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Peter Kramer 
April 8., 1938 October 7., 1984 

Just in the middle of preparing and organizing the English edition of this book 
Peter Kramer died unexpectedly on October 7., 1984. 

Peter Kramer was born on April 8., 1938 in Modling near Vienna. He studied 
medicine in Innsbruck, Freiburg, and Gottingen where he took his doctor's degree 
in 1964 with experimental investigations on early hypertension. After a one and 
a half years Rotating Internship at the Middlesex General Hospital, New 
Brunswick, N.J., USA, he passed a theoretical scientific education at the Division 
of Physiology of the Max-Planck-Institute for Experimental Medicine in Gottin
gen, and in 1968 he joined the Division of Nephrology in the Department of 
Internal Medicine of the University of Gottingen. 1978 he was nominated 
professor of medicine. 

Peter Kramer's far-reaching scientific interests included all the manifold 
problems of clinical and theoretical nephrology, he was enthusiastic about the 
technical aspects of dialysis as well as about intricate questions of clinical 
pharmacology. The results of his comprehensive studies on the pharmacokinetics 
of cardiac glycosides in chronic renal failure have proved to be essential for the 
treatment of the uremic patient. From the very start in the Division of Nephrology 
in Gottingen he had a de.cisive share in the development of hemofiltration, and 
owing to his power of observation finally the almost wide-spread method of 
continous arteriovenous hemofiltration became available for intensive care 
medicine. His investigations were supported by the Artificial Kidney Program of 
the NIH, Bethesda, USA, and 1979 he was elected as a member of the Registration 
Committee of the EDT A. 

Peter Kramer was a passionate physician and nephrologist, a delighted and 
inspiring academic teacher, and an inventive scientist. Enthusiasm for his ideas 
and future plans, an indefatigable activity, and catching optimism were his main 
qualities. The fate did not allow him to accomplish his promising scientific career. 
So I hope confidently that this book as Peter Kramer's legacy and according to his 
ideas will successfully contribute to our attentions in helping our patients. 

Gottingen, November 1985 Fritz Scheler 
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Arteriovenous HemorIltration: Principle 

The process of arteriovenous hemofiltration imitates glomerular filtration, a 
function of the natural kidney. 

The pumping force of the heart is utilized: blood is conducted through a bundle 
of capillaries, which we call "hemofilter," via a tubing system, from a large artery 
(usually the femoral artery) and returned to the patient through a large vein 
(usually the femoral vein). The driving force for blood flow and filtration is the 
difference between arterial and venous pressure: That is why this filtration 
method is called arteriovenous. A pressure difference of 70 mmHg is sufficient to 
maintain the "filtration of blood," the "hemofiltration." 

To inhibit coagulation, heparin must be added continuously to the blood as 
soon as it enters the artificial circulation. 

The walls of the capillaries through which the blood flows are permeable to 
water and all substances not bound to plasma proteins up to a molecular weight 
of approximately 10000 daltons. Blood cells and protein are retained. 

During arteriovenous hemofiltration approximately 8 ml/min (11.51/day) are 
filtered through the capillaries. In the natural kidney, the filtrate of the glomeruli 
is further processed by the tubuli of the nephrons; therefore, a healthy person 
eliminates only 1-21 of urine enriched with uremic toxins per day. With 
arteriovenous hemofiltration, however, it is necessary to discard the filtrate with a 
relatively low concentration of uremic toxins, and to replace it with a simple salt 
solution (potassium-free Ringer's lactate solution). 

Since the great advantage of this procedure lies in its continuous use, it is 
increasingly referred to as continuous arteriovenous hemofiltration (CAVH) in 
international publications. 



Introduction 

Discovery and Relative Importance 
of Continuous Arteriovenous HemofIltration 
Lee W. Henderson 

Continuous arteriovenous hemofiltration (CAVH) has seen a brisk upswing in 
popularity in Europe since its introduction by Dr. Kramer and colleagues from 
Gottingen, West Germany in 1977 [1]. In the United States, the technique re
ceived approval as a clinical tool from the Food and Drug Administration in 
April 1982. This approval flowed, in no small measure, from the extensive expe
rience reported from Europe and in particular West Germany [e.g., 2, 3]. Reports 
of its clinical utility now have begun to appear in the United States [4]. 

Removal of excess total body water using synthetic membranes in an extracor
poreal circuit dates back to the work of Alwall and the artificial kidney that he 
designed which permitted utilization of a hydrostatic pressure gradient to moti
vate water flow across the membrane [5]. Kolffs original rotating drum with its 
unencased membrane required an osmotic driving force [6]. Hemofiltration, the 
use of the filtration process to remove uremic solutes with the artificial kidney, 
in analogy with the glomerulus, was reported in 1967 [7]. This was made possible 
by the availability of synthetic membranes with far higher hydraulic permeability 
(approximately 10 times higher) than conventionally used cellulosic hemodialysis 
membrane. Specific applications of these "high flux" membranes to the removal 
primarily of excess total body water followed shortly thereafter [8]. One may now 
obtain these high flux membranes in a variety offormulations (polysulfone, poly
carbonate, polyamide, cellulosic) and formats (hollow fiber, sheet) as well as com
plex and sophisticated fluid balancing systems to conduct hemofiltration. 

In my view, the critically important contribution of the Gottingen group in 
1977 was the casting away of the complexity of the hemofiltration system with 
its arteriovenous shunts, pumps, and monitors in favor of the far simpler filtra
tion system driven by arterial blood flow and systemic blood pressure, utilizing 
percutaneous vascular access for the removal of excess body water and its attend
ant solutes. Longer treatment time was substituted for performance efficiency to 
arrive at a more physiologic way of sustaining the patient with acute renal failure 
(ARF), i.e., devoid of "peak and valley" blood chemistry perturbations. Techni
cal innovations and improvement in CA VH methodology have occurred since 
1977 in the form of better catheters and tubing sets for vascular access, the design 
of replacement solutions that address the unique nutritional needs of the patient 
with ARF, and fluid balance systems that make treatment monitoring easier, but 
so far nothing has compromised the basic simplicity of the system. 
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At present, there is no clear demonstration that patients with ARF treated with 
CA VH have either a lower mortality or incidence of morbid events. This is not 
surprising given the difficulty in conducting controlled experiments in such a criti
cally ill population. I remain confident, however, that time will provide ex
perimental confirmation of the clinical perception that both morbidity and mor
tality are lower when CA VH is employed in the treatment of ARF secondary to 
acute tubular necrosis. 

Finally, it is apparent that much of the methodology being worked out cur
rently for continuous application of artificial kidney treatment in patients with 
ARF will be brought to bear on patients with chronic renal failure in a manner 
historically analogous to acute intermitent hemodialysis. The exciting prospect of 
a simple, continuously functioning artificial kidney that is easily "wearable" is 
brought nearer by the pioneering clinical experimentation reported in this book 
edited by Dr. Kramer. 
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Physical Determinants 
of Continuous Arteriovenous Hemofiltration 

Mass Transfer in Arteriovenous Hemofiltration 
M.J. Lysaght, B. Schmidt, and H.J. Gurland 

Background 

Both the glomerular basement membrane of the human kidney and the synthetic 
hemofilters used in arteriovenous (A V) hemofiltration are ultrafilters. Both em
ploy fine hollow capillaries arranged in parallel configuration. Both have mem
branes which produce an albumin-free filtrate containing electrolytes and meta
bolic waste products. 

Figure I illustrates the construction of a capillary hemofilter: Proximal to the 
patient is a fluid inlet region, followed by a "tube sheet" where the inner lumina 
of the fibers are presented to the blood, then a filtration region, and finally an out
let region. Fiber inside diameter is typically 200 11m; the fiber walls are carefully 
engineered for high fluid throughput. On the filtrate side of the membrane is both 
a chamber in which the ultrafiltrate is collected and a port from which it exits. 
The filtrate side and blood path are separated from each other by an epoxy or 
urethane potting compound. 

The design of the entry region broadly resembles that of a shell and tube heat 
exchanger. It differs substantially from - and in many ways is less satisfactory 
than - the bifurcating network found in anatomy and in the real kidney. How
ever, reasonably satisfactory results can be obtained with sufficiently large fiber 
diameters (about 200 times that of the natural kidney), adequate heparinization, 
and attention to design details. Alwall [I] and Kolff [8] had evaluated ultrafiltra
tion for treatment of acute renal failure (ARF) but early membranes lacked suf
ficient water permeability to render the process feasible. Early interest by Hender
son [6] and Quellhorst [24] in convective solute removal for treatment of chronic 
renal failure prompted the development of efficient biocompatible devices for the 
high rate, in vivo ultrafiltration of blood. Henderson, working with anisotropic 

Potting 
compound Fiber bundle Housing 

Filt rate par 

f4---- ---12.5cm -----~ 

End cap 

Fig.I. Schematic illustration of 
the hollow fiber ultrafilter used in 
A V filtration. Commercial de
vices range in length from 12 to 
22 cm and contain 4000 to 6000 
capillaries 



4 M.J. Lysaght et al. 

hollow fiber membranes, rapidly appreciated the pertinence of such technology 
to the management of intractable fluid overload. In 1974 [27], he and his col
leagues reported on the construction and clinical use of a small (less than 10% 
of the size then used for chronic hemofiltration) ultrafilter for the treatment of 
edema and hypervolemia. Other reports followed [13, 17, 19, 21- 23], including the 
use of ultrafiltration to concentrate blood during or immediately following car
diac surgery [25]. However, the clinical modality of isolated ultrafiltration re
mained relatively obscure until the development in 1977 by Kramer of the re
markably simple protocol termed "A V hemofiltration" [9, 10]. Since that time, 
the process has entered into the main stream of ARF therapy [4, 7, 11, 12,20]. 
Kramer's circuit comprised arterial and venous catheters, short lengths of tubing, 
the ultrafilter, originally the Diafilter-20 (Amicon), and one peripheral access line 
for heparin. All the remaining bricolage of hemodialysis (blood and dialysate 
pumps, fluid cyclers, monitors, alarms, etc.) was eliminated. The AV process has 
proven sufficiently simple and non traumatic to allow patients to be treated con
tinuously, and has thus avoided the saw tooth patterns of parameter excursions 
and the associated stresses found in intermittent therapy. Significantly, in 
Kramer's AV method, the pumping action of the human heart provides the full 
driving force for blood flow through the filter and also for filtrate flow through 
the membrane. This highly cybernetic approach represents the first clinically re
alized artificial organ system in which mass transfer is achieved without an exter
nal power source. 

Membranes and Devices 

Figure 2 is a schematic drawing of a hollow fiber ultrafiltration membrane. The 
inner diameter is '" 200 j.lm. The overall wall thickness is 75- 150 j.lm, but the wall 
is divided into two distinct regions: First, a "skin" or "active layer" which is 
'" 1 j.lm or less in thickness and second, a substrate which comprises the remaining 
75-150 j.lm. The skin region contains pores which may be thought of as cylindri
cally shaped holes whose inner diameters are larger than water, salts, and other 
low molecular weight catabolites but smaller than the hydrated radius of albu
min. Such a diameter is on the order of 100 A. The substrate contains much 
larger, micron-sized pores. 

Active skin 
Pore size ~looA 

Substrate 
Pore size 
1...10flm 

/ 
/ 

Capillary model 
of the active skin 

Fig. 2. Schematic illustration of pore-flow model for anisotropic membranes 

Flux = K(r)4 
t 
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Fig. 3. Scanning electron photomicrograph of a single hollow fiber in cross section ("XP" 
grade polysulfone capillary from Amicon). Note the consolidated structure forming the in
ner skin to the fiber 
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Fig. 4. In vivo sieving coefficient to typical 
hemofiltration membrane [2, 5] 

All transport-related activity is controlled by the skin; the substrate is present 
only for mechanical support. The success of the structure rests upon the fact that 
the geometry-dependent discriminatory ability of ultrafiltration membranes is 
principally a function of pore diameter and is independent of thickness, while the 
throughput decreases linearly with thickness. Thus, if the hollow fibers illustrated 
in Fig. 2 were homogeneous and the skin extended from the inside diameter to the 
outer diameter, then the selectivity and solute rejection characteristics would be 
the same as for the anisotropic analogue, but the water permeability would be 
100- 200 times lower. 

Figure 3 shows a scanning electron micrograph of a cross section of a hollow 
fiber membrane made of polysulfone (Amicon). Similar fibers have recently be
come available from other manufacturers. Note again the very compact active 
skin resting atop the open substrate. The hollow fiber in Fig. 3 is prepared from 
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Table 1. Properties of three filter devices 

Designation Manufacturer Fiber Fiber No. Length (em) Area 
material internal of (cm2) 

diameter fibers Full Active 

Diafilter-20 Amicon Polysulfone 200 4000 12.5 8.5 2100 
Diafilter-30 Amicon Polysulfone 200 6000 20 16 6000 
HF-101 Gambro Polycarbonate 215 5200 22 8 6300 

polysulfone thermoplastic resin. It adsorbs no water and is opaque because the 
pore diameters in the substrate are of the same magnitude as the wave length of 
visible light. 

Figure 4 is a plot of the sieving coefficient of the asymetric membrane as a func
tion of increasing molecular weight of the permeated substances. Small molecules 
and inulin pass the membrane completely while albumin is quantitatively held 
back. These data are taken from an early in vivo study [3, 5]; the overall curve 
should probably be shifted slightly to the left as membrane formulations have 
tightened somewhat over the years. 

In addition to the original Diafilter-20, two more hollow fiber devices (Dia
filter-30; Amicon; HF-101, Gambro) are now offered for AV filtration. Their 
properties, based upon manufacturer's specification, are shown in Table 1. 

These devices generally deliver between 500 and 1000 cm3 jh in clinical service. 
There has been at least one report [2] of the use of a high-flux, flat sheet hemo
dialyzer (BiospaI1200S) for AV filtration and no doubt other such devices might 
also function in this mode. 

Transport Relations 

Under normal conditions of AV filtration, the blood flow rate ranges from 50-
150 cm3jmin. Note that blood flow is a dependent variable determined by avail
able pressure drop and device geometry. This runs counter to the normal experi
ence in extracorporeal circulation where blood flow rate is set by a pump and de
vice pressure drop is the dependent variable. This distinction has important con
sequences for device performance. The magnitude of the dependent flow rate may 
be very well estimated by the Hagen Poiseuille relationship for incompressible 
Newtonian laminar flow, as expressed in Eq. (1). 

QB= LJP~7r:r4 10- 10 . 

Jl d 
(1) 

QB is the blood flow, LJP is the end-to-end pressure drop, i.e., arteriovenous 
pressure difference less circuit resistance, N is the number of fiber~, Jl is the aver
age blood viscosity, r is the internal fiber radius, and Ld is the device length. (Units 
for all equations are given in the table of nomenclature following the text.) 

Equation 1 implicitly assumes that blood flow rate is limited by the hydraulic 
resistance of the extracorporeal circuit and not by the capacity of the access; this 
is generally true for the types of access employed in A V filtration. 
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Although more rigorous methods are available, Eq. (1) is generally evaluated 
with inlet values of blood flow and viscosity: the decrease of QB along the length 
of the filtering fibers more or less cancels the concomitant increase of J1. . Figure 5 
is a representative in vitro plot of QB vs end-to-end pressure drop, LJP, for the Dia
filter-20; there is excellent agreement between the linear regression line and the 
behavior predicted by Eq. (1). The pressures and flows given in Fig. 5 cover the 
ranges of those encountered in vivo under normal operating conditions. At a 
given LJP, blood flow will scale linearly with Nr4/Ld (0.94 and 0.99 for the Dia
filter-30 and HF-lOI , respectively, relative to 1.0 for the Diafilter-20). 

Filtration rate QF in A V circuits ranges from 5- 20 ml/min. In normal circum
stances, QF for a particular filter is linear with transmembrane pressure, TMPH , 

and independent of blood-flow rate. More complex circumstances can arise, how
ever, and these will also be discussed below. Transmembrane pressure is the aver
age of inlet and outlet (gauge) pressures upstream of the membrane less filtrate 
pressure. 

Typical behavior during AV filtration is illustrated in Figs. 6 and 7. Filtration 
rate is clearly seen to increase linearly with TMPH and to intersect the TMPH axis 
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Fig.7. Filtration rate vs TMPH 

over normal operating range of 
A V filtration for the Diafilter-
20, Diafilter-30, and HF 101. In 
vitro, hematrocrit=25%, 
methods in [18]. Data are in
tended to illustrate QF vs TMPH 
relationships and, since only a 
limited number of each device 
was tested, should not be used 
for general comparison of de
vice performance 

at roughly the value for plasma oncotic pressure. In Fig. 6, the data points are seg
mented according to end-to-end pressure drop and the wall shear rate divided by 
length and these factors do not appear to directly influence filtration rate. In 
Fig. 7, the water permeability, taken postexposure to blood because of possible 
protein adsorption, is parallel to the plasma filtration line but intersects the 
TMPH at 0; water has no colloid-osmotic pressure. Such behavior is described 
mathematically as: 

(2) 

QF is filtration rate, A is area, Kp is membrane hydraulic permeability, TMPH 
is hydraulic transmembrane pressure, 1( is mean plasma oncotic pressure. 

In transport theory, Eq. (2) represents the classic description for filtration rate 
limited by a noncompressible membrane; the same behavior is seen in hemodialy
sis, though at much higher pressures. Equation (2) predicts that filtration rate will 
increase with area but otherwise be independent oflength and fiber radius, in fact, 
as seen in Fig. 7, Diafilter-30 does have a greater filtration rate than Diafilter-20 
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but the increment is not as large as would be expected from Eq. (2); this could be 
due to device-to-device variation in membrane properties. 

In general, then, filtration behavior is straightforward. Two special cases 
anse: 

Oncotic Pressure Effects 

As first suggested by Bosch and Lauer [14,15], at high filtration fractions the on
co tic pressure towards the outlet end of the filter may exceed the hydraulic pres
sure. In this case, no further filtration will occur and the distal end of the filter 
would be wasted. Such a condition can be created in vitro; in fact, if TMPH is re
duced below", 15 mmHg, "reverse filtration" from the filtrate chamber into the 
fibers is observed. In clinical practice, however,it is highly unlikely that colloid
osmotic pressure would exceed the outlet hydraulic pressure. The collection re
servoir is usually at least 50 cm below the filter, creating a siphon pressure of 
- 30 mmHg. The venous pressure is at least 10 mmHg, even neglecting the pres
sure drop across the venous return line and catheter. Thus, the minimum TMPH 

at the outlet is 45 mmHg which will only be reached at the unrealistically high 
outlet protein concentration of 35 g/lOO cm3 [25] corresponding, at an inlet he
matocrit of25%, to a filtration fraction of 0.25. Higher filtration fractions could 
be reached by imposing higher values of TMP but this would have the effect of 
preserving the TMPH-JI differential. 

Boundary Layer Limitations 

As illustrated in Fig. 8, the linear dependence of filtration rate upon TM PH does 
not extend indefinitely but eventually reaches a new fluid dynamic regime where 
further increases in pressure do not lead to further increases in filtration rate. 
Physically, a "secondary membrane" has been formed by the proteins which, at 
the higher filtration rates, are being brought to the surface more rapidly than they 
can diffuse away. The secondary membrane has a greater hydraulic resistance 
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Fig. 8. Filtration rate vs TMPH for the Diafilter-20. Data in vitro, hematocrit=25%, 
methods in [18]. The high values of TMPH were obtained by placing a tubing pump on the 
filtrate line. LlP ranged from 10 to 30 mmHg 
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than the underlying polymeric membrane and thus it controls or limits filtration 
rate. This so-called "boundary-layer controlled" regime is well understood [3, 5]. 
In the spontaneous circuit, filtration rate limited by a secondary membrane is de
scribed by Eq. (3) [16,18] and is seen to be independent of both TMPH and of the 
permeability properties of the primary synthetic membrane. 

( LlPr ) -3 
QF= 2JlLf Ld 8.3 x 10 . (3) 

L f is the effective fiber length and other terms are as described previously. The 
constant inlet plasma protein concentration was assumed to be 7 g/100 cm3 . 

The value of TMPH at which the flux plateau begins can be estimated by com
bining Eqs. (2) and (3). 

---t _( LlPr )0.5 8.3 x 10-3 
TMPH - 2 L L x +II. 

Jl f d Kp 
(4) 

---t 
TM PHis the value of transmembrane pressure at which the maximum filtration 

rate is first reached and other terms are as defined previously. 

Solution of Eq. (4) demonstrates that as long as LlP exceeds 20 mmHg, the 
---t 

transition TMPH will be well above 100 mmHg for all present devices. TMPH in 
A V filtration rarely exceeds 100 mmHg and thus the boundary layer regime is un
likely to be encountered. This situation could change, however, if devices with 
higher membrane permeabilities become available. 

To summarize with an example, consider an A V circuit employing the Dia
filter-20. Inlet hematocrit is 25%, protein concentration 7 g/100 cm3 , viscosity 
4 cps. Mean pressure at the device inlet is assumed to be 50 mmHg and at device 
outlet 20 mmHg; these are typical values from in vivo measurements, the inlet 
value being lower and the outlet value being higher than the physiologic and ar
terial and venous pressures, owing to the pressure drop across the arterial and ve
nous catheters. Pressure in the filtrate side is - 35 mmHg which would be ob
tained by placing the collection reservoir 50 cm below the AV filter. LlP is 
30 mmHg and TMPH is then 70 mmHg. From Fig. 5, blood-flow rate through the 
filter is 125 cm 3 /min and from Fig. 6, filtration rate is 8 em 3 Imino Filtration frac
tion, QF/QB' is 0.064. Membrane permeability, Kp, is 4 X 10- 5 em/min mmHg. 
The outlet protein concentration is 7.8 g/100 cm3 corresponding to a colloid-os
motic pressure of 17 mmHg (using the correlation of Reusser [26]) which is less 
than the TMPH of 55 mgHg at the distal end of the filter. From Eq. (3), the 
boundary layer limited flux would be 28 cm3/min but according to Eq.(4), this 
level would not be reached below a TMPH of 350 mmHg. Additional calculations 
show that the mean luminal blood velocity is 1.6 cm/s and filtration velocity only 
0.6 f..lm/s. Wall shear rate is 670 s -1 and Reynolds number is 1. 

Implications 

Several implications attend this understanding of the relationship between filtra
tion rate and available pressure driving force. First, for a given device, blood-flow 



Mass Transfer in Arteriovenous Hemofiltration 11 

rate is normally determined by LlP (Eq.i, Fig. 5), while filtration rate is deter
mined by TMP (Eq. (2), Figs. 6 and 7). At high values of TMPH and low values 
of LlP, and providing that the constraints ofEq. (4) are not violated, filtrate could 
become a dangerously high fraction of incoming blood flow rate. In our experi
ence, this situation is unlikely in normal A V filtration but can be encountered at 
low LlP's or QB'S if a pump or suction greater than 100-200 mmHg is applied on 
the filtrate side. The result is excessive dewatering of the blood and the formation 
of a red cell puree which could easily be mistaken for a clot. Accordingly, consid
erable caution should be applied by those using the suction-assist method of 
CA VH described by Kaplan [7]. Second, since filtration rate is a consequence of 
membrane water permeability postexposure to plasma, manufacturers should 
emphasize this property in device quality control. Moreover, device filtration rate 
can most easily be improved simply by increasing membrane permeability to the 
level where the boundary layer becomes controlling. Attention should also be 
paid to the uniformity of fiber diameter in a given cartridge: as can be seen from 
Eq. (i), blood will preferentially flow through larger bore fibers (the flow through 
a fiber with a radius of 105 Il will be 50% greater than through a parallel fiber 
with a radius of 95 Il). The flow in the small fibers may in fact be so low as to 
lead to excessively high local filtration fractions and fiber plugging. Much of the 
"clotting" seen in existing filters may reflect this phenomenon. Finally, there ap
pears to be little reason for maintaining fiber diameter at 200 Il ID. Increase to 
300 Il would give substantially higher blood-flow rates, with no loss of filtration 
rate, thereby minimizing the likelihood of clotting and of excessive filtration frac
tions. 

The general understanding of transport in spontaneous A V filtration has ad
vanced considerably in the past few years and can provide assistance in selection 
of optimal process conditions and improved device design. Future research is 
likely to concern the role (if any) of pulsatility, the effects of membrane material, 
time-dependent phenomena such as compaction of the adsorbed or polarized pro
teins, and methods to minimize flux-decay and to extend filter service life. 

Nomenclature 

Equations 1-4 will be numerically correct using the following units 

A Membrane surface area, cm2 

Kp Membrane permeability coefficient, cm/min mmHg 
Lf Length of fiber uncovered by epoxy and available for filtration, cm 
Ld Full length of ultrafilter, cm 
N Number of capillaries in filter 
,1P Difference in pressure at device inlet and outlet, mmHg 

QB Blood flow rate, cm3/s 
QF Filtrate flow rate, cm 3 /s 
r Fiber radius, ~m 
TMPH Transmembrane pressure (hydraulic); average of inlet and outlet pressure minus 

filtrate pressure, mmHg 
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TMPH Value of transmembrane pressure at which maximum filtration rate for given 
inlet conditions is first reached 

Yw Wall shear rate, S-1 

/l Blood viscosity, cps 
'It 3.l416 
II Plasma oncotic pressure, mmHg 
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Effect of Hydrostatic Pressure and Hematocrit 
on Blood Flow and Filtration Rate 
P. Kramer, F. Rosick, G. Biege, G. Hellige, and F. Scheler 

Arterial pressure and hematocrit are the practically important determinants of 
blood flow through capillaries [2, 3, 6, 7]. The following figures (except Fig. 5) 
demonstrate results of studies on the blood flow and filtration rate studied under 
in vivo conditions (37°C) [9]; oxygen and glucose substituted blood [10]; pulsatile 
blood flow with Harvard-pump driven membrane heart [8] in relation to blood 
pressure, negative filtration pressure, hematocrit, use of three-way valves in the 
extracorporeal tubing system and in relation to postdilution [5]. The Amicon con
tinuous arteriovenous hemofiltration (CAVH) set (1983) including diafilter-20 
(0.2 m2) and the eight Charr-Vygon vascular catheters were used for the artificial 
circulation. Systolic, diastolic, and venous back flow pressure as well as the flow 
and pressure profiles were comparable to in vivo conditions. 

Figure 1 demonstrates a linear relationship between blood pressure and blood 
flow. It is also obvious from the figure that the slope of the pressure-flow relation
ship is lowered and flattened by an increase of the hematocrit: Low hematocrit 
results in high blood flow rate and in a higher effect of pressure on the blood flow 
rate. 
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mean arterial pressure, and hematocrit 
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According to Fig. 2 (systemic pressure 120/60 mmHg, venous back flow pres
sure 10 mmHg) an increase of the hematocrit from 20% to 55% caused the blood 
flow rate to decrease from 130-230 to 40-80 ml/min, whereas the filtration rate 
fell only by 15% as a result of the exponential increase of the filtration fraction 
from 0.1 to 0.2, (Fig. 3). The hydraulic permeability, however, was slightly re
duced with increasing hematocrit (Fig. 4). This can only be explained by a direct 
effect of the erythrocytes on membrane permeability [1, 11]. It may be speculated 
that the erythrocytes hinder the off-diffusion of plasma proteins from the mem
brane surface. 

The importance of either blood viscosity or the hematocrit for the blood flow 
rate is demonstrated by the effect of fluid withdrawal and dilution during 
CAVH. 
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According to Fig. 5 an increase of negative filtration pressure caused enhanced 
fluid withdrawal from the blood passing the capillaries. This resulted in a fall of 
blood flow rate in all four patients; in one patient also filtration rate was reduced, 
when the negative pressure exceeded -100 cm H 20. The only explanation is an 
increased viscosity due to elevated hematocrit in the capillaries. 

Figure 6 shows the effect of postdilutional fluid substitution on the blood flow 
rate. The higher the initial hematocrit the more pronounced was the increase of 
blood flow by postdilution. With a hematocrit of 50 vol% postdilution resulted 
in an increase of blood flow by 15% due to reduced pressure drop along the ve
nous three-way valve. In contrast to blood flow rate the filtration rate was even 
reduced by 3%. 
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Conclusions for Clinical Practice 

1. An elevation of the hematocrit causes, independent of the increase of viscosity, 
a reduction in membrane permeability. 

2. The administration of packed red cells causes only slight reduction of filtration 
rate as long as the hematocrit is below 40 vol%. 

3. Suction-assisted ultrafiltration causes reduction of blood flow due to increased 
viscosity and may block the hemofilter in some patients with low blood flow 
rate and high hematocrit if the negative pressure exceeds -100 cm H 20. The 
application of slight negative pressure may be helpful in selected cases with 
high blood flow rate and low hematocrit [4]. 

4. The infusion of substitution fluid into the venous three-way valve causes, par
ticularly in patients with high hematocrit, an increase of the blood flow rate 
with slight reduction of filtration rate. 
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Influence of Colloid-Osmotic Pressure on the Filtration Rate 
During Continuous Arteriovenous Hemofiltration 
F. Rosick, J. Bohler, and P. Kramer 

In contrast to pump-actuated hemofiltration, where a transmembrane pressure 
gradient of several 100 mmHg maintains the process of filtration [1], arteriove
nous hemofiltration is a low-pressure process in which the colloid-osmotic pres
sure has a significant effect on the filtration rate, as it does in the capillary loops 
of the glomeruli. 

Figure 1 shows the situation in the capillary loops of the glomeruli: the blood 
pressure of + 70 mmHg is opposed by an average (integrated) colloid-osmotic 
pressure of 30 mmHg and pressure in the Bowman's capsule space of 15 mmHg, 
so that the effective transmembrane filtration pressure is only + 25 mmHg. 

In contrast to the glomeruli, in arteriovenous hemofiltration we have a negative 
pressure of 30-50 mmHg in the extracapillary space caused by lowering of the fil-

+ 70mmHg 

- 30rnm Hg 

-lSmrnHg 

Effective filtration pressure +2SmmHg 

' " Fig. 1. Diagram of pressure conditions in the capillary loops of the glomeruli. The blood 
pressure of + 70 mmHg is opposed by an average colloid-osmotic pressure of 30 mmHg 
and pressure in the capsule of 15 mmHg, resulting in 25 mmHg effective transmembrane 
filtration pressure. For details see text 



trate-collecting container on the bed of the patient. In the capillaries, the colloid
osmotic pressure acts against the filtration pressure. 

This relationship is demonstrated in Fig. 2, which shows the effect of increasing 
plasma albumin concentration on blood flow and filtration rate. These results 
were obtained under in vivo conditions with oxygenated and glucose substituted 
blood at 37°C temperature using a Harvard-pump-driven membrane heart for 
a pulsatile blood flow. The filtration rate ceased with a total plasma protein con
centration of 12 g/l (90% albumin), whereas blood flow rate had fallen only from 
120-220 to 110--190 ml/min. With a mean systemic pressure of 120/60 mmHg and 
a venous back flow pressure of 10 mmHg, the filtration fraction according to 
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Fig. 5. Nomogram for the determination of colloid-osmotic pressure based on total plasma 
protein concentration and albumin portion according to the formula of Landis and Pap
penheimer [3]. For details see text 

Fig. 3 decreased linearly from 0.16 to 0, when albumin concentration was elevated 
from 2 to 11 gil. 

These results clearly demonstrate the importance of colloid-osmotic pressure. 
Although in clinical practice the extreme values are never observed, moderate 
overtreatment with albumin in surgical patients has however been observed. 

In Fig. 4 a clinical course is described where large amounts of albumin where 
administered inadvertently, reSUlting in an increase of total protein up to 10 gil. 
At this total protein level, filtration rates decreased to 200 mllh without change 
in blood pressure. With decreasing total protein, the filtration rOse again and fell 
down with renewed albumin administration. 

Figure 4 also illustrates the influence of blood pressure: the high filtration rate 
in the night of Jan. 27/28 and the low filtration on Feb.2/3 are surely a con
sequence of blood pressure variance. 

As a rule, large volumes of fluid can be removed from a patient via continuous 
arteriovenous hemofiltration (CA VH) even when the systolic blood pressure has 
dropped to 70 mmHg and when the natural kidney no longer eliminates even with 
large doses of diuretics. At these low pressures, the colloid-osmotic pressure plays 
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a significant role. This has led in practice to great reluctance in administering al
bumin to uremic intensive care patients. Usually the filtration process ceases at 
a systolic pressure of 60 mmHg since flow through the capillaries is no longer as
sured at this pressure. 

For the estimation of the colloid-osmotic pressure, the nomogram in Fig. 5 can 
be used if total plasma protein and plasma albumin concentrations are known 
[7]. 

The nomogram was established by using the formula of Landis and Pappen
heimer [3]. With reference to the literature, in our opinion, direct measurement 
of colloid-osmotic pressure can be disregarded, due to the disadvantages of this 
method. More accurate values can be obtained by determining total protein and 
albumin concentrations indirectly [2,5-7]. 

The degree to which the colloid-osmotic pressure rises along the capillaries can 
only roughly be estimated: 

If the volume of blood flowing through the hemofilter is reduced from 100 ml/ 
min to 70 ml/min, an increase in total protein (e.g., from 6.2 g/l to 9.5 g/l) will re
sult in a proportional increase in the colloid-osmotic pressure of approximately 
14 mmHg, as shown in Fig. 5. 

Since the albumin portion is responsible for 60%-80% of the colloid-osmotic 
pressure in the plasma, high doses of albumin administered for therapeutic pur
poses can raise the colloid-osmotic pressure significantly. In the example in Fig. 5, 
total protein rises from 6.2 to 9.0 g/l and the albumin portion increases by 20%, 
causing an elevation of the colloid-osmotic pressure of 19 mmHg. 

Contrary to other anticoagulants, heparin does not affect colloid-osmotic pres
sure, even at high extracorporeal concentrations [4]. 
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Leukocyte Counts and Complement Activation During Arteriovenous 
and Pump-Driven Hemofiltration 
J. Bohler, P. Kramer, G. Schlag, H. Redel, O. Gotze, and P. Schwartz 

Significant leukopenia accompanied by complement activation and impairment 
of pulmonary function [1, 16] after starting a dialysis treatment were first ob
served by Kaplow and Goffinet in 1968 [13]. These changes are most striking 
when cuprophane membranes are used for dialysis [12]. Craddock et al. have 
studied these side effects of hemodialysis thoroughly and postulate the following 
pathogenesis: The complement system is activated during contact of the plasma 
with the dialyzer membrane [3, 4]. C5a fragment of the complement component 
C5 induces aggregation of granulocytes in the patient's venous blood [5, 10, 17]. 
These aggregates are trapped in the pulmonary microvessels resulting in a tran
sient, profound leukopenia of the peripheral blood [19]. 

It is a matter of discussion whether aggregated granulocytes, which are shown 
to damage endothelial cells in vitro [17], are responsible for the transient impair
ment of pulmonary function [7, 8] that follows the leukopenia. 

Besides the common dialysis procedure, two different methods of hemofiltra
tion, conventional mechanical pump-driven hemofiltration (HF) and continuous 
arteriovenous hemofiltration (CA VH) are used in the treatment of renal failure. 
Figures 1 and 2 show electron microscopic pictures of polysulfone capillaries 
(Fig. 1) and of a cellulose triacetate flat membrane (Fig. 2) used for HF. 

The surface of both membranes appear smooth, overlaid with only a few small 
humps. 

Fig. 1 a-f. Electron micrographs of polysulfone capillaries (Amicon D-20, after rinsing with 
normal saline). a Lower part: capillary seen from the outside shows the support membrane 
with its large pores; Upper part: lengthwise split of capillary showing the lamellar support 
structure surrounding the tubular blood compartment. b Section of a lengthwise-cut capil
lary. The lamellar support structure provides stability for the O.OI~11t thin filtration mem
brane. Only this inner layer comes in contact with the blood and determines the sieving 
characteristics of the filter. The support structure does not increase the resistance for the 
filtrate flow. c and e Border between support structure and filtration membrane. View of 
the lamellar system (top) and of the inner membrane at the depth of the lumen (blood com
partment). Dark spots are visible on the inner membrane. d and f Section of the inner mem
brane shows deposits of 1-4 It in size. These deposits can be seen both before and after the 
rinsing of the filter. The chemical composition of the stratifications and the effect on 
biocompatibility are not known 
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Fig. 2 a, b. Electron micrographs of cellulose triacetate membrane (Sartorius SM 400-04, 
after rinsing with normal saline). a Lower left: Net-like support structure. Upper part: Top 
view of the inner filtration membrane. There are also deposits of 1-4 Jl in size that were 
found before and after rinsing with normal saline. b Higher magnification of the support 
fabric of cellulose triacetate membrane 

Since CA VH is applied mainly in intensive care patients with pulmonary and 
acute renal failure, it appeared particularly important to investigate the biocom
patibility of membranes used. 

Patients and Methods 

The hemofiltration methods have been described elsewhere [14]. Table 1 summa
rizes the data of both patient groups. 

Prefiltration blood samples were taken from the artery after the initial dose of 
heparin (600-5000 IU). After onset of hemofiltration samples were taken from 
the arterial blood line at 5, 15, 30, 60, and 150 min. In HF the last sample was 

Table 1. Patient groups and method of hemofiltration 

Patients studied 

Hemofilter material 

Surface area 
Blood access 
Driving force 

Group 1: 
Continuous arteriovenous 
hemofiltration (CA VH) 

Ten intensive care patients 

Polysulfone capillary 
(Amicon D20, D30) 

0.2 or 0.5 m2 

Femoral artery and vein 
Arteriovenous pressure 

difference 

Group 2: 
Pumpdriven hemofiltration 

Six chronic intermittant 
hemofiltration patients 

Cellulose triacetate membrane 
(Sartorius SM 40004) 

0.6 m2 

Cimino a-v-fistula 
Blood pump 

b 
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Fig. 3. Leukocyte counts during hemofiltration (CA VH, poly sulfone; HF, triacetate). Re
sults are given as percent changes of prefiltration values during treatment. Dotted line, cu
prophane dialysis (from [12], shown for comparison) 

taken after 240 min, in CA VH after 300 min (Fig. 3). In both groups some addi
tional samples were taken from the outlet of the filter. 

All samples were analyzed using the following methods (Table 2): 

Table 2. Methods of measurement 

Leukocyte counts, hematocrit 

Complement 
Total hemolytic complement 
C3-component 
C4-component 
C5a-component 

Blood gas analysis 
p02 . pC02 . pH 

Coulter counter S 
(Coulter Electronics) 

Hemolytic-CHso-method 
C3-laser-nephelometry 
C4-laser-nephelometry 
Granulocyte-aggregometry [9] 
Acid Base Laboratory 2 

(Radiometer, Copenhagen) 
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Granulocyte aggregometry according to Craddock [5] and Hammerschmidt [9] is 
performed by adding aggregated - i.e., C5a-containing - plasma to a suspension 
oftest granulocytes [11]. 

A conventional thrombocyte aggregometer measures the intensity of a light 
transmission through the suspension of cells. The change in transmission is pro
portional to the particle count. Since the suspension contains fewer particles if 
more granulocytes aggregate, the change in transmission can be used as a mea
surement of the effect of the added plasma on the aggregation, and its content 
of C5a 10- 5 formyl-methionyl-Ieucyl-phenylamine solution (FMLP) produces a 
pronounced aggregation of granulocytes [6] and was used as a standard. 

Aggregation caused by patient plasma is given in percent of this aggregation 
standard. 

The effect of hemoconcentration by fluid removal on leukocyte counts and 
complement concentrations was eliminated using hematocrit values for calcula
tion of a correcting factor. 

Changes in leukocyte counts, complement concentrations, and blood gases are 
given in percent changes of the initial values prior to onset of hemofiltration. 
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comparison) 
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Results and Discussion 

There was no significant change in leukocyte counts during either mechanical he
mofiltration or CA VH. These results are in contrast with the findings of other 
authors who used cuprophane membranes for hemodialysis [1,3, 11]. They found 
a significant decrease in leukocyte counts (70%- 80% less than the initial counts) 
during the first 20 min of dialysis, which normalized within 1 h and then increased 
significantly above the normal range [2, 18]. 

With hemolytic complement determination (CHso) according to Kabbat and 
Mayer, complement activation was not detectable during CA VH (Fig. 4), or HF 
(Fig. 5), contrary to the results during dialysis with cuprophane membrane [1]. 

Although the CHso values were unchanged, the C3 and C4 components of 
complement were also determined separately to dectect any possible reduction of 
these components by means of nephelometry. 

The C3 determination is of particular interest because C3 plays a central role 
in both the classical and alternate pathway of complement activation. As shown 
in Figs. 4 and 5, none of these parameters decreased during CA VH and conven
tional hemofiltration compared with pre filtration values, indicating that activa
tion of the complement system was beyond the range detectable using this 
method. 
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Fig. 6. Leukocyte counts and complement levels. Comparison of inlet levels ( = 100%) with 
filter outlet levels 

In order to exclude the possibility that trace amounts of complement, insuffi
cient to produce leukopenia or concentration changes detectable by these 
methods, may have been activated in the extracorporeal circuit, blood samples 
where also taken from the blood line behind the hemofilter, i.e. before undergoing 
multifold dilution in the whole blood pool. As shown in Fig.6, no differences 
could be detected between pre- and postfilter values. 

The samples were tested for their C5a content by means of granulocyte aggre
gometry (described by Craddock et al. [5,6] and Hammerschmidt et al. [9]). 

This method of determining the activation of the complement system is highly 
sensitive, since it is based on the measurement of a complement only detectable 
in the blood when the whole system has been activated. Figure 7 (bottom) shows 
the results of aggregometry of blood samples taken from the inlet and the outlet 
of the filter and compared with prehemofiltration values. Neither in CA VH nor 
in HF was there a significant change of C5a content of samples at the filter outlet 
compared with prefiltration samples. 

Since C5a, if any should have formed inside the filter, may quickly bind to gra
nulocytes there, it might not be detectable by granulocyte aggregometry in the 
plasma behind the filter. 

To trace even minimum activation of complement, the plastic materials (poly
sulfone and cellulose triacetate) were incubated at 37 °C for 60 min, in vitro, with 
heparinized plasma. Contrary to plasma incubated with cuprophane material, no 
C5a activity was found in these samples (Fig. 7 top and middle). 

Arterial blood gases were analyzed in order to detect an impairment of the pa
tient's pulmonary function due to exposure of their blood to the plastic sur
faces. 
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Fig. 7. Granulocyte aggregometry to detect C5a. Top and middle: 1 ml of plasma was incu
bated for 1 h at 37°C with 100 mg of plastic material and then assayed of C5a content. 
Upper left: Blank value; plasma incubation without plastic material. Upper right: Cupro
phane capillary filter (MTS-Hemoflo C). Left middle: Poly sulfone capillaries (Amicon D-
20). Right middle: Cellulose triacetate membrane (Sartorius SM 400-04). Change in trans
mission, ,j T, is read on the relative scale 3 min after adding plasma samples to the suspen
sion of granulocytes. In clear contrast to cuprophane material, polysulfone and cellulose 
triacetate do not cause an increase in aggregation, C5a is not detectable. Bottom: Compari
son of aggregation of patient plasma after filter passage (outlet) with aggregative prior to 
CA VH/HF and during filtration at the inlet of the filter. Values are given in percent of the 
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32 

4 20 

c;, 340 
I 
E 
i 250 
o a. 

180 

100 

160 

_140 
'" ::> 

~ 120 
~ 
:~ 100 
'0 
~ 80 
o a. 

50 

CAVH (Amicon D20,D30) 
Polysulfone) 

(A) 
10) 

(6 ) 1 ) 
1"", -,'---r---r,---r---r--r, --r.....,......,.-..., -.-, -.-, -I/li,",.-r--T"' -.,.--..-........ -.---.. {). 
o 5 15 30 50 150 240 300 

Time Imin) 

J. Bohler et al. 

Fig.8. Arterial P02 during CA VH (polysulfone capillaries). Top: Absolute P02 values 
(mmHg), pronounced shifts ofP02 are seen in some patients caused by changing artificial 
respiration. Bottom: Arterial P02, changes given in percent of initial values. Results influ
enced by respirator changes are excluded and shown in parentheses 

120 

50 

'6. 70 

o 5 15 30 

HF 1 Sartorius SM 400 04) 
Cellulose triacetate 

" i 1/ 

60 
Time Imin) 

150 
, , 

240 300 

Fig. 9. Arterial P02 during HF (cellulose triacetate). Top: Absolute P02 values; all patients 
breathing spontaneously (room air). Dotted line, cuprophane dialysis (from [3]). Bottom: 
Arterial P02; results given in percent of initial values 



Leukocyte Counts and Complement Activation 33 

In CA VH the results of blood gas analyses are difficult to interpret: All our 
CA VH patients needed artificial respiration before hemofiltration treatment. 
During the 5 h of our study in some patients the respirator had to be adjusted to 
the actual needs of the patients. Therefore some of our blood gas analyses reflect 
rather the mode of the artificial respiration than the effect of hemofiltration. 
Figure 8 (top) shows the absolute P02 values. The symbols of two patients are 
connected with lines in order to illustrate this problem. The respirator of the pa
tient who started with a prefiltration P02 of 380 mmHg was adjusted consecu
tively to a more physiological level. Thus, the P02 decreased by 70%. The P02 

of the other patient increased by 300% compared with the initial value due to res
pirator changes. 

Figure 9 shows an unchanged arterial P02 during pump-driven HF. In hemo
dialysis with cuprophane, however, a drop in P02 of about 10--15 mmHg was ob
served by others [3]. 

In order to evaluate the effect of CA VH on blood oxygenation, all results were 
excluded which were influenced by respirator changes. The remaining data 
(Fig.7, bottom) do not indicate a significant change of P02 after onset of 
CAVH. 
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Vascular Accesses 

Puncture and Long-Term Cannulation of the Femoral Artery 
and Vein in Adults 
H.J. Grone and P. Kramer 

For the treatment of acute renal failure (ARF) with hemodialysis or hemofiltra
tion, vascular access can be achieved by external arteriovenous shunts [32] or by 
percutaneous catheterization of large vessels. Percutaneous catheterization of the 
femoral vessels for hemodialysis was described by Shaldon et al. in 1961 [34]. Sev
eral groups have reported their extensive experiences with short-term catheteriza
tion of the femoral vessels for hemodialysis [6-8, 13-15, 25]. 

We also use the percutaneous puncture of the femoral artery and vein for ar
teriovenous hemofiltration [33]. 

The catheters remain in the vessels during continuous treatment that lasts 
many days. 

Methods 

Set of Instruments for Puncture (Fig. 1) 

The puncture cannula is cut lanceolate. It, as well as the guide wire, are siliconized 
to increase their sliding capability. 

Fig. I. Set of instruments for continuous arteriovenous hemofiltration: "dry-siliconized" 
puncture needle and guide wire (length 53 cm, flexible tip 4 cm), dilating catheter with con
ical, rounded tip, indwelling catheter (intravasallength II em) with internal diameter of 
8 CH. Dilating and indwelling catheters are made of Rilsan 
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Fig. 2. Anatomy of the femoral triangle (Waldeyer A., Human Anatomy, Walter de Gruyter, 
Berlin 1969, p. 408) 

The guide wire has a 4 cm long flexible tip. Dilating and indwelling catheters 
(intravascular length 11 cm) consist of Rilsan, a mixture of teflon and polypropy
lene. The catheters have a smooth surface and slide easily. The dilating catheter 
has a conical, rounded tip to avoid potential trauma to the endothelium. The high 
flexibility of the indwelling catheter is substantially reenforced by two metallic, 
X-ray-positive strips. The outside of the catheter is of uniform structure, since the 
metallic contrast strips are covered externally with plastic. The indwelling 
catheter has a single opening at the end and no side perforations. Its internal di
ameter is 8 CR. 

Topography of the Femoral Artery and Vein (Fig. 2) 

The femoral vein runs medially to the femoral artery; the femoral nerve runs lat
erally to the artery. The femoral artery puts out strong branches within the fem
oral triangle, i.e., the arteriae circumflexae and the arteria femoris profunda. The 
arteria femoris profunda travels dorsally at the lower third of the triangle and lat
erally from the arteria femoralis. Puncture and attempted cannulation of one of 
these arterial side branches can result in perforation of the vessel and severe fem
oral bleeding. Therefore, it is preferable to puncture the arteria femoralis in the 
upper third of the triangle. Since the vena saphena magna joins the vena femoralis 
in a steep angle, a catheter can be advanced from the vena saphena magna into 
the vena femoralis. 

Puncture and Cannulation (Fig. 3) 

Vessel puncture and catheter insertion are performed by means of the modified 
Seldinger technique [33, 43]. Sterile drapes and sterile gloves are used. The skin 
is punctured only after thorough disinfection. The inguinal region is exposed by 
supporting the sacral vertebra. The thigh is abducted and slightly rotated out
wardly. 
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The course of the arteria femoralis is determined by palpation. The puncture 
site is to lie 2-3 em below the ligamentum inguinale at the area of strong pulsation 
of the artery. 

Skin and subcutaneous tissue are infiltrated with a local anesthetic caudally to 
the proposed puncture site of the vessel. While the arteria femoralis is securely 
held in place between the index and middle fingers of one hand, the other hand 
carefully pushes the puncture cannula, held at a 45° angle to the thigh, in a cranial 
direction [12, 25]. 

Once blood spurts from the cannula, it should be held level with the thigh, to 
prevent injury to the posterior wall of the artery and advanced only a few more 
millimeters. The cannula is now blocked with the index finger. The guide wire, 
flexible tip first, is inserted through the cannula until the extravasallength slightly 
exceeds that ofthe dilating catheter. The guide wire should slide in without effort; 
if it can only be pushed into the vessel against a resistance, an exact intravasal 
position is not guaranteed and catheterization should not be continued [44]. Di
rectly cranially to the puncture cannula, the skin is incised for approximately 
0.5 cm with a scalpel. The puncture cannula is then retracted over the guide wire 
while compressing the puncture site with a sponge. The dilating catheter is now 
moved forward, over the guide wire, into the artery with a constant circular mo
tion. The mobility of the guide wire should be verified several times during inser
tion of the dilating catheter to prevent its jamming on a kink in the guide wire 
and cutting into the vessel. 

After the insertion of the dilating catheter, until the silicon portion of the 
catheter rests on the skin, the indwelling catheter is pushed into the artery with 
constant turning. The indwelling catheter is then securely sewn to the skin. The 
guide wire and the dilating catheter are removed. At this point, the silicon portion 
of the indwelling catheter is compressed with the fingers to prevent loss of blood. 
A three-way stop cock is screwed on; the catheter is rinsed and filled with 10 ml 
heparinized saline. 

The vena femoralis is catheterized the same way, preferably on the same side, 
to make patient care easier. 

Arterial and venous catheters are connected to the tubing of the hemofilter 
after injecting 20-30 IU of heparin/kg in 20 ml of physiological saline soluti~n 
into the femoral vein. 

Careful puncture technique and thorough care ofthe catheters, the hemofiltra
tion system, and the surrounding skin are necessary to avoid infections [26]. Both 
puncture sites are carefully and thoroughly covered with polyvidone-iodine oint
ment. The ointment adheres tightly to skin and catheters. Infection can occur 
through any opening in the system, valves, syringes, and the infusion set [38]. 

Direct blood pressure measurements via the arterial catheter, blood sampling, 
and administration of infusion solution through the venous catheter should only 
be done under strictly sterile conditions. In our experience, blood for laboratory 
tests, necessary to make therapeutic decisions, is often obtained through the fem
oral catheters. We like to point out again, however, that sterile conditions must 
be maintained when manipulating the catheter/hemofiltration system [19]. 

The flexibility of the catheters allows the thigh to bend up to 45°. The catheters 
remain in the femoral artery and vein during the entire continuous arteriovenous 
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m n 
Fig. 3 a-D. Puncture and cannulation of the arteria and vena femoralis. a Palpation of the 
artery with index and middle finger tips. b Subcutaneous infiltration with local anesthetic. 
c Puncture of the vessel. d After insertion of the guide wire, a 0.5 cm long incision is made 
directly above puncture needle. e Adjustment of the extravasallength of the guide wire to 
that of the dilating catheter. f Withdrawal of the puncture needle while compressing the 
puncture site with a sponge. g Insertion of the dilating catheter. h Once the dilating catheter 
makes contact with the puncture site, compression with the sponge can be stopped. Inser
tion of the dilating catheter followed by insertion of the indwelling catheter into the vessel 
with circular movement. i Inserted dilating and indwelling catheters and positioned guide 
wire. j The indwelling catheter is securely sewn to the skin. k Guide wire and dilating 
catheter are withdrawn; the silicon cuff of the indwelling catheter is compressed to avoid 
loss of blood. I After rinsing (10 ml heparinized 0.9% NaCI solution) and shutting-off the 
arterial indwelling catheter, the femoral vein is punctured. m Administration of approxi
mately 2000 IU of heparin solution into the venous catheter. n Disinfection and application 
of a polyvidone-iodine ointment 
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hemofiltration treatment. Indwelling times of up to 3 weeks have been achieved 
without complications. 

Removal of the Catheters 

At the end of arteriovenous hemofiltration, the catheters are withdrawn. They 
should not be further used as a convenient blood withdrawal site for blood gas 
determinations or other laboratory tests. The catheters are pulled carefully while 
maintaining heparinization [31]. The puncture site of the artery is located caud
ally to the skin incision and is compressed manually for 30 min. The pulsations 
of the arteria dorsalis in the foot should be clearly palpable during compression. 
The necessary compression pressure is far less for the venous puncture site than 
for the arterial site. The side pressure of manual artery compression is often suf
ficient to compress the venous puncture. After 30 min, the puncture sites are com
pressed with a sandbag for 3 h. Continued administration of heparin is indicated 
for most bed patients to prevent formation of thrombi at the endothelial lesions. 
If thrombi are attached to the catheter, the patient has to be carefully monitored 
in order to recognize clinically significant local thrombi, arterial lung emboli, or 
peripheral arterial emboli in time. 

Results 

Rate of Complications 

During the period Jan. 198 I-Dec. 1983 over 150 arteriovenous hemofiltrations 
through femoral catheters were performed at the University Hospital of 
G6ttingen. Indwelling times of the catheters ranged from a few hours to 50 days. 
Severe clinical complications occurred in two cases out of 300 catheterizations, 
approximately 0.7%. This number takes into consideration only catheterizations 
performed according to the recommended procedure, and in which the catheter/ 
hemofiltration system was connected as recommended. 

Thrombosis 

Femoral vessels (n = 16), examined after arteriovenous hemofiltration during 
autopsy, regularly showed thrombi of different sizes in the catheter area. The 
catheters had remained in the vessels 1.5-14 days. The extent of thrombosis was 
independent of the time the catheter had remained in place [23]. Fibrin-rich 
thrombi, partially or completely surrounding the catheters, were observed 
(Fig. 4). 

A thrombus that closed the lumen of the vena iliaca extema was found after 
a 14-day-long continuous arteriovenous hemofiltration, in this case of a 72-year
old woman, hemofiltration was performed because of postoperative, acute renal 

Fig. 4. Thrombi in the arteria and vena femoralis and iliaca externa of a 77-year-old man 
with atherosclerosis, after 8 days of continuous arteriovenous hemofiltration. The arterial 
catheter is completely surrounded by thrombi; nonoccluding thrombus in the vena femora
lis; arterial lung embolism was not documented 
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failure, but without heparin. Heparin was not given because of severe bleeding 
tendency and good filtration rate. 

Arterial lung emboli were not diagnosed clinically and not noticed in autopsied 
patients. 

A peripheral arterial thromboembolus closed off the arteria poplitea 12 h after 
the start of arteriovenous hemofiltration in a 77-year-old man. The patient suf
fered from diuretic- and vasodilator therapy-resistant cardiac failure and progres
sively declining kidney function. He died 24 h later from protracted failure of the 
left ventricle. 

Bleeding 

A retroperitoneal hematoma was noticed in a 55-year-old female patient, whose 
left venous femoral catheter was exchanged with one of unrecommended design. 
The guide wire could only be inserted with force, but finally, blood was success
fully aspirated through the indwelling catheter with perforations along the sides 
and at the end. (It is our opinion that these catheters are unsuitable for femoral 
cannulation.) 

Due to a perforation of the vena iliaca externa caused by the catheter exchange, 
the tip of the catheter was placed extravasally, the side perforation intravasally. 
Retroperitoneal bleeding of more than 31 resulted. The hypovolemic shock of this 
patient was corrected, but she died from myocardial infarction a short time 
later. 

Periarterial hematoma at the puncture site could not be confirmed clinically. 
In the autopsied cases, only slight bleeding into the periarterial and perivenous 
fatty tissue was noted. 

Infections 

Infections around the puncture site and in the insertion canal were not found. 
There was no evidence of catheter-induced bacteremia and sepsis. 

In the histologically examined vessel sections (n = 16) lined with thrombotic 
material, no bacteria were seen. 

Discussion 

The described puncture and catheterization of the femoral artery and vein are a 
simple method that can be implemented within a short time (5-15 min) [7, 15, 34]. 
This is most advantageous in an emergency situation. Preparation of peripheral 
vessels necessary for external arteriovenous shunts may be difficult to perform on 
intensive care patients (i.e., poly traumatized patients) is not needed. Ligature of 
vessels can be avoided with femoral catheterization. Since it is possible that some 
patients may end up with chronic kidney failure, it is important to preserve the 
peripheral arteries for future shunt sites. 

Complications 

The incidence of severe complications with prolonged cannulation of the femoral 
artery and vein corresponds with the rate reported by other study groups for 
short-term catheterization of the femoral vein (0.1 % to 1.0%) [6-8,14]. 
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Thrombosis 

Every vessel puncture causes trauma to the endothelium and therefore constitutes 
a possible site for thrombosis [11]. Although the synthetic material of which 
catheters are made will probably always be thrombogenic, the material we recom
mend is regarded as promoting thrombosis to a relatively lesser degree [30]. 

Ultrastructural examination of catheters revealed wall defects and coarse sur
face areas which can contribute to thrombosis inside and outside the lumen of the 
catheter [22, 24]. Wettability, electrical charge, and flexibility are additional char
acteristics of the catheters that determine the chance of thrombosis [5, 24]. Inflex
ible catheters push specifically against the vessel wall with their tips and cause ad
ditionallesions of the endothelium [11]. Factors that increase the risk of throm
bosis iatrogenically should be avoided: i.e., multiple puncture attempts, lesions of 
the opposite vessel wall caused by the puncture cannula, hasty or jerky insertion 
of the guide wire and dilating catheter. 

To date we have not found a clinically apparent venous thrombosis or arterial 
lung embolus [17, 18], probably also because the continuous heparin administra
tion into the arterial tubing causes high heparin concentration in the hemofilter 
and in the venous part of the system, including the vena iliaca externa. The blood 
flow in the vein at the tip of the catheter is increased by arteriovenous hemofil
tration. Careful puncture technique, construction of the tip of the dilating 
catheter which lessens the risk of injury to the endothelium, the conciseness and 
kink-resistance of the indwelling catheter with a small thrombogenic surface area 
may all explain the overall low incidence of thrombi as compared with the expe
rience of others [23]. 

Reported rates of venous thrombi for short duration hemodialysis are only 
partially comparable with our results for prolonged cannulation. They are briefly 
discussed. 

Fuchs et al. reported no thrombosis [7] for 5306 punctures of the femoral vein, 
the catheter remaining in the vein for the duration of hemodialysis. The risk of 
thrombosis increases if the catheter remains in the vessel after completion of he
modialysis. Kjellstrand et al. observed three cases of thrombosis of the femoral 
vein with one fatal arterial lung embolus, out of700 catheter punctures of the fem
oral vein [14]. In these three cases the catheters remained in the vein 24-72 h with
out constant dialysis. A similar experience was reported by a Spanish study 
group. For 356 catheterizations of the femoral vein, venous thrombi were diag
nosed in cases where the catheters remained in the vessel for a prolonged period 
after dialysis [8]. 

The media of the femoral artery consists predominantly of muscle cells. Wall 
dissections are less likely to occur during vessel puncture than during puncture 
oflarge vessels with a predominantly elastic media structure (i.e., aorta, proximal 
parts of brachiocephalic vessels). Arterial catheterization, however, can result in 
the rupture of atheromatous plaques. Atheromatous or thrombotic embolism can 
occur [35]. Thrombi in peripheral vessels such as the arteria iliaca externa and the 
arteria femoralis are subject to relatively fast organization and can reinforce pre
exsisting stenoses [37]. One occluding arterial thromboembolus was diagnosed in 
a patient with severe general atherosclerosis and decompensated cardiac insuffi
ciency. 
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For patients with severe artherosclerotic changes, continuous arteriovenous 
hemofiltration should be restricted as a measure of last resort. In patients with 
low-to-medium grade atherosclerosis, the arterial thrombosis rate has not been 
reported to be higher than for other patients [2, 21]. 

Thromboses of the femoral artery were described in children, catheterized for 
cardiac symptoms: in some cases, reduced growth of the catheterized extremity 
was noted [10]. In this respect, continuous arteriovenous hemofiltration is prob
lematic for children, but was performed by us without acute complications several 
times. 

Thrombi and arterial peripheral, or central venous emboli can occur after 
strong and prolonged compression of the femoral artery and vein [21]. Especially 
patients with soft, easily compressible arteries, reduced cardiac output, and ele
vated blood viscosity are in danger of arterial thrombosis [21]. Femoral pulsa
tions and pulsations of the feet have to be checked regularly during cannulation 
and after the catheters have been pulled. The circumference of the leg should be 
measured at regular intervals. Immediate surgical therapy of arterial thrombi and 
thromboemboli is recommended. The success rate is favorable, according to sev
eral reports [2, 4, 9]. 

The results of other studies regarding arterial cannulations are briefly pre
sented. The rate of thrombotic complications by percutaneous retrograde arteri
ography was less than 0.16% [16]. The rate of all complications, for femoral ar
terial punctures of intensive care patients with a high mortality rate (36%), was 
reported to be 14 % [28]. 

Bleeding 

Retroperitoneal bleeding presents a rare, however potentially fatal, complication 
of femoral artery and vein puncture [6, 7, 14]. If the dilating or indwelling 
catheters rupture the vessel, retroperitoneal bleeding can occur. Pointed and in
flexible catheters can penetrate soft vessels during rebedding of the patient or 
spontaneous movement of the lower extremities [27] and are, therefore, not rec
ommended. Catheters with end opening and side perforations make it impossible 
to determine whether or not the catheter tip is positioned extravascularly; blood 
may easily be aspirated through the perforations on the side, which would be in
side the vessel, while bleeding can continue unnoticed through the extravascularly 
positioned catheter tip. The risk of bleeding increases with an improper catheter
ization procedure and an improper connection of the catheters to the tubing sys
tems. Disconnections of catheter and connecting tube were only noticed when the 
tubing was not screwed tightly to the catheter, i.e., tubing systems without luer 
lock. 

One patient died from severe arterial bleeding caused by improper connection 
devices. Catheters that are not sewn securely to the skin can slide out of the 
vessels, leading to pronounced femoral bleeding. We want to emphasize that 
catheters must always be sewn securely to the skin, that catheters and tubing must 
be connected with luer-lock fittings, and that one should always leave catheter 
tubing and hemofilter exposed to full sight and not covered by a bed sheet. 

Puncture of the arteria iliaca externa above the ligamentum inguinale does not 
allow adequate compression of the puncture site after the catheters are pulled out, 
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since the iliac artery travels dorsally and usually is not compressible manually [3, 
21]. This causes retroperitoneal bleeding. Retroperitoneal hematoma can also oc
cur spontaneously with clotting disorders, chronic and acute kidney insufficiency, 
vascular and tumorous disease of the kidney and adrenal glands [1, 20, 39,41, 
42]. 

Signs of retroperitoneal bleeding may consist of sudden highly exacerbating 
pain of the abdomen, the hip, the buttocks and back, swelling and tension of the 
abdomen. Bowel movements may stop. The hematocrit can drop. Usually the 
heart rate increases and blood pressure drops. The psoas shadow loses its clear 
demarcation. Abdominal sonography can aid in diagnosis of suspected retroperi
toneal bleeding. Caused by the bleeding, elevation of amylases through lesions of 
the pancreas, cholestatic jaundice, simulation of a strangulation hernia, and 
pleural effusions were described with retroperitoneal hematoma [29]. Therapy for 
catheter-provoked retroperitoneal bleeding consists of administration of blood 
and normalizing clotting parameters. Surgical intervention is indicated when the 
bleeding cannot be stopped with intensive conservative therapy. 

The rate of perivenous and periarterial hematoma with the prescribed puncture 
technique [14, 15] is reported as low. Nevertheless, we experienced persistent ar
terial bleeding ofthe puncture site in a 34-year-old male, chronic dialysis patient, 
who was hemodialyzed intermittently through an inflexible femoral catheter (not 
recommended by us) because of a rethrombosed, infected arteriovenous shunt of 
the forearm and who walked around with the catheter in place. Although im
proved flexible catheters are available we will, for the time being, use prolonged 
cannulation of the femoral artery and vein only for bed patients. 

Infections 

Local infections of the skin and the puncture site reported for percutaneous punc
ture of the femoral vein [15] could not be confirmed by us. This absence can most 
likely be attributed, besides other factors, to the application of polyvidone-iodine 
ointment. 

Other Possible Complications 

The following are possible complications of the puncture and catheterization of 
the femoral artery and vein [18, 36], while only thrombosis, arterial embolism, 
and bleeding have been observed by us to date: 
1. Thrombosis 
2. Thrombophlebitis 
3. Embolism, arterial (peripheral vessel occlusion) and venous (arterial lung em-

bolus) 
4. Sepsis 
5. Bleeding, femoral and retroperitoneal 
6. Arterial pseudoaneurysm 
7. Arteriovenous fistula 
8. Nerve damage 
9. Cellulitis 
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Summary 

Percutaneous puncture of the femoral artery and vein according to Seldinger 
presents a quick and simple vessel access, if done by an experienced person. The 
indwelling catheter of the set especially developed for continuous arteriovenous 
hemofiltration exhibits relatively low thrombogenicity and high flexibility. Based 
on continuous heparin administration into the catheter system, high heparin con
centrations are achieved in the venous outflow; the risk of venous thrombosis is, 
therefore, significantly reduced. Prolonged cannulation, performed with strictly 
sterile handling and sufficient heparinization, is associated with only a minimal 
risk of bleeding, and infection. Since severe complications can occur, arteriove
nous hemofiltration should only be resorted to with consideration of the risk/ben
efit ratio. 
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Venovenous Ultrafiltration and Hemofiltration 
Via the Internal Jugular Vein Using a Double-Head Pump
A Simple Emergency Procedure 
R. Bambauer and G. A. Jutzler 

Despite technical improvements in treatment with hemodialysis, the transient 
vascular access is not yet solved satisfactorily. With subcutaneous implantation 
of heterologous and synthetic vascular grafts, besides the Cimino-shunt, very use
ful connections can be made. However, their life span is curbed by complications 
that could occur such as thrombosis, formation of aneurisms, bleeding, infec
tions, etc. 

Temporary vascular access still involves considerable problems. We therefore 
investigated new methods of access and introduced the catheterization of the v. 
cava superior through the v. jugularis interna, using a large-bore catheter [1]. In 
the area of intensive care medicine, an increasing number of diseases are encoun
tered involving severe cardiac and pulmonary insufficiency accompanied by acute 
hyperhydration, with or without electrolyte imbalances, rhythm disorders, and 
cardiovascular shock. Rapid but careful dehydration is required when all known 
conservative methods of treatment, such as diuretics, fail. Further medical treat
ment seems reasonable only after successful fluid removal. 

With the method of percutaneous puncture of the internal jugular vein and in
sertion of a large-bore catheter, a simplified venovenous ultrafiltrationjhemofil
tration may be started under emergency conditions utilizing a double-head pump 
according to the "single needle" method. 

Method 

The v. jug. int. runs from the base of the cranium in close proximity to the a. caro
tis into the truncus brachiocephalicus. Ventrally it is covered by the m. sternoclei
domastoideus; dorsomedially it is adjacent to the vasomotor nerve trunk. Vein, 
artery, and nerve are enveloped by the fascia media colli (Fig. 1) to which they 
are fused, causing the v. jug. int. to be spread out in the fascia and the lumen to 
be always open. It runs subcutaneously between the two lobes of the m. sterno
cleidomastoideus only in the lower part. The diameter in adults is approximately 
15 mm and expands caudally. The right jugular vein is somewhat larger than the 
left one and forms an almost straight connection to the right atrium. 

Since Hermoshura et al. [9] first described percutaneous puncture of the v. jug. 
int. in 1965, 17 different methods of puncturing this vessel have been reported to 
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M. sternothy reOideus~ 

M. thyreohyoideus 

M. constrictor pharyngis info 

M. sternocleido- mastoideus 

Fig. I. Schematic cross section of the neck (from Born, P; Topographic Anatomy, Gustav 
Fischer, Stuttgart 1972) 

date [3]. They are all distinguished by high success and low complication rates. 
We preferred to use the right vein; on the left side, the ductus thoracicus and the 
higher situated pleural dome could entail additional complications. Catheteriza
tion has to be performed under aseptic conditions (thorough disinfection of the 
neck area, sterile draping, sterile gown, and gloves). The patient rests in slight 
"Trendelenburg" position (20°) in order to increase venous pressure and thereby 
minimize the likelihood of an air embolus. 

After local anesthesia and a small incision in the skin we proceed percuta
neously through the upper tip of the triangle formed by the caput sternale and 
caput claviculare of the m. sternocleidomastoideus. 

A "Braun cannula" is pushed at a 30° angle to the skin surface to the medial 
edge of the caput claviculare after palpation of the course of the carotid artery. 
The v. jugularis interna is found at a depth of approximately 3--4 cm. Often as
piration of blood is only possible after the needle is slowly pulled back since the 
vessel walls of the jugular vein collapse when the cannula is pushed in. After suc
cessful puncture, the Seldinger technique is used for insertion of the indwelling 
catheter. When the catheter is pushed in, the resistance of the fascia media colli 
has to be often overcome with slight force. The location of the catheter tip should 
be confirmed by X-ray (Fig. 2). In order to avoid radiation exposure, the catheter 
tip may be located with an intraatrial electrocardiogram fed through the catheter 
[2, 7, 12, 15-17]. 

Ultrafiltration/hemofiltration is performed with a double-head pump over a 
hollow fiber diafilter. One pump draws the venous blood from the catheter and 
pushes it through the diafilter into an adjacent air trap. Once this is filled with 
the predetermined volume of blood, the pump shuts off and the second pump 
moves this blood through the venous line through Y-tubing back to the patient 
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Fig. 2. X-ray of the positioned Shaidon catheter 

(Fig. 3). The double-head pump works according to the principle of pressure and 
volume control. The system is safeguarded by a combined air and blood level de
tector and a volumetric control. The discontinuous mode of operation of both 
pumps causes a constant variation in flow and pressure. The pressure of the ve
nous back flow is controlled by the second pump. This means that high pressure 
in the hollow fiber membrane, which would otherwise be needed for blood back 
flow, can be avoided. The main advantages of the double pump system are: 
1. A rather large volume flows through the diafilter without the maximum pres

sure exceeding the safety limits. 
2. The mean pressure in the diafilter can be adjusted to each required condi

tion. 
For venovenous "single needle" ultrafiltration/hemofiltration, the determi

nants of the filtration rate are: speed of the roller pumps or pressure inside the 
capillaries (+ 150-+ 350 mmHg) and negative pressure on the filtrate side (0-
150 mmHg). 

In this way the system can be regulated individually and adapted to every sit
uation. The desired filtrate volume is determined prior to each treatment. The 
clinical situation determines the filtration rate. Consequently, the duration of 
treatment varies; depending on filtration rate and volume, treatment in our pa
tients lasted from 30 min to 4 h. In case of hypotensive circulatory conditions al
ready prior to onset we fill the diafilter and tubing system with 5% human albu
min solution or substitute with a commercial hemofiltration solution by means 
of a third pump, usually at a substitution rate of 15-20 ml/min less than the fil-
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Fig. 3. Simplified ultrafiltrationjhemofiltration system consisting of double-head pump and 
substitution pump 

tration rate. This allows gentle removal of as much plasma water from the patient 
as necessary. 

As a rule, heparin is administered intermittently. We inject a bolus of 1000-
2000 IU heparin and monitor the coagulation time after 30- 60 min. If necessary, 
an additional 500-1000 IU heparin are given; 2000-3000 IU are usually sufficient 
for one treatment. Low dose heparinization (100-300 IU heparin/h) is used to 
keep the catheter open between treatments. 

Our Observations 

Puncture of the right v. jug. interna and insertion of a Shaldon catheter was per
formed on 182 patients for acute dialysis. Puncture was necessary for 95 patients 
because of acute exacerbation of chronically compensated kidney insufficiency 
and for 87 patients because of acute renal failure . 
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Fig.4. Thrombosis in the v. subc1avia and v. jugularis interna in a 79-year-old female pa
tient 

With regard to the catheter, we observed the following complications: The a. 
carotis was punctured inadvertently in four patients. Through immediate com
pression, significant bleeding was avoided. 

At indwelling times in excess of 14 days we saw infected skin at the puncture 
site in 15 cases. In four patients the catheter was removed because they developed 
fever. For the remaining 11 patients local use of antibiotics was sufficient to heal 
the infection; therefore the catheters were left in place. In four other patients the 
catheter had to be removed prematurely also because of a temperature between 
38.5 and 39.5 DC. The puncture sites, however, were not infiltrated and the skin 
smears confirmed no pathogens. 

Thrombosis was observed in the area of the neck and the subclavian veins in 
a 74- and a 79-year-old female patient. Both patients had an indwelling peripheral 
subclavian catheter on the right side, which presumably initiated the thrombosis 
that eventually advanced through the Shaldon catheter into the jugular vein. In 
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Fig.5. Shaldon catheter pinched off at 
the entrance 

Table 1. Veno-venous hemofiltration: Therapy and course 

Agel Diagnosis Vascular access No Diafilter Filtrate Course 
year HF Amicon volume/HF 

V.jug.i. v. subcl. (ml) 

63 AH,LE + 7 30 2000-3000 + 
51 AH by CRF + 8 30 1000-1500 + 
72 AH by ARF + 7 20 500-3100 + 
24 ARF, DIC + 5 20 1000-2500 
30 ARF by Sepsis + 4 20 1000-1500 + 
30 ARF, postop. + 3 30 1500-2000 
53 ARF, postop. + 7 20 500-2500 
28 ARF, postop. + 4 20 1000-1500 + 
25 ARF by Sepsis + 2 20 1500-2300 + 
64 ARF, postop. + 3 30 1000-1500 + 
26 PCC,LE + I 40 3000 
27 ARF, DIC, postop. + 6 30 500-1500 
67 ARF, postop. + 6 30 500-1500 + 
28 ARF, LE + 6 20 1200-3500 
38 AH by CRF + 6 40 1400-6900 + 
59 LE, AHF + 1 30 2500 
49 ARF, postop. + 2 30 1500-2000 
41 AH by CRF + 6 30 1500-2000 + 
62 AH by CRF + 4 30 1000-2000 + 
45 AH by CRF + 6 20 800-2000 + 

AH: acute hyperhydration, LE: lung edema, CRF: chronic renal failure, ARF: acute renal 
failure, DIC: disseminated intravascular coagulation, PCe: decompensated primary 
congestive cardiomyopathy, AHF: acute hepatic failure 
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both patients the Shaldon catheters indwelled only 7 days, and the lumen of the 
right v. jug. int. was not occluded completely, contrary to the lumen of the right 
v. subclavia (Fig. 4). 

Problems caused by defective catheter material were observed with eight pa
tients. There were five cases of defective silicone tubing at the entrance site and 
in three cases the catheter was pinched off (Fig. 5). All these catheters had to be 
removed or exchanged. 

The Luer connection slipped off the venous catheter in a female patient, result
ing in low-degree air embolism. 

In 18 of the 182 patients simple venovenous ultrafiltration/hemofiltration was 
performed using a double-head pump. In two patients, an indwelling v. subclavia 
catheter was used. Between one and eight filtration treatments were required for 
removal of 500--6900 ml of plasma water, depending on the hydration conditions 
of these patients. In five cases the blood pressure dropped 70-90 mmHg during 
hemofiltration (Table 1). 

By immediately reducing and balancing fluid substitution, this pressure drop 
could quickly be corrected. 

No significant variations in the filtration rate for different hematocrit values 
were observed. It was always possible to adjust the filtration rate according to the 
clinical situation. If it was necessary to remove more than 1.5 I per treatment the 
filtration was kept below 18 ml/min. 

Discussion 

Based on various publications [3-5, 10] and on our own experiences obtained 
from 182 patients, we have reached the following conclusion: 

Because of the low complication rate and the favorable puncturing possibili
ties, the access route through the v. jug. int. seems to be the safest access to the 
v. cava superior and it is distinctly superior to the puncture of the femoral artery 
[6, 11, 13, 14] and also the subclavian vein [8, 18]. According to Burri et al. [3] 
the most dangerous complication is the puncture of the a. carotis; the frequency 
of this complication is 0.61 %. If this occurs inadvertently compression for 5 min 
is usually sufficient to stop the bleeding. 

In our patient population inadvertent puncturing of the a. carotis occurred 
four times (2.2%). No cases of embolism, thrombosis, septicemia, or death were 
reported in the literature. Perforations, hydro- or pneumothorax are only men
tioned in particular cases. 

Particular attention should be paid to the fact that the v. jug. int. is always filled 
with blood and can be punctured even during shock. 

Therefore the method is suitable also for high-risk patients. After-bleeding and 
hematomas caused by puncture are rare since the blood pressure in the vein is 
lower than in the surrounding tissue. The size of the vessel permits easy insertion 
oflarge-bore catheters. Indwelling times of 8-10 weeks and more are not rare. 

Since thrombosis was only experienced with two elderly patients, we recom
mend indwelling times for such patients of less than 4 weeks. 

In contrast to this, more complications are seen with the catheterization of the 
femoral vein [6, 11, 13, 14], particularly with repeated punctures of the same pa-
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tient, which certainly causes more injury to the vessel wall. Also, the patient has 
to remain immobile because of the danger of perforation; but patients with v. jug. 
int. catheters are free to move. 

The above-described percutaneous puncture of the v. jug. int. for catheteriza
tion of the superior vena cava with a Shaldon catheter proved to be a suitable, 
rapid method of connection for hemodialysis, hemofiltration, hemoperfusion, or 
plasma filtration treatment. This access is particularly suited for simplified hemo
filtration via a diafilter and double-head pump. Simplified venovenous ultrafiltra
tion/hemofiltration is indicated by acute overhydration resistant to high doses of 
furosemide caused by (a) acute renal failure, (b) severe congestive heart failure, 
and (c) hemodilution after cardiopulmonary bypass. In cases of circulatory col
lapse, the described vascular access has the advantage that the lower third of the 
catheter lies at the transition of the superior vena cava to the atrium, where suf
ficient blood supply allows a mean blood-flow rate as high as 400 ml/min by 
means of the double-head pumps. 

If the patient already has an indwelling central venous catheter, it can be used 
as a splint for the insertion of a Shaldon catheter without new puncture. 

Between hemofiltrations the Shaldon catheter can be used for infusions, trans
fusions, and for measurements of central venous pressure. 

Considering the described precautions for puncture such as sterility, as little in
jury to the vessel wall as possible, and correct positioning of the catheter tip, this 
method is very successful when performed by a physician experienced in catheter
ization. In our opinion only in cases of infection at the point of entry, or uncertain 
anatomical conditions such as expanded struma or tumors in the neck area, 
should alternative access routes such as the subclavian vein or the femoral vein 
be considered. 
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Comparison Between Scribner Shunt and Femoral Catheters 
as Vascular Access for Continuous Arteriovenous Hemofiltration 
C.l. Olbricht, H.l. Schurek, S. Tytul, C. Miiller, and H. Stolte 

Introduction 

The treatment of patients with postoperative acute renal failure (ARF) by hemo
dialysis still bears major problems. Especially in the increasing number of patients 
with postoperative ARF accompanied with failure or impaired function of other 
organ systems, the duration of hemodialysis and fluid withdrawal are often 
limited by severe hypotension. In addition, the rapid changes of serum param
eters and fluid balance due to intermittent hemodialysis are unphysiologic and 
may be detrimental to these severely ill patients [9]. 

The more physiologic continuous arteriovenous hemofiltration (CA VH), a 
method recently developed by Kramer and co-workers [11-13] may offer an alter
native and improved method of treatment for patients with postoperative ARF. 
Therefore, the first goal of the present study was to evaluate the quality and ef
ficiency of CA VH in patients with postoperative ARF. 

As the standard vascular access, Kramer and co-workers introduced the percu
taneous catheterization of the femoral artery and vein with special large-bore 
catheters without lateral perforations [7]. With appropriate technique of catheter
ization and with proper handling, the rate of complications was as low as 0.7%, 
even during long-term continuous catheterization of up to 50 days [7], provided 
the patients were strictly immobilized. However, in several patients the vascular 
access by femoral artery and vein cannulas is limited or impossible. In a substan
tial number of patients subjected to open-heart surgery the arterial input catheter 
of the cardiopulmonary bypass is placed in the femoral artery and the other fem
oral artery may be reserved for a postoperative insertion of the intraaortic bal
loon pump. In elderly patients with femoroiliac occlusive disease and in patients 
after aortofemoral bypass surgery, the cannulation of the femoral artery is also 
not possible. Patients of both postoperative groups have a high incidence of ARF 
[1, 3, 8, 19] and treatment by CAVH may be indicated. Therefore, we applied 
Scribner shunts as vascular access for CA VH and the second goal of this study 
was to evaluate the efficiency of CA VH with Scribner shunt as vascular access in 
comparison with femoral artery and vein catheters. 
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Methods 

Patients and Clinical Background 

Forty-one patients with postoperative ARF and multi organ failure were included 
in this study. All were treated at least 48 h and exclusively by CA VH to allow an 
assessment of the method; 34 patients had a Scribner shunt as vascular access 
(group A) and in 7 patients percutaneous catheters in femoral vein and artery 
were used as vascular access (group B). As shown in Table 1 the clinical back
ground of both groups was similar. All patients had undergone major surgery 
and/or poly trauma. 

Technique of CA VB 

In 28 patients, the vessel tips of the Scribner shunt were implanted in the posterior 
tibial artery and the vena saphena. Because of occlusive arterial disease on the 
lower leg in six patients the vessel tips were implanted in the radial artery and in 
a lower arm vein. Since no differences were found in both groups, all 34 patients 
were referred to one group. In the remaining seven patients the femoral artery and 
vein were catheterized with special large-bore cannulas (Vygon, Aachen, FRG) 
as recently described by Grone and Kramer [7]. The technique of CA VH was per
formed according to Kramer and co-workers [11-13] with slight modifications. 
Amicon-30 filters were used (Amicon, Lexington, MA). The anticoagulation was 
started with 15 IU heparin/kg body weight and was maintained with individual 
doses of heparin of between 250 and 1250 IU/h to keep the whole-blood partial 
thromboplastin time (PTT) 50% above baseline values. The whole-blood PTT 
was measured at the bedside using the method of Farrell and co-workers [5]. 

The filtrate was collected and measured in intervals of 30-60 min. The fluid 
balance was maintained by continuous infusion of substitution fluid into the ve
nous line of the hemofilter. The substitution fluid contained (in mmol/l): Na + 
142, Ca + + 2.0, Mg+ + 0.75, CI- 103, and lactate 44.5. CAVH was continued until 
recovery of renal function. 

Table 1. Clinical background of 34 patients with Scribner shunt (Group A) and of seven 
patients with femoral artery and vein catheters (Group B) 

Number of patients 

Total On respirator Hypercatabolic· Adrenergic 
support b 

Group A 34 33 26 34 
Scribner shunt 

Group B 7 7 5 7 
Femoral catheters 

• Daily net production of urea> 0.36 g per kg body weight [4] 
b Continuous need for dopamine and/or dobutamine to maintain systolic blood pressure 

at or above 100 mmHg 
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Measurement of Blood Pressure and Blood Flow 

In eight patients of group A (Scribner shunt) and in the seven patients of group B 
(femoral artery and vein catheter) the mean arterial blood pressure was measured 
repeatedly by intraarterial catheters using a Statham pressure transducer 
(Statham Gould P 23 DB). Simultaneously in the same patient the blood-flow 
rate into the hemofilter was measured at the arterial tube with a directional 
Doppler ultrasonic device (DelaLande Electronics, type DU 01000). The calibra
tion of the device revealed a standard deviation of ± 5%. During the measure
ments of blood pressure and blood flow the filtration rate was determined. 

Analytical Methods 

Serum K +, Na +, Cl-, creatinine, and urea were measured daily by routine 
methods using a multichannel Technicon auto analyzer (SMAC). Protein was de
termined using Lowries method [15]. Standard bicarbonate was calculated by 
routine blood gas analysis. The hematocrit was measured daily. 

Statistics 

The results were given as mean values ± standard deviation. The significance of 
differences was tested using Student's t-test or a Wilcoxon rank-sum test when ap
propriate. P values of less than 0.05 were considered significant. 

Results 

Course of Treatment 

The duration of treatment ranged from 53 to 1375 h with a total treatment time 
of 279 days in group A, and ranged from 72 to 168 h with a total treatment time 
of 31 days in group B. Included in this time were minor interruptions for surgery, 
resuscitation, and filter change. The average running time of one filter was 43 h 
in group A and 44 h in group B. Nine patients of group A survived and had a re
covery of renal function. In group B, two patients had a recovery of renal func
tion but finally only one patient survived. No death was related to uremia, hyper
volemia, or hyperkalemia. Gastrointestinal bleeding, which was the major com
plication, occurred in seven patients of group A and in three patients of group B. 
However, interruptions of CA VH were necessary only in two patients for two 
days. 

Course of Creatinine, Urea, Potassium, and Bicarbonate 

Group A 

In the majority of patients (30) a steady-state serum creatinine slightly below 
500 ~mol/l was achieved after 72 h of CA VH (Fig. 1). The steady-state serum urea 
concentration was about 38 mmol/l (Fig. 1). 

As shown in Table 2, serum potassium and standard bicarbonate were in the 
normal range during more than 90% of all treatment days. 
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Table 2. Serum concentrations of potassium and standard 
bicarbonate during CA VH 

Serum concentration 
mmo1/1 

K+ 
<6 

6-7 
>7 

HCO; 
14-20 
20-27 
28-32 

Days of treatment 

Group Aa 

236 
20 
2 

16 
237 

5 

Group Bb 

31 
o 
o 

6 
18 
7 

C. J. 01bricht et al. 

Fig. I. Course of serum creatinine 
and serum urea during the first 6 
days of CA VH. The values are 
means ± standard deviation; n 
denotes the number of patients. 
Open bars represent the values of 
30 patients with Scribner shunt 
(group A) with sufficient treat
ment of ARF and a filtration rate 
of 14.2±4.61/24 h. Hatched bars 
represent the values of the seven 
patients of group B with femoral 
artery and vein catheters. The fil
tration rate was 16.6±6.91/24 h 

a The 30 patients of group A with a filtration rate of 
14.2 ± 4 .61/24 h; total treatment time was 258 days 

b All seven patients of group B; total treatment time 
was 31 days; filtration rate was 16.6±6.91/24h 

In these 30 patients the filtration rate was 14.2 ± 4.6 I per 24 h (= 9.8 ml/ 
min). 

In a minority of patients (4) the serum concentrations of creatinine and of urea 
increased continuously to above 500 Ilmol/l and above 40 mmol/l, respectively. 
Serum potassium was elevated above 6 mmol/l in all four patients during 10 days. 
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The total treatment time of these four patients was 21 days and the filtration rate 
was 9.9 ± 3.21 per 24 h (6.8 ± 2.2 ml/min). This filtration rate was lower than the 
14.21/24 h observed for the majority of patients (P<O.OI). The treatment course 
for these four patients was characterized by frequent interruptions due to re
peated surgery, resuscitation, and numerous filter changes. 

Group B 

The course of creatinine and urea in serum during the first six days of CA VH is 
depicted in Fig. 1. The mean values of both parameters were markedly lower than 
in patients with CA VH and Scribner shunt as vascular access. No patient had in
creasing concentrations of urea and creatinine. The filtration rate was 16.6 ± 6.9 1/ 
24 h (11.5 ± 4.8 ml/min). This is slightly but not significantly higher than the 
14.21/24 h observed for 30 patients of group A. As shown in Table 2, the serum 
concentration of potassium was within the physiologic range during all treatment 
days. The standard bicarbonate was highe~ than 20 mmol/I during more than 
80% of all treatment days (Table 2). 

Blood Pressure, Blood Flow, and Filtration Rate 

CA VH with appropriate fluid substitution did not influence the blood pressure 
of the patients. As shown in Fig. 2, the relationship between mean arterial blood 
pressure up to 90 mmHg and filter blood flow was linear in both groups. The X
intercept of both lines was close to 20 mmHg. The slope of the regression line of 
group B was 1.88 times higher than the slope of regression line A. In practical 
terms, this means that at a given blood pressure the blood flow into the filter was 
almost twice as high in patients with femoral artery and vein cannulas than in pa
tients with Scribner shunts. 

The relationship between blood flow and filtration rate was linear in both 
groups with very similar regression lines (Figs. 3 and 4). 
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Fig. 2. Blood flow into the hemofilter 
(Amicon-30) in relation to mean arterial 
blood pressure of patients in groups A 
and B. Regression line A was calculated 
from 18 measurements in eight patients 
with Scribner shunt. Slope = 0.99; inter
cept= -19.2; correlation coefficient= 
0.64. Regression line B was calculated 
from 22 measurements in the seven pa
tients with femoral artery catheter. 
Slope = 1.86; intercept = - 37.1; correla
tion coefficient = 0.84 
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Fig. 3. Filtration rate in relation to 
blood flow into the hemofilter (Amicon-
30) during CA VH with Scribner shunt 
(group A). The regression line was cal
culated from 38 measurements in eight 
patients. Slope=0.29; intercept = -4.6; 
correlation coefficient = 0.93 

Fig. 4. Filtration rate in relation to blood flow 
into the hemofilter (Amicon-30) during 
CA VH with femoral artery and vein catheter 
(group B). The regression line was calculated 
from 22 measurements in seven patients. 
Slope = 0.26; intercept = - 4.2; correlation 
coefficient = 0.84 

The hematocrit ranged from 27% to 42% in group A and from 29% to 42% 
in group B. The mean serum protein was 55 ± 5 g% in group A and 57 ± 5 g% in 
group B. 

Discussion 

The routine vascular access for CA VH is the percutaneous large-bore cannula in 
femoral artery and vein. However, in several patients after open-heart surgery, in 
patients after aortofemoral bypass surgery, and in patients with femoroiliac oc-
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clusive disease, the cannulation of the femoral artery is not feasible. Both groups 
of postoperative patients have a high incidence of ARF, mostly associated with 
failures of other organ systems and unstable hemodynamics. ARF in these pa
tients is a typical indication for CA VH since a sufficient intermittent hemodialysis 
frequently is not possible [11-13, 17]. Therefore, we performed the CA VH with 
Scribner shunts in lower leg and forearm as an alternative to femoral artery and 
vein catheters. The results of the present study clearly demonstrate that a suffi
cient treatment of patients with ARF is possible with CA VH and Scribner shunts 
as vascular access. In 30 of 34 patients in group A, a steady-state creatinine was 
achieved at about 500 Ilmol/l. This corresponds to a creatinine clearance of about 
10 ml/min and is an acceptable value. Serum urea was comparatively higher with 
a mean value of 38 mmol/l after the first 2 days of CAVH. However, more than 
70% of the patients were hypercatabolic according to the definition of Cameron 
et al. [4] with a daily urea production exceeding 0.36/kg body weight (Table 1). 
Taking this into consideration, the steady-state concentration of urea is reason
able even in comparison with results of intermittent hemodialysis. In addition, the 
constant values of serum urea and other serum components during CA VH at 
steady state may be less harmful to the patient, even at somewhat higher concen
trations, than are the rapid changes of serum parameters and fluid balance during 
intermittent hemodialysis [9]. 

Serum potassium was within the normal range for> 90% of the treatment days 
by CA VH alone and additional measures to lower serum potassium had to be ap
plied during 22 days only. This represents a remarkably good control of serum 
potassium despite the high rate of release of intracellular potassium in most hy
percatabolic patients. 

Standard bicarbonate was measured to characterize the acid-base balance. 
Again, during > 90% of all treatment days a normal standard bicarbonate was 
maintained. This allows two important conclusions. First, the infused lactate was 
converted into bicarbonate at a rate sufficient to compensate the bicarbonate loss 
with the continuous filtration. Second, the filtration rate was sufficient to remove 
the fixed acid which results from the metabolic production at a rate of 50-
100 mEq/day [18] (or even more) in hypercatabolic patients. 

In the majority of patients (30) of group A, the mean filtration rate was 141/ 
day. This seems to be a sufficient filtration rate to control azotemia in ARF, 
whereas in the minority of patients (4) a daily filtration of 101 was insufficient 
to control azotemia. However, in both groups, the continuous high daily fluid 
turnover allowed the daily infusion of 3-5 I caloric solutions for total parenteral 
nutrition without hemodynamic problems or hyperhydration. Especially in the 
hypercatabolic patients a high parenteral calorie intake is one of the main precon
ditions for survival [2]. During intermittent hemodialysis or hemofiltration, fluid 
withdrawal in patients with unstable hemodynamics and multi organ failure may 
be limited by severe hemodynamic reactions and sufficient parenteral nutrition 
may be impossible. 

The complication rate was remarkably low. In spite of continuous hepariniz
ation, only five minor and two serious bleedings occurred during CA VH. During 
the serious bleedings CA VH had to be interrupted for 2 days, but no emergency 
surgery was necessary to stop these gastrointestinal bleedings. 
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The complication rate was not higher, as far as bleeding is concerned, than re
ported by others for ARF and hemodialysis [6,10,14,16]. Another complication 
was shunt thrombosis, which occurred in three patients without signs of pulmo
nary embolism. 

We conclude that in the majority of our patients a sufficient treatment of ARF 
was possible by CA VH with Scribner shunt. The comparison of CA VH with 
Scribner shunt and CA VH with femoral artery and vein catheters is somewhat 
limited in the present study, since group B comprises seven patients only. How
ever, the data regarding the relation of blood pressure, arterial blood flow, and 
filtration rate are drawn from similar numbers of patients (A, 8; B, 7) in both 
groups and are worth comparing. In both groups the relationship between filter 
blood flow and filtration rate was linear. The regression lines had the same X-in
tercept and very similar slopes. This has two implications. First, at a given blood 
flow, the filtration fractions were not very different. The filtration fraction in this 
discussion means the relation of filtration rate to blood flow. Second, the filtra
tion fraction increases with higher blood flow in a hyperbolic function with an 
asymptotic approach to the maximum filtration fraction. The maximum filtration 
fraction is the slope of the regression lines. 

In both groups, the relationship between blood pressure and blood flow was 
linear, too. However, the different slopes clearly demonstrate that, at a given 
mean arterial blood pressure, the blood flow into the filter was almost twice as 
high in group B (with femoral artery catheters) compared with group A (with 
Sribner shunts). The fact that the relation between blood flow and filtration rate 
was linear and very similar in both groups, implies that during CA VH with fem
oral artery and vein cannulas, a much higher filtration rate can be expected at a 
given blood pressure than during CA VH with Scribner shunt. The explanation 
for this difference is a lower flow resistance of the femoral artery catheter and the 
higher blood flow in the arteria femoralis, especially under the infusion of cate
cholamines. 

As expected for group B the mean daily filtration rate was higher than in 
group A, but the results were not significantly different. The steady-state serum 
concentrations of creatinine and urea were about 25% lower in group B (Fig. 1). 

According to the higher blood flow/blood pressure relation of the femoral can
nulas, one would have expected an even higher filtration rate than the measured 
filtration rate in group B. However, the mean arterial blood pressure was lower 
in group B. Hence, in patients with lower mean arterial blood pressure one should 
prefer the femoral catheter technique. 

Conclusions and Recommendations 

The study clearly demonstrated that CA VH with Scribner shunt as vascular ac
cess is an efficient method for treatment of patients with ARF. The major ther
apeutic goals in treatment of ARF were achieved, namely, control of fluid balance 
and sufficient fluid withdrawal to allow parenteral hypercaloric nutrition; control 
of azotemia; control of serum potassium and control of metabolic acid-base bal
ance. 
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The precondition for a sufficient treatment of ARF with CA VH is an average 
daily filtration rate of 14 1. The specific patient may need somewhat lower or con
siderably higher filtration rates, depending on body weight, on extent of hyper
catabolism, and on initial serum levels of urea and potassium. 

The vascular access by femoral artery and vein catheters should be the first 
choice whenever possible. The catheters can be easily inserted without time lag 
and the complication rate is low with appropriate handling [7]. The expected fil
tration rate and hence the efficiency of treatment is higher at a given blood pres
sure. This may be important in patients with low blood pressure and instable he
modynamics. However, when the vascular access by femoral vessels is not feasi
ble, one should not hesitate to start CA VH with a Scribner shunt as vascular ac
cess. In the overwhelming majority of the patients a sufficient treatment of ARF 
can be expected. Scribner shunts on both lower leg and forearm are as efficient 
as vascular access. Three groups of patients should be considered primarily for 
Scribner shunt: patients after aorta-femoral bypass surgery, patients after open
heart surgery with cardiopulmonary bypass via femoral artery, and patients with 
iliacofemoral occlusive disease. The management and the precautions during 
CA VH with Scribner shunt are the same as described in this book for CA VH with 
femoral vascular access. 
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Coagulation - Anticoagulation - Heparin Dosage 

Alterations of Blood Coagulation 
in Patients with Acute Renal Failure 
1. Schrader, P. Kramer, H. Kostering, and F. Scheler 

Problems of blood coagulation in patients undergoing continuous arteriovenous 
hemofiltration (CA VH) often complicate the clinical course because the acute ill
ness which leads to acute renal failure (ARF) may induce disseminated in
travascular coagulation or consumption coagulopathy [2,3,6, 11]. 

Since fibrin deposits and hyaline thrombi were demonstrated in the kidney by 
several authors, disseminated intravascular coagulation (DIC) has been attrib
uted to pathogenesis and progression of ARF [6-8, 14]. 

Further, importance of coagulation disturbances in patients with ARF result 
from bleeding complications and from problems with anticoagulation. 

This chapter considers coagulation disturbances in patients with acute oligo
anuric renal failure. 

Blood coagulation studies were carried out in 28 patients with acute oligo
anuric renal failure. Septicemia, multiple trauma, and abdominal surgery were 
the most frequent causes of renal failure. Blood samples were taken from the cu
bital vein in the first 2 days after onset of CA VR. All 28 patients received a mean 
heparin dose of 10 IV/kg/h. The results of the coagulation and fibrinolysis pa-

Table 1. Coagulation and fibrinolysis parameters in ARF patients and normal persons 
(mean values ± SD) 

ARF NP 

PTT (s) 52.9 ± 12.1 37.3 ± 2.9 
Thrombin time (s) 22.3 ± 4.0 19.2 ±1.5 
Heparin (IV Iml) 0.25 ± 0.07 < 0.1 
Fibrinogen (mg %) 487.3 ± 146.3 342.3 ±56.4 
Fibrin monomers (%) 1.7 ± 0.6 < 0.1 
Quick's test (%) 68.6 ± 18.8 100,0 ± 5.8 
Factor VII (%) 63.2 ± 14.4 89.2 ± 12.4 
Factor VIII (%) 288.0 ± 78.0 122.3 ± 17.4 
Factor XIII (%) 78.0 ± 22.0 116.6 ± 19.9 
Antithrombin-III (%) 68.7 ± 18.7 105.1 ± 15.9 
Plasminogen (mg %) 7.4 ± 2.4 12.4 ± 1.4 
ctrAntiplasmin (%) 131.0 ± 24.4 106.2 ± 6.6 
ct2-Antiplasmin/plasminogen 1.7 1.0 
ct1-Antitrypsin (mg %) 408.0 ± 52.0 231.2 ±41.2 
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Fig. 1. Fibrin monomers in 
ARF patients and healthy 
persons (protamine sulfate 
test) 

rameters are displayed in Table I as mean values ± SD, and compared with a 
control group of normal persons. 

As a result of heparin treatment, partial thromboplastin time (PTT) and 
thrombin time were slightly prolonged. The mean heparin concentration was 
0.25 IU 1m!. Fibrinogen was elevated distinctly as compared with the control 
group. Fibrin monomer complexes - measured by protamine sulfate test - dem
onstrated a massive rise as a result of an increased thrombin generation. The dis
tribution of the single values of all 28 patients is shown in Fig. 1. In 75% of pa
tients fibrin monomers were elevated. Quick's test and factor VII were lowered 
possibly by consumption or by vitamin K deficiency. Factor VIII was highly el
evated as a sign of hypercoagulability or endothelial changes. 

The mean value of factor XIII was lowered, which may partly explain the 
bleeding in some patients. 

Antithrombin (AT) III, the most important thrombin inhibitor and heparin co
factor, was diminished due to enhanced consumption. In 213 of the patients AT
III activity was found to be below the normal range and in 14 of the patients even 
below 55% of AT -III activity (Fig. 2). This acquired AT -III deficiency leads to 
diminished protection against intravascular coagulation processes and therefore 
possibly to progression of the underlying disease. Moreover, the necessary he
parin therapy would not have been effective in some of these patients. Addition
ally, this may be the cause of repeated filter clotting. Substitution of AT -III con
centrate is a new treatment of this deficiency. 

Besides the alterations of coagulation, these patients had lowered plasminogen 
and an elevated cx2-antiplasmin determined with chromogenic substrates (Fig. 3). 
The increase of the ratio of cx2-antiplasmin/plasminogen indicates a reduced fibri
nolytic activity. 

In summary, a severe hypercoagulability and a diminished fibrinolysis was 
demonstrated in 28 patients with acute oligoanuric renal failure. Thus, it may be 
speculated that the deposition of fibrin in the kidney may be an important mech
anism in the pathogenesis of ARF [2, 6-8, 14, 16]. But DIe does not lead auto
matically to fibrin deposits in the microcirculation. After the activation of the co-
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agulation cascade, local factors seem to determine whether or not thrombi de
velop in the microvessels. Together with the quantity and potency of procoagu
lants entering the circulation, a diminished fibrinolysis and a blockade of the re
ticuloendothelial system the two most important defense mechanisms, play an im
portant role in the development of fibrin deposits [2, 8, 9, 14, 16-18]. 

Deposition of fibrin in the kidney can be mediated through a stimulation of rt.
adrenoreceptor sites or an action of the renin-angiotensin system [8, 9, 17, 18]. 
Hoie and Schenk [4] concluded from their experiments that thrombin has a 
vasoconstrictive activity independent of the glomerular fibrin embolization. 

Whitaker et al. [17] demonstrated that angiotensin-II increased the severity of 
renal damage due to DIC. Further studies have shown that the administration of 
epinephrine or norepinephrine enhances renal glomerular thrombosis after induc
ing intravascular clotting [8, 9, 16, 18]. But it is important to note that stimulation 
of the rt.-adrenoreceptor sites or the renin-angiotensin system (RAAS) by itself 
does not cause glomerular thrombosis; the clotting mechanisms must be triggered 
systemically before [8, 18]. 

On the other hand, it was shown that fibrin deposits could be prevented by 
blocking the rt.-adrenoreceptor sites or by sodium chloride loading [8-10, 17, 
18]. 

Conclusion 

Fibrin deposition in the kidney might be inhibited or even prevented by stimuli 
which interfere with any phase in the complicated sequence of the following reac
tions: 
1. Beginning with the entry of pro coagulants into the blood stream through acute 
illness leading to renal failure 
2. processing through the platelet-coagulation-kallikrein-kinin system, thrombin 
generation, and fibrin formation and ending with 
3. fibrin deposition in the microcirculation. 

An inhibition of fibrin formation by heparin may prevent renal fibrin deposits. 
Thus, prophylactic heparin treatment before soluble fibrin is formed, possibly to
gether with a substitution of diminished antithrombin-III, may be advantageous 
in these patients [4, 12-14, 18]. In the future, perhaps plasminogen and Cces
terase-inhibitor substitution may gain clinical importance. 

Another problem is that critically ill patients with acute renal failure die after 
an initial recovery as a consequence of multiple organ failure, often after a long
lasting course. It has been reported recently that measurements of the coagulation 
cascade, of the fibrinolysis, and of the kallikrein-kinin system may help to predict 
the prognosis for these patients [1, 5, 15]. 

Several reports have focused on low antithrombin-III, low plasma levels of pre
kallikrein, kinin inhibition, low plasminogen, and low factor XII as indicators of 
fatal outcome in intensive care patients [1, 5, 15]. This is supported by our own 
results: None of our patients with an antithrombin-III below 60% and a plasmi
nogen level below 5 mgjd1 survived. 

In addition, disturbances of blood coagulation may complicate the clinical 
course through bleeding complications caused by consumption coagulopathy. In 
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addition to DIC, uremic thrombopathy and (in some patients) a lowered fac
tor XIII may promote bleeding in patients with acute renal failure. 

Further alteration of the coagulation system may occur by the extracorporeal 
circulation of the CAVR. Therefore, a comprehensive analysis ofthe coagulation 
system and necessary specific substitution therapy should be carried out before 
starting CA VR. In this wayan effective heparin treatment is achieved and the 
danger of bleeding complications diminished. 
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Anticoagulation in Continuous Arteriovenous HemofIltration 
J. Schrader, H. Kaiser, T. Eisenhauer, P. Kramer, H. Kostering, and F. Scheler 

Anticoagulation is as necessary for continuous arteriovenous hemofiltration 
(CA VH) as for pump-driven hemofiltration, in order to prevent clotting in the 
filter. The difference in anticoagulation between arteriovenous hemofiltration 
and conventional hemodialysis and hemofiltration results from the considerably 
lower blood-flow rate due to the absence of pumps and due to the longer duration 
of continuous treatment. Also, patients treated with CA VH to date usually suf
fered from an acute illness, and poly traumatized and surgical patients especially 
could not be endangered by unnecessarily high doses of heparin. 

Therefore, this chapter considers the problems and new treatment trends with 
regard to anticoagulation in CA VH. 

Effect of a Minimum Dose (10 IV/kg Body Weight) on the Coagulation System 

Finding a minimum heparin dosage for patients in danger of hemorrhaging, that 
would prevent filter clots and disseminated intravascular coagulation without 
causing bleeding, was of first importance. In a pretest, 17 healthy persons received 
10 IV heparin/kg body weight Lv. and coagulation parameters were determined 
prior to and 5, 10, 15, 30, and 60 min after injection. Figure 1 shows the results 
of partial thromboplastin time (PTT) and thrombin time. After 5 min, PTT was 
significantly prolonged to 63 s and thrombin time to 23 s. Both parameters re
turned continuously to almost initial values after 60 min. With this minimum dos
age, good anticoagulation was achieved without threat of bleeding. 

No change was found in thromboplastin time according to Quick, or in the 
values of fibrinogen, fibrin monomers, plasminogen, cx1-antitrypsin, and CX2-

macroglobulin. Only the level of antithrombin-III decreased slightly after 30 min 
(mean values), but had already returned after 60 min. 

Measurements During CA VH 

Based on these results patients were given an initial dose of 10 IV/kg body weight 
systemically for CA VH. As continuous infusion, about 10 IV heparin/kg body 
weight/h were administered into the arterial blood as soon as it entered the extra
corporeal system before the hemofilter (see Kramer and Grieben, Fig. 1, this vol
ume). Simultaneously, blood from the extracorporeal system and from the sys
temic circulation was tested for .coagulation, taking sodium citra ted blood 
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samples from the venous line behind the hemofilter and from a cubital vein at the 
same time. 

Clotting Parameters of Extracorporeal and Systemic Circulation 

Figure 2 shows PTT, thrombin time, and heparin concentrations for 28 patients 
during arteriovenous hemofiltration. There are flow-dependent, marked differ
ences between systemic circulation and extracorporeal circulation. The values for 
PTT and thrombin time were clearly prolonged in the extracorporeal system, and 
the heparin level was higher. Good anticoagulation was achieved in the extracor
poreal system with the mean value for PTT of 89 s, thrombin time of 33 s, and 
heparin concentration of 0.6 IU Iml. In the systemic circulation, however, PTT 
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with a mean value of 51 s and thrombin time with a mean of 18 s were only 
slightly prolonged. The heparin concentration of 0.23 IU/ml was only slightly el
evated and surely did not pose a threat of bleeding. With conventional pump
driven hemofiltration or hemodialysis with higher blood-flow rates (> 150 mIl 
min), no significant difference was found between extracorporeal and systemic 
circulation. 

Fibrinogen and fibrin monomer complexes were significantly elevated in the 
systemic and extracorporeal circulation (Fig. 3). The fibrin monomer complexes 
were already significantly elevated before onset of CA VH as a sign of hypercoa
gulability as reported [11]. But a significant activation of coagulation by the extra
corporeal circuit with consecutive elevation of fibrin monomers or decrease of fi
brinogen was not observed with this heparin dosage. 
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Heparin was of additional therapeutic value in the treatment of hyper coagula
bility. The values in the systemic circulation for Quick's test, factor VII, fac
tor VIII, and factor XIII differed only slightly from those of the extracorporeal 
circulation (Fig. 4). This indicates that no additional activation of coagulation by 
CA VH occurred with this heparin dosage. 

The levels of antithrombin-III were reduced to the same extent in the extracor
poreal and systemic circulation, resulting possibly in a reduced protection against 
intravascular clotting. Furthermore, since antithrombin-III is a necessary heparin 
cofactor, a deficiency of this inhibitor must be considered when hemofilters are 
frequently thrombosized. 

Summarizing the determinations of the clotting parameters of these 28 patients 
with acute oligoanuric renal failure, a minimum heparin dosage of about 10 IU / 
kg body weight effected sufficient anticoagulation in the extracorporeal circula
tion, while only slightly prolonging PTT and thrombin time in the systemic cir
culation. 

With this heparin dosage the hemofilters were functional, on the average, 24-
48 h, however, utilization of hemofilters for 1 week was not uncommon [8, 9]. 

Extracorporeal Blood Flow and Clotting Parameters 

Blood-flow rate plays an important role in the heparinization of CA VH patients. 
Compared with pump-driven dialysis or filtration, blood-flow rates are consider
ably lower and fluctuate more. 
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Fig. 6. PTT, thrombin time, and heparin at different blood-flow rates in the extracorporeal 
and systemic circulation 

The dependency of PTT and heparin concentration on blood-flow rate is illus
trated in Fig. 5. By clamping the arterial line of the extracorporeal system, the 
extracorporeal blood-flow rate was successively reduced every 20 min. 

Extracorporeally, PTT was significantly prolonged and the heparin concentra
tion was elevated with decreasing blood-flow rate. Systemically, PTT decreased 
somewhat during this time, possibly because of increased heparin consumption 
in the extracorporeal system. Continuous heparin administration, thus, seems to 
be self-regulating with this method: When blood-flow is reduced, quicker clotting 
is risked. The higher dose of heparin necessarily in the extracorporeal system now 
becomes available, because of the reduced dilution of heparin by the extracor
po real blood. For this reason continuous heparin administration into the arterial 
line of the extracorporeal system is superior to any other method of heparin ap
plication for CA VH. However, after prolonged poor flow rates, the risk of filter 
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clotting with erythrocyte, leukocyte, and thrombocyte aggregates increases. At 
nearly complete stasis the applied heparin dose is not able to prevent clotting for 
any duration especially if too much water is drawn off the capillaries on the ul
trafiltrate side by elevated negative pressure and the blood becomes highly con
centrated. In Fig. 6 the mean values of heparin concentration, PTT, and thrombin 
time in the extracorporeal and systemic circulation can be seen of patients whose 
blood-flow rates were successively reduced after 30-min equilibration times. Ac
cording to these values, also with decreasing blood-flow rates, PTT and thrombin 
time are prolonged and heparin concentration is elevated in the extracorporeal 
circuit. PTT and thrombin time are shortened and heparin concentration is de
creased in the systemic circulation. At blood-flow rates of > 150 mljmin, PTT 
and thrombin time are nearly equal in the extracorporeal and systemic circula
tion. 

Monitoring of Anticoagulation 

With chromogenic substrates direct determinations of heparin are possible, thus 
allowing reliable monitoring of anticoagulation [14, 16]. For practical purposes 
it was interesting to show that PTT and thrombin time correlated well with the 
directly measured heparin activity. The correlation coefficient between PTT and 
heparin was 0.95 (Fig. 7) and between thrombin time and heparin 0.89 (Fig. 8). 

Monitoring of heparinization is, therefore, possible by monitoring thrombin 
time, or even better, by monitoring PTT, which is absolutely sufficient for clinical 
purposes. Prolonging PTT for about 15 s in the systemic circulation is sufficient 
to achieve good anticoagulation and does not significantly increase the danger of 
bleeding [4, 7, 11, 13, 15]. For PTT and thrombin time determination the blood 
withdrawal site is of great importance. 

To check the effect of heparin on the coagulation system of the patient, blood 
has to be drawn from a body vein. 
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To determine anticoagulation in the extracoporeal system, blood has to be 
taken from the venous line of the extracorporeal circulation. It has to be consid
ered that with decreasing blood-flow rates, the patient receives less heparin from 
the extracorporeal system, temporarily, until a new steady state is established. 

New Trends: Low Molecular Weight Heparin 

In order to maintain the anti thrombotic properties and to reduce the anticoagu
lant effects, heparin fractions of different molecular weight have been investi
gated. It could be demonstrated that the anticoagulant activity depends upon the 
molecular weight of heparin. With decreasing molecular weight of heparin an in
crease in factor (F) Xa inhibition and a decrease in thrombin inhibition was ob
served. Low molecular weight (LMW) heparin with high affinity for antithrom
bin-III strongly inhibits F Xa, as well as F XIIa and kallikrein, but has only very 
little effect on thrombin as well as on F IX and F XI. In contrast to standard un
fractionated (UF) heparin, LMW heparin caused only a slight prolongation of 
PTT and thrombin time. The increased anti-FXa activity, with only little effect on 
PTT and thrombocytes, of LMW heparin, should result in an improved ratio be
tween antithrombotic activity and bleeding risk [1-6, 12]. 

LMW heparin was compared with standard, UF heparin in conventional he
modialysis and hemofiltration in our hospital. In particular, necessary doses and 
effects on coagulation system and lipoprotein lipase (LPL) were investigated in 
49 patients [12]. At low doses, the amount of LMW heparin required to produce 
a similar blood heparin level as with UF heparin was half that of the UF heparin 
dose. At higher doses the blood heparin level rose more rapidly with UF than with 
LMW heparin. Highly significant differences were found in PTT and thrombin 
time between UP and LMW heparin. PTT was increased by 120 s on average, us
ing UP heparin, whereas LMW heparin only produced an increase of 5-7 s. 
Thrombin time was increased by 230-250 s under UP heparin and 5-8 sunder 
LMW heparin. No significant differences were found in factor VIII activity and 
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fibrin monomers, ruling out a difference in the activation of the coagulation sys
tem by both heparins. Similarly, there were no changes in Quick's test, fibrinogen, 
antithrombin-III, plasminogen, and (X2-antiplasmin. LMW heparin also pro
duced a significantly smaller activation of LPL, resulting in a reduced release of 
free fatty acids (FF A). This must be considered as an advantage of LMW heparin 
since FF A are involved in the development of arteriosclerosis, platelet aggrega
tion, and displacement of protein-bound drugs in these patients. 

Of 49 patients, 14 were treated with low doses of both heparins (UF heparin, 
initial dose 26.2 ± 6.8, dosejh 11.8 ± 1.8 IU jkg body weight; LMW heparin, initial 
dose 13.1 ± 3.4, dose/h S.9±O.9 anti-F Xa IU/kg body weight). 

The results of heparin activity and PTT are shown in Fig. 9 and Fig. 10. In this 
group the same plasma heparin activity was achieved with both heparins, while 
the PTT was only minimally prolonged by LMW heparin. It is therefore obvious 
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that the application of LMW heparin requires measurement of the anti-F Xa ac
tivity with chromogenic substrates. 

In conclusion: On account of its slight influence on PTT and thrombin time, 
while retaining its antithrombotic effectiveness, it is probable that the bleeding 
risk with LMW heparin will be reduced. Further advantages of LMW heparin 
over UF heparin are to be found in the smaller effect on platelets. LMW heparin 
would appear to be indicated in dialysis patients with bleeding risk, with diabetic 
retinopathy, on anticoagulant or antiplatelet therapy, and in patients with throm
bocytopenia. 

Summary and Recommended Dosages 

For continuous heparin administration about 10 IU/kg body weight/h are suffi
cient for good anticoagulation of the extracorporeal circuit with only insignifi
cantly elevated clotting values of the systemic circulation. This heparin dosage 
proved adequate to maintain good blood flow and filtrate output increased risk 
of bleeding. 

At this low dosage, heparin has to be administered continuously to the arterial 
line of the extracorporeal system. If heparin administration is discontinued (i.e., 
the heparin pump is changed), the patient has to be anticoagulated before inter
ruption with 2000 IU heparin systemically. This dose lasts for about 30 min. At 
a continuous administration of 10 IU /kg body weight/h, anticoagulation of the 
extracorporeal system was noticeably dependent on blood-flow rate. At lower 
blood-flow rate, longer clotting times were observed in the extracorporeal circu
lation after some sort of autoregulation. The safest and simplest way to monitor 
and control heparin therapy is by determination of thrombin time, or better, of 
PTT. Most reliable is the measurement of heparin activity with a chromogenic 
substrate (for therapeutic range, see Fig. 2). 

Heparin dosage is determined in clinical practice according to thrombin time 
or PTT, taking into consideration individually differing tolerance. The reaction 
to heparin can be especially affected by the antithrombin-III level, but also by 
beta-lipoproteins, platelet factors, thrombocytes, and vessel walls. 

In considering dosages, it is useful to split the patients into three groups 
(Fig. 11): 

Group I. Patients needing arteriovenous hemofiltration, with thromboembolic 
complications or disseminated intravascular clotting but with intact vessel sys
tem. Here, an initial dose of 50-70 IU /kg body weight and continuous infusion 
of 10-20 IU /kg body weight/h is recommended, where PTT should be prolonged 
to twice the normal value. 

Group II. Patients with an intact vascular system or with controllable potential 
bleeding sites (surface wound, well-drained wound, easily controllable hema
toma) should be treated relatively generously with heparin as prophylaxis against 
thromboembolic complications and as therapy for hypercoagulability of acute re
nal failure. Initially a dose of 15-25 IU/kg body weight and continuous infusion 
of about 10 IU /kg body weight/h are given with expected prolonging of PTT by 
about 15 s. 
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Fig. 11. Nomogram to determine individual initial and maintenance doses of heparin for 
three groups of patients with varying degrees of susceptibility to thrombosis and bleeding, 
and for administering a continuous supply of heparin (see text for details). One example 
is given for each group: a patient of group II weighing 60 kg would receive 1200 IU initially 
and 600 IU/h continuously (30 ml infusion solution containing 20000 IU heparin/I). At a 
constant administration rate of 3 ml/h, 7200 IU, or 1.5 ml heparin stock solution should 
be drawn up to 36 ml in a 50 ml syringe. The other two cases pertain to a patient weighing 
105 kg (from group III) and a patient weighing 70 kg (from group I) 

Group III. Patients susceptible to dangerous bleeding, particulary those suffer
ing from poly trauma, and new surgical patients, should receive an initial dose of 
10 IU/kg body weight, and 7-10 IU/kg body weight/h during continuous infu
sion, whereby the PTT should reach the upper limit of the normal range. 

The nomogram (Fig. 11) serves for quick determination of individual dosages 
and practical heparin application. The physician has to decide to which group the 
patient belongs, and, with regard to the weight of the patient, determine an initial 
dose and then the rate of heparin administration. For the performance of contin
uous heparin administration two possibilities are shown in the nomogram: The 
first column shows how many ml infusion solution (11 0.9% NaCI + 20000 IU 
heparin) have to be added to the arterial line of the extracorporeal system per h. 
Isoflux systems work best for this purpose (see nomograms in Schiinemann and 
Kramer, Fig. 2, this volume), whereby the infusion bottle has to be hung at least 
2 m above patient level to overcome the arterial pressure. The advantage of these 
methods of intake is that considerably larger volumes of transport fluid are used 
for heparin infusion and better than continuous mixing with blood is guaranteed; 
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besides that, no infusion pump is needed. The other two columns show the admin
istration of heparin via an infusion pump at a constant infusion rate of 3 ml/h, 
using a 50 ml syringe pump. The two columns show how many IU heparin have 
to be dissolved in 36 ml and how many ml heparin stock solution have to be 
brought up to 36 ml with normal saline to achieve the desired heparin infusion. 

With respect to varying reaction towards heparin, the determination of PTT 
is of great significance, especially for patients of group III. To achieve the desired 
change in PTT for the three different groups, the ascertained heparin administra
tion rate will have to be varied by ± 30%. The quoted values for PTT, however, 
are often exceeded during the first 8 h after onset of heparin therapy and the an
ticipated PTT ranges are only achieved later under steady-state conditions. If the 
heparin therapy has no effect on the clotting system, or if the effect of heparin 
is waning despite increased dosage, lack of antithrombin-III should be suspected 
- which can be eliminated with a suitable substitution [10]. While it should be 
noted that the nomogram is not valid for use ofLMW heparin (in this case moni
toring of heparin activity is required), the use of LMW heparin may eventually 
become an indication for patients of group III with bleeding complications. 
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Activated Clotting Time for Heparin Dosage Monitoring 
in Continuous Arteriovenous Hemofiltration 
K. Koorejian, R. H. Bartlett and J. London 

The main purpose of heparinization in continuous arteriovenous hemofiltration 
(CA VH) is to prevent the hemofilter from clotting without having to systemically 
anticoagulate the patient. As with any extracorporeal circuit, when blood comes 
in contact with a foreign surface, protein is absorbed within milliseconds and 
platelet adhesion occurs. The more fibrinogen that attaches to the circuit, the 
greater the affinity for platelets. When platelets attach to the surface, they activate 
more platelet adhesion which leads to fibrin formation if there is no heparin in 
the system [1]. The anticoagulant heparin prevents clot formation by increasing 
the action of antithrombin-III, an inhibitor of thrombin, and therefore inhibits 
the conversion of fibrinogen to fibrin. Thrombin inhibition is dose related and he
parin is rapidly metabolized, thus the heparin effect can be titrated to any desired 
level by adjusting a continuous infusion. Our approach to anticoagulation with 
CA VH is derived from the method of Kramer [2], combined with our experience 
with prolonged extracorporeal circuits like ECMO [3]. 

The patient is given a loading dose of heparin systemically 3 min prior to open
ing the blood lines to a new filter so that the initial blood flow exposed to the filter 
is anticoagulated. This initial blood contact event is important. Any fibrin forma
tion will trap platelets and red blood cells, leading to capillary occlusion or total 
clotting. Once the filter has been exposed for several minutes to this initial blood 
flow, the prosthetic surfaces are coated with a molecular layer of proteins and less 
activation takes place. This is the reason we include albumin in the priming so
lution - to fill the binding sites [4]. 

The first few minutes of CA VH are critical in regard to clotting, as this flow 
of blood establishes the flow pattern for the life'of the filter. 

The heparin effect is measured to be sure that the patient has a normal response 
to the drug, - namely, slight systemic anticoagulation. If the heparin effect is ex
cessive, the risk of bleeding is increased and the dose should be decreased, even 
if bleeding has not occurred. If the heparin effect is minimal even at high doses, 
an antithrombin-III deficiency should be suspected. If the patient is bleeding, the 
heparin dose should be decreased until the heparin effect is minimal, even if this 
results in filter failure. 
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Tests of Heparin Effect 

Heparin therapy can be measured by a variety of methods. The ideal test as out
lined by Congdon should (a) have a rapid end point, (b) be capable of being per
formed at the bedside, and (c) be reproducible through increasing heparin con
centrations in and out of the therapeutic range [5]. 

Measurement of heparin concentration is not useful, because a given concen
tration (e.g., 0.5 units/ml) may anticoagulate one patient and have no effect in an
other. Hence, heparin effect must be measured. 

The measurement of the heparin effect requires (a) a stimulus to activate the 
coagulation cascade, (b) a temperature and agitation control, and (c) a method 
to detect clot formation. 

Heparin effects can be monitored in blood or plasma, but blood measurements 
are preferred because interactions between heparin, platelets, and white blood 
cells are not reflected in plasma measurements. Utilizing whole blood to monitor 
heparin therapy is more convenient and better suited to bedside methods of the 
measurement of heparin effects. 

The standard test of coagulation has been the Lee-White whole blood clotting 
time test [6], first presented in 1913. Some disadvantages with this method include 
its variability, and also the length of time involved to obtain results. This test is 
not recommended for heparin monitoring. 

The activated partial thromboplastin time (APTT) [7], and the thrombin time 
(TT) [8] tests, have been widely used as indicators of the heparin effect. The dis
advantages of these tests are: centrifugation is required, measurements are made 
on plasma, a variety of commercial reagents are used, and there is considerable 
variation in sensitivity to heparin. In 1981, Brandt and Triplett [9] pointed out 
that standardization of the APTT as a method for monitoring heparin therapy 
would require standardization of individual reagent components. 

The prothrombin time (PT) [10], is reflective predominantly of prothrombin 
activity, which is not affected by heparin. This method is more sensitive in oral 
anticoagulant control, rather than heparin activity. 

The thrombin clotting time (TCT) ("thrombin time" assay on whole blood) has 
been used as a means to monitor heparin therapy. An automatic clot timer, the 
Fibrometer is used to determine the time from activation to clot formation. This 
test has proven sensitive to varying doses of heparin and can be performed at the 
bedside. In some hospitals the TCT is reported as "heparin units/ml," but this is 
simply determined from a nomogram after measuring the time. The results of any 
test of heparin effect should be reported in seconds, along with the normal range. 
For CAVH, this time should be approximately twice normal. 

Measurements of coagulation on blood or plasma performed in the laboratory 
are done by drawing the blood into a calcium-chelating anticoagulant. When the 
activator is added, sufficient calcium is included to override the chelator, so the 
time to fibrin formation is similar to that observed at the bedside with fresh blood. 
The beside method is preferred, because variations in time, temperature, heparin 
breakdown, clotting factor, and platelet inactivation may all occur during the trip 
from the bedside to the laboratory. 



86 K. Koorejian et al. 

Our method of choice is the activated clotting time (ACT), to determine the ef
ficacy of heparin therapy in CAVH. In 1979, Baden et al. [11] described the BaSon 
test for monitoring heparin therapy. This test involves the use of Plate lin Plus ac
tivator (General Diagnostics), a mixture of diatomaceous earth and rabbit throm
boplastin. Distilled water and Platelin Plus reagent are combined in a ratio of 
2.5:1, and 0.1 cc of this mixture is dispersed into test tubes and frozen. When 
ready for use, these tubes are thawed and brought to room temperature. The re
agent is effective for 2 h after it has been thawed. Before blood is inserted into 
the test tube, the contents of the tube must be gently mixed. This is performed 
by gently rolling the tube between one's hands. Then, 0.2 cc blood is dispersed 
into the test tube along one edge and mixed with the reagent by inverting the tube 
once. The tube is then placed in the ACT tester, a machine that consists of a tilting 
heating device, and a sensor to detect clot formation. When a clot forms, an alarm 
sounds and the ACT (in seconds) is read on the digital display. 

A normal ACT ranges from 80 to 120 s. The ACT in a patient on CA VH 
should be 100-250 s. The fresh reagent is essential for reproducible results. Using 
the ACT machine with a dry reagent is unsatisfactory. 

The Hemochron device [12] (International Technidyne) is another method of 
agitation and clot detection. This system, as supplied, is not satisfactory in our 
experience, but the problem is probably due to the activating reagent. The Hemo
chron may be accurate if the BaSon reagent is used. 

Heparin Management in CA VH 

A preheparin baseline ACT is obtained from the patient, along with aPT, PTT, 
TT, and complete blood count with a platelet count. The heparin loading dose 
is given, and the infusion started on the arterial side of the circuit. The ACT is 
obtained every 2 h for the first 24 h of CA VH, then every 4 h, depending on the 
patient's clinical status. If the ACT is between 100 and 250 s, and the patient ex
hibits no systemic bleeding, then the heparin infusion can be maintained at 500 
units/h. If the ACT is > 250 s, the heparin infusion rate should be decreased even 
if there are no signs of systemic bleeding. With systemic bleeding the heparin drip 
should be decreased (or discontinued) even if the ACT is normal. 

The use of the ACT to monitor heparin therapy in CA VH has proven to be 
a reliable test and convenient to perform at the bedside. We are able to obtain 
results quickly and therefore can make appropriate changes in heparin adminis
tration with the use of the hemofilter. 
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Setup and Fluid-Balancing Equipment 

Preparation of the Setup for Performing 
Arteriovenous HemofIltration 
P. Kramer and G. Grieben 

Description of the Blood- and UltrafIltrate-Conducting System 

Figure I realistically depicts the simple tubing system which is required to per
form continuous arteriovenous hemofiltration (CA VH). By means of two femo
ral catheters, (Item number 1130.089, Vygon Aachen), blood is conducted 
through a capillary hemofilter (Diafilter-20, Amicon, or other products) with ar
terial inlet and venous return tubing. 

Through the ultrafiltrate tubing included in the tubing set, ultrafiltrate runs 
into a measuring container (preferably a urimeter with a measuring volume of at 
least 500 ml) attached as low as possible to the frame of the patient's bed to 
achieve negative pressure of approximately 40 cm H 20 or, if possible, up to 
100 cm H20. 

Preparation of HemofIlter and Tubing System 

Arterial blood and venous blood lines are pushed over the connection ports of 
the hemofilter, after washing them off with the usual skin disinfectant spray. The 
ultrafiltrate-conducting system, with the yellow connector at the side port, is at
tached in a like manner. Using a 1000 ml infusion bag (0.9 gldl NaCl) previously 
mixed with 5000 IU heparin, the hemofiltration system is rinsed free of air 
bubbles. First the ultrafiltrate tubing remains closed off by a clamp until the ar
terialline, the capillaries of the hemofilter, and the venous line are filled, free of 
air bubbles. Then the ultrafiltrate tubing is opened while clamping off the venous 
tubing to remove air from the extracapillary space (surrounding the capillaries). 
Only when all spaces of the hemofilter are free of air bubbles and the ultrafiltrate 
tubing is filled with saline down to the collecting container, the ultrafiltrate tubing 
is clamped off again and the rinsing procedure continued through the hemo
filter. 

To remove small air bubbles from the capillaries, the hemofilter has to be held 
vertically during rinsing so that the rinse solution flows out of the upper end of 
the capillaries. Rinsing under high pressure is most effective in displacing air. To 
do this, the infusion bag is rolled up like a tube of toothpaste from the hanging 
point down and compressed with both hands. 

Once the system is rinsed with 1000 ml and free of air bubbles, the arterial and 
venous tubing are clamped off and the connection fittings capped for protection 
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Fig. I. Realistic illustration for performing arteriovenous hemofiltration. (For heparin ad
ministration, often a syringe infusion pump, and for the substitution solution, a volumetric 
pump, are also often utilized. Most recently, electronic flow balances, have been used for 
control of fluid balance) 

or directly attached to the three-way valves of the femoral catheters. (Note: use 
only tubing systems with luer locks and do not use other three-way valves except 
those delivered with the set!) 

Performance of Arteriovenous Hemofiltration (1( 

Before opening the extracorporeal circulation, the patient receives systemically an 
initial dose of approximately 20 IV heparin per kg body weight. Then, continu
ous heparin supply is connected to the arterial three-way valve. The simplest way 
to achieve this is to use an Isoflux infusion device (disposable system by Van Leer 
Medical) which keeps the preset infusion rate constant, independent of pressure 
changes in the arterial tubing and in the infusion container. To overcome the ar
terial pressure, the infusion bottle (1000 ml 0.9% NaCI+20000 IV heparin) has 
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to be positioned at least 2 m above patient level. Most intensive care units today 
use 50 ml syringe pumps for administration of heparin. 

After starting continuous heparin administration, the blood flow is opened to 
the arterial tubing by turning the three-way valve and removing the tubing clamp 
so that arterial blood can be seen pulsating where the tubing begins. After the 
clamp and three-way valve are opened on the venous side, blood flows visibly 
through the hemofilter, following the pressure gradient, and through the venous 
return tubing back to the patient. (Caution: It is of utmost importance to use the 
proper three-way valves with large internal diameter, otherwise blood flow is dis
turbed.) 

Now the clamp on the ultrafiltrate tubing is removed and the filtration rates 
measured for calculation of the substitution rate. 

Ultrafiltrate Substitution 

Commercially available for ultrafiltrate substitution are 4.5 1 bags of potassium
free Ringer's lactate solution [Na 140, Ca 3.75, Mg 1.5, Cl 104.25, and lactate 
42 meq/l (see Wigger, this volume)]. The weight change of the bags can be ob
served on a 5-kg spring balance on the infusion pole. An Isoflux infusion system 
is sufficient to regulate the infusion rate. 

Many intensive care units use volumetric infusion pumps or the recently com
mercially available electronic flow balance (Sartorius) together with an Isoflux in
fusion system. Also the ultrafiltration may be accurately measured by an elec
tronic flow balance. The rate of infusion is dependent on the rate of ultrafiltra
tion, the desired fluid removal, and the rate of administrating other parenterals. 
Example: Filtration rate 500 ml/h, rate of administering 100 ml/h, desired effec
tive fluid removal 100 ml/h, rate of ultrafiltrate substitution 300 ml/h. At these 
values, the patient will, in 24 h, filter off 12 1, lose a total of 2.4 kg weight and re
ceive 7.21 substitution solution and 2.41 other parenterals. 
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Simple Techniques for Accurate Fluid Balancing 
During Continuous Arteriovenous Hemofiltration 
B. Schiinemann and P. Kramer 

Conceptually, continuous arteriovenous hemofiltration (CA VH) is a simple 
method that can be performed in every intensive care unit. Since large volumes 
of fluid are exchanged with this procedure - in special cases up to 1200 mljh - ex
act fluid balancing requires much attention. 

The following description suggests how balancing can be safely managed under 
simple conditions. It is not claimed to be comprehensive, since many users in in
tensive care medicine surely practise their own various proven methods of fluid 
balancing (see the devices of Dr. Schurek, Hannover and Dr. Mason, London). 

Pragmatically speaking, one can distinguish between dosage of infusion solu
tion and systems for measuring filtrate volume. 

Contrary to mechanical hemofiltration, there will be less mention here of auto
mated balancing equipment that regulates infusion volume according to predeter
mined fluid balance, taking filtrate flow rate into account. 

Systems for Infusion Dosage 

The method using graduated infusion bottles and adjusting dosage by drop rate 
regulated with a roller clamp is simple but cumbersome and time consuming for 
staff. Also, it is difficult to maintain a constant flow rate with such simple infusion 
systems since pressure variations in the infusion system can change the flow rate 
up to 30% (1]. 

It becomes particularly problematic when several infusions are controlled this 
way simultaneously because the infusions interfere with each other in the com
mon tubing. It is therefore questionable whether or not exact dosage is possible 
considering the usual degree of attentiveness in an intensive care unit. 

A new type of infusion system has gained acceptance for its reliabilty. The Iso
flux system (van Leer Medical) makes dosage of an infusion volume possible via 
a proportioning valve (Fig. 1). The advantage of this system is that after the initial 
adjustment, the drop rate can be kept constant for a long time independent of 
pressure variations in the tubing system close to the patient and changes of the 
fluid level in the infusion container. In contrast to conventional infusion systems 
the drop rate here varies only 5% at maximum (1]. 

When setting the rate, the viscosity of the solution also has to be considered, 
as in the nomograms in Fig. 2. Through three-valve inlets, mixed infusions are 
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Fig.I. Schematic illustration of Isoflux system. I Injection 
U -,<---- - 7 spike, also available as luer lock, 2 Flexible hand pump to fill 

the Isoflux system, 3 Connections for additional infusion con-
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Fig. 2 A, B. Nomograms for the determination of drop rate of infusion solutions, modified 
according to Jeanneret et al. [1], when the rate of infusion in ml/min ofml/h and different 
drop sizes are known. The Isoflux infusion system was the primary device in establishing 
the values for infusion of normal electrolyte solutions and viscous solutions like 40% glu
cose. The nomograms can also be used for any other infusion system to determine the rate 
of administration, provided drop size (drops/m\) are known. For extremely small (20/ml) 
and large (13/ml) drops the corresponding regression lines are drawn in. Examples for par
ticular infusion rates with drop size 16/ml are drawn into the nomograms: infusion rate 
480 ml/h or 8 ml/min= 120 drops/min, and infusion rate 37.5 ml/h or 0.62 ml/min = 
10 drops/min 
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possible which are of importance for parenteral nutrition. A silicone nonreturn 
valve protects from blood flow into the infusion system and in addition serves as 
protection against running empty, and therefore prevents air embolism. 

The disadvantage is that the dosage setting only works accurately up to 400 mIl 
h, meaning that two of these systems have to be used in parallel at higher filtrate 
rates. Aside from the increase in cost, control of the system is affected as well. But 
there is still a savings in labor of approximately 61 % [1] over using the simple in
fusion systems. 

Spring Balance for Infusion Container 

A 5-kg spring balance is suitable for the control of residual volumes of infusion 
bags and bottles (Fig. 3). It is not accurate enough for continuous control of in
fusion rate, but it permits suitable control of the infusion volume on an hourly 
basis. 

-
~ .. -.... 
,.._:rt.o .. l'Ul. ~ 

. . . . 

Fig. 3. A 5-kg spring balance and the first electronic flow balances. For details, see text 
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Figure 3 also demonstrates the first electronic flow balance (Sartorius), the 
digital readout not only showing the absolute weight, but also weight change per 
minute and per hour with an accuracy of ± 1.0 g. In combination with the Isoflux 
infusion system, this electronic flow balance offers for the first time exact setting 
and control of an infusion rate without a mechanically moved part with so-far 
unknown accuracy and at a reasonable price. The electronic flow balance is suited 
in the same way for measurement of the filtration rate: As shown in Fig. 3, the 
4-1 collecting bag is placed on a plate suspended by thin chains to the electronic 
balance. In clinical practice, the nurse first uses the flow rate display to adjust the 
substitution rate and the absolute weight display for the protocol of fluid balance. 
Every hour on the hour the weight change during the previous hour is written 
down. Calculations may be avoided by pressing the tare button every hour after 
the weight change is written down, setting the display to zero. If there are any 
doubts about the actual weight of the containers, this may be determined at any 
time. 

Infusion Pumps 

Infusion pumps seem to be suited for dosage of substitution solution, but are 
often subject to interference. With tubing roller pumps, inaccuracies with system
atic deviations up to 11/day can occur due to pressure variations ahead of the 
pump when large volumes are exchanged. Volumetric pumps are apparently very 
precise and provide a digital readout of the infused volume at the same time. The 
disadvantage lies in the costly disposable infusion system. 

Filtrate Measuring Systems 

For the measurement of filtrate volume urine measuring bags with an hourglass, 
or a collection container working specifically on the overflow principle (as seen 
in Fig. 4), are usually suitable. . 

This measuring container holds 500 ml and therefore permits measurement of 
higher filtrate volumes. For cumulative balancing we also recommend 2-1 gradu
ated cylinders to precisely remeasure the filtrate volume in the urine bags, prior 
to discarding. The measurement of filtrate volume with electronic flow balances 
seems to be the solution for achieving error-free fluid balancing in the future. 

Practical Execution of Exact Fluid Balancing 

Basically, all dosage systems are practical but require different degrees of atten
tion. The method of counting drops is simple and inexpensive, but needs constant 
monitoring and regulating unless the Isoflux system is used. Figure 5 is a sum
mary of the scheme of manual fluid balancing. There the filtered and infused vol
umes have to be checked at least hourly and dosage setting adjusted accordingly. 
In the case of high filtration rates, balancing should be done half-hourly, espe
cially if the ultrafiltration decreases and varies widely at the start of treatment. 
We recommend balancing control every 6 h. Cumulative balancing (addition of 
all hourly balancing steps) should not be done because of the chance of error. For 
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Fig. 4. Filtrate collection container with overflow system for exact measurement of minute 
and hourly volume 
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intermittent balancing, it is more important to consider the separately determined 
values of input and output during this time span. Aside from the 24-h balancing, 
weighing the patient daily or use of a bed scale would be a desirable additional 
control. 

Causes for Errors and Measures for Their Prevention 

Basically, errors can be divided into two categories: (a) those caused by the per
sonnel, such as wrong readings of infusion containers (different reading levels), 
errors in maintenance, and poor protocol, and (b) those caused by inherent errors 
of the system, such as variation of the drop size depending on the viscosity of the 
solution, change of drop rate caused by pressure variations in the infusion system, 
fluid loss through leaks in the tubing system and dosage errors caused by the rol
ler pumps. 

It can be generally stated that the incidence of misbalancing increases as the 
system becomes more complicated and less controllable. Since balancing errors 
cannot be eliminated even with careful handling, independent control measures 
have to be taken. Principally, residual volumes of infusion bottles should be 
weighed with spring balances and an exact log should be kept of used infusion 
volume (see Fig. 6). 

The filtrate can be collected and kept in large measuring containers so that it 
can be measured again separately for intermittent or total balancing. 

Finally, it has to be remembered that central venous pressure, blood pressure, 
pulse rate, and in special cases, pulmonary artery pressure and certainly skin tur
gor are of greater concern for the good clinician when deciding on more or less 
fluid removal from a patient. 
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A New Mechanical Device for Automatic Fluid Balancing 
in Continuous Arteriovenous Hemofiltration 
H.J. Schurek and D. Biela 

One of the disadvantages of continuous arteriovenous hemofiltration (CA VH) is 
that a daily fluid balance of 12- 20 I has to be handled manually. To overcome 
this laborsome and potentially inaccurate handling, we developed a simple me
chanical system which enables an automatic exchange of 4.5 I substitution fluid 
and an adjustable volume of filtrate (between 4.5 and 6.5 1) during one nursing 
shift [1]. 

Figure 1 is a schematic drawing of the system, which consists of a vertical stand 
with two mechanically coupled horizontal cross beams mounted on roller bear
ings (Gambro, Lund, Sweden). A fluid bag of 4.5 I substitution fluid hanging at 

• 

Tube 
elm p ~._=. 

Fig. 1. Schematic presentation of the mechanical balancing system in clinical use. The po
sition of the hanging point of the filtrate container is used to preselect negative balance at 
defined points giving a negative balance of ±O, -0.5, -1.0, -l.5, -2.01/4.51 substitu
tion fluid 
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Fig.2. Schematic presentation of an in vitro test of the system. No negative balance was 
intended. The signal of balance was recorded from an electronic scale bearing a fluid con
tainer (to simulate the patient's weight). A peristaltic pump was used to simulate filtration 
out of the fluid container into the filtrate container [1] 

the upper beam is counterbalanced by a weight on the opposite side. The exact 
set point ofthe balance can be adjusted by an additional weight mobile on a screw 
in prolongation of the lower beam. This permits exact adjustment of the system 
to differences in weight of the substitution bags delivered by different suppliers. 
When hemofiltrate is dripping into the graduated container (10-1 capacity) hang
ing below the substitution fluid at the lower beam, the growing imbalance opens 
a tube clamp mechanically setting the fluid substitution to the rate of filtration 
with a high accuracy. 

If a negative balance was wanted, we originally [I] filled a 2-1 container on the 
opposite side by a dripping infusion which determined the amount of the negative 
balance. Recently we improved the system further by modifying the hanging 
point of the filtrate container to preselected positions to enable an exact negative 
balance in steps of 0.5 I between ±O up to 21 per cycle. The different hanging po
sitions have been calculated by the law of leverage. It can be shown by in vitro 
test as described elsewhere [I], that the accuracy of a cycle is ± 10 ml/4.5 I and 
using a negative balance of 2 I it is better than ± 20 ml/cycle. Figures 2 and 3 
demonstrate two examples of an in vitro test. The balance was recorded as a total 
balance between filtrate and substitute on an electronic scale, the signal of which 
has been recorded. 

This system can be handled by the staff of a general intensive care unit after 
a short training period. To prevent damage of the clamped silas tic tube, inte
grated within the infusion line, the force of the tube clamp is reduced to an un
critical amount by a spring steel torque. 
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Fig. 3. Schematic presentation of an vitro test of the system as in Fig. 2 including a neg
ative balance of -1.5 1/4.51 substitution fluid. The accuracy of the system was better than 
± 20 ml/6 1 filtrate volume as it was reached in this cycle 

To enable a measurement of the filtration rate per minute, filtrate is dripping 
into a graduated plastic tube (syringe cylinder) the outlet of which can be blocked 
for a defined time period. 

The height of the end of the filtrate tube connecting hemofilter and filtrate con
tainer is variable in order to alter the filtration rate by changes of negative pres
sure. 

Clinical Experience 

After 2 years' practice with manual handling of fluid balance, we started to use 
the newly developed mechanical balance system, as of April 1982, as an aid in 
CAVH. 

In the meantime (30 months) the staff of six different intensive care units, each 
with a different frequency of acute renal failure, was trained in using this aid of 
fluid handling (first clinical prototype). From July 1984 on we got clinical expe
rience with the newly developed negative balance design. 

F or the introduction of the system to the staff we used colored graphic repre
sentations of the system and of some of the systematic steps to start a balancing 
cycle [1]. 
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A Computer Monitor to Simplify the Management of Fluid Balance 
During Continuous Arteriovenous Hemofiltration 
J.C. Mason, R.D. Bradley, T.K. Cowell, P.J. Hilton and A.J. Wing 

Introduction 

Continuous arteriovenous hemofiltration (CA VH), through its cardinal virtues 
of maintenance of haemodynamic stability and ease of fluid removal, has already 
made an important contribution to the management of certain patients with acute 
renal failure (ARF) [3, 5]. These patients are not only severely oliguric but require 
cardiovascular, respiratory and nutritional support, and CAVH offers almost un
limited potential for correction of fluid overload and infusion of therapeutic so
lutions. For example, in our own series of 31 patients treated from 1981-1983, 
the average daily volume of haemofiltrate was 13.11 which was replaced by 9.9 1 
of a standard substitution solution in addition to parenteral nutrition (1.5 l/day), 
blood products (0.8 l/day), drugs and other crystalloids (1.3 l/day). The regula
tion of these large volume exchanges continuously for periods up to several weeks 
presents difficulties for the attending staff on a scale not previously experienced. 
Indeed, it has been suggested [2] that arithmetic and other errors may place the 
patient at risk, and restriction of the filtrate flow to 5-61/day (slow continuous 
ultrafiltration, SCUF) has been recommended. In most cases this provides ad
equate treatment of volume overload but requires additional intermittent haemo
dialysis for metabolic control. Such an approach erodes the essential simplicity 
of CA VH and reduces its haemodynamic advantages. 

Several devices to assist fluid regulation have been suggested. An attempt using 
weight-driven substitution fluid replacement adjusted automatically to the filtrate 
flow has not been widely adopted [4]. The filtration rate may be measured gravi
metrically and appropriate substitution achieved by a microprocessor servo 
pump (Sartorius), but this means a major increase in technical sophistication and 
a requirement for safety monitors. In widespread practice, the filtrate is measured 
and the substitution fluid delivered hourly using devices varying considerably in 
complexity. Burettes and measuring cylinders are laborious and while volumetric 
pumps (I-Vac, IMED) and electronic "urinometers" (Vitalmetric) simplify this, 
they are expensive and still need arithmetic manipulation and charting. Further
more, this approach does not conveniently relate haemofiltration to all the other 
quantitatively significant flows to and from the patient, requiring further compu
tation. 

The computer system developed at St. Thomas' Hospital provides entirely 
automatic monitoring of the haemofiltrate and substitution flows and addition-
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ally encompasses the total fluid balance of the patient by incorporating all other 
fluid exchanges. Manual record keeping has been superseded. We were anxious 
not to diminish the simplicity of CA VH and emphasis was placed on provision 
of a system which could be operated by general intensive therapy units (lTU), 
rather than specialist renal nurses. A microcomputer is ideally suited to the solu
tion of repetitive numerical problems and forms the core of this unit. 

Methods 

Principles 

Figure I shows the system in outline. The receptacle for haemofiltrate and the bag 
of substitution fluid are each suspended from electronic force gauges. Their ana
logue signals are fed through an interface unit and digital converter into a micro
computer which derives measurements of the container weights. Average values 
are used to provide a continuous display on the visual display unit (VDU) of the 
prevailing flow rates and cumulative volumes transferred. The display is updated 
every 5 s. All other fluid inputs and outputs are entered hourly through the com
puter keyboard by the attending nurse and the net balance is continuously dis
played. The screen display can be "dumped" to the printer whenever desired and 
this also occurs automatically at the end of each day, providing the permanent 
record. 

Hardware 

A photograph of the system is shown in Figure 2. The apparatus is housed on two 
trolleys. The "master" trolley carries the microcomputer, disc drive, interface 
unit, VDU and printer. A 4-m cable connects it to the hemofiltration tower and 
permits free positioning ofthe units. To avoid the complexity of servo-controlled 
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HF out 

Electronic 
force gauges 

/ Analogue 
interface 

Video 
display 

Computer 

Alphagraphic 
printer 

Entry of 
fluid chart dotl 

Keyboard 

Fig.t. Diagram of hemofiltration monitor 
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Fig. 2. Photograph of computer trolley and hemofiltration tower (full description in text) 

pumps, hydrostatic pressures have been used to maintain fluid flows. The force 
gauge carrying the filtrate bucket is positioned close to the floor to maximise the 
negative pressure applied to the membrane. The second gauge is mounted on the 
top of a vertical piston and cylinder assembly through which compressed air or 
a manual ratchet permit easy elevation of the heavy (4.5 kg) bags of substitution 
fluid from 1.5 m (bag change position) up to 3 m above the floor. A controlled 
air leak regulates the descent of the unit and prevents sudden impacts. Advantage 
is taken of the full 10 kg range of the force gauges (Salter Abbey lOON) by using 
a 2: 1 lever and frictionless pivot assembly. Minor nonlinearities are corrected in 
software for individual gauges to <0.5% full scale. Overall error is < I % and 
after initial equilibration for 15 min, stability over several weeks has been demon
strated. The filtration tower also carries a power supply and mountings for the 
hemofilter, dry warmer unit for the substitution fluid and heparin syringe 
pump. 

Microcomputer and Software 

The microcomputer [1] (Acorn BBC Model B 32K) provides a 12-bit Analogue
Digital converter with 4-channel multiplexer and 10 ms sampling time, which per-
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mits inputs from each force gauge at 50/s. A real time clock ("ticking" at 100fs) 
is integral and can be set and read from BASIC. The intermediate resolution 
monochrome graphics mode provides a 256 x 320 pixel display which with disc
filing leaves 16 kb of RAM for program and variable storage. The graphics capa
bility is flexible and permits definition of separate text and graphics windows and 
simplifies screen "dumps" to printer. The program is written in BASIC with ma
chine code additions, and stored on 5 \//' disc which also carries a calibration 
checking program. For safety, certain keyboard controls are inactivated during 
use to prevent accidental contact terminating operation. The matrix printer (NEC 
PC 8023) will reproduce the graphics display and print up to 136 characters per 
line allowing the generation of a 23-column fluid balance chart. 

Operation 

Emphasis has been placed on "user friendliness". By pressing two keys, the pro
gram is loaded and operation automatically commences. A short question and 
answer sequence follows and information concerning the patient is entered to 
provide labelling of subsequent printed records. The entry continues with the cur
rent time and existing state of fluid balance. The operator is reminded to check 
certain aspects of the apparatus and installation of the fluid containers, the 
weights of which are measured and operation permitted only if they fall within 
previously defined limits. Continuous monitoring of haemofiltration then fol
lows. 

The screen display is shown in Fig. 3. The figures at the lower left illustrate the 
contents of the containers while above them, the pair of opposed scales (0-
1200 ml/h) with moving printers indicate the prevailing flow rate ofhaemofiltrate 

Flows 
I'll/hour 

CUl'lulativp VoluMes Sincp 
8888 hours (litre ): -

Hfln ..... . 
HFout .... . 

Fein ..... . 
reout .... . 

6.96 
"'.4:> 
6.99 
9.88 

Fig. 3. VDU screen display at the end of a complete day of treatment by CA VH (details 
in text) 
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Fig. 5. VDU screen display, Example of entry of fluid input (FC) data. This is performed 
each hour through the keyboard 

OUT and substitution fluid IN, Our practice is to obtain as high a rate ofhemo
filtration as possible, and to set the substitution rate appropriate to it using a con
stant flow device (lsoflux, Van Leer), At the top right the values for HFin and 
HFout refer respectively to the cumulative totals of substitution fluid and hemo
filtrate from the beginning of the day. FCin and FCout are the cumulative totals 
of all the other volume flows to and from the patient, entered through the key
board and conventionally handled by fluid charts. The net balance is displayed 
below these and every 15 min this value is entered into the central graph, progres
sively depicting the overall trend as the day continues. After the automatic print
ing of the screen display at the end of the day, all of the registers are reset to zero, 
the graph is cleared and the whole process starts again, without intervention. 

By pressing the keyboard space bar, a menu of subroutines is displayed (Fig, 4) 
and after selecting the appropriate key the operator is guided through procedures 
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such as changing the substitution bag or filtrate bucket. The nurse is not required 
to manipulate numbers to achieve this. Approximately hourly, "fluid chart" (FC) 
data is entered by selection of the relevant routine ("F", Fig.4). A list of possible 
fluid entries (with two open options to allow flexibility) appears on the screen 
(Fig. 5) and their values are typed in. When the completion of the entry is signal
led, the display reduces to show only those items with positive entries. This facili
tates accurate checking and after any necessary correction, fluid outputs are 
handled similarly. The entire entry, with its time, is then automatically printed in 
conventional chart-column form, with a second row of print showing the cumu
lative totals of the individual items. 

Audible chimes from the computer's loudspeaker, together with appropriate 
messages on the screen, provide prompts concerning the timing of container 
changes and entry of fluid data. A more forceful display signals warning if the 
container changes have not been properly initiated through the computer. A re
start routine is available if the instrument is accidentally disconnected, permitting 
entry of the current numeric data. 

Discussion 

This computer monitor has provided the basis for CA VH in our unit for over I 
year, and has performed for several thousand hours without significant problem. 
It has been readily assimilated into the nursing process and fulfilled our expecta
tions of operation by nonspecialist nurses, typically after only a few minutes of 
tuition. This stands in contrast to our earlier experience with CA VH in rudimen
tary form, when laborious fluid monitoring threatened to impose an unacceptable 
burden on staff who were already heavily committed in the intensive care of pa
tients needing multisystem support. As the latter had an inevitably poor progno
sis, there were adverse effects on nursing morale. The present system offers man
agement at least as simple as peritoneal dialysis. 

We have deliberately not "closed the loop" to provide automatic substitution 
with respect to measured filtration, although this was included in our original 
plans. The relationship between these flows often requires revision with respect 
to concurrent events such as feeding, transfusions, or unforeseen fluid losses, and 
the displayed graph of fluid balance against time provides a simple guide to adjust 
the substitution rate, setting it in the context of the overall fluid state. In certain 
patients, CAVH is capable of delivering filtrate volumes approaching 251/day, 
which can now be managed without difficulty and with the benefit of improved 
metabolic control. 

The cost of this system is small in comparison with conventional dialysis equip
ment. Since its operation is defined in software, modification to meet newly rec
ognised needs is comparatively simple. It is perhaps of interest to note that our 
"master unit" (computer, VDU and printer) when supplied with alternative in
puts and programs, routinely serves several other purposes on the ICU. These in
clude measurement of cardiac output by thermodilution, multichannel pressure 
recording, respiratory gas analysis by mass spectrometry and semiautomatic 
charting of routine observations of pulse, blood pressure etc. With respect to 
CA VH it allows full and easy application of this extremely useful technique. 
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Blood Volume and Blood Flow 

Continuous Noninvasive Monitoring of Blood Volume 
During Arteriovenous Hemofiltration 
H. Mann, S. Stiller, P. Eberle, and N. Maurin 

Extracorporeal filtration of plasma water of a patient is possible without decrease 
in blood pressure as long as the blood volume is not critically reduced. In clinical 
practice blood pressure and central venous pressure are simple clinical measure
ments to monitor the circulation, and yet it often happens that the blood pressure 
suddenly drops to very low values within a few minutes after exceeding the per
missible filtrate volume. Therefore filtration rates in relation to circulatory pa
rameters have to be observed closely and interpreted with great clinical experi
ence. It would be desirable, therefore, to measure blood volume during extracor
poreal filtration in a simple way but with sufficient accuracy and if possible con
tinuously, in order to get information about the "refilling rate." 

This contribution deals with a method for continuous evaluation of the hema
tocrit in the extracorporeal circulation which reflects actual changes in the relative 
blood volume. The method is based on the simultaneous measurement of electric 
conductivity of the blood and the filtrate. The conductivity of the filtrate and 
blood depends (as well as on temperature) mainly on the electrolyte composition, 
but the difference of conductivity between whole blood and filtrate depends en
tirely on the hematocrit. If the volume of erythrocytes is constant, as in hemo
dialysis and hemofiltration, short-term changes of the hematocrit during blood 
filtration reflect changes in the relative blood volume. 

Since whole blood as well as filtrate are continuously transported through the 
extracorporeal circulation during spontaneous filtration, conventional hemofil
tration, and plasmafiltration, this method may be classified as noninvasive and 
comfortable for the patient. 

Method 

Three small refined-steel tubes are worked into the arterial tubing system which 
are, like the tubing, disposable (Fig. 1). Their inner diameter is the same as that 
for the blood tubing. At these points blood conductivity is measured with 400 
cycles per second of alternating current and the temperature, as interference fac
tor, is observed. A similar measuring mechanism is attached to the filtrate-con
ducting tubing (Fig. 2). From the simultaneously registered values, after eliminat
ing the effect of temperature, the hematocrit is determined and continuously dis
played as difference between whole blood and filtrate conductivity. 
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Figure 3 gives an example of the sensitivity of the method: the graphs show the 
values of the hematocrit (Vb/Vb) and the mean arterial pressure (RR) in relation
ship to a specific filtration rate of 1300 ml/h and then 300 ml/h during 4 h . After 
a reduction of the plasma volume and blood pressure drop, 500 ml fructose (5 g/ 
dl) are infused. This leads to an immediate increase in the plasma volume and 
blood pressure which only lasts for the duration of the infusion. Then, blood pres
sure and plasma volume falls again because of the fluid diffused into the extracel
lular and intracellular space. 

Next, an infusion of 1000 ml normal saline (0.9 g/dl) is administered with simi
lar results, but only now the systolic blood pressure reaches the desired value. 

Figure 4 shows the results of a patient who was severely hydropic due to renal 
failure; 22 I plasma water were filtered off by spontaneous ultrafiltration within 
4 days. During the first treatment (11 -15-80) a total of 121 were ultrafiltered in 
15 h at a filtration rate of 800 ml/h without measurable change of plasma volume 
or blood pressure. During the second treatment (11-17-80), at a filtration rate of 
1000 ml/h the plasma volume decreased gradually but without change of blood 
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pressure. During the third treatment the filtration rate had to be reduced to avoid 
further increase of the hematocrit. Filtration was only adjusted to the fluid flow 
from the extracellular space. 

In the same patient during ultrafiltration, change of blood volume was very 
much dependent on the degree of overhydration. This is illustrated in Fig. 5: With 
the first slope (straight lines) the patient was hydropic with 151 overload. Ultra
filtration of 1700 mlJh for 4 h induced no change in blood volume. One month 
later the patient was no more hydropic (dotted lines). There was a decrease of7% 
blood volume analogous to ultrafiltration rate during the 5th h of treatment. 

During membrane plasma separation, plasma volume can decrease as a result 
of substituting an albumin solution with low colloid-osmotic pressure. In Fig. 6 
the same patient received a 2.7% albumin solution at one time, and a 4.0% albu
min solution as substitute at another time. 

It can be clearly seen that the lesser concentrated albumin solution with lower 
colloid-osmotic pressure caused a reduction of plasma volume (elevation of he
matocrit). 

Discussion 

The method described here [6, 7], permits the continuous registration of the he
matocrit as indicator of the blood volume. The procedure is accurate and without 
discomfort for the patient during hemofiltration [2], plasma separation [4], and 
also during hemodialysis [3]. A method with a similar goal but different principle 
has been described elsewhere [1]. During the extracorporeal blood cleaning pro
cedures, ultrafiltration can change the colloid-osmotic pressure, and the osmotic 
pressure gradient between the extra- and intracellular space, especially through 
changes of the extracellular sodium concentration [5], which may cause a change 
of the blood volume independent of extracorporeal fluid loss. It is usually diffi
cult, under clinical conditions, to control each single factor especially when infu
sion therapy is administered simultaneously. 

By continuous monitoring of the hematocrit as marker for blood volume, criti
cal conditions that can occur during excessive filtration, can be recognized in 
time. 

In this way ultrafiltration can be adjusted to the so-called "refilling rate" of the 
blood volume and can be continued at a clinically optimum rate until the desired 
volume is filtered off. 

The apparatus for continuous hematocrit measuring is easily integrated into 
the treatment device and optimizes therapy using alarm limits for blood volume 
change. 

Summary 

Through excessive ultrafiltration and change in osmotic pressure, undesired re
duction of the blood volume can occur during arteriovenous hemofiltration, con
ventional hemofiltration, hemodialysis, and membrane plasma separation. For 
continuous extracorporeal noninvasive monitoring of the hematocrit, a techni
cally simple but sensitive method was developed which is based on simultaneous 
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measurements of electric conductivity of whole blood and ultrafiltrate. Changes 
in the hematocrit during filtration reflect changes in the relative blood volume. 

By using this procedure, filtration can be regulated without risking critical re
duction of the blood volume. 
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Doppler Sonographic Measurement of the Blood-Flow Rate in the 
Extracorporeai Tubing System During Arteriovenous HemofIltration * 
T. Eisenhauer, H. Kaiser, J. Schrader, G. Sold, P. Kramer, 
U. Huttig, F. Scheler, and H. Kreuzer 

Since Doppler ultrasound flow measurement was introduced to medicine [9] and 
was found to be practical for measuring flow rate [3], different modifications were 
quickly developed so that this method of transcutaneous arterial and venous mea
surement of blood flow could, in practice, be increasingly used in patients [11, 12]. 

The method was first used on a large scale by clinical angiologists to evaluate 
vascular diseases, but was soon utilized in the area of nephrology, where function 
and hemodynamic effect of arteriovenous fistulas were of particular interest [8]. 

During spontaneous arteriovenous hemofiltration [6], blood-flow rate can nei
ther be estimated by the speed of roller pumps nor by the drop rate of blood into 
the air bubble catcher. Therefore, a practical technique needed to be found 
promptly whereby blood flow through the hemofilter, besides the filtration rate, 
could be measured as indicator, i.e., ofthe cWse of heparin necessary for anticoa
gulation of the extracorporeal blood circuit [10]. 

* Supported by SFB 89 Cardiology, Gottingen, Federal Republic of Germany 
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Although filtrate volume decreases almost linearly with gradually reduced 
blood flow by clamping the arterial tubing of individual patients, as seen in Fig. 1, 
in clinical practice situations arose where it seemed advantageous to measure 
blood-flow rate separately, such as in the case of (a) determination of filtration 
fraction during arteriovenous hemofiltration, (b) determination of blood-flow 
rate when the filtrate tubing is clamped off, (c) optimum heparinization of the 
extracorporeal system depending on blood-flow rate in bleeding-endangered pa
tients, (d) early detection ofhemofilter clotting. 

Method 

For blood-flow measurement, electromagnetic flowmeters [13] were found to be 
quite accurate. However, the disadvantage of this method is that the extracor
poreal tubing system has to be opened up for the insertion of the cannulating 
measuring probe, risking invasion of bacteria into the blood stream and loss of 
blood. 

It therefore seemed to make sense to use a noninvasive method such as Doppler 
sonography for the measurement of blood-flow rate in the extracorporeal tubing 
system during arteriovenous hemofiltration. Doppler sonography is based on the 
following principle: If a sound wave of particular frequency hits a moving object, 
the frequency of the reflected sound wave changes proportionally to the speed of 
the object, in this case the red blood cells. The mean flow (Q) is given here as func
tion of the tubing diameter (A) and speed of sound in the blood medium (c). 

Q=AxV (1) 

The mean flow, on the other hand, is dependent on emission frequency (fo), on 
reflected Doppler frequency (fn), on the angle of incidence (0() of the ultrasound 
as well as on the speed of sound in the blood medium (c). 

(2) 

Equation (3) follows from Eqs. 1 and 2: 

Q= (A x 1/2Jn/Jo x c xl/cosO(. (3) 

In the extracorporeal tubing system, tubing diameter, angle of incidence (al
pha), and propagation of sound in the blood are constant. The only variable re
maining, therefore, is Doppler frequency relative to flow rate. 

Figure 2 shows the measuring device. 
The supporting fixture for the Doppler transducer was attached to the arterial 

tubing of the extracorporeal system, approximately 50 cm from the proximal tub
ing end. A flat probe with a45° angle (from Meda Sonics) was securely fixed into 
a homemade plexiglas case. A 10-cm long groove, corresponding in size to that 
of the outer tubing diameter, was drilled into the bottom half of the housing. The 
arterial tubing was placed in such a way that, without deforming the tubing, the 
entire inner tubing diameter was in direct contact with the flat probe. At the distal 
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Fig. 2. Hemofilter with extracorporeal arterial and venous tubing. Electromagnetic flow
meter and Doppler flat probe are attached to the arterial line. The flat probe is fixed into 
a plexiglas housing in constant position to the tubing system 

-- . ---

,. a -~ 

Fig. 3. Doppler instrument with flat probe in the plexiglas housing on the upper right and 
electromagnetic flowmeter on the lower right. (The Doppler instrument was on loan from 
the routine diagnostic department, angiology ambulance of the cardiology department) 

end of the arterial line, approximately 20 em before entering the hemofilter, the 
line was opened up and the previously sterilized and calibrated electromagnetic 
measuring probe inserted. 

Both types of measuring devices used for the experiment are shown in Fig.3. 
On the left side a bidirectional Doppler instrument with recorder (from Meda 
Sonics, Mountain View, USA) can be seen, and on the right side is an electromag
netic blood flowmeter (from Gould Statham, P 2204). Both instruments were 
used in parallel for two patients during spontaneous arteriovenous hemofiltra-
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Fig.4. Pulsatile flow curves; top: 
Doppler sonographically regis
tered curve with standard peak 
corresponding to I kHz; bottom: 
electromagnetically measured 
curve 

Fig. 5. Relationship between 
electromagnetically registered 
mean flow and Doppler sono
graphically measured maxi
mum rate in the extracor
poreal arterial line during 
CAVH 

tion. For gradual reduction of the arterial blood flow, a clamp was attached at 
the proximal end of the arterial tubing. 

Altogether 10 double measurements were performed, each at different blood
flow rates. Since it was not possible to obtain mean values from the Doppler in
strument available to us, the Doppler frequency values are given in relationship 
to the values of the electromagnetic flowmeter. Postulating that the curve remains 
the same the maximum flow values from the Doppler signal were compared with 
the mean values of the electromagnetic flowmeter. Maximum flow rate was deter
mined from 10 Doppler so no graphically registered flow profiles and the mean 
flow rate could be read directly from the digital readouts of the electromagnetic 
flowmeter. 

Results 

Figure 4 shows a typical recording of blood flow measurements with Doppler 
sonography standardized to 1 kHz (1000 cycles/s). The shape of the curve was 
nearly identical for both patients and was in good agreement with the electromag-
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netically registered blood-flow curve. By graded clamping of the arterial line, 
mean flow rates of a minimum of 9 ml/min to a maximum of 148 ml/min were 
achieved. The relationship between the electromagnetically measured mean 
blood-flow rate and the Doppler sonographically measured maximum flow rate 
is presented in Fig. 5. There was a linear relationship between both types of mea
surements (2 patients, n= 10 pairs of values) with a correlation of r=0.993 (p 
<0.001). 

Discussion 

Filtration rate and anticoagulation of the extracorporeal system do not solely de
pend on the blood-flow rate [1, 2, 7]. Filtrate output can be affected by deposits 
of blood factors on the membrane surface. Filtration raction can change with in
creased resistance caused by partial thrombosing of the capillaries, or with eleva
tion of the hematocrit and albumin concentration. Therefore separate measure
ment of the filtration and blood-flow rate might occasionally be desirable. 

The development of the easily performable continuous arteriovenous hemofil
tration [4, 5] presented the opportunity to utilize Doppler sonography, which is 
available almost anywhere, for the determination of the mean blood-flow rate in 
the extracorporeal system. 

The advantage of this noninvasive method is, specifically, the indirect blood 
measurement without risk of bacterial invasion or loss of blood. Also, the 
Doppler instrument is generally easy to handle and less expensive than an electro
magnetic flowmeter. 

The goal of this experiment was to demonstrate that Doppler sonographic flow 
measurement in the extracorporeal system is technically possible, and that repro
ducible values can be obtained which are sufficient for practical purposes. The im
mediate disadvantage of the sonographic flow measurement lies in only being 
able to measure indirectly. However, by installing a mean value computer into the 
ultrasound device it is possible, at known tubing diameter, to register the mean 
blood-flow rate directly. 
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Bedside Estimation of Blood-Flow Rate 
P. Kramer and W. Rosenkranz 

There are two clinical situations which require a rough estimation of the blood
flow rate during continuous arteriovenous hemofiltration (CA VH): 
1. Differentiation between various causes oflow filtration rate: Capillary throm

bosis, partial occlusion ofthe vascular access, low blood pressure, high colloid
osmotic pressure, high hematocrit, low blood-flow rate due to inappropriate 
components of the set and unknown changes of membrane permeability. 

2. Suction-assisted CAVH [3] requires blood-flow rates> 100 ml/min for the use 
of the Diafilter-20 (Amicon), otherwise the negative pressure will result in a 
blocking of capillaries by red cell puree with consequent clotting of the extra
corporeal circuit. For the clinically experienced it may be sufficient to fill the 
arterial tubing with saline after occlusion of the arterial three-way valve and 
to observe the blood-flow velocity through the tubing to the hemofilter. With 
an internal diameter of the tubing of 4 mm the front of the blood column 
should move at least 5 cm/s through the tubing after opening the stop cock. 
In hemofilters with a filtration fraction of more than 20% the measurement of 

inlet/outlet hematocrit (HCT vol%) or albumin concentration (ALB g/dl) may 
be used for calculation of the blood-flow rate by means of a formula, which is de
rived from the Fick principle [2]. The Fick principle is based on the conservation 
of material in a three-port system and is the basis for blood-flow measurements 
in many organs. The filtration rate is equivalent to the extraction rate of an in
dicator and the change of hematocrit or albumin concentration is indirectly 
equivalent to concentration change of the indicator (1- Cinlet/Coutlet is equivalent 
to the inlet/outlet concentration difference in the Fick formula). 

Bl d fl ( 1/ . ) _ Filtration rate (mljmin) 
00 - ow rate m mill - 1-HCT, JHC'T' 

mle -'-outlet 
(1) 

Bl d fl ( 1/ . ) _ Filtration rate (mljmin) 
00 - ow rate m mill - i-ALB. JALB . 

mle outlet 
(2) 

The great disadvantage of this method is the small difference between inlet and 
outlet hematocrit or albumin concentration. In our experience the differences in 
hematocrit range between 2 and 5 vol%, whereby the accuracy of hematocrit de
termination is only ± 1 vol%. 
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Fig. I. Schematic illustration of the bedside method for estimation of blood-flow rate 

Therefore, we should like to introduce a simple bedside estimation of blood
flow rate, which is derived from Ohm's law or the Hagen-Poiseulle's equation [1] 
and based on pressure measurements. 

The blood flow in a tubing system is proportional to the pressure drop along 
a stenosis. The blood flow may be calculated if the resistance of the stenosis and 
the viscosity of the blood are known. Practically, the cannula (8-Charr-Vygon
CAVH-catheter) and the first arterial three-way valve are the defined stenosis, 
and the pressure line is connected to the second arterial three-way valve as shown 
in Fig. 1. The pressure drop along the "stenosis" is determined by measuring first 
under free-flow conditions and then after occlusion of the arterial tubing. The dif
ference between the two valves represents more or less the pressure drop or pres
sure gradient. Most of our patients have, for the purpose of intensive supervision, 
an arterial pressure transducer connected to the femoral cannula. In these cases 
it is very simple to estimate the blood-flow rate: The mean arterial pressure is 
taken from the digital display, then the arterial blood line is occluded for more 
than 5 s using thumb and index finger. The pressure increase shown on the display 
is comparable with the pressure drop along the "stenosis." 

In order to simplify the blood-flow estimation, the relationship between pres
sure increase (or pressure drop) along the "stenosis" in relation to blood-flow rate 
and hematocrit was investigated. Figure 2 demonstrates results of studies on the 
blood flow studied under in vivo conditions (37 °C; oxygen and glucose substi
tuted blood; pulsatile blood flow with Harvard-pump-driven membrane heart) in 
relation to pressure drop along the "stenosis" and hematocrit [4]. The Amicon
CAVH set (1983) including Diafilter-20 (0.2 m2 ) and the 8 Charr-Vygon vascular 
catheters were used for the artificial circulation. Systolic, diastolic, and venous 
backflow pressure as well as the flow and pressure profiles were comparable with 
in vivo conditions. 
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Fig. 2. Relationship between blood-flow rate and pressure drop along the arterial cannula 
and the first three-way valve 

Figure 2 displays the results . If the patient has a hematocrit of 30 vol % and a 
pressure drop of 15 mmHg, the estimated blood flow would be clearly over 
100 ml/min. Unfortunately, this "nomogram" has to be renewed, whenever an
other arterial cannula or three-way valve is used. Also, the estimations of blood
flow rate are not valid, if the patient has a severe stenosis proximal to the tip of 
the cannula. Nevertheless, in daily intensive care practice this rough estimation 
of blood-flow rate has proven useful. If the pressure drop is over 15 mmHg, a low 
filtration rate cannot be due to low blood-flow rate and suction may be applied. 
Before suction-assisted CA VH is started one should, however, exclude a stenosis 
of the iliac artery (good peripheral pulses?) and a partial blocking of the cannula 
(rapid filling of a 20 cc syringe?). 
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Fluid and Electrolyte Substitution 

Management of Electrolyte and Acid-Base Metabolism 
with Continuous Arteriovenous Hemofiltration 
W. Wigger, K. Grieben, D. Matthaei, and P. Kramer 

General Aspects 

Continuous arteriovenous hemofiltration (CA VH) is intended to perform the fol
lowing functions as a miniature artificial kidney in the treatment of oligoanuria: 
correlation of overhydration, electrolyte imbalance, metabolic acidosis, and 
uremIa. 

The loss of fluid accompanied by convective removal of electrolytes and uremic 
substances is usually continously replaced with potassium-free Ringers lactate so
lution. The ultrafiltrate concentration of nonplasma protein bound electrolytes 
(Na + , Cl-, K +, P04 - -, HC03 -, lactate -) is similar to that of plasma [5, 8]. In 
Table I concentrations of various plasma and ultrafiltrate electrolytes of patient 
K.D. (Fig. 2) are compared as an example. The ultrafiltrate concentration of cal
cium and magnesium amounts to only 50%-70% of that of plasma. HC03 - de
termination of the ultrafiltrate is oflittle significance since concentration changes 
occur as soon as the ultrafiltrate comes into contact with air because the blood 
pH value is usually higher than the filtrate pH (Fig. 1) which may be explained 
by absence of buffering proteins in the ultrafiltrate and by loss of CO2 • 

For the purpose of balancing acid-base metabolism, it can be postulated that 
the bicarbonate loss during CA VH corresponds to the product of the standard 
bicarbonate of blood x ultrafiltrate volume. Concentration changes in plasma 
are caused by plasma water exchange and can be regulated specifically with vari-

Table 1. Electrolyte concentration in plasma and ultrafiltrate with CA VH and pump-driven 
hemofiltration (20 I in 4 h) of patient K. U. (Fig. 2) 

Electrolyte concentration (meqjl) 

CAVH Pump-driven hemofiltration 

Plasma Ultrafil tra te Plasma Ul trafil tra te 

Na+ 149 147 144 144 
K+ 6.6 6.5 4.8 4.9 
Ca++ 3.8 2.2 4.2 3.0 
Cl- 99 101 105 105 
HCO; 23 24 
Lactate- 3.0 3.1 3.2 3.1 
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Table 2. Composition of different infusion solutions for CA VH, pump-driven hemo
filtration, and for performing forced diuresis. Electrolyte concentrations are given in meq/l 

Standard 
infusion 
solution" 

Na+ 140 
K+ 4 
Ca++ 5 
Mg++ 2 
Cl- 106 
Lactate- 45 
HCO;-

" Sterofundin Braun-Melsungen 
b SH 05 Schi-Wa 
c HF 24 (ESH 142) Fresenius 

Infusion Substitution Substitution 
solution solution solution 
for forced for CAVH b for pump-driven 
diuresis [2] hemofiltration C 

80 142 142 
15 2 

4 4 
1.5 1.5 

75 103 105 
44.5 44.5 

20 
(in 5% glucose solution) 

ous compositions of substitution solutions (Table 2). In contrast to forced di
uresis [2], the infusion solution used for CA VH has to contain electrolyte concen
trations very similar to those of plasma water [4]. 

Overhydration (but neither uremia nor hyperkalemia) can be prevented with 
a 24-h filtrate volume of 3 I including the volume intake for enteral and parenteral 
high caloric nutrition and intake of medications. This allows for administration 
of suitable infusion solutions which have to be given to the patient for "conserva
tive" correction of electrolyte imbalances [1]. 

Metabolic Acidosis 

Sodium bicarbonate (NaHC03 in meq 
0.3). 

Hyperkalemia 

base deficit x kg body weight x 

Sodium, calcium, glucose, insulin (i.e., 200 meq of NaCl, 300 ml 40% glucose 
+ 50 IV insulin, 20 ml 20% calcium-gluconate [3, 6], with simultaneous meta
bolic acidosis NaCH03 has to be added separately instead of NaCI [7]. 

Hyponatremia 

Sodium (concentrated solution with CI- or HC03 - taking into account an extra
cellular space of 20% the body weight for calculation of dose). 

Hypochloremia 

Arginine or lysine-hydrochloride (is dosed as sodium salt concentrate in hypona
tremia). 

These conservative measures, however, have only a short delaying effect. If it 
is not possible to increase the exchange volume, pump-driven hemofiltration or 
hemodialysis have to be used. 
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Control of Hyperkalemia with CA VH 

At pure fluid removal in renal failure, plasma concentrations do not change and 
dangerous elevation of plasma potassium has to be expected. A replacement for 
31 filtrate with potassium-free solution removes, according to Fig. 3, only 15-
20 meq/day of potassium and is therefore inadequate. 

Figure 2 shows the protocol for treatment of an anuric patient with acute renal 
failure, particularly with respect to the relationship between ultrafiltrate substitu
tion volume and change of concentration of uremic parameters. At low volume 
exchange, creatinine and potassium increased and sodium bicarbonate had to be 
administered because of metabolic acidosis. Intervention with pump-driven he
mofiltration at 10 1/4 h was only effective after repeated treatment. With CA VR, 
at 10 l/day, the plasma potassium and creatinine levels could then be maintained 
at approximately 4 meq/l respectively, mg/dl, for more than a week. 

Larger ultrafiltrate substitution volumes are necessary when the acute renal 
failure is the result of a hypercatabolic illness that leads to hyperkalemia, a most 
dangerous early complication of low-flow CA VH. At a plasma potassium con
centration of 6 meq/l,lO 1 ultrafiltrate have to be replaced with a potassium-free 
solution in order to remove the relatively small amount of 60 meq/day potassium, 
as seen in the nomogram in Fig. 3. For these patients, therefore, a high filtration 
rate has to be achieved right from the beginning, and all parenterals as well as 
tube feedings have to be potassium free. 

Accompanying measures are corrections of acidosis (Table 3) possibly through 
gastric juice drainage or administration of ion-exchange resins through a gastric 
tube or as an enema. 
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Table 3. Rules of thumb for potassium metabolism management 

1. Total potassium, 4000 meq (70 kg body weight) 
2. Extracellular potassium, 65 meq (70 kg body weight) 
3. Potassium turnover, normal, 60-100 meq/day (predominantly through urine) 
4. Potassium turnover, renal insufficiency (diet), 30-60 meq/day 
5. Potassium elimination through CA VH (see Fig. 3) 
6. With hyperkalemia less deviation of intracellular K + from the normal value than with 

hypokalemia 
7. Acidosis effects increase in plasma potassium: reduction of pH by 0.1 = increase in 

potassium of '" 0.6 meq/l 
8. Catabolic cell destruction causes plasma potassium increase: 200 g tissue = increase of 

plasma potassium of '" 0.4 meq/l 

In addition, catabolism has to be kept as low as possible by nutrition because 
cell destruction leads to increased plasma potassium in anuric patients (Table 3). 
With extensive traumatic, toxic, or hypoxic cell destruction, CA VH is generally 
overtaxed (destruction of 2 kg tissue results in anuria in a doubling of the plasma 
potassium). In this case, hemodialysis has to be used early unless the fluid turn
over exceeds 20 l/day. 

It should be mentioned, however, that with this high fluid turnover and optimal 
nutrition, hypokalemia and hypophosphatemia are more frequently encountered 
and require appropriate substitution. 

Control of Metabolic Acidosis by CA VH 

For balancing metabolic acidosis, the exchange solution has to be alkalizing. For 
this purpose, lactate with a concentration of 45 meq/l is commonly used. Even 
considering the loss of a total of 150 meq bicarbonate through 121 ultrafiltrate 
per day (standard bicarbonate 12.5 meq/l) the amount oflactate in the substitu
tion solution is sufficient for balancing the base defict of 14 meq/l (Le., body 
weight of 70 kg: 14 meq/l x 211 = 294 meq base deficit; substitution volume of 
10 1: 45 meq/l x 10 = 450 meq lactate minus 150 meq loss ofHC03 = 300 meq 
buffering capacity). 

It is our experience that buffering with lactate, which is entirely degraded to 
bicarbonate, is adequate for large ultrafiltrate substitution volumes (> 10 l/day) 
because of slow and continuous administration. However, for low volume re
placement, as is the case in Fig. 2, sodium bicarbonate has to be added via sep
arate infusion because of its limited solubility in calcium-containing standard so
lutions. During the course of acute renal failure, NaHC0 3 should be substituted 
for protection of the proximal tubule, whereby plasma sodium is kept between 
145 and 150 meq/l and base excess at + 5 meq/l. This in connection with relative 
hydration of the patients is important for protection of the proximal tubule of the 
anuric kidney (see pitfalls of CA VH). 

According to our data, plasma lactate concentration increases during CA VH 
(I21/day) are hardly ever seen even in patients with manifested lactate acidosis. 
For patients with manifested lactate acidosis, lactate therefore does not have to 
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27 individual measurements 

be replaced with bicarbonate until the clinical situation improves. It can be gen
erally stated that with continuous ultrafiltrate substitution of more than 10 ljday 
(45 meq lactate per liter), patients usually end up with an excess of base and that 
lactate input of only 34 meqjl is sufficient for longer-term use ofCAVH; the deg
radation of lactate to bicarbonate is hardly even disturbed. 

We also did not observe an increase in plasma lactate with pump-driven hemo
filtration (10 I per 3 h) with 45 meqjllactate concentration in the substitution so
lution. 

In Fig. 4 the changes of standard bicarbonate during pump-driven hemofiltra
tion (lactate 45 meqjl) are compared with to those of conventional hemodialysis 
(acetate 34 meqjl). Only for fast exchange (20 I in 4 h) with pump-driven hemo
filtration an average increase of 6 meqjl of lactate was noted for eight other pa
tients at the end of treatment but which already normalized during the next 2 h. 

Control of Hypernatremia by CA VH 

Besides the already described CA VH indications typical for uremia, hyperna
tremia, which can be well controlled with minimum volume exchange, should be 
mentioned. The liquor-sodium concentration decrease, contrary to that of the 
plasma concentration, is delayed with forced correction of hypernatremia [1, 6] 
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and poses a specific risk. Despite normalizing of the plasma sodium concentra
tion, worsening of the symptoms can therefore occur due to a cerebral edema. 

For that reason, administration of sodium-free solutions is often not possible 
since patients need to be kept rather dry to avoid brain edema. A therapy-resis
tant increase in plasma sodium with overhydration is occasionally observed after 
hypoxic brain damage. Characteristically, sodium concentrations in the urine are 
low (30-40 meq/l) as recorded in the example in Fig. 5 despite the increase in 
plasma sodium up to 180 meq/l. With the "central nervous" hypernatremia even 
the aldosterone antagonist and the loop diuretic were ineffective. But with 1 1 ul
trafiltrate substituted with 5% glucose solution, we were able to remove as much 
sodium from the patient as he eliminated in 4 1 urine. This way we were able to 
reduce the plasma sodium, continuously in the course of 48 h until it was at nor
mal. 

Other Electrolyte Losses 

Phosphate is eliminated with the ultrafiltrate in plasma-equivalent concentra
tions. Therefore in anuric patients, 10 1 plasma water exchange are sufficient to 
eliminate the necessary amount of phosphate. If a patient can be brought to an 
anabolic state through optimal parenteral nutrition while CA VH is performed 
with a volume exchange far above 10 1 per day, it may become necessary to sub
stitute phosphate and sometimes even potassium. It generally holds true that with 
large volume exchange the danger of overdosage is relatively small since elimina
tion increases parallel with increases in plasma concentration. 

Conclusions 

Based on our experiences we can summarize that independent of the specific sit
uation of anuric patients, the control of fluid and electrolyte balancing is more 
manageable with CA VH and less dangerous than with diuretic therapy or forced 
diuresis in beginning renal insufficiency. With diuretics, urine volume and urine 
electrolyte concentrations can only be regulated very coarsely. With CA VH, the 
electrolyte concentrations of the ultrafiltrate are known because they correspond 
to the plasma concentrations, which are determined routinely, and filtration rate 
can be regulated exactly. Finally, straight fluid removal is still possible at a blood 
pressure where, as a rule, urine elimination ceases. 
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Potential Risks of Large-Volume Intravenous Fluid Therapy 
by Bacteria, Endotoxins, Trace Elements, and Particulate Matter 
F.K. Port 

Continuous arteriovenous hemofiltration (CA VH) has become a well-established 
alternative to dialysis therapy for acute renal failure (ARF) due to the multiple 
major advantages related to CA VH as discussed elsewhere in this book. The con
tinued poor patient survival despite better alimentation, cardiovascular stability, 
and other advantages is an unresolved problem with CA VH. Late unexpected fa
tal complications despite successful maintenance by CA VH occur frequently at 
a time when the patient appears to recover from mUltiple organ failure. This 
puzzling observation was shared by all members of an international panel at a 
symposium on CAVH for ARF at the University of Michigan in March 1984. In 
search for possible explanations for these late complications this chapter will re
view potential problems related to large-volume i.v. fluid administration. 

Filtrate replacement solutions are generally available commercially as 4.5-1 
substitution fluids in Europe or as commercial saline and glucose solutions in 1-1 
bags to which calcium, magnesium, and bicarbonate is added to make up a similar 
physiologic solution as is the case in the United States. Our current formulation 
includes the simultaneous infusion of 1-1 normal saline with 10 mEq calcium 
chloride, 1-1 normal saline with 6 mEq magnesium chloride, 1-1 normal saline 
without additive or with KCl as needed and 1-1 of 5% glucose in water with 
150 mEq sodium bicarbonate. The latter additive may be increased or decreased 
according to the patient's special need. Preparation ofi.v. substitution fluids from 
tap water has been successfully employed in intermittent hemofiltration [1, 2]; 
however, this approach does not appear economical for CAVH because of the 
smaller number of patients treated simultaneously and the lower infusion rates. 

While clinical problems related to large-volume infusates can be due to factors 
such as faulty electrolyte composition or errors in fluid balance, the following will 
address those potential problems that relate to various contaminants in par
enteral fluids. 

Bacteria 

Bacterial contamination of i.v. fluid bags has been studied extensively during 
multiple outbreaks of bacteremia that were due to infected i.v. fluids, particularly 
when glass bottles were used [3, 4]. With intermittent hemofiltration using re
placement volumes of 18-271 during 4-5 h treatments, there have been episodes 
of septic shock and death that were traced to infected infusate solutions in 4.5-1 
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bags. In a survey of 135000 such treatments, septic shock was observed in 0.018% 
leading to death in half of the affected patients [5]. Infusate cultures were positive 
in 87% of these patients. The presence of high levels of endotoxin is likely to have 
occurred with bacterial growth in infusate, particularly for solutions containing 
glucose as a nutrient. We have shown that pseudomonas bacteria inoculated in 
spent dialysate would have a high growth rate and an increase in endotoxin con
centrations 101_104 ng/ml while the growth of the same bacteria in water was as
sociated with no increase in the endotoxin concentration [6]. Contamination of 
commercially prepared solutions may occur during manufacturing and should be 
noted by quality control sampling [7]. Contamination may occur later due to mi
croscopic defects in fluid containers [5]. Bacteria may be introduced during the 
injection of additives to i.v. solutions [8]. Our current practice of using 3 or 4 ad
ditives for each 4-1 infusate, therefore, adds a significant risk. To minimize this 
risk, additives should be injected by the pharmacy personnel using aseptic tech
nique under laminar flow and after such preparation or after connection to infu
sion lines the solutions should not be left at room temperature for more than 12-
24 h [4]. Potential contamination at the bedside during connection or manipula
tion of the infusion set becomes clinically important when the infusion sets are 
left in place for prolonged periods of time [8] as may occur after clotting of the 
hemofilter or with vascular access problems. 

Endotoxin 

Endotoxic shock may develop even in the absence of bacteria. The heparin infu
sion required for CA VH is a potential source for high levels of endotoxin as dem
onstrated in an outbreak of pyrogenic reactions in a hemodialysis center [9]. So
lutions sterilized by bacterial filters with pore sizes as low as 0.04 ~m may contain 
high levels of endotoxin since this polysaccharide is not limited by such a filter. 
Therefore, a sensitive limulus lysate assay should be employed since sterile cul
tures do not rule out endotoxin as a cause for infusion-related fevers. 

Trace Elements 

During manufacturing of parenteral fluids, unwanted trace elements may remain 
in the solution. Commercial substitution fluids for hemofiltration in 4.5-1 bags 
have been analyzed by von Herrath et al. [10]. Their findings include aluminum 
at 30 Ilg/kg which accounts for a daily parenteral dose of 300 Ilg aluminum for 
10-1 replacement fluids. This is somewhat greater than the normal intestinal ab
sorption from an oral dose of 2.2 gm aluminum hydroxide [11], but a clinical sig
nificance for this dose in CA VH is doubtful. Other trace elements found in these 
commercial solutions include (in Ilg/kg) silicium 140, strontium 30, sulfur 977, 
and zinc 153, as well as several other elements [10]. A toxic role for these agents 
is still to be determined. 

Particulate Matter 

The following is a list of the variety of agents which may be infused with par
enteral fluids: 
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Spallation of silicone particles from infusion tubing 
Polyvinylchloride globules 
Diethylhexolphthalate 
Rubber particles 
Asbestos 
Cellulose and other fibers 
Precipitates of salts or medications 
Miscellaneous or unidentified particles 
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Precipitates in parenteral fluids are primarily due to additives or poor solubility 
of drugs. We searched for precipitates due to the simultaneous infusion ofbicar
bonate-containing glucose solution with calcium and magnesium salts in normal 
saline solution, but found no traces when forcing the solution through bacterial 
filters. Furthermore, our measurements of ionized calcium indicated no precipi
tation of calcium carbonate. 

The finding of plasticizers being leached from i.v. bags and tubings by blood 
products and hyperalimentation solutions [12, 13] should be a concern because 
patients on CA VH frequently receive such infusions. Concentrations of plasti
cizers in electrolyte solutions have been much lower, but the large volumes used 
in CA VH may add an important burden. Accumulation of plasticizers in tissues, 
particularly in liver, has been reported but its clinical significance is as yet uncer
tain [12, 13]. 

The United States Pharmacopeia has standards for particulate matter permit
ting fewer than 5 particles of more than 25 Ilm size and fewer than 50 particles 
of more than 10 !lffi size per ml sterile solution [14]. The British Pharmacopeia 
considers smaller particles and allows up to 100 particles> 5 Ilm in size and up 
to 1000>21lm in size, per ml [15]. The list of particles reported in parenteral 
fluids has been shortened over the last one or two decades; however, recent re
ports still include rubber particles, polyvinylchloride globules, asbestos, diethyl
hexolphthalate, fibers including cellulose, and as yet unidentified materials [16]. 
Testing for particulate matter requires the use of in-line filters of certain pore sizes 
and analysis of the filter surfaces [17]. 

An additional source for microparticles may be the blood tUbing. The release 
oflarge numbers of silicone particles from the inner surface of the tubing of blood 
pump segments has been observed in hemodialysis patients [18, 19]. These obser
vations may be significant for CA VH since substitution fluid is usually adminis
tered via pumps attached to the infusion tUbing. The possible spallation of par
ticles from the inner surface of the tubing has not been studied rigorously for i.v. 
infusion sets. 

Clinical Problems Related to Particulate Matter 

The suspected clinical importance of particulate matter has been difficult to 
prove. Several studies using 0.45 and 5.0 Ilm in-line filters showed a markedly re
duced incidence of infusion phlebitis suggesting a relationship to particulate mat
ter [20, 21]; however, other unrelated causes for this complication clearly exist. 
Arterial fiber emboli have been documented in multiple organs of patients follow-
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ing cardiac catheterization or heart surgery [22]. Studies in rats using various sizes 
of inert polystyrene spheres showed that particles of 10 11m size primarily affected 
the lungs, while smaller particles of 4 11m size were found also in liver and spleen 
[23]. In these rat experiments labored respirations were observed following expo
sure to micro spheres even though these micro spheres were inert and produced no 
tissue reaction. 

Spallated particles from pump segments could be observed at autopsy ofhemo
dialysis patients in multiple organs, particularly in liver but also in spleen, lung, 
and other organs [18, 19]. It is important to note that spallation of particles re
mained undetected even though retrospective analysis of autopsy material indi
cates that this problem had existed for many years [24]. The very recent observa
tion of these particles in liver and other organs had not been considered signifi
cant in the initial autopsy reports. One can therefore speculate that patients who 
have multiple organ failures and require CA VH may also have abnormalities at 
autopsy that may be misinterpreted as being insignificant or secondary to the 
multiple primary conditions. 

Preventative Measures 

For trace elements and dissolved chemicals, no preventative measures are avail
able and stricter guidelines for the manufacturing of parenteral fluids may have 
to be considered. 

Regarding bacterial contamination, maintenance of sterile techniques and in
spection of i. v. fluid bags for defects or tears, as well as for clarity of the fluid re
mains an important issue. The 0.2 11m in-line filter is effective for essentially all 
bacteria and fungi from contaminated solutions while the 0.45 11m filter is only 
effective for the majority of bacteria [25]. Bacterial products such as endotoxin, 
however, penetrate this standard filter freely so that endotoxic shock may occur 
even though no bacteria entered the patient. A newly developed in-line filter with 
a high positive charge is capable of absorbing endotoxin from i.v. fluids. This 
membrane is probably effective in withholding endotoxin that may be present in 
large-volume parenterals without exceeding the manufacturer's minimum detect
able endotoxin concentration by limulus lysate assay; however, its capacity for 
heavily contaminated fluids requires further study. Filters of 0.04 11m pore size 
are available but offer no advantage over the 0.2 11m filters because these tighter 
filters are still highly permeable to endotoxin and also to viruses [26]. The optimal 
approach to fluid purification is the use of an additional hemofilter. These hemo
filters have proven effective in withholding both endotoxin and bacteria [1, 2]; 
their relatively high cost, however, is expected to limit widespread application. 

There is a need for detailed studies to consider the potential risk of particulate 
matter in patients with multiple organ failure receiving large-volume parenteral 
fluids. Until studies are available to prove or disprove the risks associated with 
contaminants in large-volume parenteral fluids, the in-line use of the 0.2 11m filter 
with or without the positive charge is capable of retaining particulate matter be
low the controlled size of United States and British standards. For hyperalimen
tation solutions, the use of bacterial filters has been strongly recommended and 
this practice should clearly be continued. 
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It is hoped that future investigation will clarify whether or not the proposed 
precaution of using the in-line filter for bacteria and particulate matter is advis
able. The widespread observation of late unexpected deaths and continued high 
mortality in patients treated with CA VH prompted this recommendation accord
ing to our current knowledge even though a cause and effect relationship has not 
been established. 
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Parenteral Nutrition 

Parenteral Nutrition in Patients with Acute Renal Failure 
Treated by Continuous Arteriovenous Hemofiltration 
V. E. Trapp, A. Kehr, P. Striebel, and P. Kramer 

Enteral Versus Parenteral Nutrition 

Only few patients with complicated acute renal failure (ARF) can be sufficiently 
and safely fed enterally. The main problems of enteral feeding are compiled in 
Table 1. Especially in cases with shock, unconsciousness, stomach or intestinal 
bleeding, diarrhea, large fluid losses, or metabolic disorders, enteral nutrition is 
problematic for various reasons [23, 33]. 

Furthermore, it has to be considered that in more than one-third of patients 
fed through a gastric tube, small amounts of feeding may reflux into the trachea 
in spite of intubation [63]. The advantages of enteral nutrition, namely, binding 
of gastric acid and administration of large quantities of calories with little fluid, 
are of minor importance since the introduction of potent acid release inhibitors 
and because of unlimited parenteral fluid administration available with continu
ous arteriovenous hemofiltration (CA VR). 

During treatment with CA VR, administration of fluid is almost unlimited, to 
the extent that the following warning mentioned in most textbooks is not true 
anymore: "The greatest danger exists in the excessive fluid and electrolyte 
(sodium !) intake that can be particulary deleterious for patients with cardiac and 
renal insufficiency" [60]. For most patients who develop ARF (particularly in 
"multiple organ failure") parenteral nutrition is indicated. It is considered the pri
mary treatment particularly for ARF with gastrointestinal bleeding, hepatorenal 
syndrome, metabolic imbalances, or elevated catabolism, as well as for renal fail
ure caused by cardiac insufficiency [I5]. 

Table 1. Problems of enteral nutrition 

1. Anorexia, nausea, emesis 
2. Enteral tubing not placeable 
3. Pressure lesions or probe ulcers 
4. Aspiration hazard 
5. Digestive insufficiency (i.e. pancreatic insufficiency) 
6. Resorption disorder (i.e. congestive heart failure) 
7. Osmotic overcharge with diarrhoea by hypercaloric nutrition 
8. Perforation hazard after gastrointestinal surgery or injury 
9. Contraindication in patients with ileus 
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Table 2. Advantages of partenteral nutrition 

1. Relief of stomach, pancreas, small and large bowls 
2. Defined administration of calories, substrates, electrolytes, 

vitamins and trace elements 
3. Easy adjustment of nutrition to individual expenditure 
4. Hyperalimentation always possible during CA VH 

Advantages of CA VH for Parenteral Nutrition (Table 2) 

V. E. Trapp et al. 

Early use of CA VH has to be considered when central venous access is necessary 
for administration of hyperosmolar fluids (> 800 mosmolfl) especially in oliguric 
patients. CA VH offers, in addition to practically unlimited infusion volume, the 
possibility for administration of hyperosmolar solutions under optimal condi
tions. Usually the femoral artery and vein are cannulated [38, 39] for CA VH and 
the parenterals are given through the venous return line. (Note: If the parenterals 
are infused into the arterial line, more of the administered substance is lost into 
the filtrate.) Mostly a mixture of 1500 m140% glucose solution and 1000 mllO% 
amino acid solution is infused into the venous return line at infusion rates of 1.5-
2.5 ml/min. 

This solution with an osmolality of 1734 mosmol/l is diluted in the extracor
poreal system with 10 ml substitution fluid and at least 50 ml heparinized blood. 
By mixing the parenteral solution with 60 ml blood isotonic fluid, its osmolality 
is reduced to 345 mosmol/l before entering the iliac vein. Thus, by lowering osmo
lality close to blood isotonic values, vessel damage and thrombosis can be 
avoided. 

In addition, the development of thrombi is prevented by constant infusion of 
heparin. As this is given into the extracorporeal circuit, the heparin concentration 
of the blood flowing into the iliac vein is the highest in the circulation. This cor
responds with the clinical experience that occluding thrombi of the femoral vein 
occur only seldom even after the catheter has been in place for several weeks. 

Amino Acid Loss by CA VH 

The values of serum and ultrafiltrate concentrations of 20 different amino acids 
(essential and nonessential) including the metabolic product 3-methyl-histidine 
are compared in Fig. I. The points in the graph are predominantly grouped 
around the identity line. Only glutamic acid and tryptophane concentrations are 
significantly lower in filtrate than in serum. Based on these results it can be pos
tulated that the loss of most of the amino acids correlates directly with the serum 
concentration and the filtration rate. 

Serum concentrations and loss of different amino acids with the filtrate are 
compiled in Table 3. The patients received 100 g amino acids per day as constant 
infusion. The total loss of free amino acids was about 2 g per day. It is estimated 
that an additional 2 g amino acids are lost in a conjugated form or as peptides 
[37]. Compared with the administered amount, the total loss is negligible. With 
increased parenteral amino acid administration the serum concentrations of most 
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Fig. I. Comparison of serum and filtrate concentrations of 20 different amino acids and the 
metabolic product 3-methy1histidine. Each point represents two mean values of 12 single 
measurements 

amino acids were elevated proportionally. This is demonstrated in Fig. 2 with ala
nine, threonine, methionine, and glutamine. The administered amino acid solu
tion contained neither glycine, serine, asparagine, glutamine, nor glutamatic acid, 
and yet the concentration of these amino acids did not fall. The sharp increase 
in glycine may be due to the large amount of alanine given with the amino acid 
solution. 

Amino Acid Loss by Hemodialysis and Pump-Driven Hemofiltration 

Under conditions of intermittent hemodialysis, several authors noted losses of 
amino acids of 2-40 g during 6-12 h [2S-27, 36]. Detailed examination of the 
amino acid loss during hemodialysis showed that 3.8 g free essential, 0.9 g conju
gated essential, 8.7 g free nonessential, and 6.9 g conjugated nonessential amino 
acids were lost [2S]. 

Correspondingly, a fall of serum amino acid concentrations was noted during 
hemodialysis [S8]. Serum amino acid concentration also decreased by pump
driven hemofiltration in dogs [SO]. 

Hemodialysis is more effective for removing small molecules like amino acids 
(mol. wt. 7S-240 daltons) than is hemofiltration. Elimination of amino acids in
creases as in CAVH proportionally to serum in the concentration [36]. In chronic 
hemodialysis patients, the total loss of amino acids was estimated to be 3%-4% 
of the intake [61]. 

Amino Acid Metabolism in ARF 

In ARF different and partly contradicting changes of amino acid metabolism 
were observed. On the one hand, amino acid mobilization from the muscle tissue 
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Table 3. Mean plasma concentration and elimination of essential (EAA) and non-essential 
(NEAA) amino acids by CA VH (24 h-filtrate volume of 5-81) in patients with acute 
renal failure (n= 7) during administration of 100 g amino acids (EAA 41 %), Aminosteril R 
(Fresenius) 

Initial value After 24 h Elimination 
/lmol/I /lmol/I /lmol/24 h mg/24h 

EAA 
Isoleucine 64.8± 23.8 65.0±26.9 457± 356 60.0± 43.3 
Leucine 120.7± 25.5 118.4±48.2 752± 575 98.6± 75.4 
Lysine 180.6± 19.6 194.0±33.7 1249± 860 182.6± 125.7 
Methionine 39.1 ± 10.9 48.4±36.2 476± 566 71.0± 84.4 
Phenylalanine 127.1 ± 30.3 131.6±41.1 
Threonine 99.6± 21.2 114.0±31.2 692± 514 82.5± 61.2 
Tryptophan 29.8± 17.4 32.9± 18.4 81 ± 81 16.5± 16.2 
Valine 230.0± 34.0 242.1 ±87.1 1680± 1311 196.8±153.6 

"Semi-essential amino acids" 
Arginine 91.4± 39.8 94.9±29.4 463 ± 339 80.7± 59.0 
Histidine 83.0± 13.9 88.4±26.7 593± 417 92.1 ± 64.7 

NEAA 
Alanine 241.4± 39.4 258.4±78.8 1570± 1278 139.8 ± 113.9 
Asparagine 18.3± 6.5 22.6± 15.9 133 ± 86 17.6± 11.3 
Citrulline 26.1 ± 13.9 34.6+20.3 162± 80 28.4± 14.0 
Cystine 44.1 ± 44.6 36.1 ±40.7 592± 491 143.0± 118.1 
Glutamine 294.0± 60.4 340.0 ± 92.4 2577± 1838 376.6 ± 268.6 
Glutamic acid 74.6± 41.9 79.3±51.3 155± 154 22.8± 22.6 
Glycine 343.6 ± 303.3 284.9±73.9 151O± 1149 113.3± 86.2 
Ornithine 127.1 ± 30.3 93.9±37.5 381 ± 261 50.3± 34.5 
Serine 61.9± 14.7 60.6± 7.3 357± 243 37.5± 25.5 
Tyrosine 68.4± 19.7 60.0± 10.7 445± 333 80.6± 60.4 

EAA (free) total elimination 639* 
NEAA (free) total elimination 1043 

* Without phenylalanine 

is enhanced [29], on the other hand, insulin-mediated amino acid uptake is re
duced [5]. Increase of hepatic gluconeogenesis was reported [22]. Furthermore, an 
elevation of the serum concentrations of phenylalanine, cystine, methionine, and 
a moderate decrease of histidine was observed [16]. Elimination was prolonged 
for glutamic acid, proline, phenylalanine, and ornithine, and was shortened for 
histidine. The turnover rate was lower for asparaginic acid, glutamic acid, proline, 
and branched-chain amino acids, but higher for glycine, methionine, and lysine 
[17]. However, there are authors who believe that no characteristic amino acid 
pattern occurs in ARF [3]. 

Fig. 2. Serum concentrations of five different amino acids before and behind the hemofilter 
and in the filtrate of a patient during CA VH and an increasing amino acid infusion rate 
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Amino Acid Requirements in ARF 

Contrary to the formerly usual protein or amino acid restriction for patients with 
ARF [31, 33,40], we now tend to give generous amounts of high grade nitrogen 
substrates preferably as mixed amino acid solutions. With a large supply of all 
amino acids, the body should have sufficient substrate for protein synthesis. It can 
be assumed that at most 5% of the infused amino acids were lost with the ultra
filtrate during CA VR. Thereby the amino acids which are retained in ARF have 
the highest elimination rates. Since amino acid filtration increases proportionally 
with serum concentration, the possibility of metabolic disturbances by retention 
of certain amino acids is minimal under CA VR. 

There are further reasons to disregard the danger attributable to particular 
amino acids. Even in healthy individuals considerable fluctuations of the amino 
acid concentrations can be observed depending on age, sex, time of day, and food 
intake. Occasionally, side effects were noticed with administration of incomplete 
amino acid solutions. In children with ARF, hyperalimentation with exclusive in
fusion of essential amino acids caused hyperchloremic acidosis with high blood 
ammonia values. 

These changes were improved using complete amino acid solutions [52]. An in
crease in blood ammonia was also noted in adults if the amino acid solution did 
not contain L-arginine [19]. 

Various authors have proposed complete amino acid solutions for ARF pa
tients treated with other renal replacement therapy [30, 35,45,46]. For this treat
ment, a ratio of essential to nonessential amino acids of2: 1 to 3: 1 is recommended 
because a better nitrogen balance can be achieved with this mixture [30, 46, 56]. 

Since the intermediate amino acid metabolism is disturbed in ARF, the synthe
sis of nonessential amino acids from essential amino acids may be limited. Non
essential amino acids, however, are necessary for synthesis of high grade proteins; 
for healing processes and for optimal resistance against infection, a high amino 
acid intake of 1.3-2.1 gjkg body weight per day is required [10, 41]. Nutrition with 
sufficient high-grade nitrogen substrates resulted in a higher rate of survival and 
earlier recovery of kidney function [1, 2, 9]. 

Nitrogen Elimination and Amino Acid Administration 

With high nitrogen turnover, 90% of the eliminated nitrogen is urea nitrogen. 
This proportion may fall to 50% with low protein nutrition [18]. Urea can be re
garded as a relatively nontoxic degradation product of the protein metabolism. 
Patients with ARF show the same improvement of uremic symptoms irrespective 
of whether they were treated with urea-containing or urea-free dialysate [51]. 

Chronic uremic patients improved with hemodialysis even when the blood urea 
concentration was maintained at 200-300 mgjdl. When the urea concentration 
exceeded 200-300 mgjdl these patients tended to feel ill, exhausted, and itchy, had 
headaches, suffered from vomiting, and exhibited a tendency to bleeding [28, 
31]. 

Generally, urea can be considered a mild uremic toxin especially when high 
amino acid intake causes the high plasma concentration of urea. In ARF blood 
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Fig. 3. Nomogram for the determination of nitrogen elimination as urea derived from BUN 
and 24-h ultrafiltrate volume. By means of the nomogram one is able to read the amino 
acids equivalent for the eliminated amount of nitrogen. An example is drawn where the 24-
h ultrafiltrate volume is 10 I and the BUN is 130 mgjdl. Under these conditions the patient 
would have eliminated 27.5 g urea or \3 g nitrogen. For compensation of this nitrogen loss 
81 g amino acids should be infused. (For total nitrogen loss, see details in text) 

urea nitrogen (BUN) should be kept below 150 mg/dl (during CAVH). However, 
if this is achieved through restriction of amino acid intake it is predominantly a 
cosmetic intervention because the proportion of other uremic substances like gua
nidines, amines, indoles, and phenols will not decrease with the inevitably increas
ing catabolism. 

It is generally true that the ratio of urea to pure aromatic amines, phenols, and 
monosubstituted guanidines is significantly higher for ARF than for chronic 
uremia [42]. Concentration of these substances can only be lowered through effec
tive hemofiltration but not through reduced amino acid administration. In case 
of doubt it is better to accept a higher BUN rather than insufficient amino acid 
administration. Nitrogen elimination by CA VH corresponds approximately with 
the product of BUN and ultrafiltrate volume. 

The nomogram in Fig. 3 permits an estimation of the daily output of urea and 
urea-nitrogen as well as the lowest amount of amino acids, which should be ad
ministered for compensation of nitrogen loss. 

To the nitrogen, which is eliminated as urea with the uitrafiltrate, about 2 g 
have to be added, which are eliminated with the filtrate in the form of other ni
trogen-containing substances like amino acids, peptides, amines, creatinine, etc. 
[37]. Besides that, the loss of nitrogen through feces (about 2 g) and through per
spiration (about 1 g) has to be taken into account. 

Assuming a filtrate volume of 10 l/day and an average BUN of 150 mg/dl a pa
tient would eliminate a total of 13 g urea-nitrogen (Fig. 3). For compensation of 
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the other nitrogen losses this patient should receive 30 g amino acids (5 g ni
trogen) in addition to the 80 g shown on the scale. (Clinical practice has shown 
that the analysis of ultra filtrate and all other drainage fluid for nitrogen by means 
of Kjeldahl's method is a more accurate method for determination of the nitrogen 
balance. Only with CA VH - and not with other intermittent treatments - reliable 
data for a controlled parenteral nutrition can be obtained.) 

With the high amino acid intake (as recommended above), the ratio between 
BUN and plasma creatinine exceeds 15, but this must not be interpreted as an ex
pression of severe catabolism. With chronic uremic patients this value increases 
from 3.4 to 8.6 if protein intake is improved from 20 to 60 g/day [65]. 

Energy Requirement for Anabolic Amino Acid Utilization 

To prevent the infused amino acids being used more than normally as fuel, other 
energy carriers, preferably in the form of glucose, have to be given in large 
amounts. For anabolic utilization of amino acids most authors recommend a ca
loric intake of 125-200 kcal/g nitrogen [20, 21, 24, 54]. The weight ratio of carbo
hydrates to amino acids should be between 5: 1 and 8: 1 (1 g glucose = 4.1 kcal, 
1 g amino acids = 0.16 g nitrogen). 

2200 

2000 -

1800 

"0 i 1600 

c 
.2 1~00 
Vl 
:> 

:::j 
600 

:s 1200 _ 500 
~ '" <J\ 

§ 1000 
a 

800 -

600 

400 

200 

~ 
1.00 

300 

200 

100 

1100 110 

1000 100 

900 90 
~ 

800 ~80 -
c o 

700 - .~ 70 

." 
~ 600 ·E60 
] ~ 

500 .~ 50+-----1-

Large requ irement ARF Basic requirement 
of AA and energy CAVH of AA and energy 

- 4 t-t7r~~ 

400 40 

300- 30 

200 20 

100 -

Fig. 4. Nomogram for quick determination of the necessary infusion of amino acid solution 
(10%) and glucose solution (40%) based on an energy intake of 50 kcaljkg of body weightj 
day for intensive-care patients with acute renal failure (ARF) treated by continous arterio
venous hemofiltration (CA VH). The values for basic and high energy requirement are 37 
or 74 kcal/kg of body weight/day, respectively. (For further details, see text) 
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The protein or amino acid requirements can amount to twofold the daily en
ergy expenditure in patients after trauma or surgery. The maximum turnover of 
essential amino acids is reported to be 2.1 g/kg body weight/day [15]. In order to 
achieve a positive nitrogen balance in hypercatabolic patients without ARF, 2 g 
amino acids/kg body weight/day are given together with sufficient energy [48]. 

In Fig. 4 (nomogram) the high ratio of 1:8 of amino acids to glucose was chosen 
to keep the amino acids oxidation as low as possible. In reference to Lee [46], our 
nomogram depicts three different degrees of energy supply recommended for nu
trition of ARF patients: 
1. Basic energy requirement of 37 kcal/kg body weight/day with a nitrogen turn

over of 5-10 g/day (i.e., ARF by cardiac circulatory failure or acute pancreati
tis) 

2. Average energy requirement of 50 kcal/kg body weight/day with a nitrogen 
turnover of 10-15 g/day in patients treated with CAVH (i.e., ARF after me
dium-severe surgery, trauma, intoxication, and on ventilation therapy) 

3. High energy requirement of 74 kcal/kg body weight/day represents a nitrogen 
turnover of more than 15 g/day (i.e., ARF as complication of poly trauma, sep
sis, burns, cerebral trauma) 

After grouping the patients, the necessary amino acid and glucose requirement 
can be determined from the nomogram in the relation to body weight. Usually, 
a mixture of600 g glucose (1500 m140% glucose) and 100 g amino acids (1000 ml 
10% amino acid) is infused during the first 24 h at a lower rate. In addition, fat 
emulsions may be given for reduction of nitrogen loss [6]. 

Infusion of Various Energy Carriers 

Because of some particularities of carbohydrate metabolism in uremia, exclu
sively glucose is recommended as carbohydrate-fuel in ARF [43]. Glucose substi
tutes, such as fructose, xylose, and sorbite, should not be used since metabolism 
disturbance (i.e., lactacidemia) may occur. Furthermore, the metabolic pathways 
of glucose are known better and the cellular uptake as well as the oxidation can 
be influenced by insulin. In addition, glucose can easily be measured in blood and 
urine. Since glucose tolerance is often reduced in patients with ARF, and large 
amounts of glucose have to be administered, it is sometimes necessary to give 
more than 300 IU of insulin/day (12 IU /h) using an accurate syringe pump [4]. 
The insulin infusion rate is adjusted so that blood glucose does not exceed 
250mg/dl. Because of very low serum concentration (10-30 !-lU/m!) and because 
of albumin binding, insulin loss with the filtrate (maximal 1 IU/day) is minimal 
[37]. 

The loss of glucose with the filtrate is relatively small. According to Fig. 5 only 
19 g glucose were lost during infusion of 600 g per day. Since the glucose concen
trations are identical in plasma and filtrate, elimination rate varies with blood glu
cose values. Even with a rather high volume exchange (i.e., 151/day) and a high 
blood glucose (i.e., 400 mg/dl) only 60 g or 10% of the infused amount are lost. 

Some authors found fatty changes of the liver after 8-14 days of hypercaloric 
carbohydrate-rich nutrition [11, 12,49]. Otherwise it could be demonstrated that 
by infusing fat in the order of 5% of the total caloric requirements, carbohydrate-
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Fig. 5. Comparison between glucose and 
amino acid infusion and loss through fil
trate 

induced fatty changes of the liver could largely be avoided [7, 62]. With an energy 
requirement of 3000 kcal/day, 150 kcal as fat (l g fat = 9.3 kcal) corresponding 
to 150 ml of a 10% fat emulsion, would cover the minimum need. We recommend 
giving 250 ml of a 10% fat emulsion continuously during 24 h. 

This quantity contains the daily requirements of 8 g essential fatty acids neces
sary for reparative processes, especially for formation of biological membranes 
[8, 57, 64]. Together with this lipid emulsion, fat-soluble vitamins can be in
fused. 

Endogenic lipolysis and fat oxydation [55] as well as protein degradation are 
inhibited by high plasma levels of insulin [65]; both effects are desirable. 

Substitution of Electrolytes, Vitamins, and Trace Elements 

Calcium and magnesium are contained in the usual substitution solution (calcium 
2.0, magnesium 0.75 meq/l) and should replace the expected losses. (For substi
tution of potassium see the article by Wigger et aI., this volume.) 

Phosphate 

Since the substitution fluid does not contain phosphate it has to be substituted 
occasionally. With CAVH 200-800 g phosphate are eliminated per day. Renal 
failure usually results in an increase of plasma phosphate but with continuous 
elimination by CA VH concentration of inorganic phosphate may drop consider
ably [8] particularly if patients are brought to a state of anabolic metabolism. 

In cachectic patients, severe hypophosphatemia often occurs especially when 
hyperalimentation is accomplished with amino acids and glucose [14]. Carbohy
drate-induced elevation of phosphorylation and increased formation of inorganic 
phosphorus compounds are believed to be the cause [17]. Severe hypophos-
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Table 4. Practical suggestions for the parenteral nutrition in ARF treated by CA VH. 
Substitution of the ultrafiltrate with potassium-free Ringer lactate solution (Na + 142, 
Ca++ 2, Mg++ 0.75, Cl- 103, lactate- 44.5mg/l) 

Energy requirement Low Medium Significantly 
elevated 

kcal/24h 2584 3140 4360 
kcal/kg body weight/24 h 39 48 67 
Amino acids [g/kg body weight/24 h] 1.2 1.5 2.3 

Glucose 40% a [ml] 1250 1500 2000 
Amino acids (AA) 10% b [ml] 850 1000 1500 
with EAA: NEAA ~ 1 : 1 without electrolytes, without carbohydrates 
Fat emulsion 10% c [ml] 200 300 500 
Fat soluble vitamins e 1 Amp. I Amp. 1 Amp. 
Water soluble vitamins e 1 Amp. I Amp. 1-2 Amp. 
Trace element mixture r 1 Amp. 1 Amp. 1 Amp. 
Potassium-malate (or poss. KCL, KP04) according to serum level 
Glucose I-Phosphate (or Na-Phosphate) according to serum level 
Insulin g separate with pump according to blood glucose 

Glucose [g/24 h] 500 600 800 
Fat [g/24h] 20 30 50 
Amino acids [g/24 h] 85 100 150 
AS/total calories 1 :7.9 1 :7.7 1: 7.1 
Total volume [ml/24 h] 2330 2830 4040 
Infusion rate [ml/h] 87.5 104.2 145.8 

a No fructose, no glucose substitutes 
b EAA Braun, EAA Pfrimmer, KE Nephro, Fresenius (EAA 92%), Aminomel L 10 

without carbohydrates, Salvia Boehringer Mannheim (EAA 44.6%), Aminosteril KE 
10% Fresenius Homburg (EAA 41 %), Aminoplasma L 10%, B. Braun Melsungen 
(EAA 39.2%) 

c Intralipid 10% Vitrium, Deutsche Kabi Munchen, Lipofundin S 10%, B. Braun 
Melsungen 

d Vitintra Adult, Deutsche Kabi Vitrum GmbH Munchen or Vitalipid 
e Soluvit, Deutsche Kabi Vitrum GmbH Munchen 
r Addamel 
g Soluble insulin, i.e., Actrapid Novo, Altinsulin Hoechst 

phatemia, however, may cause fungal and bacterial infections [14]. Quaddok et 
al. demonstrated a 50% reduction of chemotactic, phagocytic, and bactericidal 
activity of the leukocytes by reduced ATP concentration [14]. Besides that, at low 
phosphate levels, the survival time of thrombocytes is reduced to 25% and periph
eral O2 release is reduced through decreased erythrocytic 2,3-diphosphoglycerate 
and ATP concentration [34, 47]. Lowered ATP concentration may lead to a de
crease in cardiac output through impaired energy supply. This can be particularly 
disadvantageous in patients with ARF because of cardiac insufficiency. For these 
reasons it is necessary to monitor plasma or ultrafiltrate values of inorganic phos
phate regularly in patients on CA VR. Substitution of glucose-I-phosphate 
should be preferred, as the carrier glucose needs not to be taken into account. 
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Vitamins (Table 4) 

The exact daily vitamin requirement for ARF patients is not known [24] and 
therefore different doses of the various vitamins are used [20, 21, 24, 53, 54]. 

It is recommended that the same dose of vitamins should be administered as 
is administered to patients with other diseases who are on parenteral nutrition: 
1 amp. of water-soluble and 1 amp. of fat-soluble vitamins per day. The loss of 
vitamins through CA VR can be considered negligible. On the other hand, it can 
be assumed that with increased retention of a certain vitamin, elimination 
through CAVR increases. proportionally. 

Trace Elements 

In patients with ARF, essential trace elements are certainly iron, iodine, cobalt, 
zinc, copper, and probably also chromium, manganese, and fluoride [24]. Since 
trace elements are predominantly found protein bound and in low plasma con
centrations, only a small quantity is lost during CA VR. The usual amount of a 
trace elements mixture is adequate and should be given in patients on prolonged 
total parenteral nutrition. 

Practical suggestions for performing total parenteral nutrition in patients with 
ARF on CA VR are compiled in Table 4. 
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Energy Balance and Survival in Patients with Acute Renal Failure 
J. R. Mault and R. H. Bartlett 

Introduction 

The metabolic management of acute renal failure (ARF) is an ongoing battle of 
medical economics. While the nutritional demands of ARF patients are typically 
elevated with multisystem failure and hemodialysis, fluid restrictions and the 
stress of frequent dialysis preclude administration of adequate nutrition. Con
fronted with a dwindling supply and increased demands, these patients utilize 
body stores to pay the balance. However, as carbohydrate reserves are depleted, 
more and more endogenous protein must be catabolized to supply the energy re
quirements. Urea is now generated at a faster rate, requiring more frequent hemo
dialysis. Administration of nutrition, especially protein, is even further restricted 
in hopes of minimizing urea generation. It is obvious that this scenario leads down 
a dark path. 

With the advent of continuous arteriovenous hemofiltration (CA VH), the 
above-described situation may be avoided. Studies conducted by Kramer et al. 
[1-3], and others [4-6], have shown that CAVH is a safe and effective means of 
managing uremia and fluid balance, continuously, without hemodynamic insta
bility and fluid restriction. ARF patients can now receive an unlimited amount 
of nutrition when treated with CA VH. However, it should be kept in mind that 
too much nutrition may also cause problems [7]. Assessment of nutritional re
quirements is therefore necessary to determine an "optimal" amount. 

In this chapter, we will discuss various clinical methods of determining energy 
and protein requirements. The results of studies of energy and protein balance in 
ARF will also be reveiwed. 

Assessment of Metabolic Demands 

The amount of energy required to maintain basic bodily functions is known as 
the basal metabolic rate (BMR) and is expressed in joules or kilocalories per day. 
The BMR has a precise relationship with age, body size, and gender, and can be 
estimated from nomograms based upon these parameters [8]. While such nomo
grams may accurately predict the energy requirements of healthy, normal sub
jects, the metabolic rate of any given patient may significantly differ according 
to clinical circumstances. Because the metabolic rate has been shown to increase 
with sepsis, operation, and hemodialysis, in addition to the type and severity of 
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disease, actual measurement of some metabolic parameter will enhance clinical 
judgement. A parameter which takes these changes into account is called the rest
ing energy expenditure (REE) and is expressed as kilocalories per day. 

Clinical measurement of REE is accomplished primarily through indirect 
calorimetry. Indirect calorimetry is based upon direct measurement of oxygen 
consumption (V02) and the stoichiometry of basic catabolic pathways to deter
mine the actual energy expenditure. Having measured V02, the metabolic rate is 
derived using the formula: 

REE = V02 (t/min) x 5 kcal/l 02 consumed x 1440 min/day. 

The respiratory quotient may be determined by taking the measurement of car
bon dioxide production (VC02) and dividing that by the oxygen consumption. 
Each energy substrate produces a different respiratory quotient according to the 
stoichiometry . 

In the clinical setting, oxygen consumption can be determined by closed-circuit 
rebreathing spirometry, mixed-exhaled gas analysis, or it can be calculated 
through the Fick equation. 

Closed-circuit rebreathing spirometry is based upon circulation of oxygen from 
a reservoir to the subject, then through a carbon dioxide absorber and back to 
the reservoir. Assuming no leaks within the closed rebreathing circuit, the net vol
ume loss over time equals the oxygen consumption. Exhaled VC02 is also mea
sured in-line before absorption by the calcium hydroxide scrub. This system per
mits accurate and continuous measurement of gas exchange on spontaneously 
breathing or mechanically ventilated patients at any inspired oxygen concentra
tion and is the method of choice. A closed-circuit rebreathing device of this type 
has recently been described [9]; see Fig. 1. 

Mixed-exhaled gas analysis allows measurement of oxygen consumption by 
subtracting expired volume and oxygen concentration from inspired oxygen con
centration and volume. Carbon dioxide production can also be determined by 
this method. While mixed-exhaled gas analysis is simple and accurate for study 
of normal subjects, it is unsuitable for patients on supplemental oxygen or me
chanical ventilators. This is due to variation of the inspired oxygen concentration 
and compression of gases from breath to breath. 

Finally, oxygen consumption may be calculated through the Fick equation by 
measuring arterial and mixed-venous oxygen content and cardiac output using 
the formula: 

V02 = A- VD02 x CO. 

The oxygen consumption values obtained through this equation are only approxi
mations, at best. The numerous assumptions inherent to thermal dilution and dye 
cardiac outputs and calculation of oxygen content result in a large standard error 
in the final value. In addition, this technique does not measure VC02. On the 
other hand, a Fick-calculated oxygen consumption will allow the practitioner to 
distinguish between specific ranges of energy requirement and is considered a 
more accurate means of assessment than is the use of nomograms for critically 
ill patients. 
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pneumatic expiratory value (not shown) is included in the PEEP valve. From Bartlett et 
al. [9], by permission, C. F. Mosby Company 

With the introduction of CA VH, quantitative measurement of protein catab
olism in ARF has been simplified. In patients treated with CA VH, calculation of 
the urea generation rate (G) is done by measuring the nitrogen content in 24-h 
collections of ultrafiltrate, nasogastric suction, wound drainage, urine, etc., while 
accounting for changes in blood urea nitrogen and fluid balance. The protein 
catabolic rate (PCR) is then calculated using the formula: 

PCR = (9.35 x G) + 11. 

The units for PCR are grams of protein (or amino acids) catabolized over the pe
riod of measurements [10]. 

Once the energy and protein requirements have been determined, the final task 
in sound nutritional management is to maintain a balance ledger. Daily caloric 
and protein balances should be tabulated by subtracting the amount catabolized 
from the amount administered. Cumulative energy and protein balances are cal
culated by adding consecutive daily balances. (Note: The objective of nutritional 
therapy is to prevent breakdown of endogenous protein and promote protein an
abolism; therefore, protein should not be considered an energy substrate when 
tabulating the caloric balance.) 

Studies of Nutritional Balance in ARF 

Previous investigators have concluded that much of the morbidity and mortality 
of ARF patients may result from inadequate metabolic care and poor nutrition 
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Fig. 2. The relationship between cumulative caloric balance (CCB) and outcome. Survival 
of acute renal failure patients in negative CCB was 10% while 56% of patients in positive 
CCB survived the acute episode. Of the seven survivors, four were polyuric and three were 
anuric. From Mault et al. [13], with permission 

in their management. Asbach [11] studied nutritional support for ARF by admin
istering carbohydrates and protein with frequent dialysis. Although caloric bal
ance was not measured, the degree of protein catabolism in the study patients 
could be distinctly reduced by increasing caloric support. 

In a controlled double-blind study, Feinstein [12] provided 1300-3500 kcaljday 
to ARF patients in comparing different glucose and amino acid solutions. Al
though energy balance was not measured, several important relationships be
tween energy intake, catabolism, and final outcome were defined in this study. 
Energy intake (in kcaljkg) was significantly higher in those patients whose ARF 
resolved. Also, most patients were severely catabolic and required large amounts 
of calories and protein to counteract or reduce the catabolic effects of the disease 
and enhance protein anabolism. 

Using a closed-circuit rebreathing apparatus, we have conducted a study relat
ing energy balance to outcome in ARF [13]. In the 2-year course of this study, 
67 patients were treated for ARF in the surgical ICU. Thirty-seven of these pa
tients survived the acute episode (were discharged from the SICU) resulting in a 
55% rate of survival; 29 of these 67 patients were selected for detailed metabolic 
studies. This study population was characterized by multiple organ failure and ex
tended mechanical ventilation with or without sepsis. When indicated, uremia 
was treated by hemodialysis in this study. The results of this investigation iden
tified a strong correlation between cumulative caloric balance (CCB) and survival 
of the acute episode. Of the 29 patients studied, 20 completed the study in negative 
CCB and two of these patients survived (10%); whereas, nine patients ended the 
study in positive cumulative caloric balance and five of these nine survived (56%). 
The difference in survival between the two groups was statistically significant us
ing Chi-square analysis (P < 0.01); see Fig. 2. Also, CCB of survivors was signifi
cantly higher than of patients who died (P < 0.05). The mean CCB of survivors 
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was positive, averaging + 1800 kcal, while mean cumulative caloric balance of 
patients who died was negative, averaging -6000 kcal (see Fig. 3). No difference 
existed in the amount of calories and protein given to either group. In this study, 
it was also observed that the metabolic rate of these ARF patients was elevated 
35%--40% above the normal range, thus making it even more difficult to main
tain these patients in positive energy balance. Protein balance was not measured 
in this study. 

The timing of nutritional support may be equally important. In a study of gen
eral critical illness, including ARF, patients were matched according to diagnosis 
and divided into positive (n = 27) and negative (n = 35) balance groups based 
on their cumulative caloric balance on day 7 (Kresowik T. F. and Bartlett R. H. 
unpublished findings). The overall survival of the positive balance group was 
74%, while the negative balance group was 46% (P = 0.025, Chi-Square). 

CA VH and Nutritional Balance 

CA VH appears to be the treatment of choice for providing optimal nutrition to 
ARF patients. While the hemodynamic instability and hypermetabolism associ
ated with hemodialysis often preclude aggressive nutritional therapy, CA VH of
fers several advantages which facilitate effective nutritional management. Unlike 
the hypermetabolism induced by hemodialysis [14], we have seen no increase in 
oxygen consumption directly attributable to CAVH. Others [1~6] have also re
ported an absence of hemodynamic instability as a direct result of CAVH (ne
glecting errors in managing fluid balance). Amino acid losses through CAVH [15] 
are insignificant compared with what is commonly seen with peritoneal dialysis. 
These considerations, in addition to continuous control of fluid balance without 
fluid restrictions demonstrate that CA VH is a powerful tool for providing nutri
tion to ARF patients. 
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In the first seven patients we have treated with CAVH, all were easily main
tained in positive daily and cumulative caloric balance. Interestingly, the protein 
catabolic rate of these patients averages 80-100 g per day, illustrating the cata
bolic state of these patients. Because of the versatility in managing fluid balance 
with CA VH, hyperconcentrated glucose and lipid "renal" formulations are no 
longer necessary. 

Conclusion 

As we search for the answer to illuminating the dark paths these ARF patients 
have encountered in the past, nutritional management is receiving serious atten
tion. It is now well established that the nutritional requirements of these patients 
are much above normal. At the same time, there is an obvious need for accurate 
assessment of nutritional requirements. Of the several methods available, closed
circuit rebreathing spirometry is the most versatile and accurate. Maintenance of 
positive energy and nitrogen balance, which has been associated with increased 
survival and decreased protein catabolism, should become a primary objective in 
nutritional management. Energy administration is recommended at a level of 
REE + 200-300 kcal/day. Protein should be supplied to maintain positive ni
trogen balance plus some surplus which is as yet to be determined. Early nutrition 
may also be crucial in the final outcome of these patients. 

CA VH is a safe and effective means of accomplishing the nutritional objectives 
described above. Continuous control of fluid balance without fluid restrictions, 
hemodynamic instability, or hypermetabolism make CA VH an ideal supportive 
therapy for nutritional management of acute renal failure. 
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Drug Dosage 

Drug Dosage in Patients on Continuous arteriovenous Hemofdtration 
K. W. Rumpf and P. Kramer 

Introduction 

Diseases of organs which playa role in the elimination of drugs may lead to major 
changes in normal pharmacokinetics. This is not only of theoretical but also of 
practical importance, since a decrease in drug elimination may cause a dramatic 
increase in serum and tissue concentrations resulting in a higher risk of dose-re
lated toxic side effects. Diseases of the liver and the kidneys (the organs which are 
of prime importance in the elimination of drugs) may cause extreme prolongation 
of the biological half-life of drugs. Therefore, exact adaptation of drug doses ac
cording to the degree of functional impairment is obligatory. 

Numerous papers concerning the alteration of pharmacokinetics in chronic re
nal failure have been published and dosing guidelines of great clinical usefulness 
have been compiled [1]. Nevertheless, nephrologists are often confronted with 
dosing problems for drugs for which sufficient data concerning their pharmaco
kinetics in renal failure does not exist. In this case a simple pragmatic procedure 
often cannot be avoided: Drugs are administered in doses used in normal persons, 
or in doses which elicit measurable effects, and patients are strictly controlled as 
to the appearance of toxic side effects. 

In patients whose renal function has declined to a degree requiring dialysis 
treatment - hemodialysis, pump-driven hemofiltration, intermittent peritoneal 
dialysis, continuous ambulatory peritoneal dialysis (CAPD), continuous arterio
venous hemofiltration (CA VH) - the situation becomes even more complicated, 
since these methods eliminate drugs to an extent which is not clearly predict
able. 

In these patients, two opposing mechanisms have to be considered: The pri
mary renal disease may cause a delayed elimination of drugs, whereas the dialysis 
therapy may lead to enhanced drug elimination. When using discontinuous dialy
sis procedures - hemodialysis, pump-driven hemofiltration, intermittent perito
neal dialysis - the resulting dosing problems may be overcome or at least allevi
ated by the administration of drugs at the end of dialysis sessions. Thus, the in
terfering influence of the dialysis clearance is limited to the short time period dur
ing dialysis treatment. This approach is not feasible when continuous dialysis pro
cedures (CAPD, CAVH) are used. 
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Factors Influencing Drug Elimination by CA VH 

Particularly during CA VH the hemofilter clearance may be considerable and ad
justment of drug doses may be required. 

Several factors influence drug elimination by hemofiltration, one factor being 
the molecular weight of the drug. Although many drugs have molecular weights 
far below the cut-off of modern hemofiltration membranes and should therefore 
appear in the ultrafiltrate, this is not the case for many other drugs because of 
plasma protein binding. The protein-bound fraction of a drug is not filterable; 
only the fraction not bound to protein is cleared by the hemofilter. 

Thus, during CA VH, dosing of highly protein bound drugs may be done ac
cording to residual renal function only and adjustment to CA VH clearance is not 
necessary. One has to take into account, however, that the extent of drug protein 
binding may be diminished in patients with kidney failure. Therefore some drugs 
are better eliminated by CA VH than would be expected from data on protein 
binding in normal persons. 

Another factor influencing the elimination of drugs during CA VH is the appar
ent volume of distribution. A large distribution volume reduces the amount of 
drug eliminated by CA VH, especially if the rate of transfer of the drug from tissue 
to plasma is slow. 

The factor of prime importance in drug elimination during CA VH, however, 
is the filtration rate. As illustrated in Fig. 1 for sulfamethoxazole, ampicillin, and 
clofibrate the hemofilter clearance during pump-driven hemofiltration increases 
linearly with the filtration rate; this is true for most drugs. When using hemofilters 
with certain noninert membranes with ion exchange properties (i.e. polyacryloni
trile / methallylsulphonate), however, substantial amounts of certain drugs may 
be bound to the membrane, resulting in different elimination characteristics [3, 
4]: although the clearance of the drug may appear to be low in such a case (as 
judged from plasma and ultrafiltrate concentration), the total amount eliminated 
by hemofiltration may be substantial because of drug binding to the membrane. 
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HemofIltration - Clearances of Drugs 

Concrete data on drug elimination by hemofiltration (pump-driven as well as ar
teriovenous hemofiltration) is sparse. In a previous investigation [3], we demon
strated that several drugs exhibit a linear relationship between clearance value 
and filtration rate in pump-driven hemofiltration. This holds true for sulfameth
oxazole, ampicillin, and clofibrate (Fig. I). Clearances of ampicillin and clofibrate 
closely correspond to values expected from data for protein binding of these 
drugs, whereas the clearance of sulfamethoxazole is higher than might be ex
pected. This may be interpreted as evidence for reduced protein binding of the 
drug in uremic patients. Similar results were obtained for doxycyclin [3]. 

Measurement of the clearances of cardiac glycosides [2] yielded values of 
36.7 ± 6.6 ml/min for digoxin and 4.6 ± 2.8 ml/min for digitoxin at filtration rates 
of 49 ± 9 ml/min. Although these values were obtained during pump-driven he
mofiltration, the clearance of these drugs during CA VH may be estimated from 
these data by taking into account the lower filtration rate of CA VH as compared 
with pump-driven hemofiltration. 

A rather astonishing phenomenon was found when the drug elimination of 
gentamicin and doxycyclin during pump-driven hemofiltration was investigated 
using a dialyser-membrane (RP-6, Rhone-Poulenc) consisting of a copolymer of 
polyacrylonitrile and methallylsulphonate, the latter exhibiting ion exchange 
properties [3, 4]. The phenomenon was not found with other, electrochemically 
inert membranes such as cuprophane, cellulose nitrate, and cellulose acetate 
membranes. Theoretically it may be anticipated that polysulphone membranes 
have properties similar to the polyacrylonitrile/methallylsulphonate membranes. 
These membranes which are negatively charged at physiologic pH are able to bind 
positively charged drugs, as could be demonstrated in-vitro studies [4]. This mem
brane binding is probably responsible for the remarkable time course of drug con
centrations in the filtrate during pump-driven hemofiltration which could be 
demonstrated for gentamicin and doxycyclin. Figure 2 shows the exponential de
crease of plasma gentamicin concentration with time, whereas the drug concentra
tion in the filtrate increases. This results in a linear increase of the filtrate/plasma 
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concentration ratio (Fig. 3) and a continuous increase of the drug clearance. This 
paradoxical phenomenon may be explained as follows: As a consequence of the 
binding capacity of the hemofiltration membrane for gentamicin (as well as for 
doxycyclin, and presumably for other positively charged drugs) only small 
amounts of the drug pass the membrane with the filtrate; the drug is trapped by 
the methallylsulphonate moiety of the membrane. With increasing saturation of 
the binding sites, a higher proportion passes the membrane resulting in an appar
ent increase of drug clearance when calculated from the concentrations of plasma 
and filtrate. 

Binding of drugs to certain hemofiltration membranes may be of clinical im
portance for those drugs administered in a single dose or if hemofilters have fre
quently to be changed during multiple dose therapy. This is illustrated by the fact 
that the binding capacity ofthe RP-6 dialyser for gentamicin is much higher than 
gentamicin doses administered to patients with renal failure [4]. However, the 
clinical relevance of drug binding to hemofilter membranes should be minimized 
if drugs are given in multiple doses and if the hemofilters are not changed fre
quently; in these cases early saturation of the membrane should occur. To our 
knowledge no work has been done with currently used hemofiltration membranes 
with ion exchange properties such as the polysulphone membranes which presum
ably should also exhibit drug-binding capacity. 

Drug Dosage During CA VH 

In spite of the sparsity of concrete pharmacokinetic data concerning dosage re
gimens during CA VH, it should be possible to establish practical guidelines for 
a rational drug therapy in patients on CA VH. Since glomerular filtration (usually 
measured as the creatinine clearance) constitutes an essential factor in the renal 
elimination of drugs, guidelines for drug dosage are usually given according to 
the values of the creatinine clearance, or alternatively, to the plasma creatinine 
[1]. This has proven to be a practical method, although many drugs are not solely 
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eliminated by glomerular filtration but also by tubular secretion; apparently, glo
merular lesions parallel tubular damage. 

Since the permeability of currently used hemofilters is rather similar to that of 
the glomeruli, the concentrations of low molecular weight substances in the fil
trate resemble those of glomerular filtrate. For example, the filtrate concentration 
of creatinine (which freely passes the hemofilter membrane) equals that of 
plasma. Therefore the creatinine clearance of the hemofilter is numerically iden
tical with the filtration rate: 

Creat. Filtrate cone. . . 
Creat. Clear,cAvH = I x FlltratlOn rate 

Creat. P asma cone. 

= Filtration rate. (1 ) 

CA VH is a continuous dialysis procedure, therefore the total creatinine clearance 
of a patient on CA VH is given by 

Creat. Clear.tot. = Creat. Clear.cA VH + Creat. Clear'renal . (2) 

This total creatinine clearance may be used as a basis for drug dosage guide
lines for patients on CA VH. Relevant data and guidelines for many drugs have 
been compiled and tabulated [1]. The method outlined above is suitable and cor
rect for all drugs whose renal elimination is exclusively glomerular. However, for 
drugs with substantial tubular elimination this method may lead to errors in drug 
dosing: The currently used hemofilters simulate glomerular filtration, but not 
tubular secretion and metabolism. 

Usually the endogenous renal creatinine clearance of patients on CA VH is neg
ligible, so that the total creatinine clearance equals the filtration rate: 

Creat. Clear.tot. = Creat. Clear.cA VH = Filtration rate (3) 

It must be stressed, however, that in CAVH patients who still have a consid
erable residual renal function underdosing may occur if endogenous drug elimi
nation is not taken into account. On the other hand, in anuric patients on CA VH 
drug doses are the same as in end-stage renal failure [1]. 

At the moment, it is not possible to establish dosage guidelines for all drugs 
for CA VH patients. Frequently, clinicians are forced to treat patients according 
to the effects or side effects observed during treatment. In view of this situation 
drug monitoring may be very helpful. This is particularly true for drugs used in 
intensive care patients, such as cardiac glycosides, antiarrhythmic drugs, and anti
biotics of the amino glycoside type. 
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Cardiopulmonary Failure and Bypass 

Importance of Continuous and Slow Fluid Withdrawal 
in Patients with Impending Cardiogenic Shock 
H. Nordbeck, H. Blanke, H. Kaiser, and H. Kreuzer 

Fluid Balance in Cardiac Failure 

The prognosis of cardiac insufficiency depends primarily on the underlying dis
ease. But it also has to be considered that in cardiac insufficient patients, often 
a very unstable equilibrium of the fluid balance exists, and that the prognosis is 
also considerably influenced by deviations of this equilibrium. The more the myo
cardium is limited by the underlying disease the smaller the equilibrium devi
ations that can lead to cardiogenic shock. 

Basically cardiac insufficiency is defined as (a) reduced output with (b) dimin
ished peripheral perfusion, (c) sufficient venous blood supply, and (d) activation 
of compensatory mechanisms. 

As compensatory mechanism for the reduced cardiac output, elevated sym
pathicotonia is found, which leads among other changes to an increase in central 
venous pressure. But the decrease in cardiac output also leads to diminished per
fusion of the kidney with increased sodium and fluid retention. With fluid reten
tion the central venous pressure increases further and colloid-osmotic pressure 
decreases. The diminished colloid-osmotic pressure as well as the elevated central 
venous pressure lead, according to the Starling mechanism to formation of edema 

I Cardiac insufficiency -(CO) 
Cardiac I 
output' '\ 

Cardiac muscle Cardiac muscle , 
hypertrophy cell destruction Renal I 

~.......... 1 blood supply' 

............... \ ~ 02-consumption + Sympathicotonia (Aldosterone) 

\ (CVP)t / 
'" +Enddiast CentralVe~tNNaa++!/H20-

volume "_pressure reabsorption 

(Starling \ )(Oncotic t 
mechanism\' pressure) 

Oedemas 

Fig. I. Consequences of cardiac failure 
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in the dependant parts of the body. In addition, the antidiuretic hormone and an 
activation of the thirst center may cause increased fluid retention and intake. 

In Fig. 1 the effects of cardiac insufficiency are depicted schematically. As a re
sult of the elevated central venous pressure, the end-diastolic volume and the wall 
tension of the ventricles rises, whereby oxygen consumption of the myocardium 
is increased. Since in most cardiac failure patients coronary blood supply is 
limited and further increase of myocardial blood supply for more oxygen is not 
possible, additional cardiac muscle cells are destroyed. This worsens cardiac in
sufficiency and can lead to a "vicious circle." However, if the increased Oz-con
sumption is met with an adequate coronary reserve, hypertrophy of the myocar
dium results with decreased symptoms of cardiac insufficiency. 

Compensatory Mechanisms in Cardiac Failure 

Principally, the already mentioned cardiac muscle hypertrophy of the residual 
myocardium, elevated sympathicotonia and the Frank-Starling mechanism are 
regarded as compensatory mechanisms in diminished cardiac output. Through 
increased end-diastolic filling, the latter leads to elevated stroke volume. How
ever, this increase of the stroke volume by means of the Frank-Starling mecha
nism - partly depending on the underlying myocardial disease - can only be ef
fective up to a certain limit of ventricle preexpansion. If this limit is exceeded, the 
stroke volume decreases again significantly. In a case of severe initial cardiac 
damage, however, a change of the fluid balance of as low as 500 ml- increase or 
decrease in blood volume - can result in a clinically significant change in cardiac 
output. 

As compensatory mechanism for cardiac insufficiency the elevated sympath
icotonia results mostly in a rise of heart rate; the positive inotropic effect of the 
body's own catecholamines plays more or less a secondary role. During the 
adaptation phase the already mentioned hypertrophy of the myocardium is then 
of critical importance. 

Possibilities for Treating Cardiac Failure (Fig. 2) 

For the therapy of decompensated cardiac insufficiency, besides keeping the body 
in resting position, all measures have to be considered that can improve the fluid 
balance for cardiac function. First, exceeding the critical limit of the Frank-Star
ling mechanism can be avoided by lowering the end-diastolic volume. Second, the 
oxygen consumption of the residual myocardium can also be decreased so that 
reversibly damaged cells have a chance to recover. 

In particular, the following conservative measures should be considered: 
1. Strict body rest so that low volume load is assured through the lowest possible 

peripheral blood supply 
2. For the increase in cardiac performance, digitalis has to be considered as one 

of the positive inotropic substances at chronic stages, and sympathomimetics 
at acute stages 

3. By lowering the pre- and afterload with vasodilators, the cardiac effort is les
sened and with the same 0z-consumption of the myocardium the cardiac out
put can be increased 
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Table 1. Effect of diverse fluid balancing on cardiac insufficiency 

Decreased volume 

Reduced end-diastolic 
volume 

Frank-Starling mechanism 
not efficient 

Cardiac output (CO) 
reduced 

Diminished peripheral 
pressures 

Increase in the dose of 
sympathomimetics 
is necessary 

Normal to slightly elevated 
volume 

Elevated end-diastolic 
volume 

Frank-Starling mechanism 
positive effect 

Normal to increased cardiac 
output (CO) 

Normal peripheral pressures 

Reduction of the dose of 
sympathomimetics 
is possible 

Elevated volume 

Significantly elevated end
diastolic volume 

Frank-Starling mechanism 
negative effect 

Diminished cardiac output 
(CO) 

Diminished peripheral 
pressures 

Increase in the dose of 
sympathomimetics 
is necessary 

The goal of these measures is to increase especially the renal blood supply 
through increased cardiac output to achieve increased fluid removal. For fluid re
moval principally drugs could be considered which increase renal blood supply 
selectively but which are nowadays obsolete in practice for the therapy of cardiac 
insufficiency, since they are not selective enough. 

Most often in cardiac insufficiency fluid metabolism has to be corrected with 
diuretics. However, if the kidneys are resistant to diuretics, measures for increased 
fluid removal such as osmodiarrhea (i.e., Karion F), peritoneal dialysis, intermit
tent hemodialysis, mechanical hemofiltration, and continuous arteriovenous he
mofiltration (CA VH) have to be considered. 

The goal of those measures is to reduce the central venous pressure through 
fluid removal whereby the end-diastolic volume is reduced. The great importance 
of optimal fluid balancing in cardiac insufficiency is shown schematically in 
Table 1. 
1. With normal to slightly elevated intravascular volume, an increase in end-di

astolic volume is found which through the Frank-Starling mechanism results 
in a normal to slight increase of cardiac output. As a result of normal or 
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slightly increased cardiac output, normal peripheral pressures are obtained 
and the dose of the sympathomimetic drugs can be lowered. 

2. Reduction of the extracellular fluid results in reduced intravascular volume 
and therefore also in a decrease in end-diastolic volume. Increase in cardiac 
output through the Frank-Starling mechanism is not possible and the periph
eral pressure falls despite elevated sympathicotonia. An increase in the dose 
of sympathomimetic drugs is nessecary to maintain vital functions. 

3. With elevated intravascular volume and significantly increased end-diastolic 
volume, the critical limit of the Frank-Starling mechanism is exceeded and car
diac output falls. Despite increased sympathicotonia, lower peripheral pres
sure results and the dosage of sympathomimetic drugs has to be increased to 
maintain vital functions. However, the decreased cardiac output leads to a vol
ume increase through diminished renal perfusion and with increasing extracel
lular volume and decreasing cardiac output the previously mentioned "vicious 
circle" can occur which has to be interrupted therapeutically. With oligo anuria 
resistant to diuretics extrarenal fluid removal is indicated, in particular 
through CA VH. 

Clinical Results with Hemofiltration 

In the intensive care unit of internal medicine, extrarenal fluid removal was per
formed with CA VH in a total of 26 patients with acute cardiac insufficiency. As 
cause for the left heart failure, 14 patients suffered from coronary heart disease, 
partly after a recent myocardial infarction and partly after infarctions in the more 
distant past. Two patients suffered from cardiomyopathy and seven patients were 
decompensated as a result of valve disease. For two patients the cause ofleft heart 
failure was septicemia, one patient had left heart failure as a result of a hyperten
sive crisis. The ages of the patients treated with CA VH ranged from 40 to 80 
years. All patients were oliguric despite massive doses of diuretics, which made 
them candidates for extrarenal fluid removal. 

The duration of hemofiltration varied for these 26 patients from 2 to a maxi
mum of 492 h. Total filtrate volumes of 300-200000 ml were achieved. Despite 
parenteral infusion of various drugs and i.v.-fluids a negative fluid balance could 
be achieved through arteriovenous hemofiltration in all patients. Ten patients out 
of the 26 were recompensated and survived for a long period of time. However, 
eight patients although recompensated for a short period of time by CAVH, died 
from secondary complications of the underlying disease. 

From the results it can be concluded that CAVH therapy as "ultima ratio" is 
generally unsuccessful in advanced cardiogenic shock. This is especially true for 
patients in whom further cardiac muscle cell destruction is expected by shock or 
on account of the underlying disease. 

The effect of fluid removal by CA VH is demonstrated in Fig. 3 in a patient with 
cardiogenic shock. In this 60-year-old patient, a suture rupture occurred after 
aortic valve replacement. CA VH was started during cardiogenic shock. At the be
ginning ofhemofiltration, pressure in the pulmonary artery was as high as the pe
ripheral arterial pressure which, however, dropped continuously during the 
course of hemofiltration while the peripheral arterial pressure increased. 
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Fig.3. Course of hemodynamic parameters of a patient with aortic insufficiency type IV, 
effect of fluid removal through CA VH 

At the same time, heart rate went down and the catacholamine dose could be 
reduced. Twelve hours after finishing hemofiltration a valve revision was success
fully performed in this patient. 

Figure 4 displays the clinical course of a 54-year-old male after aortic valve re
placement and aortocoronary bypass. He was transferred from thoracic surgery 
because of left heart failure with beginning renal failure and respiratory insuffi
ciency. Acute renal failure developed as a result of cardiac insufficiency but re
covered after 3 weeks of intensive care treatment. At the beginning of CA VH the 
central venous pressure was 15-16 mmHg. The dopamine dose was over 
1000 mg/day. After a negative fluid balance of 2 1 with hemofiltration, the central 
venous pressure normalized while the peripheral arterial pressure increased so 
that the dopamine dose could be reduced. With a relatively stable fluid balance 
over the next days and a normal central venous pressure, the patient reacted nor
mally to dopamine increasing his cardiac output. On the 12th day ofCAVH, cen
tral venous pressure rose and the dopamine dose had to be increased. 

It could be shown later by recalculation of the fluid balance that the patient 
had received too much i.v. fluids continuously over some days. 

By increasing the fluid removal, pressures normalized; thus, the dopamine dose 
could be reduced again. Six days later the central venous pressure dropped to 
1 em H 20, and the peripheral arterial pressure could only be maintained by in
creasing the dopamine dose. The explanation was again an error of the fluid bal
ance. Only after raising the central venous pressure through a positive fluid bal
ance the peripheral arterial pressure values became normal despite reduction of 
the dopamine dose. 
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Fig. 4. Treatment of acute renal failure with CA VH of a patient after aortic valve replace
ment and coronary bypass operation 

More than 200000 ml were filtered off this patient during 3 weeks of CAVH 
with filtration and substitution rates of up to 1000 ml/h. The difficulties in bal
ancing this fluid turnover arose as a result of the pump which was used to regulate 
the fluid substitution, but produced an error of as much as 20%. The values en
tered in the curve were corrected after subsequent tests with the pump. 
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As can be seen from the results of the last patient, especially for patients with 
impending cardiogenic shock, small inaccuracies of fluid balance lead to signifi
cant circulatory changes which then require a change of the catecholamine dose. 
Therefore, particularly in these patients exact fluid balancing is necessary because 
reversibly damaged myocardium will only recover under optimum rehabilitation 
conditions. 

Conclusions 

The presented patient examples show how important well controlled fluid balance 
is for patients with acute cardiac failure, particularly with severely damaged myo
cardium. Extrarenal fluid removal is necessary in acute cardiac insufficiency when 
oliguria exists despite all measures for improvement of cardiac output and despite 
diuretics. The advantages of CA VH are obvious: 

The procedure is a very simple emergency procedure which may be used in 
combination with all procedures for improving cardiac output including cardiac
assist systems (aortic balloon pumping). The fluid removal can be well controlled, 
but volumetric pumps or electronic flow balances are recommended for an accu
rate fluid balance. With exact monitoring of the pulmonary artery pressure, sys
temic blood pressure, central venous pressure, and pulse rate, the ideal point of 
the Frank-Starling curve for the patient's particular situation can be determined 
with some clinical experience and maintained without change despite continuous 
infusion of parenteralia and administration of medications. Since the time for 
preparation is short, CA VH can be started quickly and the effects of fluid re
moval can be seen soon. It has been our experience that the rate of side effects 
is minimal. In continuous peritoneal dialysis, which was used 10 years ago in these 
particular patients, however, fluid removal is slow and difficult to control. Fur
thermore diaphragmatic breathing excursions are limited so that an already criti
cal respiratory situation generally becomes worse. With intermittent hemodialysis 
or mechanical hemofiltration, the rapid fluid shifting during 5 h of treatment time 
every day does not allow titration of the left ventricle filling pressure to the op
timal cardiac output. This can only be achieved with CA VH; even small volume 
fluctuations and therefore deviations from the ideal point for cardiac function on 
the Frank-Starling curve can be avoided. 
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Pulmonary Interstitial Edema: An Indication 
for Continuous Arteriovenous Hemofiltration? 
T. Stokke, H. Burchardi, W. Koller, and H. Benzer 

Causes and Consequences of the Pulmonary Interstitial Edema 

In intensive care medicine the pulmonary interstitial edema is often an early 
symptom of the acute respiratory distress syndrome (ARDS), the first clinical 
manifestation of the beginning acute lung failure. ARDS is the pulmonary com
plication of severe mostly nonpulmonary injury, like poly trauma, hemorrhagic 
shock, sepsis, and infections (e.g., peritonitis), pancreatitis, eclampsia, or certain 
intoxications (such as bromcarbamides or paraquat). Thus, etiology is nonuni
form, and pathophysiology, diagnosis, and therapy still present unresolved prob
lems. 

Fig. 1. Electron microscopic finding in early ARDS (percutaneous intravital lung biopsy) : 
A marked edema in the broadened interstitial space (1) (including a capillary) between two 
alveoli (A) . From [10] 
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Generally, interstitial edema develops on the basis of increased capillary mem
brane permeability in the lung. The hydrostatic pressure in the lung capillaries 
does not seem to playa causal role; however, when permeability disorders exist, 
any increase in hydrostatic pressure will result in severe consequences and aggra
vate the interstitial edema. 

The participation of several complex physiologic regulatory systems are under 
debate: The coagulation and fibrinolytic system (including fibrin-degrading prod
ucts), the protease-antiprotease system (especially elastase), the complement sys
tem (C5a), the plasmin-kallikrein system, the arachidon acid metabolism, but also 
released mediators from leukocytes (such as toxic oxygen radicals) selectively 
trapped in the lung. Figure 1 originates from a percutaneous intravital lung 
biopsy of a patient with ARDS [10] and shows a pronounced pulmonary intersti
tial edema. 

Pulmonary interstitial edema considerably affects respiratory mechanics and 
pulmonary gas exchange and, in advanced states, constitutes an acute life
threatening situation for the patient. Primarily, the oxygenation is impaired 
(mainly by intrapulmonary shunt) which leads to arterial hypoxemia. But, since 
the reserves in pulmonary function are large, hypoxemia first will be detected 
clinically when the edema has already progressed considerably. 

On the other hand, therapy has to be started early and consequently in order 
to be successful. Delayed and inconsequent therapy will endanger pulmonary 
function persistently. 

Treatment of the Pulmonary Interstitial Edema 

The most important measures for treatment of the interstitial edema are generally 
agreed upon as being: 
1. Mechanical ventilation, especially with positive end-expiratory pressure 

(PEEP). The main effect of PEEP is in counteracting alveolar collapse reduc
ing venous admixture and in raising the reduced lung volume (functional resid
ual capacity). However, PEEP never diminishes intrapulmonary extravascular 
fluid accumulation. 

2. Controlled fluid balance, especially avoidance of fluid overload. Generally, ac
cording to the Starling principle, elevated hydrostatic and reduced colloid-os
motic capillary pressure in the lungs raise the fluid influx into the interstitial 
space. Therefore, hydrostatic pressure has to be normalized, or better, reduced 
as much as compatible with an adequate cardiac output. 
The therapeutic value of an increase of the intravascular colloid-osmotic pres

sure (COP) by application of albumin or colloidal solutions is still controversial. 
On the one hand, a large group of therapists trust in the effectiveness of the Star
ling principle and increase the COP in plasma by amounts of albumin and colloi
dal substances in order to stop or even invert the fluid influx into the interstitial 
space. Clinical and animal experiments like those of Lundsgaard-Hansen et al. [6] 
and Skillman et al. [7, 8] demonstrated good results by combining concentrated 
albumin infusion with diuretic medication. 

On the other hand, there is now an increasing group of therapists who refuse 
the colloidal concept. There are indeed acceptable reasons for this. In particular 



176 T. Stokke et al. 

the noncardiogenic pulmonary interstitial edema (especially in ARDS) is charac
terized by a marked increase in permeability of the capillary membrane; thus, in 
every case, there will be a considerable leakage of colloidal substances (especially 
albumins) through this membrane and COP will rapidly be adjusted also in the 
interstitial space. From this theoretical aspect, Staub and his group [1, 9] could 
not assume any positive effect of the colloid therapy in these cases. Also, the on
cotic pressure gradient (COP - hydrostatic pressure) introduced by Weil [14] for 
diagnosis of hypooncotic states did not prove to be of clinical value [12, 13]. The 
significant extravasation of albumin into the interstitial space following albumin 
administration even seems to worsen the interstitial edema [2, 12]. 

Several clinical investigations support these assumptions. Comparisons be
tween standardized colloidal and crystalloidal volume replacement in resuscita
tion revealed no benefit resulting from the albumin therapy [5, 13] in cases ofpul
monary permeability disorders. Nevertheless, it remains extremely important to 
control fluid balance and to avoid fluid overload. Many try to accomplish this 
by administering large amounts of diuretics, which may, however, be ineffective 
or difficult to control. Here, continuous arteriovenous hemofiltration (CA VH) is 
more effective in making the management of fluid balance easily controllable. 

In this context we want to point out a specific problem during respirator wean
ing. With PEEP ventilation, the intrathoracic, intravascular volume decreases 
and venous return is impeded. Therefore, often the intravascular volume has to 
be raised to counteract the negative circulatory effect of PEEP. But, when PEEP 
is reduced again or respiration is ended (once the condition has improved) central 
blood volume is restored and a dangerous hyperhydration may follow. A massive 
dehydration has to be performed to prevent a reexacerbation of the pulmonary 
function. For patients with increased pulmonary capillary membrane permeabil
ity, even a transitory hypervolemia can worsen the pulmonary condition consid
erably. Even the slightest overinfusion of a previously well-balanced patient can 
frequently lead to a fulminant edema if the necessary water elimination cannot 
be achieved immediately. 

Here we see an additional indication for CA VH. By constant fluid removal we 
are able to control the intravascular volume effectively and thus reduce the risk 
of overinfusion. 

Clinical Experience with CA VH in Interstitial Lung Edema 

In what follows, the effect of dehydration with CA VH on pulmonary function is 
demonstrated in intensive care patients with multiorgan failure under mechanical 
ventilation and some informative case reports are included. 

Case 1. A 10-year-old girl developed severe pulmonary insufficiency with circu
latory failure and acute renal failure after cardiac surgery. In addition to respira
tion with pure oxygen, continuous extracorporeal oxygenation had to be carried 
out (Fig. 2). By continuous fluid removal of approximately 100 ml/h with CA VH, 
an increase in arterial p02 with simultaneous reduction of oxygen transfer in the 
oxygenator was achieved within 20 h, so that mechanical ventilation alone was 
finally sufficient. The child could be taken off the respirator after several days. 
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Case 2. A 16-year-old girl was admitted to the hospital after suicidal poisoning 
with a high, lethal dose of paraquat (ca. 30 g). Paraquat is a very toxic herbicide 
causing acute renal failure, a typically progressive ARDS such as lung damage 
beginning with interstitial lung edema, developing into progressive deterioration 
of gas exchange, and resulting finally in severe interstitial fibrosis. The complete 
anuric renal failure could be compensated by CA VH for more than 3 weeks 
(Fig. 3). Nevertheless, the patient died in the end from irreversible pulmonary fi
brosis with uncontrollable respiratory insufficiency as a result of the paraquat in
toxication. But the time for survival is longer than usual with this dose of para
quat. 

During the whole time of treatment, CA VH was performed with filtration vol
umes of approximately 10 1 per day. From the 5th day on, the patient was mech
anically ventilated. Later on, peritoneal dialysis was performed additionally be
cause of the tentative (but false) diagnosis of a hemorrhagic pancreatitis. How
ever, peritoneal dialysis had only negative effects on pulmonary function, namely, 
decreased lung compliance and lung volume (FRC). 

During the first days of ventilation therapy and CA VH application, pulmonary 
function improved considerably. During the first 60 h after onset of mechanical 
ventilation ca. 3.5 I fluid were removed from the patient by arteriovenous hemo
filtration. As a result, all examined respiratory parameters improved (Fig. 3). The 
inspired oxygen conceI1tration (FIOZ) could be lowered from 0.8 to 0.3, alveoloar
terial oxygen tension gradient (AaDOz) was reduced from 450 mmHg to 
113 mmHg, pulmonary diffusing capacity (Dco) rose from 3.6 to 6.6 ml . min- 1 

. mmHg - 1, lung volume (FRC) went from 1.1 to 2 I and dynamic compliance rose 
from 34 to 49 mljcmHzO. 

At the 11 th day after paraquat intake 1 I fluid was oversubstituted because of 
a balance error. This overhydration caused an increase in the interstitial pulmo
nary edema and worsened the physiologic respiratory parameters: The Dca was 
reduced from 3.9 to 2.1 ml . min -1 . mmHg- 1, FRC from 1.2 to 0.8 liters, and 
compliance from 44 to 29 ml/cmHzO. (It is remarkable that AaDOz rose only in
significantly.) 

This deterioration could be reversed during the next few days with massive de
hydration by CA VH. Nevertheless, the progressive paraquat-caused pulmonary 
interstitial fibrosis could not be stopped. Later on (approximately after the 17th 
day) respiratory function deteriorated progressively and the girl died of hypox
emia 1 month after the paraquat intake. 

Encouraged by these results, the Vienna intensive care group (Benzer and co
workers) began to apply CAVH to patients with multiorgan failure. In a prelim
inary study [4] 32 patients with multiorgan failure and severe respiratory insuffi
ciency were treated with CA VH. The multiorgan failure occurred as postopera
tive complications (after abdominal or thoracic surgery), after severe poly trauma 
with hemorrhagic shock, and after obstetric problems (such as eclampsia). 

When adequate oxygenation could not be assured by increasing inspiratory 
oxygen concentrations (FIO Z) and PEEP level, as well as changing the inspira
tory/expiratory time ratio (inversed ratio ventilation), CAVH was started. 

The therapeutic effect upon respiratory function is estimated, among others, 
by means of the AaDOz-quotient (alveolar - arterial pOz/alveolar pOz) and by 
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Fig. 2. Respiratory, circulatory, and renal failure after cardiac surgery in a lO-year-old girl. 
Intensive care therapy with mechanical ventilation (F(02 = 1.0), extracorporeal oxygen
ation and arteriovenous hemofiltration. Registration against time (hours after operation) 
of the following parameters: oxygen gas flow through the oxygenator (Oxygenator O2 
transfer), arterial p02 (Pa02), arterial pC02 (PaC02), ultrafiltrate substitution rate, and 
fluid balance per hour 

means of a special therapy score (PIF) which is 

PIF = PEEP (cmHzO) . I:E ratio' FPz 

The results (mean values) are listed in Table 1. 
Thus, CAVH significantly supports the oxygenating effect of mechanical venti

lation. Furthermore, the elevated pulmonary vascular resistance decreases, while 
systemic circulation remains stable. 

Fluid balance (substitution by Ringer's lactate solution) was obtained without 
mechanical pumping support and adapted in correspondence to the circulatory 

Table 1. Effect of CAVH (mean values) 

CA VH application 

PIF 
AaDOrquotient 
Pa02 
PaC02 
Blood urea nitrogen 
Serum creatinine 

Before 

13.2 
0.69 

100 
38 
59 
2.5 

After 

12 h 

9.7 
0.58 

131 
36 
59 
2.4 

36 h 60 h 

7.4 5.5 
0.54 0.52 

128 120 mmHg 
38 37 mmHg 
69 65 mg/dl 
2.6 2.3 mg/dl 
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Fig. 3. Paraquat poisoning in a 16-year-old girl: inspiratory oxygen concentration (F10 2), 

alveoloarterial oxygen tension difference (AaD02), pulmonary diffusing capacity for CO 
(Dco) with a rebreathing technique, lung volume (FRC), dynamic compliance (Cdyn), and 
positive end-expiratory pressure (PEEP) level against time (days after intoxication) 
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Table 2. Fluid intake and fluid balance after start of CA VH 

CA VH application 

Fluid intake 
Fluid balance 

O-12h 

11500 
- 3490 

12-36 h 

18700 
- 360 

3~Oh 

19100 
+ 320 

T. Stokke et al. 

ml/24 h 
ml/24 h 

needs (Table 2). The survival rate of 47% for these patients with multiorgan fail
ure under CA VH is better than survival rates common for combinations of res
piratory and renal failure found in the literature. 

The advantages of the method consist in unlimited parenteral and/or enteral 
nutrition, possibility for rapid correction of the fluid and electrolyte balance, low 
frequency of complications (no mechanical pump system). 

Some disadvantages have to be pointed out: cumulative errors in the fluid bal
ance are possible, invasive monitoring (Swan-Ganz catheter) is necessary, the 
method itself is invasive. 

In our opinion, however, the advantages outweigh the disadvantages. Further
more, it may be possible that toxic oligopeptides can also be eliminated by 
CA VH; in septic patients Horl et al. [3] found considerable amounts of proteo
lytic activity in the hemofiltration fluid indicating the transfer of protease-like oli
gopeptides. Likewise, it is still unknown whether an elimination oflow molecular 
proteins could provoke a depletion syndrome. 

Conclusion 

1. Interstitial pulmonary edema causes a severe deterioration of the pulmonary 
gas exchange, but with relatively late clinical manifestation. 

2. The most important therapeutic steps are mechanical ventilation with PEEP 
and a strictly controlled fluid balance avoiding any fluid overload. 

3. In this situation CAVH offers the possibility of eliminating fluid rapidly and 
of controlling fluid balance effectively without any handicap to parenteral or 
enteral nutrition. First clinical results in severe intensive care cases encourage 
us to pursue this new therapeutic approach. 
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Ultrafiltration During Cardiopulmonary Bypass 
D. J. Magilligan 

Introduction 

Crystalloid prime with hemodilution has been a great advantage to cardiac sur
geons, for in addition to decreasing blood requirements it has also resulted in im
proved pulmonary and renal function [1]. Postoperative weight gain and an in
crease of up to 33% in the measured extracellular fluid space [2] are the disadvan
tages of dilution perfusion. In most patients this excess water is well tolerated and 
rapidly excreted. Certainly in renal failure patients, this excess fluid load may be 
detrimental. However, we are also interested in patients with severe preoperative 
fluid overload, in whom, even with adequate renal function, the additional water 
volume particularly in the lungs, may lead to organ dysfunction. We first set out 
to evaluate the use of ultrafiltration during cardiopulmonary bypass in a labora
tory setting and have now instituted its use in a clinical setting. The following is 
a report of that experience. 

Materials and Methods 

Laboratory Evaluation 

Animal Model 

Mongrel dogs weighing between 25 and 30 kg were anesthetized with i.v. pento
barbital (20 mg/kg). Anesthesia was maintained with halothane (1.0%). Ventila
tion was carried out through a cuffed endotracheal tube with a tidal volume of 
20 ml/kg at a range of 8-12/min delivered by a Bird Mark 7 Respirator (Bird, 
Palm Springs, CA). A polyethylene catheter was inserted into a jugular vein and 
advanced into the right atrium for fluid infusion. A Swan-Ganz catheter (Ameri
can Edwards, Santa Ana, CA) was inserted into the pulmonary artery via a jug
ular vein and a lung water catheter (American Edwards, Santa Ana, CA) - a 5 
French catheter with a distal opening for sampling and injection and a thermistor 
at its distal tip - was inserted into the femoral artery and positioned in the abdom
inal aorta. The Swan-Ganz and lung water catheters were connected to pressure 
transducers and pulmonary artery pressure (Ppa), systemic arterial pressure 
(Psa), and EKG were recorded continuously. Pulmonary capillary wedge pres
sure (Ppcw) and thermodilution cardiac outputs were determined before bypass 
and 30 min after bypass. Cardiac index was calculated using body surface area 
derived from animal body weight [3]. Hematocrit, hemoglobin, electrolytes, and 



Ultrafiltration During Cardiopulmonary Bypass 183 

colloid-oncotic pressure (COP) (Weil Oncometer, Instrument Laboratories, Lex
ington, MA) were obtained before bypass and 30 min after bypass. The COP
Ppcw hydrostatic pressure gradient which estimates Starling's forces was calcu
lated pre- and postbypass. 

Cardiopulmonary Bypass 

A median sternotomy was performed and the animal heparinized (3 mg/kg body 
weight). The left femoral artery and both venae cavae were cannulated and con
nected to a Sarns modular heart lung machine (Sarns, Ann Arbor, MI), using a 
Bently Temptrol Q-200A bubble oxygenator (Bentley, Irvine, CA). The oxygena
tor was primed with a solution of 1500 ml Ringer's lactate, 12.5 g mannitol, 
500 mg calcium gluconate, and 1500 IV heparin. The animal was placed on car
diopulmonary bypass and mechanical ventilation was turned off with the lungs 
partially inflated at 20 mmHg. The left heart was vented by a cannula placed into 
the left ventricle through the right superior pulmonary vein. Venae cavae were 
snared and bypass flow maintained at 100 ml/min/kg with lactated Ringer's so
lution added to maintain this flow. In group 1, the animals were kept at nor
mothermia with the heart beating for 120 min and then weaned from bypass. In 
group 2, the animals were cooled to 28 °C and 150 ml cardioplegic solution was 
instilled into the aortic root immediately after cross clamping and at 20, 40, 60, 
and 80 min. The cardioplegic solution consisted of Isolyte-S (McGaw, Irvine, 
CA), to which was added 20 mEq KCl30 mEq NaHC03 , 15 gm dextrose to total 
1000 ml. The resultant composition was: K + = 25 mEq/L, N a + 178 mEq/L, CI
= 109 mEqfL, Mg+ + = 2.7 mEqfL, NaHC03 = 50 mEq/L, pH = 7.9, osmo
larity = 460 mosmol/L. 

Ultrafiltration 

An Amicon Diafilter-20 (Amicon, Lexington, MA) was interposed between the 
arterial inflow and venous return of a standard cardiopulmonary bypass circuit 
(Fig. 1). Ultrafiltration could be turned on or off by clamping the filter inflow 
without disturbing the total bypass flow. The rate of ultrafiltration was controlled 
by adjusting a screw clamp on the filtrate outflow of the diafilter. An attempt was 

From pat ient 

Cardiotomy 
reservoir 

==)=~~I 

Rec irCUlat i on line 

r;=====:::;> To patient 

Membrane 
oxygenator 

Fig. I. The basic perfusion setup using a membrane oxygenator and separate heat ex
changer 
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made to remove all priming fluid, all fluid added during bypass, and additional 
fluid was removed if bypass flows and pressures could be maintained. 

Lung Water 

Thermal Dye. Extravascular lung water (EVL W) was determined from the 
extravascular thermal volume of the lung (ETV), as measured by the double in
dicator dilution technique using indocyanine green dye as the intravascular indi
cator and the transfer of heat as the extravascular indicator. Through the right 
atrial catheter 10 ml iced indocyanine green dye (25 mg dye diluted to 50 ml at 
5 0c) was injected. Thermal curves were sensed through the thermistor at the tip 
of the lung water catheter and also through this catheter blood was withdrawn 
and dye concentration measured by a densitometer (Waters Instrument, Ro
chester, MN) and both curves inscribed on a strip-chart recorder. The thermal 
and dye curves were analyzed on-line by a Lung Water Computer (American Ed
wards, Santa Ana, CA), which gave a digital recording of cardiac output, dye de
cay time, thermal decay time, dye mean transit time, thermal mean transit time, 
and extravascular lung water. The average of three readings was taken, divided 
by body weight, and expressed as ml/kg. 

At the conclusion of seven of the experiments, gravimetric lung water was de
termined by the method of Pearce and associates [4] as modified by Holcroft and 
Trunkey [5], with a correction for lung blood water. 

Clinical Experience 

Patient Selection 

We used ultrafiltration in 48 cardiac surgical patients; 33 of the 48 had the ultra
filter inserted at the start of bypass since they had evidence of excess body water 
preoperatively. Thirteen had the ultrafilter installed after the start of bypass be
cause of any combination of the following: long pump run, excessive pump re
servoir volume, and/or low hematocrit. One patient had ultrafiltration preoper
atively to improve nutrition in the face of severe fluid overload. One patient had 
ultrafiltration postoperatively because of diuretic-resistant severe fluid over
load. 

Cardiopulmonary Bypass 

All patients underwent cardiopulmonary bypass with moderate systemic hypo
thermia (28°C), nonblood prime, and a membrane oxygenator (Sci-Med, Min
neapolis, MN). Topical cooling was exployed, except in reoperations when it was 
technically difficult; the left heart was routinely vented; and caval tapes were not 
routinely employed except when a right atriotomy was performed. Crystalloid 
cardioplegia (modified St. Thomas solution) was routinely employed. Flows were 
maintained at 2.5l/min/m2 and lactated Ringer's solution was added as needed 
to maintain flow. When the hematocrit dropped below 18%, whole blood was 
added to the perfusate. Intake fluid volumes were a summation of i. v. crystalloid, 
blood, perfusate, and cardioplegia. Output volume was a summation of urine, ul
trafiltrate, and blood loss. 
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Fig. 2. Ultrafiltration can be accomplished with the use of the Diafilter (top) (Amicon, Lex
ington, MA) or the Hemoconcentrator (c. R. Bard, Santa Ana, CA) 

Y Cardiotomy Ultraf ilter 
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Fig. 3. When ultrafiltration is instituted at the start of bypass it is inserted in a branch of 
the line between the heat exchanger and the oxygenator 

Ultrafiltration 

A Diafilter-20 (Amicon, Lexington, MA) was used in most patients and a He
moconcentrator (CR Bard, Santa Ana, CA) in the early experience. An attempt 
was made to remove all priming fluids, all fluid added during bypass, and any ad
ditional fluid as long as bypass flows and pressure could be maintained. 

The Amicon device is composed of 5000 polysulfone hollow fibers with an in
ternal diameter of 200 I-l ± 10% and an active surface area of 0.25 m2 • The high 
permeability of the membrane allows flux of water and solutes with a mol. wt. 
< 50 000 daltons. It is compact (5 in.) and does not require suction to produce an 
effective transmembrane gradient (Fig. 2). 

The Hemoconcentrator is composed of cellulose acetate hollow fibers with an 
internal diameter of 200 I-l and has an active surface area of 1.8 m2 . The mem
brane allows a flux of water and solutes with a mol. wt. < 60000 daltons and re
quires the addition of suction to generate transmembrane pressures (Fig. 2). 
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Fig. 4. When ultrafiltration is instituted during bypass, it is interposed in the recirculation 
line without disrupting flow to the patient 

The basic cardiopulmonary bypass set up at Henry Ford Hospital is shown in 
Fig. 1. When ultrafiltration was set up prior to bypass it was inserted in a tubing 
branch immediately before the oxygenator. The blood exiting from the ultrafilter 
was returned to the cardiotomy reservoir (Fig. 3). When the ultrafilter was added 
during bypass it was simply placed in the recirculation line (Fig. 4). 

Lung Water 

EVLW was determined as in the animals using the Lung Water Computer 
(American Edwards, Santa Ana, CA). Injection was into a catheter, whose tip 
was positioned in the right atrium, and sampling was from a lung water catheter 
positioned in the distal aorta via the common femoral artery. 

Statistical Methods 

Comparisons between pre- and postbypass values were made using Student's t
test for paired data. A probability ~0.05 was considered significant on the lab
oratory experiments. 

Results 

Laboratory Evaluation 

All animals were successfully weaned from bypass without the need for catechol
amine support. In group 1 (120 min bypass with empty beating heart), the 
amount of fluid added to the control animals and the ultrafiltered animals was 
similar. The amount of fluid removed in the control group by renal excretion was 
180 ml and in the ultrafiltered animals (filtered + urine) was 2288 ml, and this 
was significantly different (P<O.OI). Although the COP, Ppcw, and COP-Ppcw 
gradients all changed in a direction favoring the accumulation oflung water, the 
pre- and postbypass differences were similar in control and ultrafiltered animals. 
However, the postbypass increase in EVL W was significantly less in the ultrafil
tered animals (Table I). 

Both control and ultrafiltered animals in group I showed a marked, but simi
lar, decrease in CI postbypass. The cardiac output enters into the equation for the 
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Table 1. Comparison of animals undergoing 120 min normothermic bypass with empty 
beating heart with and without ultrafiltration (group 1) 

Number 
Fluid in 
Fluid out 
L1 Ppcw 
L1 COP 
L1 COP-Ppcw 
L1 CI 
L1 EVLW 

Control 

4 
2350 ± 1090 SDml 

180 ± 232 ml 
i 1.0 ± 3.9mmHg 
t 6.9 ± 2.8 mmHg 
t 11.2 ± 4.4 mmHg 
t 1.20± 0.31/min/m2 
i 2.83 ± 0.5 ml/kg 

Ultrafiltration 

4 
2750 ±500 SD 
2288 ±315 

i 2.5 ± 6.0 
t 8.2 ± 1.5 
t 10.5 ± 3.2 
t 1.65+ 0.8 
i 1.03± 0.2 

Difference (P) 

0.480 
0.002-
0.596 
0.650 
0.860 
0.310 
0.007" 

Values represent mean and SD, L1 represents mean change between pre- and postbypass 
values 
" P <0.05 

Table 2. Comparison of animals undergoing 90 min cold cardioplegic arrest followed by 
30 min of recovery with and without ultrafiltration (group 2) 

Control Ultrafiltration Difference (P) 

Number 2 4 
Fluid in 2775 ± 25SDmi 3425 ± 96SD 0.001" 
Fluid out 110 ± 120ml 2710 ±258 0.001" 
L1 Ppcw i 4.0 ± l.4mmHg i 1.8 ± 5.2 0.597 
L1 COP t 10.5 ± O.4mmHg t 7.8 ± 2.4 0.205 
L1 COP-Ppcw t 14.3 ± 1.5mmHg t 10.5 ± 4.7 0.355 
L1 CI t 0.90± 0.81/min/m2 t 0.65± 0.3 0.430 
L1 EVLW i 3.40± O.4ml/kg i 0.95± 1.1 0.049-

Values represent mean and SD, L1 represents mean change between pre- and postbypass 
values 
" P <0.05 

measurement of lung water as follows: 

EVL W = MTTthermalMTT dye X CO 

where EVL W is extravascular lung water, MTT is mean transit time, and CO is 
cardiac output. Because the postbypass decrease in CO might have had an effect 
on the EVLW accuracy, a second group of animals was studied using cold, po
tassium cardioplegic arrest to maintain postbypass CO near normal levels and to 
eliminate any possible effect that a low CO might have on EVL W measurement. 

In group 2 (90 min cardioplegic arrest and 30 min recovery), significantly more 
fluid was added to the ultrafiltered animals than to the control animals (P < 0.0 I). 
The amount of fluid removed in the control group was 110 ml (urine) and in the 
ultrafiltered group was 2710 ml, a significant difference (P<O.OI). Again, the 
COP, Ppcw, and COP-Ppcw gradients changed in a direction favoring the accu
mulation of lung water, but the pre- and postbypass differences were similar in 
control and in ultrafiltered animals. In addition, the postbypass change in CI was 
very small and similar in control and ultrafiltered animals (Table 2). 
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Table 3. Comparison of concentration of solutes in plasma and 
ultrafiltrate in animal experiments 

Plasma Ultrafil tra te Difference 

Na+ (mEq/l) 142 ±0.8 140 ±0.8 0.225 
K+ (mEq/l) 4.0±0.6 3.7±0.6 0.636 
Cl- (mEq/l) 114 ±3.3 122 ±5.4 0.051 
Ca + + (mg/dl) 7.5± 1.4 5.2±0.5 0.098 
POi - (mg/dl) 3.2±0.8 2.6±0.9 0.538 
Urea nitrogen (mg/dl) 14.3±5.5 13.3±2.5 0.724 
Total protein (gm/dl) 3.9± 0 o.oooa 

a P <0.05 

D.l. Magilligan 

The concentration of solutes in plasma and ultrafiltrate is shown in Table 3. 
As expected, the composition of the filtrate was similar to plasma and there was 
no protein in the ultrafiltrate. The lack of protein in the ultrafiltrate was con
firmed using a microtechnique for measuring protein (Biuret method). 

Clinical Experience 

1. Ultrafiltration at the start of cardiopulmonary bypass was done in 33 patients. 
The amount of ultrafiltrate during bypass ranged from 1000 ml to 6600 ml and 
averaged 2728 m!. This resulted in an average intraoperative fluid balance of 
-638 ml, and an average intraoperative weight gain of 1.9 kg. In eleven of these 
33 patients pre- and postoperative measurements of extravascular lung water 
(EVL W) were made using the thermal-dye technique. The postoperative EVL W 
(823 ml) was significantly lower than the preoperative EVL W (1119 ml) 
(P<0.05). 

2. In 13 patients ultrafiltration was started after bypass had begun, because of 
a long perfusion and for excessive pump reservoir volume and/or low hematocrit 
« 17%). The ultrafilter was easily interposed in the recirculation line during by
pass in these patients and resulted in a mean ultrafiltration volume of 1619 ml and 
an average fluid balance of + 595 m!. 

3. One patient with severe congestive heart failure (CHF), sepsis, respiratory fail
ure, and nutritional depletion had ultrafiltration preoperatively. After ultrafiltra
tion for 4 days, which allowed an intake of 3000 kcal/day with a nitrogen balance 
of +3.29/day and without weight gain, the patient underwent successful MVR 
andCABG. 

4. One patient returned to the hospital after A VR with no improvement in CHF 
and resistance to maximal diuretic therapy. Ultrafiltration was instituted through 
an A-V dialysis shunt with a 7.4 kg weight loss in 7 days and improvement in 
radionuc1eide ejection fraction from 37% to 60%. 

Discussion 

Dilution perfusion, for all its advantages, will result in decreased plasma colloid
oncotic pressure and an elevated interstitial water content [6]. Since further in-



Ultrafiltration During Cardiopulmonary Bypass 189 

creases in body water might be detrimental to an already fluid overloaded patient, 
ultrafiltration has a logical place in the cardiopulmonary bypass apparatus. How
ever, reports of its use during bypass have been limited [7, 8]. 

One reason for the limited use of ultrafiltration during bypass has been the in
ability to accurately measure organ water content by methods that are not de
structive. Although crystalloid hemodilution has been shown to result in in
creased water content in lungs [9], heart, kidney, and gastrointestinal tract [10], 
the technique to measure organ water was wet to dry weight and not clinically 
applicable. The thermal-dye double indicator dilution technique for measuring 
EVL W is simple, can be repeated, and correlates more closely with gravimetric 
lung water than the previously used isotope techniques [11]. Establishment of this 
technique in our laboratory with previous documentation of a close correlation 
with gravimetric lung water (R = 0.95) in 28 measurements over a wide range [12] 
allowed us to repetitively measure lung water. We showed an increase in EVLW 
during routine bypass in dogs and demonstrated that the increase in EVL W was 
significantly less when ultrafiltration was employed during bypass. The correla
tion between thermal-dye and gravimetric lung water was close (R = 0.96) in 
seven of the present experiments in which both were measured. This experience 
has been published [13]. 

In conclusion, our laboratory evaluation of ultrafiltration during cardiopul
monary bypass showed that large amounts of water should be safely removed 
with a lowering of EVL W compared with control animals. Ultrafiltration used 
clinically has been safe and effective in removing up to 6 I plasma water during 
bypass. At the present time, we recommend its use for: (a) patients requiring open 
cardiac surgery who have excess body water as demonstrated by clinical evalua
tion, radiographic examination, or elevated thermal-dye EVLW, (b) long bypass 
with accumulation of large reservoir volumes and/or low hematocrit, (c) im
proved nutritional support in the fluid overloaded patient, and (d) for improve
ment in cardiac function in the fluid overloaded diuretic-resistant patient. 

References 

1. Lilleaasen P, Stokke 0 (1978) Moderate and extreme hemodilution in open heart sur
gery: fluid balance and acid-base studies. Ann Thorac Surg 25:127-133 

2. Breckenridge 1M, Digerness SB, Kirklin JW (1970) Increased extracellular fluid after 
open intracardiac operation. Surg Gynecol Obstet 131:53-56 

3. Davis LE (1963) Treatment and management of bums. Veterinary Scope 8:7-11 
4. Pearce ML, Yamashita J, BeazellJ (1965) Management of pulmonary edema. Circ Res 

16:482-488 
5. Holcroft JW, Turnkey DD (1974) Extravascular lung water following hemorrhagic 

shock in the baboon. Ann Surg 180:480-487 
6. English T AH, Digerness S, Kirklin JW (1971) Changes in colloid osmotic pressure dur

ing and shortly after open intracardiac operation. J Thorac Cardiovasc Surg 61:338-
341 

7. Darup J, Bleese N, Kalmar P, Lute G, Pokar H, Polonius MJ (1979) Hemofiltration 
during extracorporeal circulation. Thorac Cardiovasc Surg 27:227-230 

8. Romagnoli A, Hocker J, Keats A, Milan J (1976) External hemoconcentration after 
deliberate hemodilution. In: Abstracts from the annual meeting of the American So
ciety of Anesthesiology. Am Society of Anesthesiology, Park Ridge, p 269 



190 D. J. Magilligan: Ultrafiltration During Cardiopulmonary Bypass 

9. Demling RH, Hick RE, Edmunds LH Jr (1976) Changes in extravascular lung water 
during venovenous perfusion. J Thorac Cardiovasc Surg 71:291-294 

10. Utley JR, Wachtel C, Cain RB, Spaw EA, Collins JC, Stephens DB (1980) Effects of 
hypothermia, hemodilution, and pump oxygenation on organ water content, blood 
flow, and oxygen delivery and renal function. Ann Thorac Surg 31:121-133 

II. Holcroft JW, Hopewell P, Sheldon GF, Lipanski A, Hoeffel J, Osborn 10 (1973) Ther
modilution for measurement of lung water: comparison with isotope and gravimetric 
methods. Circulation 48 [SuppI4]:447 

12. Magilligan DJ Jr, Oyama C, Levin N (1981) Interstitial and intraalveolar pulmonary 
edema - reversal by ultrafiltration. Crit Care Med 9:257 

13. Magilligan DJ Jr, Oyama C (1984) Ultrafiltration during cardiopulmonary bypass: 
Laboratory evaluation and initial clinical evaluation. Ann Thorac Surg 37:33-39 



General Surgery 

Experiences with Continuous Arteriovenous Hemofiltration 
in Surgical Intensive Care Patients 
F. E. Isemer, M. Holscher, H. H. Hildebrand, and R. Sievert 

Introduction 

After 2 years of experience with continuous arteriovenous hemofiltration 
(CA VH) (1979-1981) we now predict that intermittent conventional hemodialysis 
and hemofiltration will be used in the future only for limited indications. 

During these 2 years, a total of 32 surgical patients were treated with CA VH 
postoperatively. The results for treating uremia are completely satisfactory. In 
contrast to intermittent hemodialysis and hemofiltration, CA VH offers signifi
cant advantages especially for surgical intensive care patients. 

In intensive care patients variable fluid removal permits hyperalimentation al
ready in the stage of beginning renal insufficiency. Because of extensive apparatus 
and personnel effort, hemodialysis and mechanical hemofiltration are used for 
treatment only when the patient is already uremic. The circulation system of these 
patients often tolerates continuous fluid removal and continuous fluid substitu
tion better than acute fluid removal by intermittent hemodialysis or hemofiltra
tion. 

Since accurate fluid balancing is possible by CA VH, installation of a bed scale 
is not required. Also in our experience CA VH requires relatively little personnel 
effort. In addition, no special mechanical equipment or energy supply is neces
sary. The vascular access for this method can be installed simply and quickly. For 
these practical reasons we decided to utilize CA VH in the last 2 years. 

Patients and Diseases 

We treated a total of 32 patients with this method, 18 men and 14 women, whose 
underlying illnesses are compiled in Table 1. 

About two-thirds of the patients were over 50 years old. The table shows the 
underlying illness of the patient at the time of surgery. Partly, double diagnoses 
are cited as, e.g., in the case of a patient with poly trauma who suffered from rup
ture of the liver in addition to multiple bone injuries. 

Most patients suffered from gastrointestinal or pancreas, liver, and gallbladder 
diseases. Four patients underwent surgery because of perforation or bleeding of 
the stomach. Fifteen patients had intestinal surgery because of ileus or neoplasm. 
Necrotic inflammation of the pancreas was found in two cases. Nine patients were 
treated for disorders of liver or gallbladder. 
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Table 1. Summary of underlying illnesses 
in 32 patients who were treated with CA VH 
in the intensive care unit from 1979~ 1981 
(April). ~ Age: 30 years, n = 4; 40. years, 
n=5; 50 years, n=23. Sex: male, n=18; 
female, n= 14 

Underlying illness 

Esophagus carcinoma 1 
Stomach (perforation, bleeding) 4 
Intestinal (ileus, neoplasm) 15 
Pancreas (necrotic inflammation) 2 
Liver-gallbladder (cirrhosis, stones) 9 
Struma 2 
Systemic illness (neoplasm) 1 
Injuries (poly trauma, burns) 4 

F. E. Isemer et al. 

In five of these cases posthepatitis or alcoholic cirrhosis of the liver existed 
which had caused varicose esophageal bleeding. The other four patients suffered 
from gallstones which required surgical therapy. Two patients were admitted to 
our intensive care unit because of severe poly trauma and two others because of 
burns. The postoperative clinical course was complicated in all patients. 

Complications of Underlying Diseases 

The most significant complications are summarized in Table 2. The primary com
plications entered are those which we considered to be the main cause for renal 
failure. Secondary organ failures are arranged according to frequency in this pa
tient population. Among the primary complications, there were 18 cases of peri
tonitis, by far the most prevalant basic illness, in 14 cases it was diffuse and in 
4 cases as a result of abdominal abscesses. Causes for peritonitis were perforation 
of gastrointestinal tract or intestinal seam insufficiency. One patient of this group 
survived his diffuse bilious peritonitis and has completely recovered from his 

Table 2. Main postoperative complications which led to renal failure, 
among other things, and necessitated CA VH 

Primary complications 

Peritonitis ( diffuse) 
( abscessing) 

Bleeding> 1.51 
Secondary ileus 
Manifested cardiac insufficiency 
Renal failure 

• Surviving patients 

n 
14 (1 .) 
4 

10 
1 
2 
1 • 

Secondary organ failure 

n 
Renal 31 
Pulmonary 21 
Cardiac-circulatory 21 
Cerebral 7 
Hepatic 6 
Diabetes mellitus 2 
Panmyelopathy 4 
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acute renal failure. Ten patients were bleeding during the course of their illness, 
usually considerably more than 1.5 1. Especially patients with varicose esophageal 
bleeding or patients with bleeding gastric or duodenal ulcers belong to this 
group. 

Two of the older patients developed cardiac insufficiency which could not be 
controlled with drugs. Despite large doses of dopamine or other vasopressors 
over an extended period of time, sufficient filtration pressure for hemofiltration 
could not be achieved and hemofiltration was discontinued. 

After ileus surgery in a woman with an ovarian neoplasm, acute renal failure 
developed, but this patient survived. 

In all the remaining cases the renal failure was not a primary complication of 
the underlying illness but belonged to the broader groups of "secondary organ 
failures." A total of 21 patients suffered from considerable pulmonary insuffi
ciency. The criterion for pulmonary failure was volume-controlled ventilation 
with more than 50% oxygen. In 21 patients cardiac-circulatory insufficiency 
existed. This group of patients needed more than 12 y dopamine/kg body weight 
per min. Seven patients were comatose because of electroencephalographically 
confirmed, severe cerebral damage. In six patients we observed severe liver fail
ure, where, besides hyperbilirubinemia and hepatic enzyme imbalance, also syn
thesis of albumin and clotting factors were interrupted. Two patients developed 
severe insulin-dependent diabetes mellitus which was not observed prior to sur
gery. In four patients panmyelophathy became apparent during the course of ill
ness. 

It becomes evident from the summary of most significant complications that 
renal failure did not occur as a primary complication in this patient population 
but was caused by the secondary complications. As a rule all patients exhibited 
"mUltiple organ failure" in the course of CA VH with an average of three second
ary organ failures besides the underlying illness and the primary complication. 
One exception was the female patient with a primary renal failure after ileus sur
gery. 

Indications for Use of CA VH and Outcome 

In all patients the indication for CA VH was oliguria. Our patient population with 
"multiple organ failure" required hyperalimentation as well as specific drug ther
apy. This by itself caused volume problems in renal failure, requiring early, high 
continuous fluid removal. 

Specific indications for CA VH were: Moderate overhydration in 17 patients 
who had peripheral edema and pulmonary congestion; only one patient was 
severely overhydrated, thus 6 I fluid had to be removed within 24 h. 

Electrolyte imbalance, particularly hyperkalemia with values exceeding 
5.5 meq/l as a result of renal failure, was the indication for CA VH in 16 patients. 
It has to be pointed out that the hyperkalemia of these patients could be well con
trolled with a large filtrate turnover of 20 l/day. 

In six patients hypernatremia with values above 160 meq/l was the main indi
cation. Hypernatremia was observed in 20% of the cases. It was often partly ia
trogenic due to the high sodium content of medications. Probably because CA VH 
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Table 3. Indications for hemofil
tration in the surgical observation 
unit 1979-1981 (April) 

Oliguria n=32 

Overhydration 
Moderate 17 
Severe I 

Electrolyte imbalance 
K+ 16 
Na+ 6 

Urea-N 
< 100mgjdl 8 
> 100mgjdl 24 
Creatinine 
<6mgjdl 16 
>6mgjdl 16 

F. E. Isemer et al. 

Table 4. Length of treatment and successes with 
CAVH 

Days PRF Elimination of 

HV EI UR 
(n) (n) (n) (n) 

< 3 (n=8) 8 
< 14 (n=22) 20 30· 30 30 
> 14 (n=2) I 

• Two patients with primary cardiac insufficiency 
could not be treated successfully 

PRF, persistent renal failure; HV, hypervolemia; EI, 
electrolyte imbalance; UR, uremia 

is now started early, lately we have hardly seen hypernatremia in acute renal fail
ure. 

Blood urea nitrogen (BUN) was below 100 mg/dl in eight patients, and in 24 
patients over 100 mg/dl. Creatinine was below 6 mg/dl in 16 patients, and in the 
other 16 patients over 6 mg/dl. These values reflect the catabolic metabolism of 
our severely ill patient population. Therefore, in these patients a high fluid turn
over was necessary to compensate uremia. 

Filtrate output achieved was 600--800 mljh or 15-20 l/day. With this exchange 
volume even severe imbalances of the potassium metabolism could be controlled. 
The length of time a hemofilter could be used for a particular patient varied con
siderably, but usually lasted up to 5 days. 

Table 4 shows the length of treatment and the results achieved with CA VH. 
Eight patients were treated up to 3 days; renal failure persisted in all of them. 
Twenty-two patients were treated up to 14 days; in 20 of them the renal failure 
persisted and in two, renal function recovered. Two patients were treated over 14 
days; in one of them renal function was restored. 

CA VH made hyperalimentation and adequate drug therapy possible for all pa
tients. The consequences of acute renal failure such as electrolyte imbalance as 
well as uremia could be well controlled. In three patients renal function recovered 
by CA VH, two patients survived. Two patients with manifested cardiac insuffi
ciency could not be treated adequately since not enough pressure for filtration 
could be achieved. 

Conclusions 

We have treated a patient population with "multiple organ failure" who had sig
nificant complications and several secondary organ failures besides the severe 
basic illness. On the average, we observed two other organ failures in addition to 
the renal failure and the underlying illness. Therefore the prognosis of these pa
tients was uncertain. The effectiveness of CAVH therapy, thus, cannot be mea-
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sured by the survival rate of the patients but only by the criteria for control of 
renal insufficiency. 

Survival of the patients was only possible when the causative chain of compli
cations could be effectively interrupted. This was the case in a 59-year-old patient 
whose lung and kidney failures could not be eliminated until the bilious peritoni
tis was sanitized surgically first. 

When CA VH has to be considered for intensive care in conjunction with venti
lation, pace markers, etc., in our opinion, it offers considerable advantages over 
intermittent hemodialysis and hemofiltration. 



Potentials and Pitfalls 
of Continuous Arteriovenous Hemofiltration 

Intensive Care Potentials 
of Continuous Arteriovenous Hemofiltration 
P. Kramer and G. Biege 

Arteriovenous hemofiltration offers a number of possibilities in intensive care 
and monitoring [4], which can sometimes be decisive for the use of the method 
(Fig. 1). 

Arterial Blood Pressure 

Since there is a catheter in the femoral artery, continuous arterial pressure mea
surements can be made. Thereby the arterial blood line has to be occluded behind 
the pressure line connection for the short time of pressure recording. The corre
lation with cuff pressure or pressure measured in the radial artery is for clinical 
practice good enough to use the access to the femoral artery (Fig. 2). Although 

Vein 

rContinuous controO 
Lo t hematocrit J ... 

Substitution fluid 
. Porenteral nutrition 

[Central venous pre55ure] 

.-Minimal heparinisat ion -500 U/h 
Arterial blood pre5sure 
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B.P controlled 

Repetitive monitor ing 
of urea .creati nine 
and electrolytes 

Fig. I. Schematic illustra
tion of the various inten
sive care potentia ls of the 
extracorporea l CA VH cir
cuit 
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Fig. 2. Comparison between ,systolic 
pressure measured in the femoral ar
tery and with an upper arm cuff 

the shunting of blood is only small, the increase of central arterial pressure after 
occlusion is measurable; in adults a transient increase of 5 mmHg was observed. 
This may be different in small children, in whom the proportion of the shunting 
is higher; an increase of central arterial pressure by 20 mmHg is not unusual. 

Central Venous Pressure 

The venous catheter permits measurement of central venous pressure when extra
corporeal circulation is interrupted temporarily, but it must be stressed that the 
venous pressure measured in the femoral vein is 5-8 cm H20 higher than in the 
vena cava. If this difference is taken into account the femoral vein pressure is a 
useful parameter for intensive supervision. 

Arterial Blood Sampling 

The cannula in the femoral artery may be used for repeated arterial blood sam
pling for blood gas analysis provided that this is carried out under strictly sterile 
conditions. 

Pressure-Dependent Fluid Removal 

As the filtration rate depends on the hydrostatic pressure, blood-pressure depen
dent fluid removal can be taken advantage of. If the ultrafiltrate-collecting con
tainer is attached to the patient's bed frame at the proper height, fluid is with
drawn only when the blood pressure exceeds a preselected limit. 

Ultra filtrate Analysis 

Since the composition of the ultrafiltrate is very similar to the glomerular filtrate, 
the concentration of a number of substances and electrolytes such as urea, creati-
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nine, uric acid, glucose, sodium, potassium, chloride, and phosphate [6], can also 
be measured in the ultrafiltrate instead of in the blood. 

Cooling 

A very important capability of CA VH is cooling. The arterial and the venous tub
ings are placed in ice water and the effect on body temperature is seen within an 
hour: even high body temperature is easily controlled and may be titrated to any 
wanted level. The cooling has no effect on the filtration rate. On the contrary 
lowering body temperature usually results in circulatory stabilization [5] with an 
improvement of filtration rate. Cooling is very important for the prevention of 
cerebral edema [2]. 

Blood Volume 

As shown by the group in Aachen [7], continuous measurement of the hematocrit 
or of blood volume can also be made in the arterial line. This may eventually be
come an important parameter for adapting the ultrafiltration rate to the refilling 
rate. 

Obligatory Heparinisation 

The dose of heparin necessary for arteriovenous hemofiltration « 10 IV/kg/h) 
corresponds approximately with the dose which would be given to any intensive 
care patient for prophylaxis of thrombosis. Since the continuous heparin supply 
can never be interrupted during CA VH without prior additional administration 
of heparin, to prevent thrombosing of the hemofilter, optimal prophylaxis against 
thrombosis is also provided for the large blood vessel catheters. 

Hyperosmolar Parenterals 

All parenterals including 40% glucose solution can be introduced through the ve
nous cannula under optimal conditions, since dilution with substitution fluid and 
fully heparinized blood first occurs extracorporeally, then entering a large-caliber 
vein at high flow rate. The osmolality of a 40% glucose solution is reduced from 
1500 to 350 mosmol/1. The possibility of optimal parenteral feeding of patients 
with complicated acute renal failure from the first day on is a significant advance 
toward the improvement of the prognosis [1]. 

Diagnostic Hemoperfusion 

Arteriovenous hemofiltration permits "diagnostic hemoperfusions" with mini
mal effort. In this method, arteriovenous blood bypasses the hemofilter flowing 
through a small charcoal cartrigde for 10-30 min. The cartrigde adsorbs micro
organisms for bacteriological diagnosis. According to our preliminary results, 
this seems to be an important advance in combatting sepsis, since it is possible 
to accumulate microorganisms on the charcoal which are not detected with con
ventional blood cultures [3, 6]. 
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Differential Indications 
for the Use of Continuous Arteriovenous Hemofiltration 
P. Kramer 

Choice of Mode of Treatment 

The number of publications and case reports on continuous arteriovenous hemo
filtration (CA VH) has increased exponentially [1, 6-8] as a result of various rea
sons all related to clinical practice, including: 
1. Overhydration resistant to diuretics is a common problem in all intensive care 

units and the resulting restriction of fluid administration or the time-consum
ing discussion about the indication of a hemodialysis is an unpleasant experi
ence of most physicians and surgeons. 

2. CA VH is a simple procedure, which may be started by any physician or sur
geon who has experience with the Seldinger technique for insertion of femoral 
catheters. 

3. The pumpless ultrafiltration driven by cardiac contraction force is not ex
pected to work and thus impresses most withnesses of visible "urine output" 
of the artificial glomerulus more than do other innovations. 

4. The new kidney replacement therapy has made it possible to treat patients in 
the specialist's intensive care unit (hopefully with the nephrologist as a consul
tant). Thus, various specialists such as general and thoracic surgeons, anes
thesiologists and cardiologists eventually collected more practical experience 
with this method than did nephrologists. 
It is a matter of discussion whether this development has improved the prog

nosis of patients with acute renal failure (ARF) and whether CA VH may be a use
ful renal replacement therapy in all cases of ARF. Therefore, it must be made ab
solutely clear that the author who first described this technique in 1977 [2] objects 
to the use of CA VH in simple uncomplicated ARF: Patients who are able to get 
up, who have no serious circulatory or pulmonary complication, who have to be 
hospitalized only because of ARF, should best be treated by venovenous single
needle hemodialysis with volume-controlled ultrafiltration. 

In Table 1 the choice of mode of treatment is displayed for different patients 
in different clinical situations as practised in Gottingen. Intermittent hemodialy
sis is the treatment of choice in adults with uncomplicated ARF, in massive hy
perkalemia, and in intoxications. Intermittent venovenous pump-driven hemofil
tration is the treatment of choice in elderly patients with serious cerebrovascular 
or coronary sclerosis but otherwise uncomplicated ARF. Continuous peritoneal 
dialysis is the treatment of choice in patients with ARF due to acute hemorrhagic 
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Table 1. Choice of mode of treatment as it is practised in Gottingen University Hospital 
1984 

HD 

Children ( < 12 years) (+ ) 
Uncomplicated renal failure 

Adults (13-65 years) + 
Uncomplicated renal failure 

Elderly patients (> 65 years) 
Uncomplicated renal failure 

Serious vascular sclerosis 
(coronary-, cerebro-) 

No vascular access 
Acute renal failure "multiple organ failure" 

(circulatory and pulmonary failure) 
Acute renal failure due to acute pancreatitis 
Acute renal failure with massive + 

hyperkalemia (e.g., hemolysis) 
Intoxication and acute renal failure + 

HD, hemodialysis, venovenous 
HF, hemofiltration, venovenous 
CA VH, continuous arteriovenous hemofiltration 
CPD, continuous peritoneal dialysis 
IPD, intermittent peritoneal dialysis 

HF 

(+) 

+ 

+ 

+ 

(+ ) 

(+ ) 

(+) 

CAVH CPD 

(+ ) 

+ 

+ 

+ 

+ 
(+ ) 

+ 

IPD 

+ 

(+) 

+ 

pancreatitis, in patients without vascular access, and in small children. (In chil
dren > 10 kg CAVH has been used recently if cardiopulmonary problems were 
predominant. ) 

During the past 15 years, the proportion of patients with uncomplicated ARF 
has fallen in some areas to below 10%. Most anuric patients today present mul
tiple organ failure, whereby renal failure is the final complication. And particu
larly in these patients the intermittent hemodialysis or hemofiltration displays its 
unphysiologic (sometimes lethal) effects. 

In chronic renal failure the side effects of the unphysiologic intermittent treat
ment have to be balanced against the patient's freedom from the machine. In criti
cally ill patients, however, one should follow as closely as possible the functions 
of the natural kidney, which are 24-h per day correction of water, electrolyte, and 
acid-base disorders, as well as for elimination of waste products. 

In the past, before 1977, we have treated these patients with continuous peri
toneal dialysis taking into account the risk of peritonitis, the loss of proteins, and 
the difficulty to control fluid balance. Besides that diaphragmatic breathing ex
cursions were limited by intraperitoneal fluid so that an already critical respira
tory situation generally became worse. 

Therefore, CA VH was immediately accepted as the better continuous kidney 
replacement therapy by anesthesiologists, general surgeons, and cardiologists. 
Figure 1 gives an idea of the frequency of CA VH use and of the different basic 
illnesses complicated by ARF treated early in 1982 in four different intensive care 
units of the University Hospital in G6ttingen. Frequency and indications have 
not changed very much since that time. 
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Table 2. Advantages and disadvantages of CA VH in comparison with intermittent 
mechanical hemofiltration 

Advantages 

Gentle circulatory effect 
Higher effective fluid withdrawal possible 
Metabolic steady state 
No risk of air embolism 
No filter rupture 
No power connection or consumption 
No specially trained personnel 
No investment costs 

Disadvantages 

Low efficiency 
Not applicable with femoral cannulation in 

serious atherosclerosis 
Only for the bedridden patient 

Indication for the use of CA VH is determined, on the one hand, by the poten
tials [3-5] and risks of this new procedure in comparison with conventional hemo
dialysis, pump-driven hemofiltration, or continuous peritoneal dialysis, and, on 
the other hand, by necessary measures which must be taken, particularly with 
complicated acute renal failure; these may sometimes be decisive for the applica
tion. 

The engagement is worthwhile, particularly in cases of ARF, because the kid
neys recover completely in most patients. Arguments for the use of arteriovenous 
hemofiltration are rarely unequivocal. Of course, if there is no machine available 
- unfortunately true in health care for 70% of the world population - and if peri
toneal dialysis cannot be carried out due to diaphragmatic defect, paralytic ileus, 
extensive peritoneal adhesions, or blockage of the peritoneal catheter with fibrin 
clots, there will be no other choice in the future than to make use of this new pro
cedure. 

Fortunately, in the Western part of the world we have still the opportunity in 
most cases to use machines for the treatment of ARF. To that extent, the new 
method must compete with conventional procedures, particularly with pump
driven hemofiltration, which has proven itself especially in the treatment of ARF 
in the intensive care area, due to controlled withdrawal of fluid and independence 
from 'water supply. In comparison with intermittent mechanical hemofiltration, 
CA VH has advantages and disadvantages, which are displayed in Table 2. 

Because of continuous withdrawal of fluid, the procedure is close to physio
logic conditions and has only few negative effects on the circulation. For this rea
son, more effective fluid withdrawal is possible than with intermittent mechanical 
hemofiltration [6]. The metabolism is in a steady state and electrolytes may be 
maintained constant, which is of importance for controlled parenteral nutrition 
based on daily nitrogen balance. 

Since no roller pumps are used, air embolism is practically precluded. Positive 
pressure prevails in the extracorporeal system. Filter ruptures practically never 
occur, as a result of low perfusion pressures. If there is a defect in the hemofilter, 
this is discovered immediately after beginning extracorporeal blood circulation. 

The procedure requires no power connection and to that extent is suitable for 
catastrophes. Simple execution avoids the need for specially trained personnel. 
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The fact that no investment costs are necessary is of great importance, particu
larly in planning for treatment of ARF, because machines obtained specifically 
for the treatment of ARF are often not fully utilized. 

The main disadvantage of the procedure is its low efficiency, i.e., it is effective 
only with long-term use. This must be taken into consideration, particularly in 
cases of poisoning and massive hyperkalemia. 

The described technique of using the cannulated femoral artery and vein as cir
culatory access can be used in cases of high-grade atherosclerosis only in the 
sense of an "ultima ratio," when it is not desired to make use of a Scribner shunt. 
In addition, this procedure has so far been used with femoral catheters in bedrid
den patients only. The catheters now available are so flexible that the patients can 
bend their legs and may be moved, as necessary, in bed. There should be no mo
bilization of the patients, as would be possible with conventional hemodialysis, 
hemofiltration, or intermittent peritoneal dialysis. 

According to the experience of four different intensive care units, with a total 
of more than 250 patients, the following indications for the application of CA VH 
are suggested: 

1. General indications: overhydration resistant to diuretics; no hypercaloric nutri
tion possible; hyperkalemia; azotemia 

2. Specific indications: lung diffusion disturbances and circulatory failure; na
triurectic-resistant hypernatremia; cerebral edema; controlled parenteral nutri
tion; anuric kidney protection 

3. Questionable indications: poisoning; massive hyperkalemia (such as in hemoly
sis) 

General indications, in which CA VH may be used as an alternative to conven
tional methods, include: 
1. Overhydration resistant to diuretics, when it is not possible to obtain sufficient 
urine output even with high doses of furosemide and the infusion volume, particu
larly the parenteral nutrition, has to be restricted 
2. "Normal" hyperkalemia, in the course of azotemia, but CAVH treatment 
should be started early and a plasma water exchange rate of approximately 101/ 
day should be achieved. 

There are some specific indications in which CA VH is superior to the conven
tional intermittent procedure. This applies especially to disturbances of lung dif
fusion coupled with circulatory failure or severe circulatory instability, so that ad
equate intermittent fluid withdrawal is not possible. Natriuretic-resistant hyper
natremia (for example, after resuscitation) is another specific indication. In such 
cases it is important to normalize high plasma sodium levels gently but con
tinuously over a period of 2 days by substituting plasma water with sodium-free 
solutions. Cerebral edema may be treated with continuous dehydration using 
CA VH and a high normal sodium concentration in the substitution fluid. The 
continuous fluid deprivation is essential and cannot be achieved with intermittent 
treatment. 

Daily nitrogen balance and energy balance requires a steady state of metabo
lism and nutrition. Thus, controlled parenteral nutrition in catabolic renal failure 
cannot be achieved with intermittent renal replacement therapy. 
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. For the recovery of kidney function it is essential to maintain constantly high 
normal plasma sodium concentration (150 meq/l), positive base excess ( + 5 meq/ 
1), and hydration as much as possible with respect to lung and heart function. 

Exogenous poisoning is a questionable indication for the use of CA VR. In this 
case, hemodialysis should be used for poisoning with low molecular weight sub
stances, or hemoperfusion and pump-driven hemofiltration for poisoning with 
highly protein bound and high molecular weight substances. In no case should 
massive hyperkalemia, as occurring with hemolysis or with extensive tissue de
struction, be treated by CA VR alone: in that case, hemodialysis must be used as 
soon as possible. 
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Limitations and Pitfalls 
of Continuous Arteriovenous Hemofiltration 
P. Kramer 

Limitation: Blood Pressure 

The driving force of arteriovenous hemofiltration is the blood pressure gradient 
between artery and vein. For this reason, a decompensated cardiac or circulatory 
failure places a limit on the use of this procedure. Adequate fluid withdrawal can 
only be obtained with systolic blood pressures higher than 60 mmHg, with a he
matocrit below 40%, and rather low colloid-osmotic pressure. With a systolic 
blood pressure of 70 mmHg, filtration rates of 2-4 ml/min are observed. In our 
expierence, a low filtration rate of 180 ml/h is sufficient for the improvement of 
heart failure with low cardiac output (CO) in oligoanuric patients. In patients 
with cardiogenic shock, frequent thrombosis of the hemofilter may occur, but the 
overall elimination of fluid may be sufficient to improve the patient's condition. 
Not infrequently, "prerenal kidney failure" exists in these patients and the excre
tion function of the kidney starts again, when cardiac output has slightly im
proved. 

Although arteriovenous hemofiltration is superior to the natural kidney with 
respect to the elimination of water in case of low blood pressure [4, 5], it is only 
justified in cardiogenic shock, when venovenous pump-driven hemofiltration or 
conventional hemodialysis are not available. 

In view of the low extracorporeal blood flow (2%-5% of CO), an additional 
volume load for the heart by continuous arteriovenous hemofiltration (CA VH) 
can be precluded. If CA VH is used in small children, however, blood pressure re
duction due to blood shunting may be significant. Continuous peritoneal dialysis 
may be preferable if the blood line occlusion of the extracorporeal circuit causes 
the central arterial blood pressure to increase more than 10 mmHg. 

Limitation: Fluid Turnover 

A low filtration rate below 6 ml/min does not suffice for compensation of uremia. 
Figure I shows the steady-state plasma creatinine as a function of the ultrafiltrate 
substitution rate. The values were obtained from patients in whom we were able 
to maintain a constant ultrafiltration and substitution rate for at least 48 h. Ac
cording to the figure the inverse relationship between plasma creatinine and sub
stitution rate is very similar to that between plasma creatinine and glomerular fil
tration rate. Exchange volumes greater than 6 ml/min or 8.6 I/day are necessary 
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Fig. I. Steady-state plasma 
creatinine in relation to ul
trafiltrate substitution rate 
and glomerular filtration 
rate 

to obtain adequate compensation of uremia and for prevention of hyperkalemia. 
Isotonic ultrafiltration only without substitution of potassium-free fluid results 
inevitably in hyperkalemia. In some patients with catabolic acute renal failure 
(ARF), a higher fluid turnover is required in order to achieve blood urea nitrogen 
(BUN) levels below 120 mg/dl. In these cases occasionally hemodialysis may be 
required. On the other hand, in our experience optimal parenteral nutrition may 
cause an impressive fall of the BUN level. 

In patients with low-normal colloid-osmotic pressure and hematocrit values 
below 40%, exchange volumes between 10 and 20 I can be achieved with a systolic 
pressure of 100 mmHg. Even severe catabolic renal failures can be treated exclu
sively with CA VH. 

A particularly impressive clinical course is shown in Fig. 2, where the subject 
is a 30-year-old patient with 60% third-fourth degree burns, whose anurie renal 



~=
11
~ 

.
-

-0
 

.~
 --

-
7 

ti
c
>

 
",

E
 

u
-

3 
O~O

-"-
o_o

 ___ 
o

'.
 

--
-0

-0
_

 
O-O

",~
-O-

-..
 oO

_.
-._

O
_O

 __
__

 -.
-.

_
O

 
e
/ 

-e
 

e'
e_

e-
e-

_ 
e~
-e
~/
~ _

_
_

_
_

_
_

_
_

_
_

_
 _ 

-
~
 

e
/ 

"";
;'6

} 
• 

'" 
5 

/ 
\
.
 

• 
/
.-

. 
E

 
""

'.
-.

--
--

...
...

...
...

. ,
. 

/.
-
. 

• 
.
/
 .

....
.. -

. 
_

_
_

 .
"
.-

....
... 
~
 _

_
 .
~
.
_
.
 _

_
_

 /
~
\
-

:;-
-

4 
• 

".;
;-1

'--
---

--
'.

/ 
--

-'
._

._
./

 
../

11
 

'._
 • .A

I 
• 

::.::
: 

3 
-0

 

'0
,6

 j 
• 

:0
 

E.
 4 

--
--

-
'" 

/-
-
-
-
-
-

... 
___

 20
0~

 
0

-0
 

'''
''2

 
~
 7

 
-"

'-
..

.-
-'

" 
"'~.

,-::
. --

-.=
"'-

c>
 

0
''
'-

~ 
'" 

......
.. 

E.
 1

50
 

-0
-

--
--

"-
. 

~
 

0
_

_
_

_
 

0
-

::
::

=-
-0

~0
, 

iJ
) 

10
0 

/ 
0 

0 
0~

0-
0 

o 
. __ e

_. 
---

--
-

-.
 

-
-
?
"
 /.

-.
-.

--
-.

--
./

 
".

 
/.

 
. 

......._ 
-.

-.
 ....... 

-.-
._

._
 ......

.. ~
'e
-.
-.
 

· 
"

. 
.--

...... 
/-

,_. 
-.-

.., 
\7

 
.~
.-
./
_-
-'
.-
--

~ 
* 

'*' 
:.

 
• 

2 
80

0~
 

C
 

60
0 

.§
 

40
0 

0
. '" :r: 

~ 
* 

**
 

'*' •
••

••
• 

.'" 
. '*'

 
• • 

: 

~ 
oE

LH
 f

T
I'(

I"
T

fl'
ill

l R
li
l H

 Il
ll
ll
ll
ll
 H

li 
H

 11
~~

~~
~/

~~
~~

1O
% 

G
lu

co
se

 4
0

%
 

(-
S

O
O

g
/d

a
y)

 
-

10
 

:J
 

0
. -; 0
20

 
1. 

5.
 

10
. 

15
. 

20
. 

25
. 

1. 
L

..
J
 

5.
 

10
. 

F
e

b
ru

a
ry

 
M

ar
ch

 1
98

2 

F
ig

. 2
. 

C
li

ni
ca

l 
co

ur
se

 o
f a

 3
0-

ye
ar

-o
ld

 p
at

ie
nt

 w
it

h 
60

%
 b

u
rn

s 
tr

ea
te

d 
ex

cl
us

iv
el

y 
by

 C
A

 V
H

 

tv
 

o 0
0

 

~
 
~
 ~ ..., 



Limitations and Pitfalls of CA VH 209 

failure was treated for 6 weeks exclusively with CA VH. Systolic blood pressures 
were approximately 100 mmHg during the entire treatment. With total parenteral 
nutrition, it was possible to achieve anabolism. BUN fell below 150 mg/dl, al
though the amino acid supply was 150 g/day. Potassium and phosphate had to 
be substituted [5], indicating cellular build-up or anabolism. During the first week 
plasma, creatinine, and BUN rose as a result of insufficient fluid turnover. During 
this period intermittent hemodialysis could have been used to improve azotemia. 
Therefore, in a hospital with frequent use of CA VH easy access and skilled per
formance of all conventional kidney replacement methods must be available. 

Limitation: Hematocrit 

Inadequate filtration rates were observed when hematocrit was above 45%. High 
hematocrit values were observed particulary in cor pulmonale and other pulmo
nary affections with secondary polyglobulia. In these cases it is recommended to 
carry out predilution: The substitution solution is infused into the arterial three
way valve instead of the venous three-way valve. This way, filtration rates are 
generally much higher and the hemofilters remain open longer. But it is not simple 
to perform predilution CA VH. Fluid dosing must be very accurate and in most 
cases suction is needed to obtain a negative fluid balance. Venovenous hemo
dialysis is certainly the better kidney replacement therapy in these cases, unless 
intermittent treatment is not tolerated. 

Pitfall: Fluid Balance 

Because of the high fluid turnover, small systematic errors in dosing of substitu
tion fluid or measuring of ultrafiltrate may amount to several liters false positive 
or negative fluid balance within a few days. This has been a painful experience 
with manual fluid balancing and it was the main stimulus for developing flow bal
ances. But besides the improvement of devices for measuring fluids, the clinical 
viewpoint is of utmost importance. Knowing this pitfall, the clinician should al
ways make up his mind about the patient's water metabolism before reading the 
input/output protocol. A thorough investigation of cutaneous turgor, the search 
for pitting edema or ascites, the auscultation of the lungs, the estimation of sweat 
secretion and saliva flow, as well as the measurement of body temperature, pulse 
rate, central venous pressure, arterial pressure, and finally the analysis of blood 
gases should be considered for a firm decision concerning whether the patient 
needs more or less fluid. 

"Don't trust the written fluid balance." 

Pitfall: Blood Loss Due to Tubing Disconnection 

A disconnection of the extracorporeal blood-conducting tubing system is im
mediately followed by blood loss up to 250 ml/min. Unfortunately, there have 
been to our knowledge three cases, in whom lethal blood loss occurred after dis
connection of the CA VH system. In these cases more than one of the following 
causes were responsible for this avoidable complication: 
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1. Patient restless and insufficiently supervised 
2. Inappropriate femoral indwelling catheter 
3. Femoral CAVH catheter not sutured to the skin 
4. Catheter, tubing, and hemofilter connections without Luer lock 

With regard to (1), all cases were restless and insufficiently supervised. Hemo
filter and tubing were covered by a blanket. Usually the nurse left the patient 
alone for just a few minutes. In one case, however, disconnection with lethal 
blood loss occurred during rounds, with doctors and nurses standing beside the 
patient's bed being absorbed in discussion about laboratory data. Therefore, the 
following measures should be taken: (a) preferably use intermittent hemodialysis 
in restless patients; (b) never leave a restless patient on CAVH alone; (c) always 
leave hemofilter, blood conducting tubings, and vascular access uncovered and 
visible from all points of the room; (d) in restless patients the arterial blood line 
should be connected to a pressure monitor with lower alarm limits. 

With regard to (2), in one case lethal blood loss occurred from a broken 
catheter, in another a disconnection occurred between silicone and teflon compo
nents. Minor but continuous bleeding with a wrong catheter may occur along a 
kink if it is located in the vascular wall. Therefore, the following measures should 
be taken: (a) use only catheters specially made for CA VH, which have to last for 
weeks; (b) make sure that a new catheter made for CAVH has safe connections 
between silicone and teflon parts. 

With regard to (3), in one case the venous catheter was not sutured to the skin 
and pulled out by the unattended patient. The lethal blood loss did not occur from 
the femoral vein but from the femoral artery, the blood flowing through the 
CAVH system out of the venous catheter. Therefore, the following measures 
should be taken: (a) always suture the femoral catheters safely to the skin; (b) 
check the sutures every day; (c) tape the arterial and venous tubing to the thigh 
for protection of the sutures against pulling. 

With regard to (4), use of catheters and tubings without screw connections for 
CA VH is obsolete. This is also true for all infusion or monitor tubings connected 
to the extracorporeal blood circuit. Serious blood loss was observed after discon
nection between hemofilter and tubing. 

Very efficient measures to be taken are: (a) refuse tubings without screw con
nections such as the Luer lock; (b) refuse screw connections which are difficult 
to handle; (c) use only CAVH systems, which have a safe connection between he
mofilter and tubing. 

Pitfall: Dehydration 

The continuous slow water withdrawal by means of CA VH allows a serious de
hydration without hypotension. Skin folds put up at the front head or thigh may 
stand up for an hour or so as an obvious sign of extensive dehydration. In most 
cases negative fluid balance improved gas exchange of the lungs. Apparently this 
measurable therapeutic effect is so impressive, that many clinicians forget about 
the main disadvantage of dehydration: Delayed recovery of kidney function. If 
patients receive parenteral nutrition solutions without sodium, they may even be-
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Fig.3. Schematic illustration of the theoretical relationship between sodium bicarbonate 
loading and protection of the proximal tubules in anuric kidneys 

come hyponatremic. It is a matter of discussion whether the combination of se
rious dehydration and hyponatremia in CA VH patients was the reason for pro
longed anuria. 

Acute organic renal failure is an unfavorable sign with respect to prognosis in 
patients with multiple organ failure, and recovery of kidney function is consid
ered a good prognostic sign. Thereby the kidney does not only playa passive in
dicator role. Endocrine and peptide degradation function and other not yet 
known functions are, besides the excretion function, of utmost importance for the 
survival of patients. This is a reasonable assumption, which provides the basis for 
a new intensive care program called proximal tubule protection. The clinical expe
rience that sodium and bicarbonate may protect against impending ARF is ex
trapolated for protection of the anuric kidney [3]. It is well known that during 
ARF glomerular filtration continues at a low level [I, 2, 6-8], whereby the filtrate 
is reabsorbed more or less totally along the proximal tubule. 

In patients with multiorgan failure who developed acute tubular necrosis, the 
nephrotoxins continue to enter the tubular fluid via glomerular filtration. De
pending on the rate at which the filtrate is reabsorbed, the continuing toxic effect 
on the tubular cells may be quite different, whether the fluid is totally reabsorbed 
in the first part of the proximal tubule or as a result of delayed reabsorption later 
along the tubule. In any case, the exposure of the single tubular cell to nephro
toxins should be less with reduced proximal tubule reabsorption and this may af
fect the glomerular filtration [9]. Figure 3 illustrates this theoretical relationship. 

Under the assumption that this mechanism is valid, hydration, high plasma 
sodium and bicarbonate levels should delay reabsorption along the proximal 
tubule [7]. Hydration may disturb cardiac and pulmonary function, but maintain
ing a plasma sodium of 150 meq/l and a base excess of + 5 meq/l does not. This 
program so far is very deliberate and has only very preliminary clinical support, 
but it may be only performed by means of CA VH. By infusion of either NaCI or 
NaHC03 concentrate during ongoing CA VH with regular substitution fluid the 



212 P. Kramer: Limitations and Pitfalls of CA VH 

concentration of sodium and bicarbonate may be maintained at any preselected 
level. This is by no means possible with intermittent treatment. Also the level of 
hydration may be better controlled with continuous fluid removal and sodium 
substitution. 

In summary: CA VH may be used for protection of the anuric kidney, but it 
may also be a very efficient method for continuous proximal tubule damaging 
with maintenance of anuria. 

Pitfall: Inadequate Diagnostic Measures 

The simplicity of CA VH and a possible lack of cooperation with the nephrologist 
may result in inadequate diagnostic measures in patients with complicated ARF. 
It is absolutely necessary to search "aggressively" for the cause of ARF before 
CA VH is started. The patient must be seen by a nephrologist and the whole spec
trum of nephrological and urological diagnostic measures must be used to iden
tify the cause of renal failure. Avoidable complications related to the unreflected 
use of CA VH were seen in patients with anuria due to dissecting aortic aneurism 
or traumatic retroperitoneal bleeding. Therapeutic measures were delayed for 
days in patients with postrenal failure who were "put on CA VH" because it is so 
simple. 

Diagnostic and therapeutic measures concerning the natural kidney are cer
tainly more important for the overall prognosis of the patient than is the early 
use of CA VH. In some cases it may be necessary to use a conventional kidney re
placement therapy instead of CA VH. This decision needs the specialist. CA VH 
may improve the prognosis of patients with complicated ARF, provided the 
nephrologist is brought in as a consultant. 
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Chronic Renal Failure 

Slow Continuous Ultrafiltration -
Supplemental Therapy to Intermittent Hemodialysis 
E. P. Paganini 

Introduction 

Increasingly sophisticated medical technology in the past 10 years has brought 
greater diagnostic accuracy with less patient invasion and morbidity, but these 
procedures are extraordinarily complex and costly. The development, therefore, 
of a relatively simple procedure that offers patient stability while allowing aggres
sive medical intervention is an important advance. 

Acute renal dysfunction, whether medical or surgical, poses major therapeutic 
challenges. The application of dialytic techniques in the mid-1950s was rewarded 
with marked improvement in morbidity and mortality [12, 20]. At that time, at
tempts at "continuous hemodialysis" met with promising results [18] but the 
equipment was cumbersome and the extracorporeal volume needed was large. In
termittent forms of hemodialysis grew in popularity and the basic designs 
changed. A greater understanding of the underlying pathophysiology of both 
acute and chronic renal failure ensued, and intermittent hemodialysis became the 
main support for control of fluid and electrolyte balance, as well as uremia. 

Fluid control, however, remained a problem in oliguric acute renal failure 
(ARF). The use of larger volumes of fluid for hyperalimentation or as a vehicle 
for pressor agents or antibiotics necessitated daily dialytic support. Although in
termittent isolated ultrafiltration was used, a substantial number of patients 
could not be supported in this manner because of hemodynamic instability. Con
tinuous ultrafiltration techniques were initially developed for these patients. 

Definitions 

Many extracorporeal techniques are employed to treat renal failure, some for 
uremic control, others for fluid balance. As the literature grows, it is of utmost 
importance to establish baseline definitions of these techniques to allow accurate 
comparisons of similar procedures (Table I). 

The primary goal of slow continuous ultrafiltration (SCUF) is either removal 
or balance of fluid. The rate of filtration (CF) is regulated by the desired fluid in
take plus projected weight loss. An ultrafiltration rate of 5 ml/min is the usual 
range; replacement is generally not postdilutional but achieved by either hyperali
mentation or fluid/drug administration via other access sites. Continuous arterio-
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Table 1. Working definitions of various extracorporeal techniques applied in fluid and 
uremic control 

Hemodialysis A diffusion-based mode of blood cleaning wherein ultrafiltration is 
limited to the removal of excessive body water. The aim is uremic control 
as well as fluid and electrolyte balance. It can be intermittent (HD) 
or continuous (CA VHD) 

Hemofiltration A convective mode of blood cleaning wherein large fluid exchanges 
account for virtually all solute removal. The aim is uremic control as 
well as fluid and electrolyte balance. It can be intermittent (HF) or 
continuous (CA VH) 

Ultrafiltration The removal of plasma water as well as small molecular weight sub
stances (electrolytes, urea) in an attempt at fluid balance. It can be 
intermittent (IUF) or continuous (SCUF) 

venous hemofiltration (CAVH), on the other hand, is continuous postdilutional 
hemofiltration. The QF here dictates replacement volume. The goal is not only 
fluid balance but also azotemic control. Exchange rates are generally 8 ml/min. 
Enhanced QF applying negative pressure to the hemofilter has been advocated as 
a technique for increasing longevity of the individual cartridge [5]. This should 
be approached with caution since exceeding the optimal filtration fraction of the 
device and promoting significant postcartridge blood inspissation may adversely 
affect both flow characteristics and cellular integrity. There may, however, be a 
place for this augmentation if predilutional CA VH is performed. In continuous 
arteriovenous hemodialysis (CA VHD), [4] a pumpless circuit is used in series with 
a dialyzer and furnished with a continuous dialysate flow for the diffusive control 
of uremia. It is said to have a much better solute removal capacity than CAVH. 

Design of Circuitry 

Access 

All continuous techniques are intimately tied to an adequately functioning access 
site. If blood flow is poor because of arterial inadequacy or venous obstruction, 
the characteristics of the circuitry will change which might limit the ultrafiltration 
rate. Lower QFwould therefore allow only for SCUF, not being able to handle 
the volumes necessary for CA VH. As QB falls, circuitry clotting is enhanced. 

Access can be either percutaneous [9] or via surgically constructed portals such 
as arteriovenous shunts [14] or fistulae [10]. The arterial access site is perhaps the 
most crucial since this is where the driving force for movement of blood as well 
as the development of transmembrane pressures will originate. We have favored 
the use of a lower arm Scribner shunt over percutaneous femoral arterial and ve
nous cannulations for several reasons. Mobility is not hampered by access via an 
A-V shunt; the patient can be moved from bed and seated, or walked without con
cern for damage to either cannulae or vessels. Care should be taken, however, in 
placement of the A-V shunt [11]. Distal circulation must be maintained to avoid 
ischemic injury, and appropriate testing (Allen test) should be employed. The 
choice of access site also depends upon venous condition. Placement of a shunt 
in a vein subjected to multiple intravenous catheterizations should be avoided, 
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since venous stenosis/occlusion will lead to poor blood flow through the shunt 
and, ultimately, failure of the procedure. 

Surgical expertise is a necessity. Although viewed as "minor" surgery, contin
uous renal replacement therapy cannot be accomplished without proper shunt. 
Time is needed to choose the vessels, dilate them when necessary, avoid vessel 
damage or torsion, and stabilize the implants. By simply following established 
surgical procedures and giving attention to small details, the A-V shunt can offer 
a powerful, useful access site for continuous as well as intermittent replacement 
support. 

No major complications have been reported with long-term indwelling arterial 
and venous catheters during CA VH, but the patients generally have been much 
younger than those we are seeing. With an elderly population, it would seem rea
sonable to avoid blind entry into a possibly atherosclerotic artery which may dis
lodge plaques with consequent distal emboli. Also catheters made in the United 
States are not optimal for use with percutaneous arterial puncture. Their smaller 
bore size and tapered design do not allow optimal transmission of arterial pres
sure to the arterial line and consequently QB as well as QF are dampened. With 
appropriate catheter and patient selection, however, percutaneous cannulation 
allows quick access to the blood supply without a major scheduling problem. 

Both access procedures may result in three complications: infection, thrombo
sis, and bleeding. Infection at the site of entry is not an infrequent occurrence and 
results in a cutaneous cellulitis rather than a deep-seated local infection, it is easily 
treated with adequate skin preparation prior to entry and continued local aseptic 
technique and antiseptic maneuvers during therapy. We have not encountered 
any systemic infections related to access in the more than 80 patients treated with 
SCUF or CAVH. We have also established A-V shunts for support in patients 
with sepsis and found no local infection or seeding of the access site as long as 
appropriate antibiotic therapy had been used for treatment of the original sepsis. 

Thrombosis of the arterial and/or venous lines of the access site has several 
causes. Systemic blood pressure will dictate blood flow through the A-V shunt, 
so that with low pressures and consequent poor flows, the incidence of clotting 
rises. We have used an A-V shunt for SCUF even at mean arterial pressures of 
50-55 mmHg. Below this value, however, blood flow is so compromised that 
thrombosis formation is inevitable. Technical factors such as deformed tubing, 
improperly placed catheter tips, and damaged or poorly chosen blood vessels will 
lead to poor blood flow and subsequent clotting. 

Early recognition of thrombosis and reversal of the underlying abnormality is 
crucial for salvage ofthe access site. We have found that pinching the arterial area 
of the shunt and clearing a small area distal to the pinch by "milking" the shunt 
produces a clear area. When the pinch is released, blood will flow briskly into the 
clear area, thus attesting to the potency of the shunt. If, however, blood flow is 
retrograde or absent, then early arterial insufficiency or total thrombosis should 
be suspected. This allows for earlier detection of thrombosis than waiting for the 
separation of plasma from red cells, and is performed on a regular basis by the 
bedside nurse. 

Local bleeding is another problem rarely encountered with A-V shunt place
ment since there is direct visualization of the arterial and venous catheters. How-
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ever, with the use of heparin or systemic anticoagulation either secondary to 
medications or disease, continued oozing may occur. This is treated by applying 
local pressure to the area and correcting the underlying cause of the bleeding. 

Traumatic damage to the shunt is accompanied by bleeding. Admittedly rare, 
this complication is totally avoidable by immobilizing the system. Care should be 
taken that stress is not placed on either arm of the shunt, which leads to local ne
crosis of the vessel wall with subsequent lysis of the supporting tissue. This will 
also be accompanied by profuse bleeding. Control of bleeding and establishment 
of another site of entry should be undertaken immediately. So far, we have not 
had such an incident. 

Blood and Ultrafiltration Tubing and Control 

The arterial venous tubing for SCUF is designed to offer a short arterial and vari
able length venous line. Made of polyvinyl chloride (Fig. I), this shorter form of 
tubing will avoid dissipation of pressure to overcome the resistances found in the 
larger varieties. The tubing can also be used with CA VH but its principal use has 
been with SCUF. 

Ultrafiltration should be controlled to avoid overzealous fluid removal and the 
development of intravascular depletion with vascular collapse. Control is 
achieved with the use of a screw clamp on the ultrafiltrate line [14], or by attaching 
the ultrafiltrate line to an i.v.-infusion pump and "dialing in" the desired amount 
of fluid to be removed for that hour (Fig. 2). The advantages and disadvantages 
of both methods are listed in Table 2. Although the infusion pump is much more 
precise and does not require frequent readjustments of the screw clamp, it does 
not permit early detection of a drop in ultrafiltration rate, a crucial element in the 
early diagnosis of ultrafilter clotting or access thrombosis. 

When hemodialysis is offered as a method of azotemic control, the circuitry is 
quite simple. We leave the arterial arm of the shunt attached to the SCUF cir
cuitry and merely attach the arterial hemodialysis blood line directly to the ve
nous SCUF line while the venous dialysis line is connected to the venous area of 
the shunt. In this manner, SCUF continues in series while hemodialysis proceeds. 
We have not encountered any problems with clotting of the hemodialysis line or 

L 

Fig. I . Arterial and venous tubing used for SCUF and CA VH 
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Fig. 2. Design of SCUF cir
cuitry using i.v.-infusion 
pumps for control of ultrafil
tration rate 

Table 2. Advantages and disadvantages of various ultrafiltration control techniques for 
SCUF 

Ease of Accuracy Ease in Create negative 
operation of rate evaluating pressure 

early UF on membrane 
change 

I. v.-infusion pump controlled + + ± + 
Screw-clamp controlled ± + 

ultrafilter damage, and have been able to reestablish the SCUF circuit at the end 
of hemodialysis. 

Clinical Applications of Slow Continuous Ultrafiltration 

Supplemental Therapy to Intermittent Hemodialysis 

Fluid balance has been one of the primary goals in the therapy of ARF. This end 
point is facilitated in patients with nonoliguric failure (500 cc/24 h) but often pa-
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tients with oliguria or anuria are receiving large volumes of fluid in the form of 
pressor agents, antibiotics, or hyperalimentation. This volume imbalance leads to 
fluid excess states or suboptimal delivery of therapy as, e.g., inadequate caloric 
delivery secondary to imposed fluid restriction. 

Until recently, fluid removal was accomplished by various forms of dialytic in
tervention including daily hemodialysis, isolated ultrafiltration, or peritoneal 
dialysis [21]. Hemodynamic instability, rapid volume shifts, or patient intolerance 
often made effective fluid balance difficult if not impossible to attain [6, 22]. 

The separation of ultrafiltration from diffusive dialysis technique (isolated ul
trafiltration) allowed for greater vascular stability in the chronic dialysis popula
tion [7, 19]. Bergstrom et al. [1] noted that removal of significant volumes of fluid 
was not accompanied by hypotensive episodes in patients unable to tolerate an 
equal volume loss during standard hemodialysis. This superior stability is thought 
to be secondary to the active participation of the venous system in the mainte
nance of both preload and central cardiopulmonary volumes despite reduction of 
total peripheral resistance and total body water [2, 13]. When this same technique 
was applied to hemodialysis patients with incipient congestive heart failure, in
creased cardiac output with lowered afterload and maintenance of the cardiopul
monary volume was again obtained [13]. 

Standard isolated ultrafiltration techniques, however, require specialized mate
rial. The equipment is available in centers which provide hemodialysis, but nurses 
must be trained to operate it. Also, while the actual hourly rate of fluid removal 
can be adjusted, the technique is an intermittent form of therapy, and hence elicits 
a variable hemodynamic response. Avoiding the paradoxical drop ofintravascu
lar volume in the face of increasing cardiac output would eliminate further renal 
insult and perhaps allow for accelerated return of normal renal function. 

Although ultrafiltration was used for oliguric patients with ARF, a method for 
continuous fluid removal was also sought when hemodynamic instability pre
vented standard dialytic intervention, or when a way of reducing daily intermit
tent replacement therapy was needed [8, 14, 16]. Since therapy was indeed contin
uous, the rate of removal per unit of time could be lowered so that the removal 
of fluid from the intravascular space would not exceed the refilling rate. This 
therefore provided hemodynamic stability and allowed for daily fluid losses to ex
ceed intake. 

Using SCUF as a continuous form of ultrafiltration and relying on standard 
diffusive techniques for solute control, we have managed to reduce the need for 
hemodialysis intervention much the same way as reported by Dodd et al. [3]. This 
approach has permitted the infusion of adequate hyperalimentation with resul
tant positive amino acid balance, despite the oliguria and hemodynamic instabil
ity found in this patient population [15]. Patients who have been unable to be sup
ported by diffusive dialysis, were subjected to CA VH for azotemic control. How
ever, the majority of oliguric patients receiving continuous therapy underwent 
SCUF [17]. 
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Miscellaneous 

Continuous Pump-Driven Hemofiltration in Renal Failure 
K. Bischoff and M. Doehn 

For a long time imbalances of fluid metabolism in patients with impaired renal 
function could only be treated with intermittent conventional dialysis. While this 
method suffices for ambulatory chronic renal failure patients, those with acute re
nal failure (ARF) present various problems in the intensive care unit. Clinically, 
overhydration is usally the main concern. Setups for conventional dialysis, how
ever, are often not at hand. 

For the treatment of overhydration Silverstein et al. [13] introduced supple
mentary ultrafiltration in 1974 for chronic dialysis patients. 1977 Kramer et al. 
[7] reported their experience with arteriovenous hemofiltration. With straight ar
teriovenous ultrafiltration the filtration rate between 200 and 600 ml/h was rather 
low for emergency cases. Therefore, we inaugurated the pump-driven continuous 
ultrafiltration by which filtration rates of 500-1000 ml/h can be achieved without 
difficulty. Also, the filtration rate does not depend on the blood pressure. 

We made this method available for wide clinical use in the intensive care unit. 
An emergency apparatus was developed, with the aid of a manufacturer, which 
can handle the special requirements of an intensive care unit. 

Pump-driven ultrafiltration was mainly used for two indications: 
1. Overhydration, including the necessary fluid removal for parenteral hyperali

mentation and infusion of drugs 
2. Compensation of uremia 

The following summarizes our experiences with pump-driven venovenous he
mofiltration. 

Patients and Method 

Twenty patients with ARF from the surgical intensive care unit were treated with 
continuous venovenous hemofiltration. The underlying illnesses of the patients 
are displayed in Table 1. Six patients suffered from a shock after poly trauma and 

Table 1. Underlying illness of patients with acute renal 
failure who were treated with continuous venovenous 
hemofiltration (n = 20) 

Poly trauma 
Gram negative sepsis after second operation 
Esophageal varicose bleeding 

6 (30%) 
12 (60%) 
2 (10%) 
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Fig. 1. Diagram and picture of the 
emergency apparatus (Dialyse-Tech
nik, Karlsruhe) developed for con
tinuous venovenous hemofiltration. 
J Blood pump, 2 Blood flow indica
tor, 3 Arterial pressure monitor, 
4 Venous pressure monitor, 5 Filter 
holder, 6 Bubble trap holder, 7 Air 
trap, 8 Clamp 
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developed ARF as a result of prolonged hypotension. In 12 patients renal failure 
seized on account of a gram-negative septicemia which was usually preceded by 
second operations after extensive upper abdominal surgery (Whipple operation, 
excision of necrotic pancreas, gastric ulcer perforation). In two patients renal fail
ure occurred after esophageal varicose bleeding. 

All patients had to be ventilated. Intensive monitoring of vital parameters was 
performed according to the usual standard. In eight patients cardiac output was 
determined additionally with the thermodilution method. 

The indication for continuous pump-driven ultrafiltration corresponded 
mostly with the indication for conventional dialysis. The patients suffered from 
ARF and increasing fluid retention, whereby the infused volume for parenteral 
nutrition was not eliminated via the natural kidneys using high doses of diuretics 
and dopamine. Besides that, urea concentration rose above 80 mgjdl and creati
nine concentration above 4 mgjdl. 

The length of ultrafiltration treatment was adapted to the clinical requirements 
and, in one case, was almost continuously performed for 14 days. Figure 1 shows 
the simple apparatus with a diagram which was used in all cases. Access to the 
vascular system was usually achieved by cannulation of a large central vein, 
mostly the jugular or subclavian vein. For ultrafiltration, the diafilter-20 (Ami
con) was used. For prophylaxis against thrombosis, 500 IU jh heparin were ad
ministered into the blood line before using the diafilter. 

Results 

At a filtration rate of 15 mljmin, 20-241 plasma water could be substituted per 
day. Since the patients were usually overhydrated, up to 61 ultrafiltrate were 
taken off during the first 24 h. Ultrafiltrate was later substituted with Ringer's so
lution together with 100-500 mEq bicarbonate per day. On the average 25 mEq 
of sodium bicarbonate were added per liter substitution solution. Dosage was de
termined according to blood gas analysis which was evaluated several times per 
day in ventilated patients. 

As a result of the initial dehydration, in most cases the respiratory situation im
proved. Depending on the initial condition, oxygen content of the respiration air 
could be lowered down to 20% during the course of the first day. With this vol
ume removal, also central venous pressure decreased from the initial 15-20 em to 
5-7 em H20. The mean arterial pressure remained constant between 60-
80 mmHg in normotensive and hypotensive patients. 

In patients, hypertensive due to hypervolemia, pressure could be reduced to 
normal. Patients with hypertension, however, were more the exception. Cardiac 
output remained constant with volume removal and was between 3 and 6 1 per 
mIll. 

Plasma electrolyte concentrations could be maintained within normal limits 
with continuous ultrafiltrate substitution when individual substitution require
ments according to the basic illness were taken into account. 

Blood urea nitrogen (BUN) and plasma creatinine could be lowered and main
tained constant with permanent ultrafiltration substitution rate, whereby the 
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daily ultrafiltration volume was chosen so that BUN was kept between 60 and 
80 and plasma creatinine between 3 and 5 mg/dl. 

Sometimes, with a high filtration rate, the loss of body heat, through the ultra
filtrate and tubing was too high and therefore infusion solutions were warmed up 
with a blood heater. On the other hand, we used this effect to lower the elevated 
temperature in septic patients. 

In summary, it can be said that renal function disorders could be compensated 
successfully with our method for up to 14 days despite difficult circulatory situ
ations. This length of time was usually sufficient since renal function either im
proved or the patient died from cardiocirculatory failure as a result of "multiple 
organ failure." Of the patients we observed, approximately 40% survived and 
60% died. 

Discussion 

The good tolerance of pre- and postdialytic ultrafiltration could be confirmed in 
several experiments [2, 5, 6]. The reason for this, according to Vlaho et al. [14], 
is small loss of catecholamines, while Shinaberger [12] believes it to be the isotonic 
fluid removal with constant plasma osmolality. Certainly constant and slow fluid 
removal by prolonged ultrafiltration methods plays a part in the extraordinarily 
low circulatory stress [9]. The clinical use of ultrafiltration alternatively or parallel 
to hemodialysis was published by various authors [8, 11, 13]. 

It was introduced in 1977 by Kramer et al. [7] in the form of arteriovenous he
mofiltration as a separate method. Also in 1977, Pogglitsch et al. [10] and later 
in 1981 Brandt et al. [3] reported about the treatment of edemas in patients with 
cardiac insufficiency with straight ultrafiltration via a pump using the "single nee
dle" method. 

It was called hemofiltration which has been given a different definition in the 
meantime [4]. Henderson et al. [4] reported in 1980 about changes in hemody
namic parameters of congestive cardiac insufficiency caused by ultrafiltration. 
The pressure in the right atrium decreased and the mean arterial pressure re
mained constant, as in our patient population. Cardiac output improved in these 
patients probably because the stroke volume was optimized through the Frank
Starling mechanism. 

In 1978 Asaba et al. [1] reported about temporary, 3-4 h ultrafiltration for the 
treatment of overhydration in patients with cardiac insufficiency, cirrhosis of the 
liver and nephrotic syndrome. 

Paganini and Nakamoto described in 1980 [9] continuous slow ultrafiltration 
in six patients as a supplementary measure to chronic intermittent hemodialysis. 

The procedure we introduced serves first of all for straight fluid removal and 
is therefore ultrafiltration by definition. In its continuation, after volume over
load is removed, it serves predominantly for fluid balancing as well as for the 
elimination of uremic substances and then has to be termed continuous hemofil
tration. 

In the way of effort, pump-driven ultrafiltration is a simple procedure that can 
be performed in every intensive care unit. Its use as continuous hemofiltration re
quires only few additional measures and controls. We believe therefore, that this 
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form of dehydration and detoxification of patients with renal insufficiency in in
tensive care units constitutes an important alternative to conventional intermit
tent hemodialysis and hemofiltration which usually require a dialysis unit in the 
neighborhood. Our procedure can be performed successfully in any hospital, in
dependent of a special department, exclusively with the resources of an intensive 
care unit. For one, this eliminates the necessity of transporting vitally endangered 
patients to other centers, and secondly provides the possibility to treat nontrans
portable patients in intensive care units without dialysis equipment. 
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Diagnostic Hemoperfusion 
During Continuous Arteriovenous Hemofiltration 
in Patients with Septicemic Acute Renal Failure 
D. Matthaei, R. Ansorg, and P. Kramer 

Often acute renal failure (ARF) is induced or maintained by septicemia and the 
kidneys do not recover as long as the surgical or internistic measures to remove 
the source of infection are not successful. The detection of bacteria in arterial 
blood cultures is often extremely difficult for the clinican [4]. Otherwise, specific 
antibiotic therapy of the bacteremia is an essential therapeutic measure for the 
course of illness. 

Here, a method for germ extraction through diagnostic hemoperfusion devel
oped by Keller et al. [3] seems to be a decisive advance, jUdging from the first re
sults of the group from Wiirzburg [2, 3]. Similar to charcoal hemoperfusion in in
toxications, it is possible to bind the germs to charcoal particles by using small 
charcoal filters for hemoperfusion in bacteremia. The earlier-mentioned authors 
describe a perfusion of the charcoal cartridge with a blood-flow rate of about 
100 ml/min in the extracorporeal shunt. For this procedure the Seldinger tech
nique was utilized (femoral artery) and the blood was returned into a vein. In 
some patients without arterial access, pump-driven venovenous perfusion was 
necessary. Besides this the authors mentioned a one-time heparinization of an ini
tial dose of 5000 IV heparin. 

There is no explanation yet why the germs accumulate on the activated char
coal. For diagnostic hemoperfusion a high blood-flow rate (100 ml/min) is re-

3-way stopcock 
for rinsing 

Fig. I. Newly developed cartridge for diagnostic hemoperfusion with prefabricated connec
tions and sterile three way stopcocks. (Boehringer, Mannheim, with permission) 
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quired, according to the initiators, which according to our experience can be 
achieved utilizing the arteriovenous shunt during CA VH. 

For this reason it seems that diagnostic hemoperfusion can be performed easily 
especially in patients on continuous arteriovenous hemofiltration if bacteremia is 
suspected in the clinical course. 

In our hospital, diagnostic hemoperfusion was performed so far in four pa
tients who were treated with CA VH over a prolonged period of time. A small 
charcoal hemoperfusion cartridge was developed especially for this diagnostic 
clinical experiment. The new charcoal cartridge, shown in Fig. 1, will be available 
shortly. 

Preparation of the Setup 

After perfusion with saline, the cartridge is placed into the arteriovenous shunt 
using two new three-way stopcocks at each end of the cartridge for connection 
with the arterial and venous blood lines. To date, these new three-way stopcocks 
still have to be adapted to the system. For further clinical use, three-way stop
cocks that fit onto the system correctly should be supplied which will make han
dling of the filters much easier (Fig. 2). By hemoperfusion through large lumenal 
CAVH catheters, blood-flow rates of 100-150 mllmin were observed in our pa
tients. During 20 min perfusion, a total of approximately 3 I blood came into con
tact with the charcoal. 

At present, no experiments are known that explain the relationship between 
germ yield and length of perfusion. Therefore, the mentioned time seems to be 
sufficient especially with regard to interruption of continous arteriovenous hemo
filtration during the time of diagnostic hemoperfusion. The hemofilter should be 
filled with heparinized saline during the interruption if diagnostic perfusion is ap
plied longer than 30 min or if the patient was on a low dose of heparin ( < 400 lUI 
h) because of high bleeding risk. The heparin dose required to keep the small char
coal cartridge unclotted is approximately 500 IU Ih, which is infused into the ar
terial blood line of the system. 

Arterial ~==~.~):::====~ cannula -
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Fig. 2. Schematic illustration of 
diagnostic hemoperfusion in the 
CAVH system 
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First Clinical Results 

In two clinical cases a germ yield was achieved that was not possible with pre
viously and simultaneously drawn blood cultures. In two other perfusion car
tridges used by us no germs were detected. But conventional blood cultures also 
showed no growth in these cases. 

In one of the two successful diagnostic hemoperfusions the Candida test was 
positive which did not show up in conventional cultures. In the second case a 
mixed septicemia with three kinds of germs was found - only one kind was found 
in the conventional culture. This colonization was confirmed post mortem in the 
liquor of the ventricle. 

Our first clinical results with diagnostic hemoperfusion seem to support the 
positive reports of Keller et al. The use of this method in patients with continuous 
arteriovenous hemofiltration should be considered in the future when bacteremia 
is suspected but no positive results are obtained with conventional cultures. The 
described method has to be evaluated first in more extensive clinical testing before 
any definitive statements can be made. Besides that, particular practical problems 
with the method have to be resolved and theoretical questions about colonization 
on the charcoal have to be answered. 

Still, advocating use of this method seems to be justified already at this point 
in patients with acute renal failure and suspected bacteremia, since their general 
bad condition can only be improved through direct germ detection and specific 
antibiotic therapy. 

If the germs are not identified bacteremia generally contributes to the exacer
bation of the underlying illness of these patients and specifically maintains the re
nal failure. The experience with hemoperfusion in poisonings rules out any neg
ative consequences for the patient with the method described here [1]. 
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Intestinal Substitution in Arteriovenous Hemofiltration -
An Experimental Study on Inexpensive Long-Term Application 
of Continuous Arteriovenous Hemofiltration 
M. Trautmann, H. J. Grone, E. Heuer, and P. Kramer 

Introduction 

Arteriovenous hemofiltration was first used in 1977 for the dehydration of 
diuretic-resistant patients [1]. For treatment of renal insufficiency by arteriove
nous hemofiltration, the plasma water withdrawn from the patient has to be re
placed by a potassium-free Ringer's lactate solution. This solution is ordinarily 
fed into the venous line of the blood-carrying tubing system through a three-way 
valve, and is therefore administered to the patient intravenously [2]. We consid
ered the possibility of supplying the substitution solution intestinally. Through 
reabsorption of the solution, the intestine takes over the role of the renal tubule 
system, supplementing the hemofilter which only performs the function of the re
nal glomeruli. 

With intestinal administration of the substitution solution, its sterility does not 
have to be considered. From this, we anticipated reduction of treatment costs and 
basic simplification, since the patient would be able to prepare the substitution 
solution in the kitchen from tap water and electrolyte powder of appropiate com
position. We also hoped to pave the way to a still hypothetical detoxification of 
the hemofiltrate, followed by intestinal return to the patient. We expected that 
elimination of the necessity for sterility would also simplify the possibility of such 
a detoxification. 

Methods and Results 

Intestinal Administration of Human Hemofiltrate in Normal Animals 

The first question to be answered was whether the intestine is able to absorb he
mofiltrate or subsitution solution in relevant amounts, without discomfort, diar
rhea, or regurgitation. To answer this question, human hemofiltrate was fed into 
the small intestine of dogs through an implanted catheter. 

The following procedure proved successful for the implantation of the intesti
nal catheter: After exposure of the stomach, a silicone tube was inserted into the 
interior of the stomach through a small incision on the front of the stomach. It 
was pushed forward by palpating through the pylorus to a distance of approxi
mately 15 cm into the duodenum. The free, external end of the catheter was 
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Fig. I. Test protocol: intestinal administration rate of human hemofiltrate; bowel move
ment, micturition, and body weight before and after administration of hemofiltrate 

passed between two ribs from the peritoneal cavity through a subcutaneous tun
nel to the neck region, where it came through the skin using a specially developed 
skin button. 

Human hemofiltrate was infused into the duodenum of five dogs through the 
first successfully implanted catheters. Figure I shows the results of this study, in 
which the dogs received between 5 and 10 ml/min for 8 h. None of the dogs 
showed signs of discomfort, diarrhea, or regurgitation. All five dogs had solid 
stools and distinctly increased diuresis. The body weight of all animals remained 
constant. 

We concluded from this that complete intestinal reabsorption of the adminis
tered fluid takes place. 

The study results were the prerequisite for treating uremic dogs with arteriove
nous hemofiltration and intestinal filtrate substitution. 
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Fig. 2. Experimental arrangement: arteriovenous hemofiltration with intestinal ultra filtrate 
substitution using a weight driven substitution box 
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Fig. 3. Change of some plasma parameters (in percent of initial value) with intestinal recir
culation and substitution of hemofiltrate in uremic dogs 
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Intestinal Recirculation and Substitution of Autologous Hemofiltrate 
in Uremic Dogs 
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Uremia was produced by arterial embolization of the renal arteries with glass 
microspheres [3]. With this method, the embolization material is injected directly 
into the renal artery with contrasting agent, using an angiography catheter. Ad
equate embolization of the kidneys was assumed when there was arterial stasis 
with photosensor monitoring, and the contrasting agent image of the vessel tree 
did not change any longer. With this intervention, the serum creatinine level of 
the animals reached values between 12 and 15 mg/dl after a few days. 

In an acute test which lasted approximately 20 h, the arteria and vena femoralis 
were then cannulated with large-bore indwelling catheters and an ultrafilter (D-
20, Amicon) was connected. Heparin was introduced continuously into the ar
terialline of the tubing system through an infusion pump. Depending on the ar
teriovenous blood pressure gradient, filtration rates of 5-10 ml/min were ob
tained (for experimental system, see Fig. 2). 

First, autologous hemofiltrate was recirculated through the intestinal catheter 
in a control group of five uremic dogs. Since this did not change the azotemia, 
we followed it with a second test in which 10 dogs received a potassium-free 
Ringer's lactate solution instead of the ultrafiltrate. The fluid balancing was con
trolled by a simple, weight-driven substitution apparatus [4, 5]. Figure 3 shows 
the changes in percent of the initial value of some plasma parameters occurring 
under the two different experimental protocols. Neither the substitution nor the 
recirculation of the filtrate into the intestine led to a hemoconcentration, as dem
onstrated by hematocrit and total serum protein. 

Table 1. Changes of some plasma parameters 
under arteriovenous hemofiltration with intestinal 
filtrate substitution in the uremic dog with the 
highest exchange rate 

Hct (vol %) 
Total protein (g/lOO ml) 
Urea-N (mg/lOOmI) 
Creatinine (mg/lOO ml) 
K+ (mmolfl) 
Poi - - (mg/lOO ml) 
Ca ++ (mg/lOO ml) 
Na + (mmol/l) 
Cl- (mmolfl) 
HCO;- (mmol/l) 
BE (meq/I) 
pH 
Cholesterol (mgflOO ml) 
Triglycerides (mg/IOO ml) 

Initial Final 

20.0 
4.6 

162.0 
14.6 
4.7 

10.8 
13.5 

151.0 
100.0 
18.0 

- 8.2 
7.20 

195.0 
50.0 

20.0 
4.0 

80.0 
6.9 
3.2 
7.7 
7.9 

121.0 
86.0 
26.5 

+ 4.8 
7.49 

145.0 
36.0 

~ Duration of hemofiltration, 18 h .... 
~ Total fluid exchange, 13.51 .... 
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Serum concentrations of urea-N and creatinine in the control group with fil
trate recirculation showed a distinct increase, which indicates nonselective reab
sorption of these substances through the intestine. The increase is explained by 
the increase of the uremia. 

In the main group with intestinal substitution of the filtrate, on the other hand, 
a distinct decrease of these parameters was observed. The degree of correction of 
the azotemia here depended upon the ultrafiltrate exchange rate, the initial 
values, and finally on whether the uremia had reached "steady-state" conditions 
before beginning the test. The effect of intestinal ultrafiltrate substitution is 
shown in Table 1, using the dog with the highest exchange rate. Total fluid ex
change of 13.51 led to complete and even excessive correction of the acidosis 
within 18 h, and to decrease of the urea and creatinine concentrations of more 
than 50%. The serum levels of potassium and phosphate were also distinctly 
lowered. 

Conclusions 

The results permit the following conclusions: 

1. The intestine of dogs is able to reabsorb hemofiltrate or substitution solution 
in an amount up to 10 ml/min. 

2. Since electrolytes and low molecular weight (uremic-derived) substances con
tained in the hemofiltrate are also absorbed intestinally, recirculation of the 
filtrate is not suitable for therapy of azotemia. 

3. Intestinal substitution of the ultrafiltrate with nonsterile, potassium-free 
Ringer's lactate solution, on the other hand, leads to the correction of acidosis 
and azotemia and can, in principle, therefore be considered as a therapeutic 
possibility for patients. 

Possible Clinical Applications 

In particular, we see the following possible future applications for intestinal ultra
filtrate substitution: 

1. With conventional hemofiltration, partial oral substitution could be under
taken with any beverage by adding NaCI and sodium bicarbonate capsules. 
Thus, sterile substitution solution could be avoided and the posthemofiltration 
thirst [6, 7] could be reduced. However, there is a danger that liquid may re
main in the stomach, which could very rapidly lead to circulatory collapse. Use 
would therefore have to be limited initially to a few, specially chosen pa
tients. 

2. Arteriovenous hemofiltration with intestinal substitution through a duodenal 
catheter could be used for treatment of acute renal failure if there is no ileus. 
Such a procedure would be conceivable in exceptional situations in which ei
ther there is not enough equipment because too many patients require treat
ment, or enough sterile substitution fluid is not available. 

3. Due to low filtration rate, arteriovenous hemofiltration offers the possibility 
of intestinal substitution trough an implanted catheter even with terminal re-
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nal insufficiency. By using nonsterile substitution fluid, the costs for treatment 
of chronic renal failure could be substantially lowered. An external, long-term 
functioning arteriovenous shunt would be a prerequisite, which is not yet avail
able at this time. 
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Cerebral Edema: 
Treatment by Continuous Arteriovenous HemofIltration -
A Case Report 
B. Demierre, P. Kramer, and O. Spoerri 

Introduction 

Based on numerous studies on the cause of cerebral edema, [3, 18] different ther
apeutic approaches have been proposed. Reviving the idea of Hippocrates, Cush
ing recommended subtemporal decompressive operation [6]. Quincke suggested 
[23] the repeated lumbar puncture and when contraindicated Cushing advocated 
[7] cisternostomy. Weed and McKibben [27] first demonstrated in cats that the 
brain bulk could be decreased by infusing hypertonic saline. 

In 1956 the intravenous use of urea became a conventional treatment in 
neurosurgery [12]. This was later followed by intravenous mannitol [28] and intra
venous or oral glycerol [26]. Furosemide [10], corticosteroids [14, 21], hypother
mia [5], hyperventilation [17], and barbiturates [25] are still today commonly used 
treatments in many neurological and neurosurgical units. 

Most of these therapeutic measures are either not very efficient or may have 
undesired side effects. 

Based on the positive results with fluid restriction [11, 15], CA VH was used 
with success in a case with traumatic cerebral edema and renal failure. 

Case Report 

A 22-year-old man was admitted to hospital after a traffic accident. He presented 
hypovolemic shock, multiple fractures, and pneumothorax. The patient was som
nolent after transient unconsciousness. After correction of hypovolemia the pa
tient's orientation improved. Neurological examination revealed only antero
grade and retrograde amnesia; neurological status was normal. Within 24 h after 
admission the patient developed renal failure. Three days after the accident he be
came rapidly disoriented and somnolent. He was then transferred to our hospital 
for exclusion of intracranial bleeding. The laboratory data before transfer re
vealed hypokalemia, thrombocytopenia and elevated plasma creatinine. The fluid 
balance was positive (1740 ml/24 h) and the central venous pressure elevated 
(14 cm H 20). 

At neurological examination in our hospital the patient was somnolent (grade 
10 according to Glasgow scale), he reacted to the calling of his name and to pain 
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Fig. I. Noncontrast CT scan 3 days after accident. The brain edema is visualized by partial 
effacement of basal cisterns and small ventricles 

with coordinate flection. Lung auscultation and chest X-ray confirmed the diag
nosis of pneumothorax and pulmonary edema. 

The CT scan showed no incidence of intracranial bleeding, but partial narrow
ing of basal cisternae, ventricular system, and cortical sulci indicating cerebral 
edema (Fig. I). 

Therefore, the intracranial pressure (ICP) was measured with an epidural 
transducer (Ladd system). Initially the pressure was clearly elevated ranging be
tween 28 and 32 mmHg in spite of 80 mg dexamethasone given 1 h before inser
tion. 

Because of renal failure, continuous arteriovenous hemofiltration (CA VH) was 
started. The clinical and biochemical data and the fluid balance (input/output) 
are displayed in Table 1. ICP decreased to normal values (8- 12 mmHg) during 
the first hour of hemofiltration with a negative fluid balance of 445 ml and re
mained normal during the 10 following hours. 

After this period the patient had a negative fluid balance of 5429 ml resulting 
in hemoconcentration indicated by the increase of the hemoglobin concentration 
from 9.7 to 13.1 g/d!. The systemic arterial pressure and pulse rate remained 
rather stable without using catecholamines. The central venous pressure, how
ever, decreased from + 16 to -0.5 cm H 20. 

The general clinical condition of the patient improved with respect to cooper
ation in spite of sedatives and the stress of CPAP respiration. Unfortunately, the 
ICP could not be traced on paper and the transducer had to be removed later be
cause of technical problems. But the second CT scan 1 week later showed the dis
appearance of cerebral edema signs (Fig. 2). 

Although the neurological status of the patient improved, the kidney function 
did not recover as a result of septicemia. Thus, the patient was on CA VH for 6 
weeks and died finally from a bleeding complication. 

Cerebral edema is defined as bulk increase of the brain as a result of elevated 
water content [9]. According to Klatzo [13] two types of cerebral edema may be 
distinguished: vasogenic and cytotoxic. 
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Fig. 2. Noncontrast CT scan 1 week after CA VH. The brain edema has disappeared 

Vasogenic edema is characterized by increased capillary permeability. Edema 
is the result of extracellular fluid and plasma protein accumulation principally lo
calized in the white matter. It is observed in tumors, infarction, hemorrhage, en
cephalopathy, purulent meningitis, and trauma. 

Cytotoxic edema is characterized by increase of cellular volume in the white 
and gray matter, whereby the cells contain more water and sodium. The extracel
lular volume is decreased and the capillary permeability for large molecules is nor
mal. It is observed in hypoxia, hypo osmolality as in water intoxication, and also 
in purulent meningitis [9, 13, 19,20]. 

A third type of cerebral edema, called interstitial, is mainly found in hydroce
phalus and is not a matter of this contribution [9]. 

The therapeutic effect of corticosteroids is obvious in vasogenic edema, par
ticularly in tumors but not in cytotoxic edema [9, 20]. Osmotic therapy, however, 
reduced cerebral edema in both types. 

In the case presented, edema most likely was a combination of these two types. 
Because of renal failure one was reluctant to use barbiturates for lowering ICP. 

According to several studies [2, 24, 28] the dehydration by means of mannitol 
causes metabolic acidosis due to interruption of cell metabolism and renal failure. 
In addition, accumulation of mannitol in the cerebrospinal fluid may cause a re
bound effect with reversed fluid shifting. The osmotherapy in the case presented 
was contraindicated because of renal insufficiency. 

Dehydration by means of fluid restriction in cerebral edema remains contro
versial. Some neurosurgeons continue to use dehydration in acute cases, in order 
to obtain serum hyperosmolality [11, 15]; this, however, is not without danger, 
particularly in poly traumatized patients. The intravascular volume must be main
tained for sufficient cerebral blood supply, whereby the cerebral blood flow de
pends more on cardiac output than on systemic arterial pressure [8]. In order to 
maintain sufficient intravascular volume and iso- or hyperosmolality, continuous 
arteriovenous hemofiltration was used. 

This simple kidney replacement therapy is certainly superior to conventional 
hemodialysis particularly with respect to cerebral edema. Although it has been 
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demonstrated that hemodialysis can reduce ICP [1, 4], the rapid fluid and solute 
removal can provoke not only "disequilibrium syndrome" as a result of serum hy
poosmolality [22] but also reduced cerebral blood perfusion. These negative ef
fects may be prevented by using CA VR, which allows continuous isoosmotic ul
trafiltration. Slow continuous isoosmotic fluid withdrawal takes into account the 
factors influencing the refilling rate. The fluid shift from extra- to intravascular 
space depends mainly on the colloid-osmotic pressure, which is increased by ef
fective withdrawal of isotonic fluid. The reduction of intravascular volume re
mains small, if ultrafiltration does not exceed the refilling rate to a great extent. 
By this means cardiac output, systemic blood pressure, and cerebral perfusion 
should be maintained. 

In addition to dehydration with controlled intravascular volume, the CA VR 
allows the maintenance of high plasma sodium by using a substitution fluid with 
high sodium concentration [16]. This has the advantage of additional cellular de
hydration and kidney protection in a state of dehydration. 

In the patient reported, isotonic fluid removal was effective to normalize ICP 
and the cerebral blood perfusion pressure was certainly improved. The rapid de
crease of ICP in this case is the result of a more homogenous dehydration than 
would have been obtained by hyperosmotic agents and hemodialysis. 

In order to confirm this observation further investigations are presently being 
conducted in patients with cerebral edema of different origin. 
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