476 
Malignant hypertension 

ARF induced by, 150, 150T, 202T 
hemolytic uremic syndrome associated 

with, 180 
in pregnancy, 342 

Malnutrition, in ARF, 423-426 
Mannitol 

effect of, on prostaglandin synthesis, 
32F, 33 

in prevention of ARF, 18, 20, 
121-125, 124F 

in prevention of cisplatinum-induced 
ARF, 131 

in prevention of radiocontrast-induced 
ARF, 128-1.JO 

in prevention of rhabdomyolysis
induced ARF, 262 

in treatment of ARF, 38F, 228, 
412 

INDEX 

microinjection of, in uranyl nitrate
induced ARF, 4 

solutions, for parenteral use, 404T 
Measles, acute interstitial nephritis (AIN) 

secondary to, 91 
Membranous nephropathy, 278T 
Mercuric chloride (HgC 12 ) 

as nephrotoxin, 5-7, 24 
prevention of nephrotoxicity by, 27 
protective effect of, on gentamicin 

nephrotoxicity in rats, 11 
Mercuric chloride-induced ARF, 5-7 

pathogenesis of, 6, 24 
pathology of, 15 OT, 15 1 

Mesangiocapillary glomerulonephritis 
(MCGN). See Glomerulonephritis 

Metabolic acidosis. See Acidosis, metabolic 
Metabolic alkalosis. See Alkalosis, 

metabolic 
Metabolism, in ARF, 423 
Metaraminol, effect of, in hepatoroenal 

syndrome, 243 
Metastatic calcification, following 

antineoplastic therapy, 83, 85 
prevention of, 133 

Methemoglobin, 20 
Methicillin, acute interstitial nephritis 

(AIN) induced by, 89 
Methoxyflurane 

and pseudo-hepatorenal syndrome, 
235T 

as nephrotoxin, 9, 76-79, 150T 
nonoliguric ARF induced by, 222T, 

223 
Methyldopa 

as cause of retroperitoneal fibrosis, 
374 

in treatment of hypertension in ARF, 
419 

Methylprednisolone 
in treatment of acute graft rejection, 

397 
in treatment of essential 

cryoglobulinemia, 287 
in treatment of lupus nephritis, 287 
in treatment of oligo-anuric crescentic 

glomerulonephritis, 281-283, 
286 

Metrizoate, as nephrotoxin, 67-75 
Microangiopathic hemolytic anemia, 298, 

344 
Minerals, in total parenteral nutrition in 

ARF, 438T, 439 
Minimal change nephrotic syndrome 

ARF in, 288-291, 289F 
ATN in, 288 
effect of prostaglandin inhibitors on, 

289 
pathogenesis of ARF in, 290 

Minocycline, acute interstitial nephritis 
(AIN) induced by, 90 

Minoxidil 
therapy with, in malignant 

hypertension, 303 
use of, in ARF and hemodialysis, 

455T 

Mitochondria, degeneration of 
after cephaloridine, 65 
in gentamicin-induced ARF, 10 
in glycerol-induced ARF, 24 
in mercuric chloride-induced ARF, 

5-6 
in post-ischemic ARF, 17 
in uranyl nitrate-induced ARF, 2-3 
prevention of, by mannitol, 123 

Mixed lymphocyte culture, as test for 
detecting early rejection, 397T 

Mononucleosis, acute interstitial nephritis 
(AIN) secondary to, 91 

Morbidity 
in nonoliguric ARF, 227, 228T 
in oliguric ARF, 227, 228T 

Morphine, 76 
effect of, on plasma level of ADH, In 

ARF, 168 
Mortality 

in ARF in pregnancy, 341, 342T 
in hemolytic uremic syndrome, 337 
in nonoliguric ARF, 227, 228T 
in oliguric ARF, 227, 228T, 420 

Multiple myeloma. See Myeloma, multiple 
Muscle damage, consequences of, 

251-255 
Muscle enzymes, 251-253 
Muscular dystrophy, as cause of 

rhabdomyolysis, 256 
Mushroom poisoning, and ARF, 97 
Mycoplasma pneumoniae infection, acute 

interstitial nephritis (AIN) 
secondary to, 91 

Myeloma kidney, 86, 202. See also 
Myeloma multiple 

Myeloma, multiple 
acute hypercalcemic nephropathy in, 

87 
ARF secondary to, 86-87, 150T 
as risk facror for radiocontrast-induced 

ARF, 70, 86 
hyperuricemic ARF in, 82, 87 
hyperviscosity syndrome in, 87 
plasmapheresis in ARF secondary to, 

87 
renal biopsy in, 202, 202T 

Myocardial infarction 
and ARF, 1, 30, 54, 55F, 59 
and hyperuricemia, 82 

Myoglobin, 20, 251 
and nonoliguric ARF, 222T, 223 

Myoglobinuria, 20, 251 
and ARF, 251-267 
and nonoliguric ARF, 222T, 223 
benzidine and orchotolidine tests in, 

257 
Myoglobinuric ARF. See Rhabdomyolysis

induced ARF 
Myotonia caogeni ta, as cause of 

rhabdomyolysis, 256 

N aC 1. See Sodium chloride 
Nafcillin, acute interstitial nephritis 

(AIN) induced by, 90 



Na-K-ATPase, 23 
activity of, during urinary tract 

obstruction, 370 
N aproxen, 33 

acute interstitial nephritis (AIN) 
induced by, 90 

effects of, on renal function, 61-62 
Narcotics, use of, in ARF and 

hemodialysis, 455T 
Nasogastric suction 

hypokalemia after, 195 
metabolic alkalosis after, 196 
treatment of pre renal ARF due to, 

405 
NE. See Norepinefrine 
Necrosis, acute tubular. See Acute tubular 

necrosis (A TN ) 
Necrosis 

in major organs, and endotoxemia, 
57F 

of muscle cells, 20 
of tubular cells 

in aminoglycoside-induced ARF, 63 
in ARF secondary to cephalosporins, 

64-66 
in cisplatinum-induced ARF, 66 
in experimental models of ARF, 

2-3, 5-6, 8, 10, 16 
in ischemic ARF, 51, 151-152 
role of, in pathogenesis of ATN, 

37, 38F, 39 
Neomycin, as nephrotoxin, 62 
Nephrocalcinosis 

acute, 154F 
following antineoplastic therapy, 

83-85 
prevention of, 133 

Nephrogram 
arteriographic 

in acute (bilateral) cortical necrosis 
(ACN),212 

in ATN, 211-212, 212F, 213F 
in normal subject, 211, 2l1F 

urographic 
dense, late, as index of contrast 

nephropathy, 73 
in acute (bilateral) cortical necrosis 

(ACN), 206T, 207 
in acute glomerulonephritis, 206T 
in acute oliguric pyelonephritis, 

206T, 207 
in ARF, 206-209, 206F, 206T, 

207F 
in ATN, 206-207, 206F, 206T, 

207F 
in normal subject, 205-206 
in postrenal ARF, 206T, 208-209, 

208F 
Nephron 

heterogeneity, in nonoliguric ARF, 
226, 226T 

"lower nephron nephrosis", 5 1 
Nephrostomy, for treatment of ureteral 

obstruction, 380 
Nephrotic syndrome 

effective blood volume in, and serum 

INDEX 

concentration of sodium, 194, 
407 

in crescentic (extracapillary) 
glomerulonephri tis, 27 8 

renal dysfunction in, after nonsteroidal 
antiinflammatory drugs (NSAID), 
34, 61-62 

with minor glomerular abnormalities, 
ARF secondary to, 150T 

Nephrotoxic dtugs. See also Antibiotics 
ARF due to, after renal 

transplantation, 388T, 394-395 
Netilmicin 

as nephrotoxin, 62, 135 
dosage of, in renal failure, 13 5, 136T 

Neurohypophysis, in ARF, 168 
Neuroleptanesthesia, 76 
Neutological signs 

as complication of ARF, 419 
in hemolytic uremic syndrome, 330 
permanent, after hemolytic uremic 

syndrome, 330-331 
Neuforransmircers, false, in hepatorenal 

syndrome, 243 
Nitrogen intake, in ARF, 436-437 
Nitroprusside, use of, in malignant 

hypertension, 302 
Nonoliguric acute renal failure, 221-230 

biochemical abnormalities in, 
comparison with oliguric ARF, 
227,227T 

causes of, 222-224, 222T 
clinical features of, 227-228 
pathophysiology of, 224-227 
Peritoneal dialysis in, 229 
treatment of, 228-230 

Non steroidal anti-inflammatory drugs 
(NSAID). See also names of 
specific agents, .32F, 33 

acute interstitial nephritis (AIN) 
induced by, 90 

ARF secondary to, 34, 61-62 
effect of, in hepatorenal syndrome, 

246 
danger in use of, in prerenal ARF, 

409 
Norepinephrine (NE), 30-31 

ARF induced by, 13-20 
effect of, on prostaglandin synthesis, 

32F, 33 
role of, in hepatorenal syndrome, 

243 
NSAID. See Non steroidal anti

inflammatory drugs. 
Nutrition 

effect of, on recovery of ARF, 
431-432 

new directions for, 441-442 
peripheral parenteral 439-440 
plasma free amino acids after 

parenteral, in ARF, 430T 
recommendations for, in ARF, 

433-441 
role for, in ARF, 423-442 
serum protein after parenteral. 10 

ARF,429T 
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therapy in ARF, 426-427 
therapy in ARF, in children, 359 
total parenteral (TPN), in ARF, 427, 

437 
composition of TPN infusate, 439T 

Obstetric ARF, 341-348 
and disseminated intravascular 

coagulation, 178T 
Obstruction 

intestinal, 56 
tubular 

and slow-acting, positive 
tubuloglomerular feedback (TGF), 
29 

by uric acid crystals in acute uric 
acid nephropathy (UAN), 82 

in acute hypercalcemic nephropathy, 
88 

in cisplatinum-induced ARF, 8 
in gentamicin-induced ARF, 10 
in glycerol-induced ARF, 24 
in mercuric chloride-induced ARF, 

7 
in multiple myeloma, 86 
in myeloma following radiocontrast 

agents, 70 
in nonoliguric ARF, 225 
in postischemic ARF, 16, 17, 18, 

161 
in radiocontrast-induced ARF, 74, 

161 
in rhabdomyolysis-induced ARF, 

259 
in uranyl nitrate-induced ARF, 4 
prevention of, by furosemide, 38F, 

127 
prevention of, by mannitol, 38F, 

123, 124F 
role of, in pathogenesis of ARF, 37, 

38F, 39, 39F 
ureteral. See Ureteral obstruction 

Obstructive uropathy. See Urinary tract 
obstruction 

Occlusion 
of branches of the renal artery by 

cholesterol emboli, 310 
renal artery, ARF due to, 310 
renal vein, ARF due to, 310-311 

Octopamine, role of, in hepatorenal 
syndrome, 243 

25-(OH)D,. See Hydroxycholeca!ciferol 
1,25-(OHhD,. See Dihydroxycholeca!ciferol 
Orobilex. See Bunamiodyl, sodium 
Orthotolidine, dipstick test, 252, 257 
Osmolality, 194 

plasma, in ARF, 194, 357 
urinary. See Urinary osmolality (UO,m) 
urine-to-plasma ratio. See Urine-to-

plasma-osmolality ratio (U/PO,m) 
Osmotic diuresis 

by mannitol, 121-125, 124F 
due to radiocontrast agents, 70 
due to untreated diabetes mellitus, 52, 

54F 
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Oxacillin, acute interstitial nephritis 
(AIN) induced by, 90 

Oxalate 
crystallization in organs after ethylene 

glycol intoxication, 80 
tubule obstruction by 

following enflurane anesthesia, 
78-79 

in methoxyflurane-induced ARF, 77 
in radiocontrast-induced ARF, 74 

PG . See Glomerular capillary prwure 
(GCP) 

PAH. See Para-aminohippurate 
Pancreatic hormones, in ARF, 171-172 
Pancreatic polypeptide (PP), in ARF, 

171 
Pncreatitis, acute 

ARF secondary to, 56, 98, 178T, 179 
peritoneal dialysis in, 475 

Para-aminohippurate (PAH), 2, 23 
extraction of, 2 

Para-aminosalicylic acid, acute interstitial 
nephritis (AIN) induced by, 90 

Paracentesis, as causing factor of 
hepatorenal syndrome, 235, 
235T, 240, 246 

Paracetamol-induced ARF, 94-96, 235T 
Paraquat, ARF induced by, 96-97 
Parathyroid hormone, (PTH), 30 

correlation of, with prolactin, in ARF, 
168, 169 

in rhabdomyolysis-induced ARF, 
260-262 

plasma levels of, in ARF, 169, 425 
Parenteral nutrition, 11. See also 

Nutrition 
peripheral and supplemental, in ARF, 

439-440 
role of continuous arterial-venous 

hemofiltration (CAVH) in, 
440-441 

total (TPN), in ARF, 427-431, 
429T, 430T, 437, 438T 

Pathogenesis of ARF, 24-39 
Pathology, of ARF, 149-164 
PD. See Peritoneal dialysis 
Penicillin 

acute interstitial nephritis (AIN) 
induced by, 89 

concentration of, in dialysate, during 
peritoneal dialysis with 
peritonitis, 472T 

in treatment of leptospirosis, 324 
Pericarditis, as complication of ARF, 419 
Peritoneal dialysis (PO) 

amino acids in dialysate during, 476 
continuous ambulatory (CAPO), 468 
continuous equilibration (CEPD), 

468-469, 468T 
ultrafiltration rate in, 468T 

contraindications of, 477 
dialysate hyperosmolality for 

ultrafiltration in, 464, 468T 
factors affecting efficiency of, 464, 

464T 
glucose absorption during, 426, 476 

INDEX 

hazards and complications of, 
469-473, 470T 

abdominal pain, 470-471, 470T 
bleeding, 469, 470 
cardiovascular complications, 470T, 

473 
catheter obstruction, 469-470, 

470T 
fluid and electrolyte disorders, 

470T, 473 
metabolic consequences, 470T, 473 
peritoneal infection, 470T, 

471-472 
pleural and pulmonary 

complications 470T, 472-473 
in acute hypercalcemic nephropathy, 

89 
in acute uric acid nephtopathy (VAN), 

85, 475 
in ARF after major abdominal surgery, 

475 
in ARF after open-heart surgery, 

474-475 
in ARF after renal transplantation, 

475-476 
in ARF complicating malaria, 476 
in ARF in infants and children, 

360-361 
in ARF in pregnancy, 348 
in ARF in secondary to multiple 

myeloma, 87 
in A TN secondary to acute 

pancreatitis, 475 
in hemolytic uremic syndtome, 336, 

360 
in hypercatabolic ARF, 474 
in postrenal ARF, 474 
in prevention of ARF following 

rhabdomyolysis, 263 
in secondary peritonitis complicated by 

ATN,475 
in radiocontrast-induced ARF, 476 
in treatment of hyperkalemia in ATN, 

417-418 
indications of, in ARF, 473-476 
kinetics of, 463-464 
loss of amino acids during, 425 
loss of ptoteins during, 425-426, 

464, 470T, 473 
periodic (intermittent) (lPD), 468, 

468T 
ultrafiltration rate in, 468T 

renal transplantation in patients on, 
475-476 

technical aspects of, 464-473 
catheter placement 465-466 
composition of dialysis solutions, 

466, 466T 
dialysis schedules, 468-469 
manual techniques and automatic 

cyclers, 467-468 
monitoring, 469 
peritoneal catheters, 464-466 
reverse osmosis machines, 468 
use of heparin, antibiotics, insulin, 

467, 469, 472, 473 
treatment of ARF by, 463-477 

versus hemodialysis, in ARF, 447, 
448T, 473-474 

Peritoneal jugular-venous shunt (PVS), in 
therapy for hepatorenal syndrome, 
247-248 

Peritonitis, 56 
fungal, in peritoneal dialysis, 472 
in peritoneal dialysis, 467, 470T, 

471-472 
loss of proteins in, during peritoneal 

dialysis, 426, 473 
secondary, complicated with ATN, 

treatment by peritoneal dialysis, 
475 

PGA 2 • See Pr05taglandin A, 
PGD,. See Prostaglandin D2 
PGE2 . See Prostaglandin £2 
PGF2u . See Prostaglandin F,u 
PGI 2 . See Prostacydine 
PGs. See Prostaglandins 
Phenacetin, 33 
Phenazone (antipyrine), acute interstitial 

nephritis (AIN) induced by, 90 
Phencyclidine 

abuse and hyperuricemia, 255 
abuse and rhabdomyolysis, 263 

Phenindione, acute interstitial nephritis 
(AIN) induced by, 89 

Phenobarbital, acute interstitial nephritis 
(AIN) induced by, 90 

Phenothiazines, 76 
Phenoxybenzamine, 31 
Phentolamine, 31 
Phenylbutazone, 33 

acute interstitial nephritis (AIN) 
induced by, 90 

Phenylethanolamine, role of, in 
hepatorenal syndrome, 243 

Phenylhydantoin, acure interstitial 
nephritis (AIN) induced by, 89 

Phosphate, plasma concentration of, in 
ARF, 357T 

Phosphocreatine, 252 
Pigmenturia, differential diagnosis 

between porphyria, 
myoglobinuria and 
hemoglobinuria, 257 

Piromidic acid, acute interstitial 
nephritis (AIN) induced by, 90 

Plasma exchange, therapy of hemolytic 
uremic syndrome by, 303, 337, 
345 

Plasma infusion 
in treatment of hemorrhagic shock, 

405 
in treatment of pre renal ARF in burns, 

406 
therapy of hemolytic uremic syndtome 

by, 181,303 
Plasmapheresis 

in ARF associated with leptospirosis, 
324 

in crescentic nephritis as part of 
vasculitis, 286 

in essential cryoglobulinemia, 287 
in Goodpasture syndrome, 281T, 282 
in hemolytic uremic syndrome, 181 



in Lupus nephritis, 287 
in multiple myeloma with ARF, 87 
in presumed idiopathic immune 

complex crescentic 
glomerulonephritis, 283 

Plasma renin activity (PRA) 
in ARF, in humans, 170 
in glycerol-induced ARF, 22 
in hepatorenal syndrome, 244 
in jaundice, 322 
in mercuric chloride-induced ARF, 27 
in post-ischemic ARF, 14 
in uranyl nitrate-induced ARF, 4-5, 

27 
Plasma volume. See also Volume depletion 

in glycerol-induced ARF 
in hepatorenal syndrome, 240, 240T 
in rhabdomyolysis-induced ARF, 

258-259 
Platelet 

abnormalities of, in ARF, 183 
aggregation of, in hemolytic uremic 

syndrome, 181 
Poisoning 

use of chelarors in dialysate for 
treatment of, 450 

Polyacrylonitrile membranes, for 
hemodialysis, 450, 450T 

Polyarteritis nodosa 
and pseudo-heparorenal syndrome, 

235T 
as risk factor for radiocontrast-induced 

ARF,70 
oliguric glomerulonephritis secondary 

to, 277, 278, 278T, 284, 285F, 
286 

Polycystic renal disease, 52 
computerized tomography (CT) in, 

217F,218 
Polymixins, acute interstitial nephritis 

(AIN) induced by, 90 
Polymyositis, as cause of rhabdomyolysis, 

256 
Polyuria, during the recovery phase of 

ATN, 39, 39F, 419 
Post-ischemic ARF. See Ischemia, renal 
Postobstructed kidney 

following bilateral ureteral obstruction, 
371-372 

following unilateral ureteral 
obstruction (UUO), 372 

pathophysiology of, 371-374 
Postobstructive diuresis 

increase in permeability of collecting 
ducts in, 372 

loss of hormonal effect on the 
collecting ducts in, 372 

loss of medullary osmotic gradient in, 
372 

role of ECV expansion in, 372-373 
role of impaired reabsorptive capacity 

of collecting ducts in, 372 
Postpartum ARF, 150T, 342T, 344-345 
Postpartum nephrosclerosis, 344 
Postrenal ARF, 51T, 365-380. See also 

Ureteral obstruction and Urinary 
tract obstruction 

INDEX 

antegrade percutaneous pyelography 
in, 377 

causes of, 365-368, 365T 
computerized tomography (CT) in, 

216, 216F, 376-377, 376F 
diagnosis of, 374-377 
echography in, 376 
in infancy and childhood, 352-353 
intravenous pyelography (IVP) in, 

377, 378F 
pathophysiology of, 368-374 
peritoneal dialysis in, 474 
renal function following, 373 
renography in, 377 
retrograde pyelography in, 377 
treatment of, 377-380 

Postsurgical ARF. See Surgery 
Post-traumatic ARF, 263-267, 265T 

complications of, 266-267 
suggestions for management, 267 

Potassium 
concentration 

in cecal fluid, 195 
in gastric juice, 195 
in ileal fluid, 195 
in serum, in ARF, 195-196, 357T. 

See also Hyperkalemia and 
Hypokalemia 

in small bowel juice, 195 
in stool, 195 
in sweat, 195 
in tubular cells, 15 

depletion 
as cause of rhabdomyolysis, 256 
as potentiating factor of 

aminoglycoside nephrotoxicity, 9 
in untreated diabetes mellitus, 54F 
treatment of, 406 

PP. See Pancreatic polypeptide 
PRA. See Plasma renin activity 
PrazQsin, in treatment of hypertension in 

ARF,419 
Prednisolone, for treatment of acute graft 

rejection, 397 
Preeclampsia. See Preeclamptic toxemia 
Preeclamptic toxemia, 344 

as cause of disseminated intravascular 
coagulation associated with ARF, 
178T, 179 

Pregnancy 
acute (bilateral) cortical necrosis (ACN) 

in, 346-347, 346F 
acute glomerulonephritis in, 343 
acute pyelonephritis in, 343 
ARF in, 341-348 
hemolytic uremic syndrome associated 

with, 180, 304 
obstructive uropathy in, 343-344 
roxemia of, 344 
treatment of ARF in, 347-348 

Prerenal ARF, 1, 21, 38F, 51-57, 51T, 
53F 

after myocardial infarction, 55F, 
60-61 

after non steroidal anti-inflammatory 
drugs (NSAID), 61-62 

BUN/Sc, in, 193, 198T 
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differential diagnosis between A TN 
and, 197-198T, 355-356, 356T 

during open-heart surgery, 60-61 
fractional sodium excretion (FEN.) in, 

191, 198T 
in infancy and childhood, 352 
in leptospirosis, 322 
in pregnancy, 341, 342T 
nonoliguric, 198 
renal failure index (RFI) in, 191, 

198T 
secondary to salt-losing nephritis, 52, 

53F 
sodium concentration in urine (UNa) 

in, 191, 198T 
treatment of, 403-409 

after diarrhea and intestinal 
drainage, 406 

after vomiting and nasogastric 
suction, 405-406 

by dopamine, in shock, 407-408 
in burns, 406-407 
in diabetic ketoacidosis, 403-405 
in hemorrhage and shock, 405 
in salt-losing nephritis, 403 

with hyponatremia or 
hypernatremia, 407 

UOsm . urine specific gravity and 
U/Po,m in, 190, 198T 

U/Pe, in, 198T 
UPUN in, 193, 198T 

Prerenal azotemia. See Prerenal ARF 
Prevention of ischemic/roxie ARF, 

119-142 
Probenecid, effect of, on cephaloridine 

cytotoxicity, 64 
Prognosis. See also Mortality in ARF, 

420, 456-458, 481-485 
Prolactin (LtHl 

and PTH, in ARF, 169 
in ARF, 168 

Propanidid, 76 
Propranolol 

effect of, on renin release, 30 
in prevention of post-ischemic ARF, 

18, 120 
protective effect of, in experimental 

ARF, 31, 37 
use of, in ARF and hemodialysis, 455 

Prostacycline (PGI2, Prostaglandin 12), 
31-35, 32F 

activity, following mannitol infusion, 
123, 124F 

effect of, on K f , 30 
effect of, on tubuloglomerular 

feedback, 28-29 
in hemolytic uremic syndrome, 181, 

302,303,321,324,328,345 
in patient with endotoxemia, 58 
use of, for hemodialysis, in ARF, 449 

Prostaglandin A2 (PGA2), 31 
Prostaglandin D, (PGD2), 31-35, 32F 
Prostaglandin E2 (PGE2), 31-35, 32F 

during ureteral obstruction, 369 
effect of, in glycerol-induced ARF, 22 
effect of, in post-ischemic ARF, 14, 

18 
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Prostaglandin E2 (continued) 
effect of, in uranyl nitrate-induced 

ARF,3 
effect of, on K f , 30 
effect of, on tubuloglomerular 

feedback, 28-29 
mercuric chloride-induced ARF and, 6 

Prostaglandin F2a (PGF2a), 31-35, 32F 
Prostaglandins (PGs), 31-35, 32F. See 

also names of specific PGs 
effect of converting enzyme inhibitors 

on, 101 
effects of inhibition of, by nonsteroidal 

anti-inflammatory drugs 
(NSAID), 61, 409 

in ARF, in humans, 172 
in hepatorenal syndrome, 244 
release after furosemide, 127 

Prostatic enlargement, as cause of 
postrenal ARF, 365T, 366, 366F 

Prostatic tumor, as cause of postrenal 
ARF, 365T, 366 

Proteases 
in ARF, 425 
inhibirors of, in treatment of ARF , 

441-442 
Protein loss, during perironeal dialysis, 

425-426, 464, 470T, 473 
Proteinuria, as predisposing factor to 

radiocontrast-induced ARF, 
70-71 

Prothrombin time, in hemolytic uremic 
syndrome, 33 1 

PTH. See Parathyroid hormone 
Pulmonary edema, in ARf, 451 
PVS. See Peritoneal jugular-venous shunt 
Pyelogram, during intravenous 

pyelography (lVP) 
in acute glomerulonephritis, 207 
in ATN, 206, 206F, 207F 
in normal subject, 205 
in postrenal ARF, 208-209, 208F, 

377 
Pyelography. See Intravenous pyelography 

(lVP), Antegradee percutaneous 
pyelography, and Retrograde 
pyelography 

Pyelonephritis, acute bilateral 
ARF due to, 91, 93, 150T, 159, 160 
ARF in pregnancy due to, 342T, 343 
urographic nephrogram in, 206T, 207 

Pyelostomy, for treatment of ureteral 
obstruction, 379 

Pyrazolon derivatives, acute interstitial 
nephritis (AIN) induced by, 90 

Radiocontrast-induced ARF (Contrast 
nephropathy), 67-76 

mannitol and furosemide in prevention 
of, 128-130 

nonoliguric form of, 222T, 223 
peritoneal dialysis in, 476 
prevention of, 127-130 
saline infusion in prevention of, 128 

Radiographic contrast materials, as 
nephrotoxins, 67-76 

INDEX 

Radiology, renal 
and ARF, 205-218 
findings in post renal ARF, 376-377 

Ranitidine 
in prevention of gastrointestinal 

bleeding in ATN, 419 
in treatment of gastric acid 

hypersecretion in ARF, 453 
Rapidly progressive glomerulonephritis. 

See Glomerulonephritis, 
extracapillary (crescentic) 

RAS. See Renin-Angiotensin system 
RBC. See Red blood cells 
RBF. See Renal blood flow 
RCN. (Renal cortical necrosis, in chapter 

17). See Acute (bilateral) cortical 
necrosis (ACN) 

Recovery from ARF 
effect of nutrition on, 431-432 
following experimental renal ischemia, 

19-20 
long-term follow-up of renal function 

after, 481-485 
polyuria during, 39, 39F, 419 
urinary tests, during, 419 
volume depletion during, 419-420 

Red blood cells (RBC), fragmentation of, 
in hemolyric uremic syndrome, 
298,302,331,335 

Reflex anuria, 367-368 
Rejection allograft, 391-392 

aCute 

and use of radiocontrast agents, 73 
as cause of ARF, 388T, 392, 395, 

398, 400 
differential diagnosis between 

prerenal ARF and, 198-199 
pathology of, 163, 164F, 182 
role of extravascular coagulation in, 

182, 182T 
tests for detecting early, 397T 
treatment of, by steroids, 397 

anticoagulant therapy in, 183 
hyperacute 

as cause of ARF, 388T, 391-392, 
395 

pathology of, 163, 163F 
role of intravascular coagulation in, 

181-182 
prevention of ARF from rejection, 

392-393 
donor-specific immunosuppression, 

393 
hisrocompatibility matching, 

392-393 
nonspecific immunosuppression, 393 

Renal arteriography. See Arteriography, 
renal 

Renal artery 
occlusion, ARF due ro, 310 
stenosis, bilateral, and ARF, 100-10 1 

Renal biopsy 
after recovery from ATN, 482-485 
evidence of intravascular coagulation 

in, in Acute tubular necrosis 
(A TN) and in Acute cortical 

necrosis (ACN), 179-180 
evidence of intravascular coagulation 

in, in hemolytic uremic 
syndrome, 180-181 

in acute interstitial nephritis (AIN) 
89, 94, 159-160, 202, 202T 

in ARF after renal transplantation, 
397, 397T, 398 

in ARF in children, 356 
in ARF, indications and usefulness, 

201-204, 202T 
in ATN, 201-202, 202T, 356 
in essential cryoglobulinemia, 309 
in glomerular diseases associated with 

ARF, 271-291 
in hemolytic uremic syndrome (HUS), 

299-301, 300F, 30 IF, 306-307 
in heparorenal syndrome, 237-238 
in ischemic ARF, 153-159, 201-202, 

202T 
in postpartum renal failure, 344-345 
with no histological lesions, and ARF, 

98-99, 161-162 
Renal blood flow (RBF) 

after furosemide, 125-127 
effect of kinins on, 35-36 
effect of nonsteroidal anti-inflammatory 

drugs (NSAID) on, 61 
effect of prostaglandins on, 33-35 
following mannitol infusion, 122 
following relief of urinary tract 

obstruction, 373 
in acute hypercalcemic nephropathy, 

87-89 
in ARF following open-heart surgery, 

60 
in cisplatinum-induced ARF, 8 
in glycerol-induced ARF, 20-21 
in hepatorenal syndrome, 237, 240, 

240T 
in hypovolemic ARF, 51-57 
in mercuric chloride-induced ARF, 6 
in nonoliguric ARF, 225 
in pathogenesis of ARF, 25, 38, 38F 
in post-ischemic ARF, 13 
in radiocontrast-induced ARF, 73-74 
in uranyl nitrate-induced ARF, 3 
in urinary tract obstruction, 369 

Renal cortical necrosis (RCN). See Acute 
(bilateral) cortical necrosis (ACN) 

Renal failure index (RFI) 
in anicteric ARF associated with 

leptospirosis, 323 
in prerenal ARF and in ATN, 191, 

198T, 356, 356T 
in recovery phase of ATN, 419 

Renal hemodynamics, effects of urinary 
tract obstruction on, 369-370 

Renal hormones. See also names of 
specific substances, in ARF, 172 

Renal hypoperfusion 
effects of nonsteroidal anti

inflammatory drugs (NSAID) on, 
61-62 

in ARF following open-heart surgery, 
60 



in diabetes mellitus, 54 
in hypovolemic ARF, 51-57 
in rhabdomyolysis-induced ARF, 

258-259 
Renal perfusion pressure, 5 1 
Renal vein occlusion 

ARF due to, 301-311 
in infancy and childhood, 353, 353T 
effect of, on prostaglandin synthesis, 

32F, 33, 35 
Renin 

incrarenal. See Renin-angiotensin system 
(RAS) 

plasma. See Plasma renin attivity. 
secretion during ureteral obstruction, 

369 
Renin-angiotensin system (RAS). See also 

Angiotensin 11 
endotoxin effect on, 58 
in ARF, in humans, 170 
in gentamicin-induced ARF, 12 
in glycerol-induced ARF, 21-22 
in hepatotenal syndrome, 244 
in pathogenesis of ARF, 38, 38F 
in post-ischemic ARF, 14 
in uranyl nitrate-induced ARF, 4-5 
relationship between kallicrein-kinin 

system and, .36 
role of, in regulating renal perfusion, 

34, 38 
Renografin. See Diatrozoate 
Renography 

in ARF, 218 
in postrenal ARF, 377 

Renovascular diseases and ARF, 297-311 
Reperfusion syndrome, mannitol in 

prevention, 124-125 
RES. See Reticuloendothelial system 
Reserpine, 31 
Resins, ion-exchange, treatment of 

hyperkalemia in ARF by, 358, 
417 

Resonium A. See Resins, ion-exchange. 
Reticulocytosis 

in hemolytic uremic syndrome, 
298-331 

in hemolytic uremic syndrome 
associated with leprospirosis, 
324 

Reticuloendothelial system, 57F, 58 
Retrograde pyelography 

ARF following bilateral, 75 
in post renal ARF, 377 

Retroperitoneal fibrosis 
as cause of postrenal ARF, 365 T, 367 
causes of, 367, 374 

Revascularization syndrome. See 
Reperfusion syndrome 

Reverse Tl (rTl), levels of, in ARF, 168 
RFI. See Renal failure index 
Rhabdomyolysis 

and illicit drug abuse, 263 
and myoglobinuria, 251 
causes of, 255-256 
clinical outcome of, 257-258 
pathogenesis of, 256-257 

INDEX 

Rhabdomyolysis-induced ARF, 223, 
258-263 

clinical outcome of, 259 
hypocalcemia and hypercalcemia in, 

260-262 
K f in, 259 
pathogenesis of, 258-259 
plasma volume in, 258 
prevention of, 262 
treatment of, 262-263 
tubular obstruction in, 259 

Rheomacrodex, in treatment of 
hemorrhagic shock, 405 

Ribonucleic acid (RNA), metabolism of, 
81-82 

Rickettsia rickettsii 
ARF secondary to infection by, 98 
infection by, as cause of 

rhabdomyolysis, 256 
Rifampicin 

acute interstitial nephritis (AIN) 
induced by, 89-92 

ATN induced by, 92 
prevention of renal damage by 

hypersensitivity reaction to, 140 
Ringer's solutions, for parenteral use, 

404T 
in treatment of fluid loss in burns, 

406 
RNA. See Ribonucleic acid 
Rocky Mountain spotted fever. See 

Rickettsia rickel/sii 
Rosette inhibition test, for detecting 

early acure graft rejection, 397T 
rT, . See Reverse Tl 

SI> S2, S3 cells, 40 
damage of, in cisplatinum-induced 

ARF, in humans, 66 
damage of, in experimental ARF, 8, 

10, 16, 37 
SCr. See Creatinine 
SA. See Surface area 
Saline solutions, for parenteral use, 404T 

in prevention 
of ARF, 20, 23, 28, 38F 
of cis platinum-induced ARF, 13 1 
of radiocontrast-induced ARF, 128 
of rhabdomyolysis-induced ARF, 

262 
in treatment 

Salt 

of acute hypercalcemic nephropathy, 
89 

of hepatorenal syndrome, 246 
of hypercalcemia in rhabdomyolysis

induced ARF, 263 

and water balance in ATN, 413-414 
depletion and prerenal ARF, 38, 38F, 

51-57, 54F, 55F. See also Volume 
depletion 

depletion, as risk factor for 
radiocontrast-induced ARF, 70 

loading, protective effect of, in ARF, 
27,29 

losing nephritis, 52, 53F, 197 
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after renal transplantation, 388T, 
399 

treatment of prerenal ARF due to, 
403 

replacement 
in prevention of postsurgical ARF, 

141 
in reversing prerenal ARF, 5 3F, 

55F 
Saralasin, effect of, 

in experimental ARF, 27, 37 
in hepatorenal syndrome, 244 
on Kr decrease due to PGs, 35 
on tubuloglomerular feedback, 26 

Scanning, radionuclide 99m T,DTPA, in 
ARF after renal transplantation, 
395, 396F 

Scarlet fever, acute interstitial nephritis 
(AIN) secondary ro, 91 

Schizocytes, in hemolytic uremic 
syndrome, 298, 301-302 

Scleroderma 
ARF secondary to, 150, 150T 
hemolytic uremic syndrome associated 

with, 180, 307 
Sedatives, use of in ARF and 

hemodialysis, 455T 
Sediment, urinary, in ARF, 190 
Seldinger technique, access ro circulation 

by, for hemodialysis, 448 
Selectografin. See Diatrizoate 
Sepsis 

ARF following, 150T, 178T 
as cause of ARF, after renal 

transplantation, 388T, 394 
complicating ARF, 228T 
nonoliguric ARF following, 222T 
puerperal, as cause of disseminated 

intravascular coagulation and 
ARF, 178T 

type of hemodialysis in ARF with, 
449, 449F 

Serotonin, release of, 
following incompatible blood 

transfusion, 103, 103F 
in septic patients with endotoxemia, 

57F 
Shock 

ARF following, 150T 
cariodenic, 59 
endotoxemia in septic, 57, 57F 
following incompatible blood 

transfusion, 103, 103F 
hypovolemic, 51-57 
in hypersensitivity reaction to 

radiocontrast agents, 72 
treatment of hypovolemic, 403, 405, 

408 
Shunt, external arteriovenous 

declotting of, 448 
for hemodialysis in children with 

ARF, 361,448 
insertion of, for hemodialysis, 448 

Ramirez silastic, 448 
Thomas applique, 448 

Shunt nephritis, 274, 278T 
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Shwartzman phenomenon, 177, 178 
and acute cortical necrosis (ACN), 347 

Sisomicin, 
as nephrotoxin, 62, 13 5 
dosage in renal failure, 136T 

SLE. See Lupus Erythematosus, Systemic 
Snakebite 

ARF following, 98 
poisoning, sea, as cause of 

rhabdomyolysis, 225 
SNGFR. See Glomerular filtration rate, in 

single nephron 
Sodium bicarbonate, solutions of, for 

parenteral use, 404T 
Sodium chloride (NaCl) 

as prostaglandin stimulator, 3 2F, 33 
solutions for parenteral use, 404T. See 

also Saline solutions 
Sodium (Na), concentration of, 

in cecal fluid, 194 
in gastric juice, 194 
in ileal fluid, 194 
in serum, 194-195 

in ARF, 194-195, 357T 
in hepatorenal syndrome, 237 

in small bowel juice, 194 
in sweat, 194 
in urine (UNa) 

during recovery from ATN, 419 
in acute glomerulonephritis with 

ARF,271 
in ARF in nephrotic patients with 

minor glomerular abnormalities, 
288 

in heparorenal syndrome, 236-237, 
238T 

in postrenal ARF, 375 
in prerenal ARF and in ATN, 191, 

198T, 355 
in radiocontrast-induced ARF, 73 

Sodium lactate, solutions of, for 
parenteral use, 404T, 414 

Sodium, tubular handling of, in 
nonoliguric ARF, 226, 226T 

Somatotruphin. See Growth hormone 
(HGH) 

Sonogram, renal. See Ultrasonography, 
renal 

Sonography, renal. See Ultrasonography, 
renal 

Specific gravity, urinary, in prerenal ARF 
and in ATN, 190, 198T, 355, 
356T 

Stenosis, renal artery. See Renal artery 
Steroids 

anabolic, in ARF, 426, 441 
and endotoxemia, 58 
in treatment of acute interstitial 

nephritis (AIN), 94 
use of, in ARF and hemodialysis, 

455T 
Stones, renal. See Calculi, renal 
Stool, potassium concentration in, 195 
Streptokinase 

effect of, in hemolytic uremic 
syndrome, 303, 337 

INDEX 

use of, for disobstruction of catheters 
for peritoneal dialysis, 469 

Streptomycin 
as nephtotoxin, 62, 135 
dosage in renal failure, 136T 
in treatment of leptospirosis, 324 

Subacute bacterial endocarditis and 
glomerulonephritis, 274, 278, 
278T,342T 

Sulfinpyrazone, acute interstitial nephritis 
(AIN) induced by, 90 

Solfonamides, actute interstitial nephritis 
(AIN) induced by, 89, 161 

Surface area (SA), formula for calculating, 
in children, 351 

Surgery 
ARF after, 56-57 

prevention of, 140-142 
ARF after open-heart, 19, 60-61, 353 

peritoneal dialysis in, 474-475 
ARF in children after, 353 
nonoliguric ARF after, 222, 222T 
peritoneal dialysis after major 

abdominal, 475 
Sweat 

potassium concentration in, 195 
sodium concentration in, 194 

Sweating 
ARF following, 1, 54 
hypovolemic hypernatremia after 

excessive, 194-195 
Sympathetic nervous system, 30-31 

and renin release, 26 
Syphilis, acute interstitial nephritis 

(AIN) secondary to, 91 

T 3, T 4. See Triiodothyronine, Thyroxine 
Tamm-Horsfall protein 

effect of radiocontrast agents on, 71, 
74-75 

interaction between Bence Jones 
protein and, 86 

tubular casts made of in post-ischemic 
ARF, 17 

TBG. See Thyroxine binding globulin 
Trbinding index (T3 I), in ARF, 169 
Telebrix 38. See loxithalamate 
Telepaque. See lopanoic acid 
Testosterone 

correlation of, with prolactin, in ARF, 
168 

inARF,170-171 
Tetracycline 

acute interstitial nephritis (AIN) 
induced by, 90 

in treatment of leptospirosis, 324 
TGF. See Tubuloglomerular feedback 

mechanism 
THAM. See TRIS 
Thrombin, 36 
Thrombocytopathy. See Platelet 
Thrombocytopenia 

during hemodialysis, 451 
following rhabdomyolysis associated 

with disseminated intra-vascular 
coagulation, 259 

in endoroxemia, 57F, 58 
in hemolytic uremic syndrome, 181, 

331, 344 
in hemolytic uremic syndrome during 

leptospirosis infection, 324 
in renal vein thrombosis in infancy, 

353 
Thrombosis 

arteriolar and glomerular, 150-151, 
150T 

of renal artery in renal graft, 164 
Thrombotic microangiopathy, in 

pregnancy, 342T, 345 
Thrombotic thrombocytopenic purpura 

ARF secondary to, 150, 150T 
relationship between hemolytic uremic 

syndrome and, 304 
Thromboxane A2 (TxA2), 31-33, 32F, 

35 
in glycerol-induced ARF, 22 
role of, in hemolytic uremic syndrome, 

302, 328 
role of, in ureteral obstruction, 369 

Thyroid function, in ARF, 168-169 
Thyreoliberin (TRH), effect of, on 

prolactin, in ARF, 168 
Thyrotropin (TSH), levels of, in ARF; 

168 
Thyroxine (T4) levels of, in ARF, 168 
Thyroxine binding globulin (TBG), 

plasma levels of, in ARF, 169 
T 3Al. See Trbinding index 
Tobramycin 

as nephrotoxin, 11, 62 
dosage of, in renal failure, 136 
use of, in peritoneal dialysis, 472, 

472T 
Tolbutamide, as predisposing factor to 

methoxyflurane nephroroxicity, 
78 

Tonin,30 
Toxemia of pregnancy 

and pseudo-hepatorenal syndrome, 
235T 

as cause of ARF, 342T, 344 
Toxoplasmosis, acute interstitial nephritis 

(AIN) secondary ro, 91 
Tranexamic acid, 37 
Transfusion, blood 

exchange, in hemolytic uremic 
syndrome, 181 

incompatible, ARF associated with, 
101-104, 103F, 342T 

in treatment of hemorrhagic shock, 
38F, 52, 56, 405 

Transplant ARF, 387-400. See also 
Rejection allograft 

causes of, 387, 388T 
clinical management of, 395-400 
intravascular coagulation in, 181-182 
pathogenesis of, 387 
pathology of, 162-164, 387-388 
prevention of, 387-395 

Transplantation, renal 
ARF following, 387-400 

perironeal dialysis in, 475-476 



aspiration cytology, for diagnosis of 
rejection in, 397, 397T, 398 

Collins' solution for, 390, 390T 
from cadaver donor, 389 
from living donor, 389 
ischemic damage during, 387-389 
perfusing the kidney for, 390 
warm and cold ischemia time in, 390 

Transplanted kidney, renal artery stenosis 
in, and ARF, 100-101 

Trauma, as cause of nonoliguric ARF, 
222,222T 

TRH. See Thyroliberin 
Triamterene, renal dysfunction after the 

use of nonsteroidal anti
inflammatory drugs (NSAID) in 
association with, 62 

Triiodothyronine (T3), levels of, in ARF, 
168 

TRIS (tris-{hydroxymethyl}
aminomethane) or THAM 
solution, for parenteral use, 
404T,414 

use of, in treatment of metabolic 
acidosis, 414 

TSH. See Thyrotropin 
Tubuloglomerular feedback mechanism 

(TGF) 
negative, 25-26, 31 

effect of furosemide on, 127 
in heparorenal syndrome, 245 
in newborn, 354 
role of kallicrein-kinin system in, 

36 
role of, in pathogenesis of ARF, 

38F, 39, 39F 
role of prostaglandins in, 34 

positive, slow-acting, 29 
role of, in pathogenesis of ARF, 38, 

38F, 39, 39F 
Tumors 

of prostate, as cause of postrenal ARF, 
365T, 366 

of urinary tract, as cause of postrenal 
ARF, 365T, 366 

TxA2 • See Thromboxane A2 

UNa. See Sodium, concentration in urine 
UO •m. See Urinary oimolality 
UA. See Uranyl acetate 
UAN. See Uric acid nephropathy 
Ultrafiltration, 

in hemodialysis for treatment of ARF, 
447,448, 448T, 449F 

in peritoneal dialysis for treatment of 
ARF,464 

Ultrafiltration coefficient. See Glomerular 
capillary ultrafiltration coefficient 
(Kf ) 

Ultrasonogram, renal. See 
U Itraionography, renal 

Ultrasonography, renal 
during acute rejection in transplanted 

kidney, 214-215, 215F, 397, 
397T 

INDEX 

during obstruction of urinary tract, 
214, 376 

in acute renal vein thrombosis, 215 
in ATN, 214 
in diagnosis of ARF in children, 355 
in normal subject, 214 

UN. See Uranyl nitrate 
UNA. See Urea nitrogen appearance 
U/Pe,. See Urine-to-plaJma-creatinine ratio 
U/Po.m. See Urine-to-plaJma-oimolality 

ratio 
U/PUN. See Urine-to-plaJma-urea-nitrogen 

ratio 
Uranyl acetate (UA) 

ARF induced by, 2 
Uranyl nitrate (UN) 

ARF induced by, 2-5 
pathogenesis of, 3, 24-25 

Urea 
generation rate, for determining length 

and frequency of dialysis, 454 
plasma concentration of, in ARF in 

children, 355, 356T, 357T 
urine concentration of, in prerenal 

ARF and in ATN, 355, 356T 
Urea nitrogen appearance (UNA) 

in ARF, calculation of, 433-434 
in ARF caused by shock, sepsis, 

rhabdomyolysis, 423 
in normal subjects with high BUN, 

193 
relationship between dietary nitrogen 

intake and, 434 
relationship between total nitrogen 

output and, 434 
Ureteral obstruction. See also Urinary 

tract obitruction and Pourenal ARF 
as cause of ARF, 388T, 394, 399, 400 
bilateral (BUO), 369, 371-372 
destruction of kidney stones by shock 

waves in, 280 
effect of, on prostaglandin synthesis, 

32F, 33, 35 
percutaneous pyelostomy in, 379 
surgical pyelostomy in, 379 
treatment of, 379-380 
ultrasound-lithotrypsy for treating, due 

to stones, 380 
unilateral (UUO), 369, 371, 372 
ureteral catheterization for relief of, 

379 
Urethral atresias, as cause of postrenal 

ARF, 365T, 366 
Urethral tumors, as cause of postrenal 

ARF, 365, 365T 
Urethral valves, as cause of postrenal 

ARF, 352, 365T, 366 
Uric acid 

crystals of, in urine, in acute uric acid 
nephropathy (UAN), 84 

metabolism of, 81-82 
precipitation of, in radiocontrast

induced ARF, 74 
serum concentration of, in acute uric 

acid nephropathy (UAN), 81, 
83F 
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serum concentration of, in ARF, 81, 
193-194, 357T 

serum concentration of, in ARF 
associated with leptospirosis, 323, 
324 

stones of, 81, 82-83 
dissolution of, by alkalinization of 

urine, 376F, 380 
visualization of, by computerized 

tomography, 376F 
urinary, to-creatinine ratio in acute 

uric acid nephropathy (UAN), 
83F,84 

Uric -acid-clearance-to-creatinine-clearance 
ratio (CuA/Cc,), in acute uric acid 
naphropathy (UAN), 83F, 84 

Uric acid nephropathy (UAN), 81-86, 
83F 

crystals of uric acid in urine in, 84 
peritoneal dialysis in, 475 
prevention of, 13 3 
serum concentration of uric acid in, 

81, 83F 
tubular obstruction in, 81-86, 150T 
urinary uric acid-co-creatinine ratio in, 

83F,84 
Urinary osmolality (Uo.m) 

in acute glomerulonephritis, 271 
in pre renal ARF and in acute tubular 

necrosis (ATN), 190, 198T, 355, 
356T 

in radiocontrast-induced ARF, 73 
in recovery phase of ATN, 419 

Urinary retention, acute, 365 
Urinary sediment, in ARF, 190 
Urinary specific gravity, in ARF, 190, 

198T, 355, 356T 
Urinary tract obstruction. See also 

Ureteral obitruction and POitrenal 

ARF 
antegrade percutaneous pielography in, 

209F, 210, 210F 
ARF due to, 365-380 
ARF in infancy and childhood due to, 

352 
ARF in pregnancy due to, 342T, 

343-344 
by uric acid stones, 81, 82-83 
computerized tomography (CT) in, 

216, 216F, 217T 
effect of, on renal metabolism, 

370-371 
renal pathology during, 370 

Urine enzimology, for detecting early 
rejection, 397T 

Urine lysozyme, for detecting early 
rejection, 397T 

Urine-to-plasma-creatinine ratio (U/Pe,) 
in prerenal ARF and in ATN, 356T 
in radiocontrast-induced ARF, 73 
in recovery phase of ATN, 419 

Urine-to-plasma osmolality ratio (U/Po.m) 
in ARF, 190, 198T 
in hepatorenal syndrome, 238T 
in minimal change nephrotic syndrome 

with ARF, 288 
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Urine-to-plasma osmolality ratio 
(continued) 

in prerenal ARF and in ATN, 356T 
Urine-to-plasma-urea ratio (U/Pu".), in 

prerenal ARF and in ATN, 356T 
Urine-to-plasma-urea-nitrogen ratio 

(U/PuN) , in ARF, 193, 198T 
Urodynamics, effect of urinary tract 

obstruction on, 368-369 
Urine volume, in ARF, 190 
U rografin. See Diatrizoate 
Utographic agents, ARF due to, 67-75. 

See also Radiocontrast-induced ARF 
Urography. See Intravenous pyelography 

(IVP) 
Urokinase 

use of, for declotting of arterial 
shunts, 448 

use of, for disobstruction of catheters 
for peritoneal dialysis, 469 

Uropathy, obstructive. See Urinary tract 
obstruction 

Uterine tumors, as cause of postrenal 
ARF, 365T, 366 

UUO. See Ureteral obstruction, unilateral 

Vancomycin 
dosage in renal failure, 13 7T, 140 
use of, in peritoneal dialysis, 472, 

472T 
Vascular nephropathies 

and ARF, 51T, 297-311 
pathology of, 150- 15 1 
renal biopsy in acute, 202, 202T 

Vascular occlusion 
acute, ARF due ro, 310-311 
as cause of ARF after transplantation, 

388T, 393-394 

INDEX 

Vasoactive intestinal polypeptide (VIP), 
role of, in hepatorenal syndrome, 
244-245 

Vasodilator material (VOM), in 
hepatorenal syndrome, 242 

Vasomotor nephropathy, 2, 353 
Vasopressin. See also Antidiuretic hormone 

effect of, on Kf, 23 
effect of, on mesangial cell 

contraction, 30 
plasma levels of, in ARF, 168 
role of, in renal vasoconstriction, 21 

VOM. See Vasodilator material 
Vein occlusion, renal, ARF due to, 

310-311 
after renal transplantation, 388T, 394 

Ventilation, at positive pressure, effect 
of, on renal function, 79 

Verapamil, prevention of rhabdomyolysis 
by, 257 

VIP. See Vasoactive intestinal polypeptide 
Vitamins, in total parenteral nutrition in 

ARF, 438T, 439 
Volume depletion 

and myocardical infarction, 5 5T, 
59-60 

and prerenal ARF, 1-2, 38, 38F, 
51-57 

ARF due to, 51-57, 53F, 54F, 55F 
as cause of ARF after renal 

transplantation, 388T 
during peritoneal dialysis, 470T, 473 
during recovery phase of ATN, 419 
in acute hypercalcemic naphropathy, 

89 
in glycerol-induced ARF, 21 
in pathogenesis of ARF, 1-2, 38, 38F 

in uranyl nitrate-induced ARF, 2-5 
tole of, in ARF in nephrotic patients 

with minor glomerular 
abnormalities, 290 

treatment of, 
due to burns, 406-407 
due to diabetic ketoacidosis, 

403-405 
due to diarrhea or intestinal 

drainage, 406 
due to hemorrhage or shock, 405 
due to salt-losing nephritis, 5 3F, 

403 
due to vomiting or nasogastric 

suction, 405-406 
Vomiting 

ARF secondary to, 1, 53, 54F 
treatment of, 405-406 

hypokalemia after, 195-196 
hypovolemic hypernatremia after, 

194-195 

Wasting, causes of, in ARF, 423-426 
Water 

overload, treatment of, in children 
with ARF, 360 

requirement, basal in children, 
351-352 

tubular handling of, in nonoliguric 
ARF,226 

Wegener's granulomatosis, ARF 
secondary to, 278, 218T, 286 

Wei!,s syndrome. ~ee Icteric renal failure 

Xanthine oxidase, uric acid ptoduction 
from, 81 
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