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SERIES EDITOR'S FOREWORD

In recent years both doctors and patients have become increasingly
aware that many essential drugs may induce unfortunate side-effects
in susceptible individuals. The kidney is the principal route of excretion
for many of these substances and may as a result become involved in
pathological processes. Developments in haemodialysis and haemo-
perfusion may be of value in increasing the rate of excretion of
potentially toxic substances but it is essential that the advantages and
disadvantages of these techniques are fully appreciated by all with an
interest in clinical practice.

This book details the recent advances in understanding of analgesic
nephropathy, interstitial nephritis, elimination of poisons and drug
monitoring. Each chapter has been written by a recognized expert in
the field and provides information of relevance and practical import-
ance to the average clinician. The developments of the last decade
have emphasized that drug toxicity is a subject on which all clinicians,
but perhaps especially nephrologists, should be fully informed.
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Fellow at Harvard Medicial School and the Peter Bent Brighton
Hospital, Boston, USA. He is a member of many medical societies
including the Association of Physicians of Great Britain and Ireland,
the Renal Association and the Transplantation Society. He has pub-
lished widely on transplant and reproductive immunology, calcium
metabolism and general nephrology.
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ANALGESIC NEPHROPATHY AND
THE EFFECT OF NON-STEROIDAL
ANTI-INFLAMMATORY DRUGS ON
THE KIDNEY

P. KINCAID-SMITH

INTRODUCTION

The chronic nephrotoxicity associated with excessive use of over-the-
counter analgesic mixtures and compounds was recognized some 25
years before the documentation of the acute syndromes of renal failure
and the nephrotic syndrome attributed to pharmacological doses of
non-steroidal anti-inflammatory drugs (NSAIDs). Spuhler and Zol-
lingers’ description' in 1953 of chronic interstitial nephritis in patients
taking excessive amounts of phenacetin-containing mixtures was the
first documentation of what has become known as analgesic nephro-
pathy. Papers describing the acute nephrotoxicity of NSAIDs first
appeared in the late 1970s although they have increased considerably
in number over the past 10 years.

Controversy originally surrounded the question as to whether phar-
macological doses of NSAIDs taken over a period of years can also
cause the chronic lesions of papillary necrosis® and irreversible chronic
renal failure’. This observation provides a link between the nephro-
toxicity of NSAIDs and analgesic nephropathy — especially since
aspirin, itself an NSAID, is an important ingredient of compound
analgesic preparations in many countries and has sometimes been the
only drug implicated as a cause of renal papillary necrosis*.
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DRUGS AND THE KIDNEY

Because the mechanisms involved in nephrotoxicity are probably
quite separate in the acute syndrome and in the chronic lesions of renal
papillary necrosis, these two conditions will be discussed separately.

ANALGESIC NEPHROPATHY AND CHRONIC RENAL PAPILLARY
NECROSIS ASSOCIATED WITH NSAIDs

Historical

Spuhler and Zollinger' first described chronic interstitial nephritis in
a group of patients who had taken excessive quantities of phenacetin-
containing analgesic mixtures. They noted a yellowish, flaky appear-
ance of the papilla in 16 of 29 cases and suggested that these papillary
lesions were secondary to the cortical lesion of chronic interstitial
nephritis which they considered to be both the major and the primary
lesion.

Over the next decade reports of renal papillary necrosis associated
with excessive use of a variety of over-the-counter analgesic com-
pounds and mixtures appeared from Scandinavia, Canada and Aus-
tralia. It is of interest, in view of recent experimental findings with
caffeine, that, wherever analgesic nephropathy has posed a problem
in the community, caffeine-containing analgesic powders have been
implicated as the major cause of the renal damage.

The clinical syndrome associated with analgesic nephropathy
emerged in many countries around the middle of this century and is
now rapidly declining following the introduction of measures to
restrict availability of the relevant over-the-counter medications.

Studies of the autopsy prevalence of renal papillary necrosis from
several European countries and from Australia showed an increasing
prevalence (Table 1.1). The alarming prevalence in Australia revealed
in studies in New South Wales, which documented renal papillary
necrosis in as many as 20% of all autopsies only a decade ago, was
ten times as high as that recorded in Denmark, 20 times as high as
Switzerland and almost 100 times that recorded at autopsy in the
United Kingdom at about the same time.

No recent study of autopsy prevalence has been carried out in
Australia but the clinical syndrome has become rare and there is a
steady decline in the number of patients presenting with end-stage
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TABLE 1.1 Incidence (%) of analgesic nephropathy in different coun-
tries

Australia

Jacobs and Morris (1962) Sydney 3.7

Burry (1966) Brisbane 7.0

Nanra (1968) Melbourne 8.7

Arnold (1973) Sydney 21.4

Burry (1977) Brisbane 8.6
Denmark

Schourop (1951) 0.2

Schourup (1955) 2.5

Kjaerulff and Harvald (1968) 2.8
Switzerland

Gloor (1938-1947) 0.76

Gloor (1948-1955) 1.32

Gsell 1.75
New Zealand

Burry (1974) 1.6
England

Davies (1961) 0.07

Davies (1967) 0.38

Cove-Smith and Knapp (1978) 0.41
Scotland

Boyd (1964) 0.60
USA

Heptinstall (1947-1961) 0.23

(Reproduced from Ref. 139)

renal failure due to analgesic nephropathy (Figure 1.1). This decline
is attributed to restriction of sales of over-the-counter analgesics
mixtures between 1979 and 1980.

Pathology

In discussing the pathology of analgesic nephropathy it is important
to consider the relationship between the lesion of chronic interstitial
nephritis and that of renal papillary necrosis.
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END STAGE RENAL FAILURE
DUE TO ANALGESIC NEPHROPATHY
(A.K.F. DATA)
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FIGURE 1.1 Patients presenting for treatment of end-stage renal failure
in Australia, 1970-1987

The shaded area indicates time during which legislation limiting over-
the-counter sales was introduced. The prevalence of cases with analgesic
nephropathy appears to be falling steadily in spite of a progressive increase
in mean age of patients accepted for treatment.

Availability of phenacetin decreased considerably in 1962 and it was
removed from one of two remaining over-the-counter drugs in 1969 and
from the last one in 1975

Spuhler and Zollinger! made little of the papillary lesion and their
view that it was secondary to chronic interstitial nephritis was readily
accepted by Scandinavian workers at that time*¢. Previous authors
describing other types of papillary necrosis had also concluded that
the papillary lesions were secondary to the cortical lesions’?.

The clinical observations that patients first presenting with analgesic
nephropathy may have normal-sized kidneys with histologically
normal renal cortex and that the shrinkage of the kidney which
follows separation of papillae is associated with the development of
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the atrophic cortical lesions of so-called chronic interstitial nephritis
support the view that the lesion of renal papillary necrosis is the
primary one’. While there was some resistance to acceptance of this
view when it was first put forward'®'!, it is now generally accepted
that renal papillary necrosis precedes so-called chronic interstitial
nephritis. Support for this view comes from experimental renal pap-
illary necrosis'?. In kidneys, from animals receiving various analgesic
mixtures, papillary necrosis appears while the overlying cortex is
normal. Subsequently, features of cortical atrophy appear in areas
drained by tubules obstructed in the necrotic process in the papilla.
This sequence of events establishes beyond doubt that cortical changes
in this form of experimental papillary necrosis are the consequence of
the papillary lesion. Davies'* had documented a similar sequence
of events in experimental papillary necrosis produced in rabbits by
ethylenimine and Lucke ef a/.'* have described similar cortical changes
following removal of the renal papilla. These experimental inves-
tigations and two independent Australian studies in human kidneys
led to acceptance of the view that the papillary lesion is the primary
event which results in the secondary cortical changes of so-called
chronic interstitial nephritis®'>.

Analgesic nephropathy is a chronic form of renal papillary necrosis
contrasting with the more acute lesions, which are often a preterminal
event in diabetes and other forms of renal papillary necrosis. Charac-
teristically there are episodes in which separation of papillae occurs
and patients may continue to pass papillary tissue in the urine over
many years.

The renal lesions seen in Australia probably differ to some extent
from those seen in Europe; Figure 1.2 shows a typical example of the
lesion seen in Australia. Characteristic atrophic cortex is seen over
necrotic papillae. The cortex in the so-called columns of Bertin is
hypertrophied. These lesions produce horizontal bars of hypertrophy
on the outer surface of the kidney. The papillae are deeply pigmented
and the whole papilla tends to separate and leave a large papillary
cavity. In European cases the papilla is more likely to remain attached
and to show multiple small areas of necrosis or so-called medullary
cavities (Figure 1.3). While separation is the usual feature seen in
Australian cases of renal papillary necrosis, the papilla may remain
attached and cause some difficulty in the radiological diagnosis'®.
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FIGURE 1.2 Cut surface of the right kidney and outer surface of the left
kidney in a case of analgesic nephropathy.

The cut surface shows pale areas of hypertrophy in Bertin's columns
which are represented by horizontal bars of hypertrophy on the outer
surface. Black pigmented papillae are seen in two upper calyces. There is
extensive atheroma in this 44-year-old man, another feature associated
with analgesic nephropathy

In renal papillary necrosis occurring as a chronic lesion in associ-
ation with pharmacological doses of NSAIDs, pigmentation is absent
and the so-called in situ necrosis occurs without separation of the
papilla. The same features are seen in analgesic nephropathy occurring
in Australia following the withdrawal of phenacetin. In such cases,
patients taking aspirin or aspirin combined with one or more of
paracetamol, salicylamide or caffeine develop papillary necrosis in
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FIGURE 1.3 Cutsurface of kidney showing multiple small cavities within
the papilla in a case of analgesic nephropathy from Switzerland. These
cavities occur where necrotic papillary tissue has separated
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not pigmented and is more likely to remain attached than to separate.
Calcification commonly occurs within the necrotic papilla and meta-
plastic bone formation may occur.

Microscopic features

Microscopic examination of the cortex shows only oedema and streaky
inflammatory cell infiltration in the acute stages, when recent necrosis
of the related papilla has occurred.

In chronic cases, the major features are tubular atrophy and inter-
stitial fibrosis with some interstitial cellular infiltration but a relatively
non-specific appearance may be observed in atrophic areas. In Bertin’s
columns, marked hypertrophy of glomeruli and tubules is present with
little or no cellular infiltration or interstitial fibrosis. Within the papilla
itself, Burry'>'7 has described a number of early and intermediate
changes which precede frank necrosis.

Thickening of the wall and of the interstitial tissue around vasa
recta has been noted microscopically by Gloor'®. This lesion is similar
to that described in experimental analgesic nephropathy'. Concentric
thickening of the wall of small vessels in the urothelium has recently
been described in patients with analgesic nephropathy. This may be
valuable in providing a diagnosis of analgesic nephropathy from
bladder biopsies®.

Epidemiology and prevalence

The very variable prevalence of analgesic nephropathy in different
countries (Table 1.1) and even within countries seems to depend upon
the type of over-the-counter analgesic available and the amounts
consumed by the population in different areas. Murray?! makes a case
that abuse of caffeine-containing powders for their mood altering
effects has an important influence on the occurrence of analgesic
nephropathy. He found that most analgesic tablets are usually taken
in moderate amounts for appropriate indications for the relief of pain
whereas caffeine-containing powders are used in excessive quantities
for their mood altering properties. In almost all countries in which
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analgesic nephropathy is a serious problem, caffeine-containing anal-
gesic powders are the major culprit.

Data from Australia tend to support Murray’s?! view in that 55% of
mixed analgesic powder sales (containing caffeine) were made through
food stores and only 5% through pharmacies, whereas 54% of tablets
were sold through pharmacies®. It seems likely that pharmacists are
more likely to be consulted when the patient is seeking pain relief,
whereas powders were regarded as part of the weekly grocery order.
Analgesic powders were sold by supermarkets in packets containing
one gross.

TABLE 1.2 End-stage renal failure due to analgesic nephropathy and
analgesic consumption in Australia

Proportion of No. of patients with No. of patients
population taking  papillary necrosis entering
analgesics daily entering dialysis programme
(%) transplantation with analgesic
Females Males programme per year nephropathy

State per million population (%)

Victoria 5 3 1.3 52

Western Australia 3 3 2.3 —

South Australia — - 4.3 16.8

Queensland 16 11 6.7 29

New South Wales 9 5 8.4 27

(Reproduced from Ref. 140)

Scotland shows a very high prevalence of analgesic nephropathy in
West Glasgow where a particular powder containing aspirin, phen-
acetin and caffeine is widely advertised?'. In Belgium, analgesic abuse
is frequent in an area of Antwerp adjacent to three factories which
manufacture mixed analgesic powders?-?.

In Australia, the frequency of analgesic nephropathy appears to be
higher in those states where a larger percentage of the population
takes analgesics daily (Table 1.2). Analgesic sales in one country town
in Queensland were at the rate of 1.8 g phenacetin per head of the
population per year®.

Relatively few formal studies have been carried out to assess the
frequency of analgesic intake in the community. Waters et al.?® sur-
veyed women aged 20-64 years living in a Welsh industrial valley;
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1.9% took more than four analgesic tablets daily but this percentage
was as high as 3.7% in women aged 45-54.

In Newcastle, New South Wales, which has the highest prevalence
of renal papillary necrosis in Australia, 5.4% of women and 3.7% of
men take analgesics daily. These findings are surprisingly close to the
reports from Waters? in spite of the low prevalence of analgesic
nephropathy in the United Kingdom. Purnell and Burry®® found that
12% of the population of a country town in Queensland took anal-
gesics daily, whereas we found that only 2.6% of the population in a
coastal resort in Victoria took 2000 mg of aspirin (that is 4-5 tablets)
per week.

Whereas, in Australia, these studies documenting analgesic intake
in the community appear to correlate with the frequency of analgesic
nephropathy, the rarity of papillary necrosis at autopsy in the United
Kingdom (Table 1.1) is difficult to explain — especially since Waters?
found that a relatively high percentage of women take 45 analgesic
tablets daily.

The different pattern of analgesic consumption in Australia is
reflected in differences in the numbers of patients presenting with end-
stage renal failure due to analgesic nephropathy in the different States
(Table 1.2). The increasing prevalence of renal papillary necrosis
shown in various countries during the 1950~1970s period (Table 1.1)
is likely to be declining in most countries at this time. Figure 1.1
shows the declining proportion of patients with analgesic nephropathy
among those presenting for dialysis in Australia. Even more striking
than this figure is the disappearance of patients with analgesic nephro-
pathy from the clinics and the wards?”%. New patients with analgesic
nephropathy have become curiosities and the lecture on this topic has
been dropped from our undergraduate curriculum in Melbourne.

The most important epidemiological study which establishes that
heavy analgesic abuse causes renal damage is that of Dubach and
his colleagues®. This prospective longitudinal study compared 623
women in Switzerland who had objective evidence of analgesic con-
sumption with 621 women who did not. These women were followed
for 11 years. At the beginning of the study, the women who took
analgesics had a higher mean serum creatinine concentration and
lower mean specific gravity of urine than the control group. At the
end of the 11-year period, overall mortality, mortality due to renal

10
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disease and mortality due to cardiovascular disease were all higher in
the women taking analgesics.

Clinical aspects
Analgesic nephropathy

Analgesic nephropathy occurs predominantly in middle-aged women
who take analgesics for inappropriate reasons — usually for mood-
altering effects®®. The renal manifestations are part of a clinical syn-
drome which involves other systems. Almost all patients show evidence
of personality disorders or neurosis and one third of our patients®’
and half of Murray’s patients®* had undergone previous psychiatric
treatment. The underlying psychiatric abnormalities have been
regarded by most as the reason why patients take excessive quantities
of analgesics. It has also been suggested that analgesics may cause
dementia®?.

Gastrointestinal abnormalities occur in a third to a half of all
patients with analgesic nephropathy?'** and frank peptic ulceration
in a third of patients. Anaemia, a common manifestation in early
studies’!, may be due to haemolysis, gastrointestinal blood loss or
chronic renal failure®.

Atheroma seems to be inappropriately severe in relation to the age
of the patients and ischaemic heart disease was a prominent cause of
mortality in our original series of patients, accounting for 25% of
deaths’'. Some women died in their 30s of ischaemic heart disease.
Atheromatous lesions in other large vessels were also prominent,
including peripheral vascular disease and renal artery stenosis. Ather-
omatous renal artery stenosis is usually rare in women under the age
of 50 years and was significantly increased in women with analgesic
nephropathy*. Nanra’s group have reported ischaemic heart disease
in 33% of patients with analgesic nephropathy*.

Hypertension is frequently present and may be more common in
patients with the analgesic syndrome in Australia than in Europe. Sixty
percent of patients in Australian series are hypertensive compared with
15-40% in some European studies. Over 80% of uraemic patients are
hypertensive*. Malignant hypertension may occur and patients may
develop this complication in spite of marked sodium depletion. The
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TABLE 1.3 Functional changes in analgesic nephropathy

Incidence (%)

Impaired concentration capacity 100
Sterile pyuria 50-100
Renal insufficiency 78.8
Hypertension

Benign 15-70

Malignant 6.1
Urinary tract infection 15-69
Proteinuria 38.5
Haematuria 335
Urinary acidification

Impaired 25.3

Renal tubular acidosis 9.3
Clinical gout 21.1

Salt depletion —
Septicaemia —

(Reproduced from Ref. 37)
—=data not available

possibility of an underlying renal artery stenosis should be considered
especially in severe cases. Repair of renal artery stenosis may result in
better control of hypertension and improved renal function.

Renal manifestations
Renal manifestations are listed in Tables 1.3 and 1.4%".

In the acute stage, patients typically have sterile pyuria, macroscopic
or microscopic haematuria, episodes of impaired renal function which
frequently recover with appropriate management and episodes of renal
colic due to passing of separated papillae down the ureter. Sterile
pyuria is a good marker of activity of the papillary necrosis and, while
it persists, the patient is probably continuing to take analgesics and
show active renal lesions.

An unequivocal diagnosis of renal papillary necrosis depends upon
demonstration of characteristic medullary or papillary cavities on
radiographs or upon the histological demonstration of necrotic papil-
lae tissue in the urine. Another less frequent but diagnostic radiological
feature is the demonstration of calcification around the rim of a
separated papilla.

12
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TABLE 1.4 Morphological changes in analgesic nephropathy

Incidence (%)

Renal papillary necrosis 100

Glomerular lesions® 69.9
Medullary calcification 36.9
Renal calculi —

Transitional cell carcinoma —
Hydronephrosis/pyonephrosis —
Ureteric stricture —
Atheromatous renal artery stenosis —
Renal vein thrombosis —
Interstitial cystitis —

2In patients with proteinuria
—=data not available
(Reproduced from Ref. 37)

Uroepithelial carcinoma

In 1965, Hultengren and Lagergren® described 11 cases of renal
carcinoma in 103 cases of renal papillary necrosis. Subsequent reports
have come from other groups*-*!. There is now no doubt that patients
with analgesic nephropathy have an increased risk of uroepithelial
tumours in the bladder or renal pelvis.

Investigations

Urine microscopy:

Sterile pyuria is an important finding during the active phase of renal
papillary necrosis. In addition, most patients have episodes of urinary
tract infection. These are usually renal infections and, if obstruction
is present, may lead to septicaemia and death?'.

During episodes of macroscopic haematuria which occur in relation
to separation of papillae, urinary erythrocyte counts exceed 5 x 10°.
Morphologically, erythrocytes are always non-glomerular. Macro-
scopic haematuria may be present while active disease persists but
disappears when analgesic abuse ceases — as does the sterile pyuria.
Later reappearance of microscopic haematuria indicates one of
two complications. If glomerular microscopic haematuria recurs,
then a secondary, progressive glomerular lesion will be found on

13
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biopsy — typically focal and segmental hyalinosis and sclerosis. If
non-glomerular haematuria is present, a uroepithelial malignancy
may have developed.

Urine protein:

Even with severe impairment of renal function, urine protein levels
may be within the normal range (<0.2 g/24h) but commonly increases
t0 0.2-0.5 gin 24 hours. When a secondary glomerular lesion develops,
much higher urine protein levels may occur and occasionally these
patients develop nephrotic syndrome.

Papillary fragments:

In a case of suspected active renal papillary necrosis, the urine should
be strained for renal papillary tissue which is often brown or black in
colour macroscopically and shows necrotic papillary tissue micro-
scopically. If a calculus is passed, it should be decalcified and sectioned
and may contain necrotic papillary tissue.

Renal function tests:

Serum urea and creatinine concentrations may be raised but, even
where they are normal, the creatinine clearance and urine con-
centrating capacity are often abnormal. Urinary acidification is also
usually impaired.

Bladder biopsy:

The characteristic appearance of small blood vessels in the bladder
mucosa has also been occasionally used to diagnose analgesic nephro-
pathy?.

Radiological investigations:
The radiological features of renal papillary necrosis may be diagnostic.
A diagrammatic representation of papillary and medullary cavities
and other characteristic lesions is shown in Figure 1.4.

In the early stages of the disease, renal size may be normal even
when there are papillary cavities or separated papillae in papillary

14
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Papillary cavity
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FIGURE 1.4 Diagrammatic representation of characteristic calyceal
changes seen radiographically in renal papillary necrosis

cavities as evidence of papillary necrosis. Rapid reduction in renal size
may occur following an episode of papillary separation. The changes
are usually bilateral and affect all papillae. It has recently been shown
that there may be no positive radiological findings in calices where all
papillae remain attached to the so-called in situ lesion'®. A normal
intravenous pyelogram does not exclude a diagnosis of renal papillary
Necrosis.

Ureteric stricture and retroperitoneal fibrosis have been docu-
mented in several cases**#¢. Retrograde or antigrade pyelography may
be necessary if the ureter is obstructed by papillary tissue or to exclude
or establish a diagnosis of uroepithelial neoplasm. Renal angiography
may be indicated if renal artery stenosis is suspected.

Newer imaging techniques such as CAT scanning, may be useful in
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detecting early uroepithelial neoplasms. Ultrasonic features have been
described in patients with end-stage renal failure due to analgesic
nephropathy®. Essentially this method reveals calcified renal papillae.

Renal papillary necrosis associated with NSAIDs

Renal papillary necrosis has been associated with NSAIDs in rheu-
matoid arthritis, juvenile rheumatoid arthritis and ankylosing spon-
dylitis*.

Several autopsy studies of renal papillary necrosis in patients with
rheumatoid arthritis have revealed macroscopic evidence of renal
papillary necrosis in 7-26% of cases (Table 1.5). Microscopic evidence
was present in 57% of cases in our controlled study of all autopsy
kidneys over a 12-month period. Eight percent of 641 autopsy kidneys
at the Royal Melbourne Hospital showed renal papillary necrosis
compared with 2.8% of 538 kidneys examined at the Coroner’s court
over the same period*’. The 57% incidence of renal papillary necrosis
in cases with rheumatoid arthritis is particularly significant in view of
the blind nature of the study and the fact that hospital patients other
than those with rheumatoid arthritis showed such a low incidence.

Renal papillary necrosis has been described in three patients with
juvenile rheumatoid arthritis in whom the major treatment was high-
dose, long-term aspirin®®. This is the clinical counterpart to exper-
imental studies which demonstrated papillary necrosis in rats receiving
aspirin and is of significance in relation to the view that aspirin may
be an important factor in analgesic nephropathy*. One of these patients
had ingested ibuprofen and tolmetin for short periods, one had taken
tolmetin for a year and paracetamol for a brief period, and the third
aspirin alone. We reported two cases in both of whom indomethacin
had been used long term with short-term intermittent aspirin or para-
cetamol®.

In adults with rheumatoid arthritis, the chronic nature of the disease
and complex therapeutic protocols make it difficult to determine the
specific cause of the papillary necrosis. The drugs taken by 20 patients
with renal papillary necrosis and rheumatoid arthritis whom we
reported are shown in Table 1.6.

Renal papillary necrosis in man has been attributed to phenyl-
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TABLE 1.5 Autopsy incidence of renal papillary necrosis and chronic

interstitial nephritis in rheumatoid arthritis

Incidence at autopsy

Rheumatoid arthritis
studies

Renal papillary necrosis

Macroscopic

Microscopic

Chronic
Interstitial
Nephritis

Clausen and Pedersen,
1961

Lawson and McLean,
1966

Gardner, 1969

Burry etal, 1974
Present study

6/23 (26.1%)

18/61 (29.5%)

4/22 (18.2%)
12/21 (57.1%)

29/61 (47.5%)

12/23 (52.2%)

(Reproduced from Ref. 141)

TABLE 1.6 Medications taken by 20 patients with rheumatoid arthritis

No. of patients

Aspirin
Prednisolone
Codeine phosphate
Phenylbutazone
Paracetamol
Indomethacin
APC mixture
Chloroquin

Gold

Mefenamic acid
Propoxyphene HCI

20
11

_NWhMoOorOIN©

(Reproduced from Ref. 142).
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butazone®® 2, indomethacin®, naproxen and benoxaprofen®*>. In
animals, almost all NSAIDs have produced renal papillary necrosis
and it is likely that individual reports of cases with renal papillary
necrosis in man will continue to appear as newer NSAIDs are intro-
duced.

The clinical features of renal papillary necrosis seen with NSAIDs
are similar to, but less severe than those in analgesic nephropathy.
This may be related to the fact that the papillae tend to remain
attached or in sifu in the patients taking only aspirin or NSAIDs.
Because of this, the complications which occur during separation of
papillae, such as haematuria, ureteric obstruction, severe urinary tract
infection, and septicaemia are not usually seen. Hypertension has
also been infrequent in the small number of patients reported and
psychiatric manifestations are absent.

There is no evidence of an increased risk of either atheromatous
complications or uroepithelial carcinoma in patients with renal pap-
illary necrosis due to NSAIDs. The overall risk of developing impaired
renal function appears to be small in patients with rheumatoid
arthritis®® in spite of the high incidence of renal papillary necrosis at
autopsy (Table 1.5).

Course and management of renal papillary necrosis

Although end-stage renal failure occurs if renal papillary necrosis due
to analgesics or NSAIDs progresses, considerable recovery of renal
function may occur if the patients stop ingesting all analgesics and
NSAIDs?. Such patients do not usually die of renal failure which
remains stable for many years; other complications of the analgesic
syndrome, such as myocardial infarction, are the usual cause of death.

When phenacetin was thought to be the sole cause of analgesic
nephropathy, many companies removed phenacetin from compound
preparations and substituted paracetamol or salicylate. In our experi-
ence’® and that of other groups®”-3, renal function continues to decline
unless ingestion of all over-the-counter analgesics, including aspirin,
ceases; the chances of recovery of renal function are then excellent
(Figure 1.5) and maintained long term. Some of our patients who
presented in 1959 with impaired renal function died 15-20 years later
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FIGURE 1.5 Improvement in blood urea and serum creatinine con-
centrations after treatment in patients with analgesic nephropathy and
impaired renal function. (From Ref. 36)

without showing any subsequent deterioration in function.

Apart from withdrawal of the offending drugs, other factors are
important in ensuring recovery of renal function in analgesic nephro-
pathy.

Diagnosis and relief of ureteric obstruction which is extremely
common during episodes of papillary separation, are clearly import-
ant. Treatment of infection is also important, even if ureteric obstruc-
tion is not present. The nature of the lesion of renal papillary necrosis
creates intrarenal obstruction. This in turn causes lesions within the
renal parenchyma in the affected nephrons and this ‘infected obstruc-
ted’ area may be associated with severe symptoms and even septi-
caemia. There is intrarenal obstruction by necrotic papillae. Renal
infection may, thereby, not only contribute to impairment of renal
function but may be complicated by episodes of septicaemia.

Patients with analgesic nephropathy are often severely salt and
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water depleted; for optimum recovery these abnormalities must be
corrected.

Hypertension is often severe, even malignant, and may be refractory
to treatment. Sometimes dehydration and correction of sodium
depletion improve blood pressure control. In these patients, no
attempt should be made to control hypertension by further sodium
depletion.

In patients with arthritis who have renal papillary necrosis due to
aspirin or other NSAIDs, the management is more difficult. It is often
not possible to control the pain by substituting drugs other than
aspirin or NSAIDs but drugs, such as methotrexate, penicillamine
and steroids, have been used successfully in some of our patients. Other
aspects of management are similar to those described for analgesic
nephropathy.

Which drug or drug combination is responsible for renal papillary
necrosis?

Many drugs may thus cause renal papillary necrosis. It now seems
extraordinary that analgesic nephropathy was so readily attributed
only to phenacetin in the early studies. This conclusion was based
purely on the fact that phenacetin was an ingredient of most of the
drug combinations taken by patients with analgesic nephropathy. It
would be just as logical to blame caffeine which is also a component
of almost all the over-the-counter medications concerned. The obvious
illogicality of this reasoning was pointed out by Gilman in 1964%. ‘If
scotch and soda, brandy and soda and vodka and soda all cause
inebriation, then soda is clearly responsible for this effect.’

It is now quite clear that almost all NSAIDs cause renal papillary
necrosis in experimental animals. We have produced papillary necrosis
using phenylbutazone, mefenamic acid, indomethacin, phenazone and
propoxyphene®®®!, Others have produced papillary necrosis with
sudoxicam®, aminopyrine, phenazone, antipyrine®, fenamic acids®
and fenoprofen®.

These experimental studies are relevant to the small number of
patients who develop papillary necrosis while taking pharmacological
doses of NSAIDs. One recent experimental finding is particularly
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relevant to this group of patients. We have found that caffeine greatly
increases the incidence of papillary necrosis in rats receiving
NSAIDs®. This may mean that patients with arthritis on NSAIDs
should not drink excessive quantities of tea and coffee. As NSAIDs,
sometimes in combination with caffeine, are now available without a
prescription over the counter in several countries, it may also warrant
a warning on packages.

These observations on NSAIDs are relevant to analgesic nephro-
pathy which results from excessive use of over-the-counter analgesics.
Aspirin, like other NSAIDs, produces renal papillary necrosis in
rats®® and there is mounting evidence that it also does so in man®?.
Phenacetin, on the other hand produces no papillary changes unless
it is given to rats in heroic doses and it never produces the florid lesions
seen with NSAIDs, aspirin and with mixed analgesics®®®!. In man,
there is overwhelming evidence that a variety of combinations of
aspirin, phenacetin, phenazone, salicylamide, paracetamol and
caffeine can produce renal papillary necrosis.

Control measures which sought to remove only phenacetin worked
in those countries in which phenacetin was combined with non-aspirin
containing medications. In Australia, the epidemic of analgesic
nephropathy continued unabated in spite of removal of phenacetin
from many over-the-counter preparations in 1962 and from all but one
in 1967. In 1975 the last phenacetin was withdrawn from over-the-
counter drugs but no discernible reduction in the prevalence of anal-
gesic nephropathy occurred over this 13-year period during which
phenacetin sales fell from very high levels to zero. Because of this and
because patients did not improve when phenacetin was no longer
ingested but other drugs, such as paracetamol, aspirin and salicy-
lamide, were continued, restrictions were introduced in Australia to
prevent over-the-counter sales of:

(1) Mixtures of any two analgesics;
(2) Mixtures containing caffeine;
(3) Packs containing more than 25 tablets.

Following such legislation in 1980, there has been a dramatic
reduction in the number of clinical cases of analgesic nephropathy
and there is a steady decline each year in the percentage of patients
with analgesic nephropathy requiring dialysis (Figure 1.1). This has
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occurred in spite of an increase of the age of patients accepted for
dialysis; this is relevant because analgesic nephropathy causes end-
stage renal failure mainly in women over the age of 60.

Although Canada initially reported a declining incidence of anal-
gesic nephropathy following withdrawal of phenacetin, this improve-
ment was not sustained®’. The NIM Consensus panel, which met in
1984, recommended withdrawal of mixed analgesic drugs from over-
the-counter use. They recommended that, as in Australia, only single
antipyretic analgesics should be available over-the-counter®.

Causative mechanisms

The mechanisms producing renal papillary necrosis in analgesic
nephropathy are controversial; a direct toxic effect and/or an ischaemic
process may be involved. The increasing emphasis on NSAIDs as a
cause of renal papillary necrosis lends support to the view that a
reduction in medullary blood flow due to inhibition of vasodilatory
prostaglandins may be an important factor in renal papillary necrosis.

Discussion

Hopefully analgesic nephropathy will soon be relegated to the history
of medicine. Its explosive appearance in the middle of this century
reached a peak in Australia where it was found at autopsy in 20% of
cases (Table 1.5) and was the cause of end-stage renal failure in 25%
of cases presenting for dialysis — even when the upper age limit for
dialysis acceptance was about 60 years. Clinical cases of this condition
are now rare and the percentage of patients with this disease requiring
dialysis has fallen to 11%, most of whom are elderly women (Figure
1.1).

Analgesic nephropathy still accounts for substantial numbers of
patients entering dialysis programmes in some European countries,
notably Belgium and Switzerland. The rate of acceptance does not
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FIGURE 1.6 Age-specific acceptance rates for dialysis for patients aged
less than 65 years with end-stage renal failure due to analgesic nephro-
pathy, 1974-83 in Switzerland, Belgium and Sweden

appear to be falling (Figure 1.6). The high rate of acceptance of
patients with analgesic nephropathy in Belgium contrasts with a much
lower acceptance rate in other countries, such as the United Kingdom
and France. Age-specific acceptance rates for women in Belgium
and France show very large differences (Figure 1.7). The continuing
problem of analgesic nephropathy in countries such as Belgium and
Switzerland is due to continued high uncontrolled sales of over-the-
counter mixed analgesic compounds.

A disturbing factor is the recent appearance of analgesic nephro-
pathy in third world countries. As in the tobacco industry, when
restrictions are introduced and sales fall in the developing world, the
multinational companies selling mixed analgesics now concentrate
their advertising and sales in third world countries. Reports are now
appearing of significant numbers of cases of analgesic nephropathy
from countries such as Malaysia® ">,
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ACUTE EFFECTS OF NSAIDs ON THE KIDNEY

The first reports of acute nephrotoxic effects of NSAIDs were probably
our own. We reported a severe deterioration in renal function in
individual patients with analgesic nephropathy who, having ceased
all analgesic medication, started to take aspirin, either alone or in
combination with paracetamol, which they or their doctors believed

n
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T
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FIGURE 1.7 Age-specific acceptance rates per million population for
renal replacement therapy in women commencing treatment 1981-83 in
Belgium (B) and France (F). Acceptance rates for those with analgesic
nephropathy are shown as shaded area

to be safe’*%°, Michielsen et al. in 1973 reported a sudden decline in
the GFR of patients with glomerulonephritis given indomethacin’. In
1977 Kimberley and Plotz reported a reduction in creatinine clearance
when aspirin was given to patients with lupus nephritis”. It is now
well recognized that NSAIDs often cause an acute deterioration in
renal function when given to patients with impaired renal function™"
83

This decline in renal function is attributed to the greater dependence
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of patients with renal disease on secretion of PGE, and prostacyclin
for the maintenance of renal blood flow. Prostaglandins are said to
maintain blood flow by efferent arteriolar dilatation; NSAIDs inhibit
production of PGE, and PGI, and thus produce an acute reduction
in renal blood flow. Sulindac, which is a selective inhibitor of extra-
renal cyclo-oxygenase, is said to be less likely to cause impairment of
renal function in patients with renal disease®*%.

If deterioration were due solely to a change in renal blood flow in
patients with renal disease, it should, in theory, be reversible as soon
as the drug is stopped. In 1970, however, we reported*® a permanent
deterioration in renal function and fresh episodes of renal papillary
necrosis in some patients with renal disease given aspirin or aspirin
combinations. In most cases, a prompt improvement in renal function
follows withdrawal of the NSAID, but acute tubular necrosis has
rarely been demonstrated on biopsy®®.

In high renin states induced by sodium depletion®’, heart failure®
or cirrhosis®?®°, NSAIDs may also cause an acute deterioration in
renal function. A similar effect has been described in patients given a
NSAID and diuretics. Many such patients were receiving triamterene
and other mechanisms, such as crystal obstruction of the tubules, may
perhaps be relevant®'.

Hyperkalaemia

Severe hyperkalaemia may accompany an acute decline in renal func-
tion®!. This has been noted particularly when indomethacin was used
to treat gout in patients with impaired renal function®. It has also
been reported, however, in patients with normal renal function®® while
severe hyperkalaemia, out of proportion to the degree of impairment,
has been recorded in those with decreased renal function®*¢.

All NSAIDs, with the possible exception of sulindac’, reduce
plasma renin activity and suppress aldosterone secretion. Resulting
hyporeninaemic hypoaldosteronism has been invoked as the cause
of hyperkalaemia®? which also occurs in infants given indomethacin
therapy for patent ductus arteriosus®’.
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Acute renal failure and nephrotic syndrome associated with acute
interstitial nephritis

Patients receiving non-steroidal anti-inflammatory drugs may develop
severe acute renal failure requiring dialysis. Within this group there
are two distinct clinical syndromes occurring under different cir-
cumstances and with different pathological findings and prognosis.
Distinction between the two is important and only occasionally diffi-
cult.

Acute renal failure

Acute renal failure, even when severe, may be prerenal and due to the
haemodynamic factors discussed above. Many of the patients who
develop the syndrome of acute renal failure will show underlying acute
tubular necrosis; recovery is delayed 10-14 days and dialysis may be
necessary.

This syndrome is seen in the same group of patients who develop a
temporary deterioration in renal function when given NSAIDs and
may represent a more severe extension of the same process. Patients
with high renin states, advanced age, concurrent use of diuretics and
underlying renal vascular disease are most susceptible®®. It has also
been documented in patients with congestive cardiac failure, cirrhosis
with ascites, infants with patent ductus arteriosus and in the nephrotic
syndrome”®-38:%,

Although some of these patients recover promptly, suggesting that
haemodynamic factors account for the deterioration in renal func-
tion®®, acute tubular necrosis has been documented histologically in
others'®. Patients with acute gout seem to be particularly liable to
develop this form of acute renal failure®®.

Indomethacin has been the drug responsible in most reported cases
of this syndrome of acute renal failure but it has also been the most
widely prescribed NSAID over many years. The earliest records of
acute renal failure with NSAIDs occurred in patients with gout receiv-
ing phenylbutazone!®'-!%,  Phenylbutazone, unlike most other
NSAIDs, is a powerful uricosuric agent and it is possible that acute
renal failure with phenylbutazone is due to a different mechanism
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which involves uric acid crystal deposition in tubules. Sulphin-
pyrazone, which is a derivative of phenylbutazone but not a NSAID,
also causes acute renal failure'*'%8, The relationship between deposits
of uric acid crystals in tubules and acute renal failure with these two
uricosuric agents remains unresolved. It is noteworthy, however, that
tienelic acid, another uricosuric agent also causes acute renal failure'*-
1 Tt may well be that uric acid crystal deposition is one factor in the
acute renal failure documented in patients receiving phenylbutazone.

Mefenamic acid has been implicated in many patients as a cause of
NSAID-associated renal failure leading to the name ‘mefenamic acid
nephropathy’!'!2. Unfortunately, the cases described under this title
had a variety of clinico-pathological associations; one had interstitial
nephritis''}; one had an associated generalized vasculitis''¥; and one
occurred in a patient receiving triamterene and mefenamic acid, and,
as discussed above, crystalluria due to triamterene may have been a
contributing factor®'.

Overall data suggest that the major mechanisms involved in the
syndrome of acute renal failure in patients receiving NSAIDs are
haemodynamic. In milder cases, the acute deterioration may be pre-
renal and prompt recovery follows withdrawal of NSAIDs; in others,
acute tubular necrosis develops but it is likely that the mechanism

which causes acute tubular necrosis is ischaemic and not
toxic80,81,100,1]5—1]9

Acute interstitial nephritis and the nephrotic syndrome

This syndrome includes a wide spectrum of cases ranging from the
nephrotic syndrome without clear-cut acute interstitial nephritis on
biopsy at one end'?’ to acute interstitial nephritis without the nephrotic
syndrome at the other!''*120-124,

There are several points which distinguish this clinical syndrome
from the cases of acute renal failure due to haemodynamic factors
discussed above. This syndrome appears to be idiosyncratic and
certaindrugsare particularly likely to beinvolved. Fenoprofen accounts
for two-thirds of the reported cases and other relatively infrequently
used drugs, such as zomepirac and tolmetin, have been implicated as
the cause in five and four cases respectively. Single case reports have
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appeared in patients receiving a range of drugs, including mefenamic
acid, ibuprofen, naproxen and indomethacin''>!2"137. We have re-
cently recorded four cases in patients receiving sulindac.

The clinical context in which this syndrome occurs is different. It
does not occur more frequently in patients with predisposing factors,
such as old age, underlying renal disease or high renin states. The
onset has been documented between 2 months and 18 months of the
start of NSAID treatment whereas the acute renal failure syndrome
due to haemodynamic factors often comes on within days of the first
dose. Unlike other drug-related causes of acute interstitial nephritis,
the patients do not have a rash, fever or eosinophilia and there is no
eosinophiluria.

The nephrotic syndrome may be severe and renal failure usually
requires dialysis. Unlike the syndrome of acute renal failure, recovery
does not occur when the NSAID is withdrawn. In many patients,
renal function remains permanently impaired and the nephrotic syn-
drome may persist for months.

While the place of steroid therapy is unresolved, prompt resolution
of the nephrotic syndrome and recovery of renal function may occur
when steroid treatment is given. This may occur even when both
impaired renal function and the nephrotic syndrome have been present
and unaltered for some weeks. A trial of a short course of steroids is
therefore recommended.

Clive and Stoff*® have calculated that one in seven persons in the
United States is taking a NSAID. It is not surprising, therefore, that
these clinical syndromes are two of the most frequent drug-related
causes of acute renal failure and the nephrotic syndrome presenting
to renal units at this time.
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2
INTERSTITIAL NEPHRITIS

C.G. NEWSTEAD and F. P. MARSH

In this chapter, we shall discuss the histological features, clinical
presentation, putative mechanisms, clinical management and prog-
nosis of drug-induced tubulo-interstitial nephritis (TIN). Analgesic-
induced TIN (discussed in Chapter 1) and TIN which is not due to
drugs are outside the scope of this article.

HISTOLOGICAL FEATURES

In interstitial nephritis the cardinal pathological abnormality consists
of inflammatory cell infiltration of the interstitium, although tubular
damage is also evident. A pronounced cellular reaction is often found
in typical acute tubular necrosis but it is usually possible to differ-
entiate histologically between these two diagnoses. In acute TIN, the
glomeruli are normal, becoming sclerosed only in chronic cases.
Because of the histological overlap between cases presenting acutely
and those of an apparently chronic nature, the distinction between
acute and chronic interstitial nephritis tends to be made clinically
rather than histologically, and, in particular, relates to the speed of
onset of renal failure. In patients where this is rapid, the interstitial
infiltrate generally consists of acute inflammatory cells, often eosino-
philic, but sometimes plasma cells predominate and oedema may be
marked. In patients with a chronic presentation the cellular infiltrate
tends to be lymphocytic, interstitial oedema is not marked and fibrosis
may be prominent. However, the histological overlap is considerable
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and lymphocytes and plasma cells may predominate in acute cases.
The development of interstitial fibrosis is an important indicator of
chronicity.

The histology gives little indication of the cause of the nephropathy
and similar appearances may be found, for example, in acute TIN
attributed to drugs, infection, acute transplant rejection, generalized
conditions, such as systemic lupus erythematosus, and in idiopathic
TIN. Likewise, the histological changes of chronic TIN, which may
evolve following acute TIN with continued drug exposure!, give little
indication of the original cause. Similar changes may be found in
chronic TIN associated with obstructive uropathy, pyelonephritis,
ischaemia, sarcoidosis, Sjogren’s syndrome, Balkan nephropathy,
radiation injury, medullary cystic disease and chronic renal transplant
rejection.

INCIDENCE OF ACUTE DRUG-INDUCED TIN

Although drugs are increasingly considered as an important cause of
acute renal failure (ARF)>3, the incidence of drug-induced TIN is
uncertain because of incomplete notification, insecure diagnoses and
because the population exposed to individual drugs is difficult to
quantify. Even the proportion of patients with ARF who have drug-
induced TIN is difficult to determine. Comprehensive data come from
Richet er al.* who performed renal biopsies in 218 of 976 patients
presenting with ARF: only 8 (3.6%) of those biopsied (0.8% of the
whole group) were thought to have drug-induced TIN. Patients not
subjected to biopsy were considered likely on clinical grounds to have
acute tubular necrosis rather than TIN but as this was not established
histologically the true frequency of TIN probably exceeded 0.8%. In
contrast, in a more recent large multicentre study of 2175 patients
with ARF, drugs were implicated as the cause in 398 (18.3%); TIN
was found in 17 of 77 renal biopsies (22%) but the criteria for biopsy
and for the diagnosis of a drug-induced causation were not specified
clearly’. In 84 unselected patients with ARF who underwent renal
biopsy, 10% had acute TIN®. Sixteen percent of 80 children treated
with methicillin developed an acute allergic reaction with reversible
renal failure in an unbiopsied series collected over ten years’. Likewise,
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Nolan and Abernathy® found haematuria and proteinuria, usually
with eosinophilia, in nine of 52 patients (17%) treated with methicillin
for staphylococcal bacteraemia; five developed reversible renal failure.
The high frequency may relate to the prolonged therapy given,
although it is possible that the combination of staphylococcal bac-
teraemia and methicillin treatment is associated with a particularly
high incidence of TIN. Only one of 29 similar patients treated with
cephalosporins was affected in the same way. In a review of over 150
cases of methicillin-associated TIN® 33% had received the drug for
over three weeks and 75% for more than a month, although typical
cases can occur after much shorter courses of treatment. Many reports
of drug-induced nephrotoxicity refer to methicillin and other f-lactam
antibiotics>°?. Other common causes of acute TIN include rifam-
picin, co-trimoxazole, thiazides, frusemide and phenindione. Sul-
phonamides have long been implicated®*°. Thiazides and frusemide
are structurally related to sulphonamides and are increasingly reported
to cause biopsy-proven TIN**2, Over 60 cases have been attributed
to rifampicin®*-** and 30 to phenindione®. See Table 2.1 for the fre-
quency of TIN associated with individual drugs.

In summary, the true incidence of drug-induced TIN is not possible
to determine because of selective and retrospective data recording,
uncontrolled series and diagnoses made on the basis of clinical sus-
picion without biopsy confirmation. Patients with ARF tend to be
labelled as having drug-induced TIN when an agent known to cause
this condition has been prescribed recently, although the connection
may be fortuitous.

CLINICAL PRESENTATION
Acute drug-induced TIN

The clinical features of acute drug-induced TIN classically begin
abruptly with fever (85-100% of patients) and macroscopic or micro-
scopic haematuria (95%)'8. About one third of patients report overt
haematuria. A maculopapular rash, often itchy, is seen in 25-50%
of patients. Sterile pyuria, mild proteinuria (less than 2g/24h) and
eosinophiluria are often found?. Eosinophilia, typically lasting only
one to two days, occurs in 80%?2’. There may be evidence of tubular
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TABLE 2.1 Frequency of TIN associated with individual drugs

Frequent

***  Co-trimoxazole
Frusemide

***  Methicillin

***  Phenindione
**x Rifampicin
Sulphonamides
***  Thiazides

x % *

* % *

Rare

***  Allopurinol
*** Amoxycillin
Ampicillin
Carbenicillin
Cefoxitin
Cephalexin
***  Cephalothin
***  Cephradine
***  Cimetidine
***  Lithium

***  Nafcillin
Oxacillin
Penicillin G
Phenytoin
***  Sulphinpyrazone
***  Cisplatin

* % %

* % %

Isolated case reports
**  Captopril'?

***  Carbamazepine'?®
***  Clofibrate'?®

**  Gentamicin®’
Interferon'®®
Minocycline'®’
***  Radiological contrast agents'3?
*** Tienilic acid'3®
Vancomycin'3
***  Erythromycin'3®

* %%

* % *

*** Clinical evidence of systemic allergic phenomenon pius biopsy-proven TIN
** Similar clinical evidence, no biopsy

* Dubious clinical evidence, no biopsy
See body of text for main references
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impairment'®?’, with glycosuria, aminoaciduria, sodium wasting, renal
tubular acidosis and (rarely) potassium conservation®. The classical
triad of rash, fever and eosinophilia is seen in less than 30% of
patients®’ and acute drug-induced TIN can occur in the absence of
any of these clinical features. It should, therefore, be suspected in any
case of ARF of unknown aetiology and early renal biopsy is helpful
in confirming the presence of interstitial nephritis.

Chronic drug-induced TIN

There are no particular symptoms which distinguish chronic drug-
induced TIN from other causes of chronic renal failure. Because of
this, and because the diagnosis of chronic TIN is uncertain in the
absence of renal biopsy, its relationship to current and previously
prescribed drugs may be impossible to determine in individual patients.
The contribution of chronic TIN to end-stage renal failure is uncertain.

REVIEW OF REPORTS OF DRUG-ASSOCIATED TIN
Sulphonamides

Although sulphonamides have been used clinically for over 50 years,
proven TIN has been attributed to them only infrequently. They were,
however, among the first drugs to be clearly associated with the
condition®-*°. These initial reports were based upon postmortem his-
tology. In the first report of 78 deaths after sulphonamide treatment for
various serious medical conditions, interstitial nephritis was present in
about 50% of cases. More et al. reviewed 2000 postmortem exam-
inations. In 375 cases, there was known exposure to sulphonamides
antemortem; interstitial nephritis was seen in 11 cases®®. Robson et
al.3® described two cases. In the first, renal biopsy appearances of
tubulo-interstitial nephritis were associated with a high circulating
IgE concentration. In the second, a 10-day course of sulphadiazine,
given for urinary tract infection, led to oliguria requiring dialysis for
six weeks. Biopsy revealed acute tubulo-interstitial nephritis; 17 days
later a repeat biopsy showed more extensive changes and increased
interstitial oedema. Treatment with prednisolone (40mg daily)
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appeared to cause an almost immediate increase in urinary volume.
Although, three months later, creatinine clearance was 65 ml/min, a
further renal biopsy showed marked interstitial fibrosis.

The frequency of sulphonamide-induced TIN has increased recently
due to the frequent prescription of co-trimoxazole*****’. In 16
patients, 14 of whom had previously normal renal function, acute
non-oliguric reversible renal failure was precipitated by co-tri-
moxazole given in normal or reduced dose*'. In two patients, who did
not have pre-existing renal disease, biopsy showed ‘acute tubular
necrosis’ with interstitial oedema and cellular infiltration. Co-tri-
moxazole was implicated because of the prompt recovery of function
which followed withdrawal of the drug. An apparent response to
prednisolone in three cases, and recurrence of the condition in one
who was again given co-trimoxazole (leading to irreversible loss of
renal function), suggests that TIN rather than acute tubular necrosis,
was the likely diagnosis in them also.

Methicillin

Acute interstitial nephritis due to methicillin has been described on
many occasions>?1820-2%3¢ [n one early report!?, four patients treated
with methicillin and four others given benzylpenicillin in high dose
for a prolonged period developed uraemia and eosinophilia; a rash
occurred in four and pyrexia in six. Interstitial nephritis was noted
histologically in the four patients subjected to renal biopsy. Renal
function and urinary sediment returned to normal between three
and 32 days after stopping the antibiotic, although one patient died.
Recovery, when it occurs, may not be rapid. In one case'?, acute renal
failure, eosinophilia and haematuria developed during methicillin
treatment and the patient required regular haemodialysis for two
months after the antibiotic was withdrawn and prednisolone therapy
started. Renal biopsy obtained a fortnight after withdrawal of the
antibiotic showed classical TIN. IgG, C3 and ‘methicillin antigen’
were deposited linearly on the tubular basement membrane (but not
on the glomerular basement membrane), the hypothesis being that a
tubular basement membrane protein formed a hapten—protein con-
jugate with methicillin, stimulating antibody formation.
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Methicillin-induced TIN is said to be much more common in males
than in females (relative incidence 3:1)'? but, in children, the sex and
age distribution is uncertain. Review of the literature does not suggest
that the development of the condition is dose dependent, except for
those reports of methicillin-induced TIN in patients with sta-
phylococcal septicaemia; it has been described as early as two days
and as late as 37 days after the start of treatment. Fever has been
described in 87% of cases, eosinophilia in 79%, haematuria (gross or
microscopic) in 97%, proteinuria in 94% and pyuria in 93%, usually
with eosinophiluria'®. Overt haematuria'® is relatively common. In
another series, eosinophilia occurred in all 14 patients described, and
eosinophiluria was also frequently present®®, a rash occurring in about
a quarter of cases.

Renal failure of sufficient severity to require dialysis support appears
to be relatively common in adults (30%) but is rare in children under
16 years old".

Rifampicin

Acute renal failure associated with the intermittent use of rifampicin
has often been described?*4>>!. It has also occurred in patients alleg-
edly taking daily rifampicin®® although their compliance with treat-
ment must remain uncertain. The danger of resuming rifampicin after
an interval is well recognized and, after a period without the drug,
even a single dose can cause reversible oliguric renal failure requiring
dialysis*?. In this case, renal biopsy showed normal glomeruli and
tubules with interstitial oedema and lymphocytic infiltration. In two
patients given a single dose after treatment had been stopped for four
or five days, fever, myalgia, nausea, diarrhoea and oliguria developed
within a few hours. Anuria lasted three days in one patient, nine days
in the other and recovery was incomplete in one of the cases®. A
similar acute illness occurred in a patient who accidentally took one
dose of rifampicin after treatment had been stopped for two months*,
Within 30 minutes, he experienced lumbar pain, fever, chills and
arthralgia followed by vomiting, diarrhoea and anuria. There was no
eosinophilia, but renal biopsy showed patchy necrosis and flattened
proximal tubular epithelium, marked interstitial oedema, mono-
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nuclear infiltration and fibrosis. The glomeruli were normal on light
and immunofluorescent microscopy.

Rarely, symptoms develop in patients taking regular twice weekly
rifampicin: malaise, fever, rigors and reversible renal failure were
reported in only one of 49 patients so treated®. A treatment gap of as
little as four days has led to vomiting, diarrhoea, lumbar pain, chills
and oliguria with eosinophilia and biopsy evidence of interstitial neph-
ritis. In this case, immunofluorescent microscopy was normal*. Oli-
guria persisted for nine days despite treatment with prednisolone but
there was full recovery of renal function.

Renal biopsies’®*#44¢ have demonstrated interstitial oedema,
inflammatory cell infiltrates and tubular necrosis but the glomeruli
remain normal. Because rifampicin can induce antibodies*, and
because rifampicin—antibody complexes can bind to erythrocytes and
induce a haemolytic anaemia, it has been suggested that the renal
failure may be caused by immune complexes*. This theory, however,
remains unproven. Antibodies to rifampicin can be detected with the
same frequency in patients who do not develop ARF as in those who
do.

Phenindione

Acute TIN used to develop relatively frequently in patients treated
with this oral anticoagulant®-4, but it is now rarely prescribed. The
clinical presentation was similar to that of methicillin nephritis but
hepatitis often occurred also. The mortality was high and interstitial
fibrosis developed in some of the survivors®.

Diuretics

Thiazides and frusemide are structurally related to sulphonamides and
it is, therefore, not surprising that they also can cause acute TIN.
Chlorthalidone®, hydrochlorothiazide**®, bendrofluazide®, tri-
amterene®® and frusemide®**%! have all been incriminated, as have
combined  preparations:  chlorthalidone-hydrochlorothiazide®®,
hydrochlorthalidone—triamterene®3>6%! and triamterene—frusemide?’.
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Penicillins

Apart from methicillin (see p. 42), these have not often been reported
as causing TIN. Benzyl penicillin has rarely been incriminated'®¢2.
Colvin® reported a patient with bacterial endocarditis who developed
low grade fever, eosinophilia, eosinophiluria and progressive non-
oliguric renal failure during the fourth week of treatment with benzyl
penicillin. Renal biopsy demonstrated an intense interstitial infiltrate.
Using indirect immunofluorescence, rabbit antiserum to benzyl peni-
cillin bound to the interstitium and to tubular basement membranes.
This observation, however, is not necessarily of pathogenic signific-
ance, because it has been found in patients without renal disease who
died whilst taking penicillin.

Ampicillin has been associated with TIN more often than benzyl
penicillin!>2°63-%_and interstitial oedema and inflammatory infiltrates
with normal glomerular morphology have been recorded®**. Amoxy-
cillin®, oxycillin?*¢7-%® and nafcillin®¢ have also been incriminated.
The presentation is usually less acute in its development than that
classically induced by rifampicin but this is not invariable. In one 12-
year-old patient® the clinical course was reminiscent of that due to
rifampicin: one hour after the first dose of ampicillin prescribed for
skin sepsis, the patient became ill with fever, nausea, vomiting, eosi-
nophilia and proteinuria. Although renal function remained normal,
renal biopsy was consistent with interstitial nephritis. The patient had
been exposed to penicillin some six years previously without adverse
reaction.

Typical clinical and histological features of TIN have occurred
following prolonged carbenicillin therapy’®”!; immunochemical stain-
ing was unremarkable.

Cephalosporins

As these drugs are structurally related to penicillin, it is not surprising
that cephalothin7* and cephradine’® have also been reported to
cause TIN. Cross-sensitization with penicillin derivatives has been
described®’® although there was no recurrence in one patient with
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cephalosporin-induced TIN who was subsequently challenged with
penicillin”.

Intravenous cefoxitin, given after limb amputation for gangrene, was
reported to cause acute renal failure, eosinophilia and haematuria:
spontaneous recovery occurred following withdrawal of the drug
but dialysis was necessary; there was no biopsy’®. Cephalexin was
thought to be the cause in one patient who developed renal failure
after methicillin and gentamicin treatment of staphylococcal sepsis
was changed to cephalexin. A renal biopsy revealed acute tubulo-
interstitial nephritis as well as glomerulonephritis. The patient re-
covered after withdrawal of cephalexin and the prescription of
steroid therapy”.

Lithium

Hestbech et al.”” compared renal biopsies from 14 normotensive
patients undergoing prolonged lithium treatment with histology from
age-matched controls. In the patients, who all had nephrogenic dia-
betes insipidus or a history of acute lithium intoxication, interstitial
infiltration, fibrosis and tubular atrophy were significantly more
common. Immunofluorescent studies were negative. The only pro-
longed psychotropic medication taken by the patients had been lithium
and no other causative factors could be identified.

The same group®® questioned the safety of long-term lithium treat-
ment in a study (from the one psychiatric clinic) of 110 patients treated
with lithium for more than 6 months. Thirty-two had abnormal renal
function. Renal biopsy in 14 of 18 subjects considered likely, on clinical
grounds, to have lithium-induced nephropathy, showed findings
similar to those in their earlier study. At least 25% of the patients
who had taken lithium for more than 2 years had developed a chronic
nephropathy characterized by impaired renal concentrating ability; in
a few, modest increases in serum creatinine had occurred.

Functional changes suggestive of chronic lithium-induced nephro-
pathy were also found by Bucht and Wahlin®'. In patients undergoing
long-term therapy, impaired concentrating capacity was also noted in
those taking neuroleptics alone, although it was most marked if both
neuroleptics and lithium were taken. The appropriateness in
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Hestbech’s et al (1977) study” of using controls who were not taking
any psychotropics is, therefore, questionable. Chronic interstitial
fibrosis has been described in psychiatric patients not taking lithium?®2.

Phenytoin

Isolated TIN has been less frequently reported than a systemic allergic
response with renal vasculitis®®3%5. In one patient, who developed
fever, rash and eosinophilia 22 days after the onset of phenytoin
therapy, renal biopsy confirmed TIN. There was linear immuno-
fluorescence along the renal tubular basement membrane on which
deposits of diphenylhydantoin could be demonstrated.

Allopurinol

This drug has been described as causing TIN as well as glo-
merulonephritis, vasculitis, hepatitis, skin rashes and generalized
allergic disorders®*°. However, the attribution is not secure. In one
report®’, the course was suggestive of systemic allergic vasculitis rather
than TIN and the patient, who had been treated with several drugs,
was not biopsied. Fever, oliguria, eosinophilia and histologically
proven TIN were attributed to allopurinol in another case®® who was
also receiving colchicine. In a further publication®, oliguric acute
renal failure was attributed to allopurinol as part of a multisystem
disorder, but in one of the two patients biopsied the effects were more
consistent with a vasculitis.

Cimetidine

The first case report concerned a 22-year-old male who, after two
weeks’ treatment with cimetidine, developed fever, myalgia, sterile
pyuria, proteinuria and renal impairment. Biopsy showed changes of
interstitial nephritis. Five months after withdrawal of the drug, his
renal function had returned to normal®. In a second case, sterile
pyuria and renal failure developed during exposure to the drug for
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a second time. The symptoms improved following withdrawal of
treatment, but inadvertent retreatment with cimetidine on a third
occasion led to recurrence of the fever, proteinuria and pyuria after
one day®'. Another case occurred in a man treated with cimetidine
for 11 months. He presented with severe non-oliguric renal failure,
myalgia, proximal muscle weakness, sterile pyuria and eosinophilia.
Urinary protein excretion was 1.3 g/24 h and serum phosphocreatine
kinase was elevated. Biopsies showed changes of interstitial nephritis
and a polymyositis. Haemodialysis support was required. One week
after withdrawal of cimetidine and a trial of prednisolone, serum
creatinine had fallen to near normal®?.

Richman et al.”® reported a patient who developed fever and biopsy-
proven acute interstitial nephritis and tubulitis a week after the intro-
duction of cimetidine. Immunofluorescent studies on the kidneys were
negative, haemodialysis was required. Serum creatinine fell to
240 mmol/l with 80 mg prednisolone daily but deteriorated when the
steroid was tapered. Marked improvement occurred after the with-
drawal of cimetidine and with a temporary increase in steroid dosage.

Platinum

Focal necrosis and tubular dilatation has been described following
cisplatin treatment® . The severity of renal impairment is closely
related to the total dose and the histological changes can progress to
chronic TIN®*.

PATHOGENESIS OF TIN

The pathogenesis of drug-induced TIN in humans is unknown. Animal
models of immunological disturbances which can produce TIN fall
into three categories®’

(1) Immune complex deposition in the interstitium or on tubular
basement membranes.

(2) Antitubular basement membrane antibody formation.

(3) Cell-mediated immune mechanisms.
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Immune complex deposition

In the same way that animal models of immune complex glo-
merulonephritis have been studied following the injection of kidney
extracts, an immune complex TIN characterized by immunoglobulin
and complement deposition along the TBM can be induced in rabbits
by the injection of rabbit kidney extracts in conjunction with adju-
vant”®?, Exogenous antigens (bovine'® or human'®' albumin) injected
repeatedly into rabbits can result in chronic serum sickness nephritis
with granular deposits along the TBM as well as in the glomeruli.
Apart from the mononuclear cell infiltrate produced, these models
appear to have little in common with, and shed little light on, the
human pathophysiology.

Changes more comparable with those found in human drug-induced
TIN may be produced in rats by the repeated injection of Tamm-
Horsfall protein (THP)'°>1%_ In this model, deposits of THP, IgG and
C3 are found along the TBM of the cells of the ascending limb
but not in the glomeruli, together with an interstitial inflammatory
reaction.

Although an immune complex interstitial nephritis may be found
in SLE'*%'% and occasionally immune aggregates have been found
along the TBM in cases of ‘idiopathic’ human TIN'?71% the relevance
of this pathogenetic mechanism to human drug-induced TIN is not
clear.

Anti-TBM antibody formation

Although, in humans, anti-TBM antibodies may play a role in Good-
pasture’s syndrome, some glomerulonephropathies and in transplant
glomerulopathy, the number of cases in which they have been impli-
cated in TIN is very small. In some cases of methicillin nephritis'®!?,
a linear fluorescence was seen along the TBM and the serum contained
antibodies directed against dimethoxyphenylpenicillinoyl hapten
bound to the TBM. Anti-TBM antibodies in other drug-induced TIN
have rarely been isolated?-7:98:103,

Experimentally, tubular damage and mononuclear and giant cell
infiltration of the interstitium develop in guinea pigs injected with
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rabbit TBM and Freund’s adjuvant. Guinea pig IgG is deposited
linearly along the TBM, and anti-TBM antibodies are present in the
blood'”. In guinea pigs injected with bovine renal basement membrane
fraction, linear deposition of IgG can be found on TBM, and often
also on glomerular basement membrane. Antibodies eluted from the
kidneys possess both anti-TBM and anti-GBM activity''°.

Rats develop a mononuclear interstitial reaction, with linear depo-
sition of IgG and C3 along the TBM, after injection with rat kidney,
Freund’s adjuvant and pertussis vaccine''' or bovine TBM and per-
tussis''?. Anti-TBM antibodies from the serum of an injected animal
can produce an interstitial nephritis in a second animal, with the
development of interstitial fibrosis and chronic tubular damage.
Passive transfer of the disease in guinea pigs is impossible if the
recipients are depleted of complement with cobra venom'?, although
anti-TBM antibody can be produced in guinea pigs lacking C4''%. The
initial event in these models is presumed to be the binding of anti-
TBM antibody to the TBM with cell-mediated immunity implicated
as a necessary secondary phase. Further evidence for the amplifying
role of cell-mediated immunity comes from guinea pig models of TIN
initiated by anti-TBM antibodies and in which mononuclear cells are
dominant in the interstitium. Their bone marrow origin was shown
when injections of anti-TBM antibody into animals whose bone
marrows had been destroyed by radiation did not lead to TIN.
However, injection of bone marrow cells from normal guinea pigs into
the animals that had been irradiated and had also received injections
of foreign TBM allowed TIN to develop''®.

Cell-mediated mechanisms

Although there is no firm evidence that cell-mediated mechanisms are
important in the production of human TIN, they have been implicated
in animal models. In guinea pigs''® and rats'!’, TIN has been produced
and transferred to naive animals by spleen or lymph node cells, but
not by serum; there was no evidence of anti-TBM antibodies nor of
immune deposits on the tubules. In a spontaneous murine model of
TIN, cell transfer proved possible using cells with a cytotoxic T cell
phenotype!'®. It has been argued from histological evidence that cell-
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mediated mechanisms of injury are likely to be paramount in clinical
TIN!'". As most of the cells in the interstitium are T-helper cells,
delayed hypersensitivity reactions are more likely than direct cyto-
toxicity. The occasional reports of in vitro blast transformation occur-
ring in patients with TIN on exposure of their cells to the initiating drug
are of considerable interest and may provide important information on
the pathogenesis of the condition®®#*%2,

DIAGNOSIS OF DRUG-INDUCED TIN

A complete history of drug intake (both prescribed and self-admin-
istered) and of any possible environmental or occupational toxic
exposure must be obtained from any patient with renal failure of
obscure aetiology. Details of clinical presentations of TIN induced by
individual drugs have been given earlier in this chapter but it is worth
stressing that there are at least two main types of presentation. The
first is typified by ‘methicillin nephritis’, occurs several days after
regular intake of the drug has commenced and has a rather indolent
presentation. This may be contrasted with the more acute, multisystem
disturbance, which may follow re-exposure to a drug, such as rifam-
picin, well tolerated during a previous course of treatment. In such a
case, the presentation tends to be sudden, with fever, rigors, arthralgia,
nausea, vomiting, diarrhoea and oliguria occurring within hours of
rechallenge. Although such features as modest proteinuria (less than
2g/24h), glycosuria, haematuria, sterile pyuria, eosinophilia, eosi-
nophiluria, and raised serum IgE levels support a diagnosis of TIN
they are not specific and acute TIN may develop in their absence.
Renal biopsy is then particularly helpful in confirming a clinically
suspected diagnosis or in raising its possibility in a patient with ARF
of uncertain origin. Similarly, renal biopsy may help the differentiation
between chronic TIN and other renal parenchymal pathology in
patients with chronic renal failure and unscarred kidneys.
Radionuclide imaging of the normal kidney with gallium-67 shows
that little gallium remains 24 hours after injection. Intense uptake,
persisting for 24-72 hours has been claimed as characteristic of acute
TIN whether or not caused by drugs. Wood et al. reported three such
cases'?. In the first, scanning for suspected occult sepsis showed
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intense uptake at 24, 48 and 72 hours. Sepsis was not proven, renal
biopsy showed florid TIN and the fever and renal abnormalities
resolved rapidly with prednisolone treatment. Repeat scanning after
11 days treatment showed no uptake at 24 hours. The cause of the
biopsy-proven TIN was uncertain. The second case had SLE with
heavy lymphocytic interstitial infiltration as well as a membranous
nephropathy. Gallium scanning showed intense renal uptake at 24—
48 hours which was reduced after two weeks prednisolone treatment.
The third case was dialysis dependent, with focal segmental glo-
merulonephritis and TIN on biopsy; there was intense renal uptake
of gallium 24-72 hours after injection. Linton et al.* demonstrated
similar changes in nine cases of drug-induced biopsy-proven TIN;
they were also found in one patient not subjected to renal biopsy who
had acute renal failure, haematuria and eosinophilia associated with
intravenous cefoxitin treatment’®.

Although the changes on gallium scanning are characteristic, they
are not specific for TIN and have also been found in patients with
vasculitis or acute pyelonephritis'*' as well as in nephrotic syndrome
associated with minimal change glomerulonephritis®. These conditions
can, however, usually be differentiated from acute TIN on other
grounds. Although Kumar and Coleman'?' claimed that abnormal
gallium scans occurred in two renal-transplant patients with acute
tubular necrosis, biopsies were not performed and the diagnosis, from
the data presented, was not secure. In contrast, Linton et al.? found
no renal uptake of gallium in six cases of acute tubular necrosis,
although, once more, full clinical details were not given. The intensity
of gallium uptake does not, however, correlate with the degree of
interstitial infiltration in patients with glomerulonephritis'?.

Gallium may, therefore, be useful in differentiating acute TIN from
acute tubular necrosis. Pagniez et al.'** performed gallium scans on
31 patients with acute renal failure of recent onset. In 12 of the 14
with no significant uptake at 48 hours, the renal failure resolved (the
presumptive diagnosis being acute tubular necrosis), one patient died
and one had bilateral renal artery occlusion. Four of the 14 with
persisting bilateral uptake were biopsied and had TIN, the remainder
recovering without biopsy. Three had unilateral uptake and were
presumed, for this reason, to have unsuspected acute pyelonephritis.

52



INTERSTITIAL NEPHRITIS

TREATMENT AND PROGNOSIS

In addition to withdrawal of the suspected drug and the usual man-
agement of renal failure, steroids, often in high dose, are frequently
recommended for the treatment of acute drug-induced TIN. There are
numerous case reports detailing a favourable clinical outcome, with
rapid resolution of systemic symptoms, such as fever, and the prompt
onset of diuresis coincident with steroid therapy!>*#1%7. Selective
reporting, however, and uncertainty over the natural history of the
condition after withdrawal of the causative drug usually makes it
impossible to be confident that the steroid treatment was responsible
for improvement in an individual patient.

One report attempting to compare the effect of giving prednisolone
with that of withholding it in patients with TIN?®, was flawed. Fourteen
patients, treated in two different hospitals, were studied. They had
developed renal failure, suspected as due to methicillin-induced TIN.
The methicillin had been given prophylactically before cardiac surgery
(4 patients) or for infection, usually staphylococcal (10 patients). The
diagnosis of TIN was supported by fever, eosinophilia and pyuria,
without any other apparent cause. Only § patients underwent renal
biopsy and this confirmed acute TIN in each case. Additional his-
tological changes included mild arteriolitis (2 patients), arteriolar
sclerosis (2 patients) and diabetic nephropathy (in 2 known diabetics).
The four patients managed in one hospital, and the first two who
presented in the other, were treated without prednisolone. The next 8
patients, all from the second hospital, were given an average dose of
prednisolone of 60 mg per day for an average of 10 days. Therefore,
treatment was not randomized; it was biased according to the treat-
ment centre and steroid therapy was not standardized in dosage or
duration. The authors reported that 7 of the 8 who received steroids
‘responded promptly with a rapid return to near normal renal
function’. In the patients who did not receive prednisolone, ‘renal
failure persisted longer’. Although the rate of fall in serum creatinine
concentration was claimed to be significantly greater in the pre-
dnisolone-treated group, 3 patients treated with steroids and 2 in the
untreated group required dialysis which makes assessment of the rate
of change of serum creatinine uninterpretable. For the same reason,
the data presented to show that ‘the average number of days from
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peak serum creatinine to the new baseline” was 9.3 in the patients
receiving prednisolone and 54 in those not receiving it, are also unre-
liable — dialysis would have obscured the time at which serum cre-
atinine peaked. Although the difference was not significant, the final
serum creatinine in 6 of 8 patients treated with prednisolone, compared
with 2 of the 6 not so treated, was similar to the first recorded
concentration. Two of the untreated patients took much longer than
the other patients to reach the nadirs in their serum creatinine con-
centration. Of interest is one patient whose renal function deteriorated
after prednisolone treatment was stopped, only to improve markedly
when a second course was given.

A more recent report is that of Buysen et al.'** who studied 27
patients with biopsy-proven TIN of drug-induced, infectious or uncer-
tain causation. In 17 patients, renal function improved soon after
withdrawal of the drug or treatment of infection. However, in 10
patients, no recovery was observed in the first five days. These were
treated with high-dose prednisolone following which the decline in
renal function was reversed. The treatment was not randomized; the
treated groups were not comparable and the conclusion that steroids
were beneficial is not beyond doubt.

Pusey et al >’ compared the progress of 7 patients, treated for biopsy-
proven drug-induced TIN with high doses of intravenous methyl
prednisolone, with that of 2 patients not given steroids. The causative
drugs were co-trimoxazole, ampicillin, ampicillin plus flucloxacillin,
penicillin, gentamicin, paracetamol and bendrofluazide. All steroid-
treated patients developed a diuresis or a reduction in serum creatinine
not attributable to dialysis within 72 hours, and creatinine clearance
stabilized between 68 and 90ml/min. One of the 2 who did not
receive steroid therapy recovered normal renal function slowly (final
creatinine clearance 82 ml/min) and one was left with a clearance of
only 15 ml/min.

A beneficial effect of steroid therapy, even if the sensitizing drug is
not withdrawn, is suggested by a single case report'®. The patient,
receiving long-term sulphasalazine for Crohn’s disease, was prescribed
cimetidine 5 weeks prior to hospital admission, when serum creatinine
was 280 umol/l and there was eosinophilia, sterile pyuria and a trace
of proteinuria. After sulphasalazine had been stopped, cimetidine was
continued, and serum creatinine increased, necessitating haemo-
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dialysis. Renal biopsy revealed acute TIN and prednisolone (80 mg
per day) appeared to cause a rapid reduction in serum creatinine
to 240 umol/l. When the prednisolone dosage was reduced, serum
creatinine rose again to 380 umol/l. After cimetidine had been stopped
and the steroids temporarily increased, there was ‘a dramatic improve-
ment in renal function’.

There is at least one case report suggesting that steroid treatment
may improve TIN which is deteriorating despite withdrawal of the
causative agent. Robson er al.*® reported acute renal failure com-
plicating sulphadiazine treatment of urinary tract infection. The drug
was stopped after 9 days and renal biopsy showed interstitial oedema
and infiltration with numerous polymorphonuclear leucocytes and a
few eosinophils; no sulphonamide crystals were seen. The patient was
virtually anuric and dialysis dependent for a further 5 weeks. Repeat
biopsy 26 days after cessation of sulphadiazine showed even more
severe interstitial changes. Prednisolone (40 mg per day) was admin-
istered, diuresis occurred within 24 hours and the patient became
dialysis independent. Four months after stopping sulphadiazine, the
patient’s creatinine clearance was 65 ml/min and a third renal biopsy
showed marked interstitial fibrosis and tubular atrophy. Skin patch
tests for sulphadiazine allergy were negative.

In another case report!?¢ of a patient with biopsy-proven acute TIN
of uncertain origin, the administration of prednisolone after 3 months
of regular dialysis appeared to improve renal function, the final serum
creatinine concentration falling to 180 umol/l.

Thus although the value of steroid treatment in acute drug-induced
TIN has not been proved scientifically, a number of case reports
suggest that prednisolone in doses of 40—60 mg per day improves renal
function — perhaps even in patients requiring dialysis treatment. The
prognosis for recovery of renal function after TIN is, in general,
good, but there may be significant residual impairment and chronic
interstitial fibrosis may sometimes develop within a few weeks.
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3

METHODS TO INCREASE POISON
ELIMINATION

J. A VALE

Most poisoned patients recover, at least physically, with little more
than nursing care, though about 10% of patients need intensive sup-
portive therapy to maintain vital functions. Methods to increase the
elimination of poisons are appropriate in fewer than 5% of cases.
Moreover, such techniques should only be undertaken by those experi-
enced in their use as the morbidity and even mortality are otherwise
likely to be higher than with supportive measures alone. Yet, as
Prescott' has argued, ‘poisoned patients are often subjected to
unnecessary and potentially harmful haemodialysis and forced
diuresis. Unfortunately, there are few instances in which these meas-
ures have clearly been shown to reduce morbidity and mortality, and
much of the information on which claims for efficacy have been
based is either inadequate or invalid. ... Clinicians seem to have an
irresistible urge to carry out some form of treatment on their patients,
and this is particularly so for the unconscious patient whose relatives
may be clamouring for something to be done. In practice, there are
few indications for the use of haemodialysis or forced diuresis to
accelerate the removal of drugs in poisoned patients’. This latter
statement would also apply to the use of haemoperfusion.

There are four techniques currently available to increase poison
elimination:

(1) Forced (alkaline, acid) diuresis;
(2) Repeat-dose activated charcoal therapy;
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(3) Dialysis;
(4) Haemoperfusion.

To be valuable clinically, the rate of toxin removal by any of these
elimination techniques must be significantly greater than spontaneous
rates of elimination by hepatic metabolism or renal excretion.

FORCED DIURESIS
Excretion of Poisons

The filtrate produced by the glomeruli has a composition similar to
that of plasma water but excludes molecules with a molecular weight
of more than 66000 Da (which includes drug—protein complexes).
Thus, only that fraction of the drug which is free (non-protein-bound)
is filtered.

Some drugs are actively secreted into the proximal renal tubules
against the concentration gradient. These include acidic drugs, such
as the penicillins, sulphonamides, phenobarbitone, salicylates,
phenylbutazone and probenecid, and organic bases, such as quinine,
quinidine, amphetamine and procainamide.

Drugs may also be eliminated by passive diffusion across the epi-
thelium of the tubule into the lumen. As water is progressively reab-
sorbed from the tubular fluid as it passes distally, a favourable
concentration gradient is created for the reabsorption of these dis-
solved substances back into the blood stream.

Tubular reabsorption is influenced by urinary flow rate. Diuresis
therefore increases renal clearance of drugs that are passively reab-
sorbed since the concentration gradient is reduced. Potentially, there-
fore, drugs excreted largely unchanged by the kidney may be removed
in significant quantities by increasing urinary flow.

Indications

Forced diuresis has been advocated for the treatment of pheno-
barbitone, phenytoin and lithium poisoning.
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Phenobarbitone

Prescott! demonstrated that the clearance of phenobarbitone is
directly related to urine flow. The use of forced (alkaline) diuresis in
three patients increased the mean clearance of phenobarbitone from
1.8 to 14ml/min and the maximum excretion rate achieved was
121.2 mg/h. However, these clearance values are very inferior to those
obtained by repeat-dose activated charcoal therapy and haemo-
perfusion. The use of forced diuresis, with or without pH manipu-
lation, in the treatment of phenobarbitone poisoning should therefore
be abandoned.

Phenytoin

Although there is experimental evidence® that phenytoin clearance
may be increased from 5 to 20 ml/min, this is less impressive than the
values achieved by body clearance alone®. Forced diuresis therefore,
has no role in the management of phenytoin overdose.

Lithium

Sodium chloride diuresis has been proposed as a useful means of
increasing lithium excretion in intoxicated patients*. However, Hansen
and Amdisen’® were unable to demonstrate any specific effect of sodium
on lithium excretion since the fractional excretion of lithium did not
change consistently during the sodium infusion. This is not surprising,
as many of their patients had impaired renal function due to lithium
toxicity. Similarly, Jacobsen er al.® found that forced diuresis with
sodium chloride did not significantly increase renal elimination. In
contrast, Dyson et al.” have reported that renal lithium clearance is
enhanced by increased sodium excretion.

Although the precise role of forced diuresis in lithium intoxication
has not been established, it is probable that forced diuresis with 0.9%
sodium chloride may be helpful in patients with normal renal function
who are only mildly intoxicated and whose serum lithium con-
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centration does not exceed 3 mmol/l. More severely poisoned patients
require haemodialysis.

Large infusions of sodium should be avoided in patients suffering
from lithium intoxication because of the risk of producing hyper-
natraemia due to water-losing nephritis.

Recently, Macdonald e al. have advocated® the use of low-dose
dopamine in lithium intoxication on the basis that dopamine increases
sodium excretion by a specific action on the proximal tubule. Further
studies are required to confirm this single case observation.

FORCED DIURESIS WITH pH MANIPULATION
Rationale

Most drugs are weak electrolytes which, at physiological pH, exist
partly as undissociated molecules. The extent of ionization is a func-
tion of the ionization constant (Ka) of the drug and the pH of the
medium in which it is dissolved. Ionization constants are expressed in
the form of their negative logarithms, pKa. Hence, the stronger an
acid, the lower its pKa, and, the stronger a base, the higher the pKa.
The relationship between pKa and the proportion of total drug in
ionized form is represented by the Henderson—Hasselbach equation:

(ionized drug)
(non-ionized drug)

For weak acids, pH —pKa

(non-ionized drug)

F k bases, pH —pKa =1 —
or weak bases, pH—pKa = log (fonized drug)

Thus, when pKa =pH, the concentrations of ionized and non-ionized
drug are equal.

Cell membranes are more permeable to substances that are lipid
soluble and in the non-ionized, rather than the ionized, form. Thus,
the rate of diffusion from the renal tubular lumen back into the
circulation is decreased when a drug is maximally ionized. Because
ionization of weak acids is increased in an alkaline environment, and
that of basic drugs in an acid solution, manipulation of the urinary
pH can enhance renal excretion. For acidic drugs, there is a greater
degree of ionization at pH 8 than 7.4 and, for basic drugs, a greater
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degree of ionization at pH 6 than at 7.4. Thus, elimination of weak
acids by the kidneys is increased in alkaline urine if the pKa of the
drug concerned lies in the range 3.0 to 7.4; for weak bases, elimination
is increased in acid urine if the pKa of the drug lies in the range 7.5
to 10.5.

Since pKa is a logarithmic function then, theoretically, a small
change in urine pKa could have a disproportionate effect on clearance,
especially for those drugs which have pKa values close to blood pH.
Thus, the elimination of salicylate (pKa 3.5) is increased in alkaline
urine and urinary acidification will increase the elimination of amphet-
amines (pKa 9.8). If urine pH is decreased to pH 5.5, the elimination
of amphetamine is increased some seven times compared with its
elimination in individuals with uncontrolled urinary pH (see below).

Use of forced diuresis with pH manipulation is therefore appro-
priate if:

(1) A substantial proportion of the poison is excreted in the urine in
unchanged (i.e. non-metabolized) form or the metabolites them-
selves are toxic.

(2) The poison is distributed mainly in the extracellular fluid, i.e. the
volume of distribution is small.

(3) The poison is minimally protein bound.

(4) Manipulation of urinary pH will maximally ionize the poison, so
enhancing elimination.

Procedure — alkaline diuresis

Forced alkaline diuresis has been employed in the management of
salicylate poisoning for the last two decades.’'? It is now recognized,
however, that the urinary pH is of far greater importance than the
volume of urine excreted'*'*. To achieve maximum excretion of sali-
cylate, a urine pH above 7.5, ideally between 8.0 and 8.5, is necessary.
Rather than using a standard ‘cocktail’ as recommended by Lawson
et al.'?, the regimen should be adjusted for the individual patient.
Only then will the optimum elimination of poison be achieved. After
rehydrating the patient and correcting any existing acidosis and elec-
trolyte imbalance (particularly hypokalaemia), alkaline diuresis
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should be commenced using the procedures summarized in Figure 3.1
(adults) and Figure 3.2 (children).

Procedure — acid diuresis

The procedure for acid diuresis is outlined in Figure 3.1, though the
role for this procedure in clinical practice is minor (see below).

Indications for alkaline and acid diuresis

Contrary to popular belief, the indications for forced diuresis with pH
manipulation are few. Firstly, it should be considered only for patients
who are clinically poisoned and in whom laboratory analysis has
confirmed that an appropriate toxic agent is present in sufficient
amount to be the cause of the intoxication.

Secondly, as the use of forced diuresis makes considerable demands
on medical, nursing and laboratory staff if the patient is to be managed
without complications, the procedure should not be instituted unless
these staff and facilities are readily available.

Thirdly, alternative treatment should be considered in the elderly,
in patients with cardiac and renal impairment and in those who are
‘shocked’, as the procedure is particularly likely to be hazardous.

Fourthly, acid diuresis is now employed only very rarely because
recent evidence suggests that, contrary to the traditional view, forced
acid diuresis is often an ineffective (e.g. quinine poisoning) or inap-
propriate (e.g. amphetamine poisoning) therapy. In addition, it is
difficult to achieve adequate acidification of the urine without pro-
ducing unpleasant side-effects. Such morbidity would only be accept-
able if there was strong evidence of substantial benefit from employing
the technique, which there is not.
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Forced alkaline diuresis
Phenobarbitone poisoning

Waddell and Butler (1957) demonstrated in dogs that alkalinization of
the urine increases the renal clearance of phenobarbitone'®. Similarly,
Bloomer'® showed that the renal clearance of phenobarbitone rises
sharply as the urine pH exceeds 7.5. Prescott has criticized these data’
and, in studies of his own in poisoned patients, has demonstrated that
changes in urinary pH had little effect on tubular reabsorption as
shown by the ratio of the urine to plasma concentrations. Moreover,
the maximum renal clearance of phenobarbitone achieved by forced
alkaline diuresis'” is of the order of only 17 ml/min, which compares
poorly with that found with repeat-dose charcoal therapy.

Salicylate poisoning

The renal clearance of salicylate is dependent on urinary pH. With
increasing blood concentrations, the elimination of salicylate by the
kidney assumes increasing importance. Morgan and Polak'® have
shown that there is a four-fold increase in renal clearance of salicylate
for each rise of one unit in urine pH. Thus, renal salicylate clearance
increased from 16 to 64 ml/min as urine pH increased from 6.5 to 7.5.
The renal clearance of salicylate also increased with increasing urine
flow, an effect that diminished as urine pH rose.

With supportive therapy alone, the plasma elimination half-life of
salicylate'* is approximately 30 h, whereas, with alkaline diuresis, it
may be reduced to as little as 6.5 h, even in severely poisoned patients
(Figure 3.3).

Phenoxyacetate herbicide poisoning

Alkaline diuresis greatly increases the renal clearance of 2,4-D (2,4-
dichlorophenoxyacetic acid) with a concomitant rapid fall in plasma
concentration (half-life of 3.7h compared with 143h) and cor-
responding clinical improvement'®. The effect on mecoprop was
similar but less dramatic '°. These workers showed that, with alkaline
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diuresis, the renal clearance of 2,4-D rose from 0.14ml/min to
63 ml/min and that for each increase of 1 pH unit, the renal clearance
of 2,4-D rose almost fivefold. In the case of mecoprop, the renal
clearance increased twofold for each 1 unit pH rise. More recent
evidence® confirms the value of alkaline diuresis, not only in the case
of 2,4-D and mecoprop, but also in the case of dichlorprop.
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FIGURE 3.3 Alkaline diuresis for salicylate overdose (Reproduced from
Reference 44)
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Forced acid diuresis
Amphetamine poisoning

Beckett er al. demonstrated?! in volunteers that 57-66% of an admin-
istered dose of amphetamine was recovered unchanged in a period of
six hours in urines with pH values ranging from 4.8-5.15; less than
5% of the drug was recovered when the urine was alkalinized to a pH
of 7.6-8.3. Davis et al.?? have reported a shorter amphetamine plasma
half-life (8—10.5 h) with acid (pH 5.5-6.0) urine than with alkaline (pH
7.5-8.0) urine (16-31h). Anggard et al.> acidified the urine of three
patients and alkalinized the urine of four patients with amphetamine
psychosis. The plasma half-life of amphetamine in those with an acid
urine was 7-14h and symptoms cleared rapidly. By contrast, the
plasma half-life of the four cases with alkaline urine was 19-34h
and psychosis was prolonged. Gary and Saidi** reported data which
suggest that acid diuresis increases amphetamine elimination in
patients poisoned with amphetamine. Rarely, however, rhab-
domyolysis complicates amphetamine intoxication and acid diuresis
may increase the risk of the associated renal failure.

Forced acid diuresis is a difficult technique to undertake and, as it
may increase morbidity, it should only be considered in those few
patients who do not respond to sedation, either with diazepam, chlor-
promazine or droperidol.

Fenfluramine poisoning

Urinary acidification increases the renal elimination of fenfluramine?®
but has never been employed widely and there are no published data
on which to determine efficacy. Unpublished findings suggest that the
amount of drug recovered in the urine is small. Furthermore, sedation
with chlorpromazine is invariably sufficient once the risk of early
cardiac arrest has passed.
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Phencyclidine poisoning

Done? showed that acid diuresis increases urinary clearance of phen-
cyclidine from 36 to 271 ml/min, but, surprisingly, there was little
effect either on plasma concentration or the time to clinical recovery.
Moreover, acid diuresis may potentiate the toxicity of phencyclidine
by increasing the risk of renal failure secondary to rhabdomyolysis.
Activated charcoal may adsorb phencyclidine and, as this drug is
known to diffuse back into the gut after absorption®, repeat-dose
charcoal may be an appropriate alternative.

Quinine poisoning

Recent evidence indicates that quinine elimination cannot be enhanced
by the use of acid diuresis®’.

Complications

Fluid overload and hence the precipitation of heart failure, particularly
in the elderly, is a common accompaniment of inappropriately
managed forced diuresis. Inadequate alkalinization of the urine will
result in a poor clinical response and may lead the inexperienced
clinician to continue diuresis for several days, with the development
of electrolyte and acid-base disturbances, including hypernatraemia,
hypokalaemia, hypocalcaemia, hypomagnesaemia and metabolic
alkalosis. Although pulmonary oedema in the setting of aspirin poi-
soning is usually iatrogenic in origin, salicylate itself may induce non-
cardiogenic pulmonary oedema. Rarely, cerebral oedema may also
occur as a complication of fluid overload.

Conclusion

Alkaline diuresis is appropriate therapy for moderate to severe sali-
cylate poisoning and should also be employed in those who are severely
poisoned with phenoxyacetate herbicides. Acid diuresis is unnecessary
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unnecessary in the majority of cases of amphetamine, fenfluramine
and phencyclidine poisoning and its use may also increase the risk of
renal failure. Acid diuresis does not enhance the elimination of quinine.

REPEAT-DOSE CHARCOAL THERAPY
Activated charcoal

Charcoal is prepared from vegetable matter, usually peat, coal, wood,
coconut shell and petroleum. Charcoal is ‘activated’ by heating it at
high temperature either in a stream of gas (e.g. steam or carbon
dioxide) or with a chemical activating agent, such as phosphoric acid
or zinc chloride, or by a combination of both. The process of activation
creates a highly developed internal pore structure and thereby
increases the surface area from 2-4m?/g to an area in excess of
1000 m?/g; superactivated charcoals (e.g. Super-char (PX21)) have a
surface area in excess of 2500 m?/g.

Mechanism of action

The repeated oral administration of activated charcoal is thought to
produce its beneficial effect by:

(1) Adsorbing any unabsorbed toxin still present in the gut. This is
particularly relevant in the case of slow-release preparations (e.g.
theophylline) or drugs which are slowly absorbed because of
decreased gastric motility (e.g. tricyclic antidepressants).

(2) Adsorbing drugs which are secreted in bile, thereby preventing
intestinal reabsorption.

(3) Binding any drug which diffuses from the circulation into the gut
lumen. After absorption, a drug will re-enter the gut by passive
diffusion provided that the concentration there is lower than that
in blood. The rate of passive diffusion depends on the con-
centration gradient and the intestinal surface area, permeability
and blood flow. Exceptionally, drugs such as digoxin may, in
addition, be actively secreted by the intestinal mucosa, though this

77



DRUGS AND THE KIDNEY

process is unlikely to contribute more than passive diffusion does
to the effect of activated charcoal on drug clearance. Under these
‘sink’ conditions, a concentration gradient is maintained and drug
passes continuously into the gut lumen where it is adsorbed.

(4) A purgative action. This may be due either to the addition of
sorbitol to charcoal or the use of certain types of charcoal (e.g.
Medicoal) which produce diarrhoea rather than severe con-
stipation after the administration of 100-200 g or more (see below).

Factors affecting efficacy

1. Adsorptive capacity of activated charcoal

Although a wide variety of drugs, chemicals and gases can be adsorbed
by activated charcoal, several clinically important poisons, e.g.
lithium, iron and cyanide are not. Typically, the maximum amounts
of substances adsorbed in vitro range from 500-1000 mg/g activated
charcoal, though superactivated charcoals can adsorb two to three
times these amounts. Thus, for a typical adult overdose, substantial
quantities (50 g) of activated charcoal must be administered.

2. Amount of charcoal and frequency of administration

For maximum efficiency, charcoal should be given at a rate which
firstly, keeps the small intestine filled and, secondly, avoids saturation
of the charcoal by exogenous compounds. In a study involving six
volunteers, 20 g activated charcoal, given two hourly, produced a
significantly greater reduction in the half-life of theophylline than 5g
two hourly?®. In addition, administering the same total dose of acti-
vated charcoal (120 g over 12 hours) in hourly doses rather than less
frequently resulted in a further reduction in half-life. The use of
inadequate doses of activated charcoal may explain some of the unim-
pressive results reported, for example in phenobarbitone poisoning
(see below).

3. Apparent volume of distribution, tissue binding and half-life of poison
Drugs with a small volume of distribution (< 1 L/kg), low protein and
tissue binding and a long half-life, are particularly likely to have their
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elimination enhanced by repeat doses of activated charcoal. This form
of therapy should also be considered when, following overdose, a
major route of elimination, such as the kidney, is no longer available
due to the onset of organ failure.

4. Difficulties in administration of charcoal

Activated charcoal is unpalatable, due to appearance rather than taste,
and administration via a nasogastric tube is therefore almost always
necessary in both conscious and unconscious patients. Although acti-
vated charcoal increases the elimination of theophylline, salicylate,
digoxin and digitoxin (see below), patients poisoned with these drugs
may be vomiting (sometimes intractably as in the case of theophylline)
and the use of charcoal may therefore be precluded.

Dose and type of charcoal to be employed

It is not known with certainty whether, in poisoned patients, hourly
charcoal dosing has therapeutic advantages over 2- or 4-hourly admin-
istration, but more frequent administration of smaller doses of char-
coal tends to prevent the regurgitation which commonly occurs when
large doses are given.

Clinical experience suggests that, after an initial dose of 50-100g
to an adult, charcoal should be administered via a nasogastric tube at
a rate of not less than 12.5g/h. In children, lower doses (10-25 g) of
charcoal may be employed because, firstly, smaller overdoses have
usually been ingested and, secondly, the gut lumen is narrower.

Superactivated charcoals would appear to offer considerable advan-
tages over other charcoals but they are not yet generally available. An
effervescent charcoal preparation (Medicoal), which is available in
Europe, has the advantage of a faster transit time than other charcoals
such as Carbomix and Norit.

Cathartics: should they be administered at the same time as
charcoal?

Cathartics, such a sorbitol, mannitol and sodium and magnesium
sulphate, are often given at the same time as activated charcoal in
order to:
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(1) Increase palatability, e.g. sorbitol sweetens the mixture.

(2) Increase efficacy by decreasing intestinal transit time.

(3) Decrease the risk of severe constipation, which may occur with
Carbomix and Norit, but is not usually a major clinical problem
unless very large doses (200-500 g) are administered, as may be
necessary, for example, in severe phenobarbitone poisoning.

There may be a need to increase palatability if activated charcoal
is administered in single doses to prevent poison absorption but it is
not realistic to administer charcoal in large and repeated doses without
using a nasogastric tube and so palatability is not a prime con-
sideration.

Some animal studies suggest that the co-administration of a cath-
artic may not only reduce drug adsorption to charcoal but, para-
doxically, increase absorption by increasing the volume of intestinal
fluid®. Furthermore, mannitol and sorbitol delay gastric emptying in
man’’, thereby reducing the amount of charcoal available to adsorb
the drug in the small bowel.

Recent evidence, however, indicates that, in man, the addition of
a cathartic may hasten elimination of a slow-release theophylline
preparation from the gut compared with the use of activated charcoal
alone®', though the combined use of sorbitol and charcoal was not
without adverse effects. Two of the nine volunteers in this study
developed liquid stools, severe abdominal cramps, nausea, sweating
and hypotension.

Medicoal alone causes diarrhoea, which may be advantageous in
that intestinal transit time is decreased, usually after the administration
of some 100-200 g charcoal. It may also be helpful to give Medicoal in
combination with either Carbomix or Norit to prevent either profuse
diarrhoea or severe constipation.

In summary, the addition of a cathartic may have a therapeutic
advantage in emptying the gut of non-absorbed drug, but nursing
the patient may be made more difficult. It is possible that the co-
administration of a cathartic may reduce the efficacy of activated
charcoal by reducing the adsorption of drug to the charcoal. The risk
of severe constipation is small unless large doses of a traditional
charcoal are administered and, in these circumstances, it is advisable
to use either mannitol/sorbitol or to employ Medicoal.
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Complications of use

Treatment with repeat-dose activated charcoal is free from serious
side-effects, although poor patient acceptability and gastrointestinal
complications of use have already been detailed. Pulmonary aspiration
of charcoal is rare and does not usually produce clinically significant
complications. However, severe airways obstruction has been reported
in one infant given charcoal after vomiting was induced by syrup of
ipecacuanha’?,

Therapeutic value of repeat-dose activated charcoal

Phenobarbitone poisoning

The value of repeat-dose activated charcoal has been extensively
studied in phenobarbitone poisoning. Neuvonen and Elonen®* gave
volunteers activated charcoal at 10, 14, 24, 36 and 48 hours after the
oral administration of a therapeutic dose of phenobarbitone and found
that the elimination half-life was reduced from a mean of 110h to
19.8 h. Berg et al.>* subsequently established that the non-renal elim-
ination of intravenous phenobarbitone was also significantly increased
by repeat-dose charcoal. Goldberg and Berlinger®® gave repeated oral
charcoal to two patients acutely poisoned with phenobarbitone and
noted a reduction, not only in the elimination half-life to approxi-
mately 24 h, but also in the duration of coma and the need for
supportive care.

Pond et al.? attempted to confirm these findings in a randomized
study of 10 comatose patients who required endotracheal intubation
and mechanical ventilation. The control and treatment groups both
received 50 g activated charcoal on presentation and, in addition,
patients in the treatment group were given 17 g activated charcoal
together with sorbitol 4 hourly until they had recovered sufficiently to
be extubated. Although the mean elimination half-life of pheno-
barbitone was shortened (Table 3.1), the length of time the patients
in each group required mechanical ventilation did not differ sig-
nificantly and nor did the time spent in hospital. This trial has been
criticized as being too small and having unevenly matched groups®”,
In addition, the dose of activated charcoal was probably inadequate
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and the co-administration of a cathartic may have reduced the efficacy
of activated charcoal.

In another series®’, charcoal in larger doses given without cathartic
(Table 3.1), not only greatly enhanced the elimination of pheno-
barbitone, but also decreased the time to recovery. It should be noted
that only one third of the patients in this series were receiving long-
term anticonvulsant therapy in contrast to the two previous studies
(Table 3.1); enzyme induction is not, therefore, the explanation for
the more impressive reduction in half-life. A fourth study*’ employed
both alkaline diuresis and repeat-dose activated charcoal in three
adolescents and found a mean elimination half-life of 12.34+1.3h
during treatment.

TABLE 3.2 Effect of therapy on phenobarbitone clearance

Penobarbitone

clearance
Treatment (ml/min) Reference
Untreated 4 142
Forced alkaline diuresis 15 143
Haemodialysis 60 66
Haemoperfusion 77 135
Repeat-dose oral AC 84 39

The value of repeat-dose activated charcoal in phenobarbitone
poisoning may be judged by comparing the efficacy of various ther-
apies on drug clearance (Table 3.2); charcoal therapy is the most
impressive and the simplest to initiate.

Carbamazepine poisoning

In a randomized cross-over study®, in 5 volunteers given 400 mg
carbamazepine orally, the elimination half-life was reduced from 32
to 17.6 h following repeat-dose charcoal therapy. Boldy et al.*' have
shown that charcoal therapy increases carbamazepine clearance in
poisoned patients when compared with similarly intoxicated cases*>*}
treated with supportive measures alone (Table 3.3). Oral charcoal
therapy is as effective as charcoal haemoperfusion and superior to
dialysis (see below) as judged by the total body clearance of car-
bamazepine.
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Salicylate poisoning

The elimination of salicylate is concentration dependent and it is
therefore often difficult to compare the results of supportive therapy,
repeat-dose charcoal and alkaline diuresis. With supportive therapy
alone, the plasma elimination half-life of salicylate may be as long as
30h'4, whereas, with alkaline diuresis, it may be reduced to 6.5h even
in severely poisoned patients*.

Hillman and Prescott® first reported the value of repeated oral
charcoal in enhancing salicylate elimination and their results are com-
pared in Table 3.4 with a series of patients treated in the West Midlands
Poisons Unit, Birmingham; two of these latter patients have been
reported previously*.

It should be noted that the patients of Hillman and Prescott all had
plasma salicylate concentrations below 500 mg/L at the time that
charcoal therapy was commenced, whereas those in the Birmingham
series were more severely poisoned. This may explain the longer
elimination half-life in the latter group (9.7 £ 3.0 h) compared with the
group treated by Hillman and Prescott (3.2 h).

Although repeat-dose charcoal is less metabolically invasive than
alkaline diuresis, its use may not be possible in severely vomiting
patients even if a nasogastric tube is employed. In severe salicylate
poisoning, a well-conducted alkaline diuresis decreases the elimination
half-life more rapidly than repeat-dose charcoal therapy but it may
be appropriate to employ the latter as an adjunct. Two patients so
treated have recently been reported by Mofenson et al.**. The respect-
ive salicylate elimination half-lives were 7.7 and 12.7 h (Table 3.4). In
both patients, the plasma concentrations exhibited non-linear dis-
position, consistent with Michaelis—Menten kinetics, until between 36
and 41h post-ingestion when they changed to first order kinetics.

Theophylline poisoning

Both volunteer (Table 3.5) and clinical studies in poisoned patients
(Table 3.6) suggest that repeat-dose charcoal increases clearance and
decreases the plasma half-life of theophylline. Theophylline elim-
ination is concentration dependent and this, together with the differing
doses of charcoal administered, is thought to explain the variability
of half-lives found in practice (Table 3.6). Haemoperfusion and
haemodialysis may be more effective than activated charcoal. More-
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TABLE 3.4 Repeat-dose charcoal (AC) therapy: salicylate

n AC rate &5+SD
Reference (g/h) (h)
Boldy and Vale (unpublished) 7 >12.5 97430
>b00mg/L
45 5 >12.5 ‘Mean maximum’ 3.2
<b00mg/L
40 2 15 7.7+1.05
>829mg/L (+MgSO0,)
(+ Alkalinization) 12.7+£1.16

over, it is often difficult to employ repeat-dose charcoal therapy
because of intractable theophylline-induced vomiting.

Digoxin and digitoxin poisoning

Thereis evidence from a volunteer study*’ and from studies in poisoned
patients*®* that repeat doses of activated charcoal increase digoxin
elimination. Similarly, the elimination of digitoxin is also increased
by these means®**!, In practice, vomiting may preclude this therapeutic
approach. In addition, in severe cases, the use of digoxin-specific
antibody Fab fragments would be more appropriate.

Meprobamate poisoning
Repeat-dose activated charcoal appears to reduce the elimination half-
life of meprobamate™?.

Dapsone poisoning

Neuvonen et al.>*>*have demonstrated a reduction in the elimination
half-life of dapsone after repeat doses of activated charcoal in both
volunteers and three poisoned patients.

Phenylbutazone poisoning

Data from a volunteer study®® indicate that repeat-dose activated
charcoal reduces the plasma half-life of phenylbutazone. No data on
poisoned patients have been published.

86



METHODS TO INCREASE POISON ELIMINATION

(g=u)
LOFOVY OVFLCL L1l 9 oL
(9=u)
COFEY LOFL6 ol 9 8¢
(L=u)
ELFOY L'CFCOL A 8 ari
(9=u)
VOFEE CLFPO €ec 9 vyl
)74 j011U0D (y/B6) (B/6wW) EOIVEYEYEYY
e1el Dy N/ 8sop
(4) as¥ % sulljAydouswty

S8IPNI1S 1991UN|OA (DY) |BODIBYD pPaleAlloe asop-leadal :Buluosiod auljAydosy] §'€ 379VL

87



DRUGS AND THE KIDNEY

TABLE 3.6 Theophylline poisoning: repeat-dose activated charcoal
(AC)

Peak plasma
concentrations AC rate
Reference n (mg/L) (g/h) % +SD (h)
146 5 32-59 10 49415
147 4 26-50 7.5-15 8.0+34
148 10 31-49 15 56+£25
Vale 3 70-288 15-22 4.3+£1.3

(unpublished)

Tricyclic antidepressant poisoning

A variable effect has been reported on the elimination of tricyclic
antidepressants. In volunteer studies, plasma half-lives of amitriptyline
and doxepin appear to be reduced unlike that of imipramine®>~’. It is
unlikely, though, that any clinically useful reduction in the elimination
half-life of these drugs will be achieved because of their very large
volumes of distribution.

Diazepam poisoning

The elimination half-life of diazepam was reduced from 195 to 18 h
as a result of charcoal administration in a patient with liver disease
treated for delirium tremens with intravenous phenobarbitone and
diazepam?®. Except in such special circumstances, treatment other than
supportive measures is not likely to be required for benzodiazepine
poisoning. If it is, the use of flumazenil is a simpler, though often more
expensive, approach.

Nadolol poisoning

In a volunteer study, the elimination half-life of nadolol was reduced
from 17.3+1.7 to 11.8+1.6h by small doses of activated charcoal
given over 9h*. The relevance of this observation to the treatment of
poisoned patients is doubtful.
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Cyclosporin poisoning

The administration of activated charcoal at a rate of 15 g/h reduced
the half-life of cyclosporin from 9h to 2.5h in a patient given 5 g by
mistake following a transcription error®.

Conclusion

Repeat-dose activated charcoal has been shown to enhance the non-
renal elimination of phenobarbitone, carbamazepine, theophylline,
salicylate, dapsone, diazepam, digitoxin, digoxin, meprobamate,
phenylbutazone and cyclosporin. As yet, because of the difficulty in
conducting large clinical trials, repeat-dose charcoal therapy has not
been shown to effect a reduction in either the morbidity or mortality
in patients poisoned with these drugs. Further studies are therefore
required to establish the role of this interesting new form of treatment
and to define the optimum doses of activated charcoal that should be
administered.

On the basis of experience to date, activated charcoal should be
given at a rate of at least 12.5 g/h via a nasogastric tube after an initial
dose of 50-100 g and continued until the patient has recovered or
plasma drug concentrations have fallen to safe levels.

Repeat-dose activated charcoal is a simple and relatively inexpensive
therapy which appears to be effective for many types of intoxication.
In selected patients, it may be preferable to alkaline diuresis, haemo-
perfusion or haemodialysis.

DIALYSIS
Indications

(1) The drug or toxic substance should diffuse easily through the
peritoneum or dialysis membrane.

(2) A significant proportion of the poison should be present in plasma
water or capable of rapid equilibration with this compartment.

(3) The toxic effects of the poison should be directly related to the
blood concentration.

89



DRUGS AND THE KIDNEY

(4) Dialysis should add significantly to other body mechanisms of
elimination.

Peritoneal dialysis

Although widely available, peritoneal dialysis is at least two-to-three
times less effective than haemodialysis for the removal of poisons and,
since the delivery of toxins to the peritoneum is dependent on blood-
flow rate, the efficiency of this technique is reduced in the presence of
hypotension. For agents in which metabolism contributes significantly
to the total body clearance, dialysate clearance is low and removal by
this means is therefore of little importance. Thus, even in the presence
of renal failure, peritoneal dialysis has very limited application.

Haemodialysis

Haemodialysis was first used in 1913 for the removal of salicylic acid
in experimental poisoning®' but was not applied clinically until 1950
when it was used for the treatment of salicylate poisoning®. It was
widely employed during the following two decades and, as a result,
there are many reports of its apparent value in the treatment of acute
poisoning®. Many of these accounts, however, are little more than
anecdotal, or even self-adulatory, on the part of the authors. They
commonly suffer from a dearth of analytical observations to support
the published conclusions. Prescott’ has examined data purporting to
demonstrate the efficacy of haemodialysis and has shown that this
method of treatment has often been carried out in patients who have
had less than therapeutic plasma concentrations of a drug, or that
amounts equivalent to little more than one tablet have been removed.
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VALUE OF DIALYSIS
Barbiturate intoxication

The clearance of barbiturate with peritoneal dialysis rarely exceeds
10 ml/min®® which, in the case of phenobarbitone, is unimpressive
compared with values achieved by repeat-dose charcoal theapy (Table
3.2). Although phenobarbitone clearance during haemodialysis is
greater®®®’, repeat-dose charcoal is again superior (Table 3.2). Short-
and medium-acting barbiturates are not amenable to haemodialysis
because of their high lipid solubility and protein binding.

Ethchlorvynol poisoning

Mean clearance values of 18.5ml/min and 64 ml/min were found in
one study during peritoneal and haemodialysis, respectively®®. Haemo-
perfusion is more efficient.

Glutethimide poisoning

Peritoneal dialysis and haemodialysis are unimpressive and produce
clearance values of only 17 ml/min® and 34-63 ml/min’, respectively,
though higher values have been reported occasionally®. Haemo-
perfusion is preferred.

Intoxication due to trichloroethanol derivatives

Chloral hydrate is metabolized to trichloroethanol and trichloroacetic
acid. There are no data on the efficacy of peritoneal dialysis but
clearances of 120-162ml/min have been achieved during haemo-
dialysis’"72.

91



DRUGS AND THE KIDNEY

Meprobamate poisoning

Mouton et al.”® have reported that peritoneal dialysis will produce a
clearance of only 27 ml/min. Haemodialysis is more impressive and
clearances as high as 62 ml/min have been found™.

Carbamazepine poisoning

Since carbamazepine is extensively metabolized and highly protein
bound, peritoneal and haemodialysis are of little value in enhancing
its elimination™¢; repeat-dose charcoal is as effective or superior*'.

Salicylate poisoning

Peritoneal dialysis has been shown to lower plasma salicylate con-
centrations. Although less efficient than alkaline diuresis, it can be
employed in the presence of renal impairment. Haemodialysis is four
times more effective’’.

Poisoning due to alcohols and glycols

Ethanol intoxication

A calculated dialysate clearance of 10-20 ml/min was achieved during
peritoneal dialysis in a patient who presented with a blood ethanol
concentration of 15000 mg/L and survived’®. Haemodialysis is the
preferred elimination technique in that it is more efficient than both
peritoneal dialysis and charcoal haemoperfusion and it should be
considered if the blood ethanol concentration is > 500 mg/L and/or if
severe metabolic acidosis is present.

Methanol poisoning
During experimental methanol intoxication in dogs, the spontaneous

half-life of over 70h was reduced by a factor of 10 with peritoneal
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dialysis”. Peritoneal dialysis removes three times as much methanol
as renal excretion and haemodialysis about 25 times’. Keyvan-Lari-
jarni and Tannenberg® reported the value of peritoneal dialysis in
three patients with admission blood methanol concentrations ranging
from 960-1980 mg/L. After eight hours, a 13% reduction in methanol
concentration was achieved compared with a 66% reduction by
haemodialysis in other patients. One death and one case of permanent
blindness occurred in those treated by peritoneal dialysis whereas all
patients treated by haemodialysis survived.

Due to its low molecular weight (32 Da), lack of protein-binding
and low volume of distribution (0.7 L/kg), methanol is easily removed
by haemodialysis®!. The clearance values lie between 150200 ml/min
depending on the blood flow and surface area of the dialyser. In
addition, haemodialysis may also remove formate®>%3; clearance values
range from 140—-150 ml/min. ‘

Ethylene glycol poisoning

Vale et al.3 showed that peritoneal dialysis removes ethylene glycol,
albeit at a slower rate than haemodialysis. Since ethylene glycol has a
low molecular weight (62 Da), low protein binding and a volume of
distribution of 0.7-0.8 L/kg, this glycol ought to be dialysable though
it is less so than methanol®>*. Recently, the dialysance of glycolate
(140 ml/min), a metabolite of ethylene glycol, has also been dem-
onstrated in one patient®.

Isopropanol poisoning

Isopropanol has a small molecular weight, low volume of distribution
and low plasma protein binding and dialysis is therefore likely to
be successful. Peritoneal dialysis is considerably less effective than
haemodialysis, both in removing isopropanol and in shortening the
duration of coma in those intoxicated®**

Lithium intoxication

Lithium can be removed by peritoneal dialysis>*, though this tech-
nique is less efficient than haemodialysis. Clearances of 13-15ml/min
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have been achieved with peritoneal dialysis®® compared with haemo-
dialysis clearance values of 60-132ml/min>%*>*%. However, after
haemodialysis, there is often a rebound increase in serum lithium
concentration due to the slow diffusion of lithium across cell
membranes. Haemodialysis is the treatment of choice in severe lithium
intoxication though there has been debate recently on when it should
be employed and for what period®”'. Following an acute overdose
of lithium, haemodialysis may prevent lithium diffusion into the brain
and the onset of severe toxicity. In contrast, those patients who develop
intoxication during chronic therapy may require long periods of dialy-
sis to produce clinical improvement.

Theophylline poisoning

Peritoneal dialysis produces a theophylline clearance of the same order
as the endogenous clearance rate: in children aged 18 months and 34
months old, it was 1.3 ml/min and 5.1 ml/min, respectively'®"-'°% In
addition, Brown et al.'® found that theophylline clearance in adults
during dialysis was less than 12 ml/min; only 4 mg was removed over
a 48 h period. Lee et al.'* reported similar values (9.5 ml/min). Thus,
peritoneal dialysis is much less effective than haemodialysis which
can achieve clearances of 112ml/min'® in adults if blood flow is
maintained. When it is not, clearances between 33 and 88 ml/min are
obtained %', Haemodialysis can, therefore, be expected to double
the total body clearance of theophylline but is less effective than
haemoperfusion (see below).

Conclusion

Haemodialysis is an efficient technique for the removal of salicylate,
ethanol, methanol, ethylene glycol, isopropanol and lithium.
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HAEMOPERFUSION
Development

Haemoperfusion involves the passage of blood through devices con-
taining adsorbent particles, usually activated charcoal or uncharged
resins, such as Amberlite XAD-4, to which drugs are adsorbed by
surface forces.

In 1965, Yatzidis and his colleagues in Greece'® perfused the blood
of two patients poisoned by barbiturates through an uncoated char-
coal system. Good drug removal was achieved but a number of
complications ensued, including charcoal embolism, marked throm-
bocytopenia, fibrinogen loss and pyrogen reactions. Attempts were
subsequently made to eliminate these adverse effects by coating the
carbon with a biocompatible polymer. Chang er al.'®, for example,
utilized cellulose nitrate and albumin as a coating and perfused three
patients. Vale er al.''"®'""" successfully perfused 20 patients using a
device containing 300 g polyhydroxyethylmethacrylate-coated carbon
and this system was subsequently made available commercially by
Smith and Nephew as Haemacol. Later, a device containing cellulose
acetate-coated carbon was marketed (Absorba 300C, Gambro) and
an even more recent development has been the introduction of systems
using petroleum-based activated carbon beads which are extremely
hard and very resistant to mechanical abrasion!''?.

In the early 1960s, several workers investigated the use of anion-
exchange resins in an attempt to reduce or eliminate the haema-
tological and other adverse effects which were common with uncoated
charcoal devices. Complications persisted, however, but Rosenbaum
et al.'?® introduced a resin system using Amberlite XAD-4 and, sub-
sequently, a cartridge containing 650 g XAD-4 was released for clinical
use (Extracorporeal).

Indications

The indications for haemoperfusion are based on general and clinical
considerations.
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Clinical considerations

Although the overall mortality of poisoned patients is less than 1%,
that of patients who present in grade 4 coma following an overdose
of a barbiturate or non-barbiturate hypnotic, ranges from 5-40%.
The mortality following severe theophylline poisoning may also be
high despite excellent supportive care. Based on these considerations,
the following criteria for haemoperfusion were agreed by a multicentre
group in Great Britain in 1974. A patient should meet three of the
following criteria:

(1) Be severely poisoned, as shown for example by grade 4 coma,
hypotension, hypothermia and hypoventilation following the
ingestion of hypnotic drugs.

(2) Suffer progressive clinical deterioration despite the best supportive
management.

(3) Show no evidence of improvement despite full resuscitative meas-
ures.

(4) Suffer prolonged coma and complications such as pneumonia,
shocked lung, or underlying chronic respiratory disease.

(5) Have high plasma concentrations of the toxic agent.

General considerations
The main considerations are that:

(1) The toxic substance should be readily adsorbed on to charcoal or
resin.

(2) A significant proportion of the poison should be present in plasma
water or capable of rapid equilibration with it.

(3) The toxic effects of the poison should be directly related to the
blood concentration.

(4) Haemoperfusion should add significantly to other body mech-
anisms of elimination.
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Contraindications
Haemoperfusion is contraindicated if:

(1) The poison has a very large volume of distribution.

(2) An antidote or protective agent is available, as it is, for example,
for opiates, paracetamol, f-adrenoceptor-blocking drugs, digoxin,
cyanide, organophosphorus insecticides.

(3) The poison acts very rapidly, e.g. cyanide.

(4) The drug ingested is relatively non-toxic, e.g. benzodiazepines.

(5) The effects of the toxin are irreversible, e.g. in the late phase of
poisoning due to organophosphorus insecticides.

(6) Haemodialysis is more effective as it is in removing salicylate,
ethylene glycol, ethanol, methanol, isopropanol and lithium.

Efficacy

The major rate-limiting factors in removal of toxins by haemo-
perfusion are the affinity of the adsorbent for the toxin, the rate of
blood flow through the circuit, the volume of distribution of the
toxin and the rate of equilibration of toxin from tissues to blood.
Haemoperfusion is more efficient than haemodialysis in removing
barbiturates and non-barbiturate hypnotics (see below), though there
are differences between the performance of haemoperfusion systems
using activated charcoal and XAD-4 resin. Activated charcoal adsorbs
both polar and non-polar drugs, but XAD-4 resin removes most non-
polar drugs more efficiently than charcoal.

Haemoperfusion over 4-6 h significantly reduces the body burden
of compounds with a low volume of distribution (<1L/kg). For
compounds with intermediate values (2-6 L/kg), longer periods of
haemoperfusion are necessary. Haemoperfusion cannot reduce sig-
nificantly the body burden of those poisons which have very large
volumes of distribution. Furthermore, although toxin clearance during
haemoperfusion is a general guide to the efficacy of the technique, it
may be misleading if only a small proportion of the body load of
poison is removed. For example, death will still ensue if a substantial
amount of paraquat is ingested, even though haemoperfusion is per-
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formed and the clearances achieved are impressive;, the amount of
paraquat removed is a fraction of the dose ingested.

Haemoperfusion has been used to treat patients poisoned with f-
adrenoceptor-blocking drugs, camphor, digoxin, mercury, opiates,
organophosphorus compounds, paraquat, quinine and diazepam,
though its value in these cases is very questionable. There is, however,
good evidence that haemoperfusion effectively removes barbiturates,
carbamazepine, disopyramide, ethchlorvynol, glutethimide, mepro-
bamate, theophylline and trichloroethanol derivatives. The role of
haemoperfusion in these cases will be considered below.

Efficacy may be judged in three ways:

(1) Clearance during haemoperfusion may be compared with
endogenous clearance and that achieved by other elimination
techniques.

(2) The amount of toxin removed during haemoperfusion. Does this
represent a substantial proportion of the total body load?

(3) A reduction in morbidity and mortality.

There is now considerable clinical experience of haemoper-
fusion'®'3  and its value has been reviewed®'?*!25. Charcoal
haemoperfusion has been employed more frequently than resin haemo-
perfusion, not least because it is often difficult to achieve prolonged
blood flow satisfactorily through a resin system.

Unfortunately, comparison between published studies is difficult as
the authors often do not include detailed kinetic data or give only the
maximum clearance value achieved which may not be typical. The
evaluation of haemoperfusion given below is based on published data
and extensive personal experience of the technique.

Barbiturate poisoning

There is good evidence that charcoal and resin haemoperfusion
produce more impressive drug clearances than endogenous elimination
alone, alkaline diuresis, or dialysis (Table 3.7). However, recent work®
has demonstrated that repeat-dose activated charcoal is as efficient as
charcoal haemoperfusion in the case of phenobarbitone intoxication.
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TABLE 3.7 Mean clearance (ml/min) achieved by forced diuresis (FD),
peritoneal dialysis (PD), haemodialysis (HD) and haemoperfusion( HP)

Drug FD* PD* HD* HP**
Amylobarbitone 5 10 30 75
Butobarbitone 5 10 30 75
Phenobarbitone 20 10 60 77
Meprobamate — 27 62 125
Glutethimide — 17 50 1256
Ethchlorvynol 20 18.5 64 184
Trichloroethanol — — 120-162 186-221

* Data obtained from literature
**From references 110 and 111 and unpublished data

Glutethimide poisoning

Haemoperfusion results in a more impressive drug clearance than
haemodialysis (Table 3.7). A significant rebound in plasma con-
centration occurs in some patients and repeated haemoperfusion may
be necessary.

Ethchlorvynol poisoning

Resin haemoperfusion effectively removes ethchlorvynol and is
superior to haemodialysis!* (Table 3.7).

Meprobamate poisoning

Clearance values of 80-300 ml/min have been achieved using charcoal
and resin haemoperfusion with very high blood flow rates''*. These
values are superior to those achieved by peritoneal and haemodialysis
(Table 3.7).
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Poisoning due to trichloroethanol derivatives

Mean haemoperfusion clearances of 198+ 20 ml/min were achieved
by De Groot''*. Haemoperfusion is therefore more effective than
haemodialysis in removing trichloroethanol and its derivatives.

Carbamazepine poisoning

Charcoal haemoperfusion has been shown to produce clearance values
of 80-129 ml/min'*"'* and elimination half-lives during perfusion of
8.6-10.7h'%, though these values are similar to those achieved by
repeat-dose activated charcoal therapy*'.

Theophylline poisoning

Heath and Knudsen'*® have recently reviewed the value of haemo-
perfusion in theophylline poisoning. They conclude that ‘of the invas-
ive techniques available, charcoal haemoperfusion is the most effective,
increasing clearance four-fold’. Haemoperfusion should be considered
if plasma concentrations are greater than 100 mg/L following an acute
overdose or greater than 60 mg/L in a patient receiving theophylline
chronically. However, the use of supportive measures (including the
correction of electrolyte and metabolic abnormalities) and repeat-dose
oral activated charcoal usually obviates the need for haemoperfusion.

Disopyramide poisoning

There is evidence that Amberlite XAD-4 resin (but not charcoal)
haemoperfusion together with inotropic support may increase elim-
ination sufficiently to prevent a fatal outcome in cases of severe
poisoning'!, though inotropic support alone may be sufficient, even
in very severely poisoned patients.
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Phenylbutazone poisoning

In an in vivo study, Okonek'*? found XAD-4 resin haemoperfusion to
be unimpressive in removing phenylbutazone. However, it has been
employed clinically'**'3* and success for its use claimed. Clinical
experience is too limited to know whether haemoperfusion is more
effective than repeat-dose activated charcoal.

Does haemoperfusion reduce morbidity and mortality?

Of a series of 28 patients suffering from barbiturate and non-bar-
biturate hypnotic drug poisoning who were haecmoperfused between
1973 and 1977, all but six recovered'®. Four of those who died suffered
hypoxic brain damage as a result of a cardiorespiratory arrest prior
to haemoperfusion; another developed atrial fibrillation after the dis-
continuation of haemoperfusion and subsequently developed hemi-
plegia and the sixth patient, who was a diabetic, recovered completely
but subsequently developed bronchopneumonia and died 15 days
later. Despite these patients being highly selected and thus very
severely poisoned, the mortality was only 21% compared with 34%
in an unselected series of cases given intensive supportive therapy
alone'*. In addition, the duration of coma was greatly shortened!?’.

Complications of haemoperfusion

The complications of haemoperfusion are summarized in Table 3.8.

There is a fall of approximately 30% in the platelet count and a fall
of up to 10% in the leukocyte count, both of which are maximal
within the first hour. Thereafter, they return to normal values. These
reductions are similar to those seen during other extracorporeal pro-
cedures, such as haemodialysis and cardiac bypass surgery. It is known
that the degree of thrombocytopenia depends on the rate of blood
flow, the presence or absence, type and thickness of the coating in the
perfusion system and the type of adsorbent material used in the
haemoperfusion column. Two mechanisms have been postulated to
explain the thrombocytopenia:
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TABLE 3.8 Potential complications of haemoperfusion

Haemorrhage because of heparinization
Patient may disconnect shunt lines

Air embolism

Infection

Loss of peripheral artery
Thrombocytopenia, leukopenia

Loss of clotting factors

Ca?*| Glucose| Urea] Creatinine| Urate]

(1) The loss and possible destruction of platelets in the extracorporeal
circuit. When blood comes into contact with the extracorporeal
system, ADP and serotonin are released and result in platelet
aggregation. The more adhesive members of the platelet popu-
lation (‘sticky platelets’) are removed in the first few minutes after
perfusion is commenced and no further fall in the count occurs if
the lines and perfusion column are changed. Moreover, it is known
that platelet adhesiveness falls during extracorporeal pro-
cedures'’.

(2) The reversible sequestration of platelets in the liver and possibly
in the spleen'3.

The fall in platelet count may be reduced by the administration of
sulphinpyrazone’” and prostacyclin'>'*° but not by aspirin”’.

Generally, no biochemical changes of clinical significance occur,
though there is often a fall in the plasma glucose level on commencing
haemoperfusion and this is most noticeable with the DHD-1 column
(Kuraray). Transient hypocalcaemia has also been reported with this
same column, and intravenous calcium was required throughout the
procedure in one patient''2, Small falls in plasma urate, urea, creat-
inine, bilirubin, phosphate and cholesterol levels have also been
observed with other haemoperfusion systems.

Conclusion

Haemoperfusion is a safe procedure to institute and maintain and
may be continued for long periods without serious complications
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ensuing provided that the clinician concerned is experienced in its use.
It is particularly valuable in severely poisoned patients who have
ingested a barbiturate or non-barbiturate hypnotic (excluding pheno-
barbitone), theophylline, disopyramide or phenylbutazone, and who
have failed to improve despite the use of supportive measures. Haemo-
perfusion may reduce the morbidity and mortality in patients severely
poisoned with barbiturates and non-barbiturate hypnotics and this
may well be true for theophylline as well. Haemoperfusion may also
have a diagnostic role in the management of patients in prolonged
coma who have suffered a cardiorespiratory arrest and who have high
plasma drug concentrations of one of the agents mentioned above.
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4
DRUG MONITORING

A.K SCOTT

Many drugs have a wide therapeutic index and are used with a
minimum of supervision. Such an approach is not acceptable for drugs
with a narrow therapeutic index and potentially serious side-effects.
Also, drugs which are relatively safe in patients with normal renal
function may become more difficult to use in the presence of renal
failure. These drugs require close monitoring of either their plasma
concentration or pharmacodynamic end point.

This review aims to cover aspects of drug monitoring with particular
emphasis on the problems in patients with renal disease. Since an
understanding of therapeutic drug monitoring requires a basic know-
ledge of drug disposition and pharmacokinetics, some important
aspects of these topics will be discussed first. After consideration of
therapeutic drug concentration monitoring, the final section will
briefly cover aspects of monitoring drugs by the use of measurable
dynamic end points.

EFFECT OF RENAL DISEASE ON DRUG DISPOSITION AND
PHARMACOKINETICS

The reduction in clearance of drugs excreted unchanged by the kidney
in renal failure is obvious. Renal disease does, however, also have less
predictable effects on drug disposition. Changes in drug phar-
macokinetics are more likely to be clinically important if the drug has
a narrow therapeutic index.
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Absorption and bioavailability

Severe renal failure reduces the rate of gastric emptying. This is likely
to delay the time taken to reach peak concentration in plasma but
does not alter the extent of absorption for most drugs’. Such a change
is clinically important when a single oral dose is given and a rapid
onset of effect is desired, for example, intermittent use of analgesics.
The extent of absorption of acid-labile drugs tends to decrease if
gastric emptying is delayed. However, this could be offset in renal
failure by the rise in pH which occurs due to the buffering of hydro-
chloric acid by ammonia formed from the increased salivary urea?.
Further research is necessary to enable a clearer understanding of
drug absorption in renal disease.

Bioavailability of a drug is the percentage of an administered dose
which reaches the systemic circulation. After oral administration, this
depends on the extent of absorption and first-pass metabolism. The
effect of renal disease on first-pass metabolism has not been adequately
documented. In a study of six patients with chronic renal failure it has
been reported that metoclopramide bioavailability was higher and less
variable than in normal subjects®. This increase in bioavailability was
not significant, and was less important than the 70% reduction in
total clearance, in explaining the increased incidence of adverse effects
of metoclopramide in renal failure. Disopyramide also undergoes
extensive first-pass metabolism, but, in three patients with renal
failure, plasma concentrations were lower than expected, suggesting
the possibility of increased metabolism*. This change has been claimed
to be due to enzyme induction on the basis of shorter antipyrine half-
life and increased D-glucaric acid excretion in patients with renal
failure’. Enzyme inducers do increase first-pass metabolism and reduce
bioavailability of orally administered drugs. However, antipyrine half-
life may shorten because of an alteration in volume of distribution,
and clearance to individual metabolites is a better test. Urinary D-
glucaric acid is likewise not a foolproof measure of enzyme induction,
particularly in the presence of renal failure. The effect of renal failure
on bioavailability therefore requires further study before general pre-
dictions can be made.
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Distribution and protein binding

Acidic and neutral drugs tend to bind to albumin, while basic drugs
bind predominantly to «;-acid glycoprotein (AAG). Binding to both
of these proteins may be altered in renal disease. Drugs heavily bound
to albumin include diazepam, phenytoin, warfarin, sulphonamides,
aspirin, other non-steroidal anti-inflammatory drugs and some peni-
cillins. Drugs binding to AAG include disopyramide, lignocaine, pro-
pranolol, tricyclic antidepressants and carbamazepine, though these
drugs are also partly bound to albumin.

Hypoalbuminaemia from any cause, including nephrotic syndrome,
will result in reduced availability of binding sites and reducing binding
of phenytoin, diazepam, prednisone and warfarin. For most drugs,
the free drug concentration will not show a dramatic change because
clearance of the free drug increases if elimination is restricted by
protein binding. However, increased toxicity has been reported for
phenytoin and warfarin in the presence of hypoalbuminaemia. Drug
interactions are also more likely to be clinically important if there are
fewer available binding sites. Mutual potentiation of effects has been
demonstrated with clofibrate and frusemide used together in nephrotic
syndrome®.

In chronic renal failure, there is reduced binding of drugs to
albumin. This is partly accounted for by a reduction in serum albumin
concentration. It has been suggested, that, in addition, there is an
alteration in the structure of albumin which decreases the affinity for
binding drugs. The alteration in albumin structure could be partly due
to carbamoylation of lysine residues leading to reduced binding’.
Carbamoylation occurs due to the spontaneous formation of cyanate
from urea. However, the binding capability of plasma can be restored
using charcoal treatment at pH 3, and, although carbamoylation does
lead to reduced binding in vitro, reversal of carbamoylation in uraemic
serum does not restore the binding defect®. This suggests that the most
important cause of the binding defect is the presence of endogenous
binding inhibitors. The nature of these inhibitors is not completely
understood. Several compounds have been identified as inhibitors of
protein binding in uraemia. The responsible metabolites are water
soluble organic acids but it is not known whether the problem is due
to many weak inhibitors (e.g. hippurates) acting together or to a small
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number of more potent inhibitors. Indoxyl-3-sulphate and indole-3-
acrylic acid are probable contributors to the binding effect. The most
potent inhibitor identified is a furanpropionic acid derivative which
has recently been shown to be present in uraemic plasma at a con-
centration which could be important in vivo®. One of the difficulties in
this work is measuring metabolite concentrations present in uraemia
so that in vitro binding studies can be performed using realistic con-
centrations of potential binding inhibitors.

Reduced binding has been demonstrated for drugs such as
phenytoin, diazepam and warfarin. Reduced binding per se does not
necessarily lead to altered drug effect as the free drug concentration
may be unchanged. However, knowledge of reduced binding is very
important in the interpretation of drug concentrations during thera-
peutic drug monitoring (TDM). Most laboratories report con-
centrations of total drug (bound + free) and rely on a reasonably
constant relationship between free and total drug. If this relationship
is disturbed, as in renal failure, the total concentration will not relate
well to the free drug concentration. The ‘therapeutic range’ needs to
be adjusted downwards to compensate for this change. In addition,
the response to the drug may alter in the presence of disease and
further complicate the process of TDM.

More recently, it has been recognized that AAG concentration is
increased, with an increase in binding of basic drugs, such as ligno-
caine, in renal failure. Endogenous binding inhibitors, therefore, do
not appear to influence binding to AAG. This will again lead to
difficulty in interpreting drug concentrations but with a need for
upward adjustment of the therapeutic range. Drugs affected are car-
bamazepine and lignocaine.

Reduction in protein binding of heavily bound drugs tends to lead
to an increase in volume of distribution (Vd). This has been shown
for phenytoin, diazepam and warfarin. The chief significance of
this observation is that, assuming there is no change in drug clear-
ance (Cl), the elimination half-life (z,) should be prolonged (7,=
0.693 x Vd/Cl). Any increase in clearance may offset the effect of the in-
creased volume of distribution on half-life but this requires to be stud-
ied for individual drugs. Half-life is therefore not a useful guide for pre-
dictingchangesinmaintenance doseinrenal failure. However, if half-life
is prolonged, it may be necessary to increase the dosing interval.
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Metabolism

It is conventionally recommended that patients with renal failure
should be prescribed drugs eliminated by hepatic metabolism where
possible. The effect of renal disease on drug metabolism is not well
documented and it cannot be assumed that there is no such effect. The
reports which are available do not show a consistent pattern. As
discussed above, the metabolism of antipyrine and disopyramide has
been claimed to be increased in renal failure. However, in another
study using antipyrine given intravenously, there was a reduction in
half-life with no change in volume of distribution in the presence of
renal failure. Also, in patients with nephrotic syndrome and no renal
failure, antipyrine kinetics were similar to normal controls. It has been
suggested that phenytoin metabolism is accelerated in uraemia and
that this cannot be totally accounted for by the reduced protein
binding’. In contrast, clearance of unbound diazepam is not sig-
nificantly altered in end-stage renal failure'® and dihydrocodeine clear-
ance is reduced in renal failure though it is not clear if this is due to
reduced hepatic elimination''.

Although renal excretion of unchanged drug is not a major route
of elimination for most drugs, the kidney is very important for the
excretion of drug metabolites, which are more water soluble than the
parent drug. The importance of drug metabolites in renal failure has
been reviewed'? with four main patterns considered likely to cause
problems:

(1) The accumulation of active metabolites (e.g. allopurinol, clofib-
rate, pethidine) may result in potentiation of the drug effect, or,
in some cases, toxicity.

(2) Inactive metabolites may interfere with the kinetics of the parent
drug by competing for binding sites or perhaps inhibiting further
metabolism.

(3) Glucuronides may be deconjugated to regenerate active drug.

(4) Results from several studies are difficult to interpret because assay
methods do not reliably distinguish between parent drug and
metabolites. A recent example of this is the use of a specific HPLC
assay for morphine to demonstrate that morphine-6-glucuronide,
but not morphine, accumulates in renal failure'*. Morphine-6-
glucuronide may be an active metabolite.
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The kidney itself may have an important role in drug metabolism.
This may result in the local production of toxic metabolites which
result in renal damage (e.g. paracetamol) or be simply one of the
extrahepatic sites of drug metabolism with the production of inactive
compounds.

Excretion

Reduced elimination of unchanged drug is clearly to be expected in
renal failure. Where renal elimination is the only significant route
(atenolol, digoxin, gentamicin), drug clearance will fall in the presence
of renal failure and drug maintenance dosage will need to be reduced.
Renal failure may also be important for drugs which are partly meta-
bolized and each drug needs to be considered individually. Elimination
by glomerular filtration (e.g. digoxin, atenolol) and tubular secretion
(e.g. penicillins, frusemide, salicylates) are both affected. Individual
drugs will be considered in more detail below.

EFFECT OF RENAL DISEASE ON DRUG PHARMACODYNAMICS

There is much less information on the effect of renal disease on drug
pharmacodynamics. Expression of a drug effect usually involves the
interaction of the drug with its receptors, a series of intermediate
reactions and the final clinical effect. Since the intermediate pathways
are poorly understood it is clearly difficult to determine the mechanism
of any alterations in response which occur in renal failure. As discussed
above, binding of drugs to protein is altered in renal failure. It is
therefore possible that drug receptor proteins could have an altered
configuration in uraemia which could increase or decrease the response
to a given drug concentration. Also accumulation of endogenous
compounds might reduce drug binding to receptors.

More detailed investigation of drug kinetics in renal failure will be
necessary before alterations in receptor sensitivity can be adequately
studied. A recent example of this is the investigation of the increase
in sensitivity to opiates in renal failure. Application of modern meth-
odology to measure parent drug and active metabolite for morphine
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suggests that the problem is probably a kinetic one due to reduced
excretion of morphine-6-glucuronide'3. Patients with renal failure are
also more sensitive to other sedative drugs but whether all can be
explained on a kinetic rather than dynamic mechanism remains to be
determined.

THERAPEUTIC DRUG MONITORING

Therapeutic drug monitoring (TDM) is the measurement of drug
concentrations in a suitable body fluid (usually serum or plasma) to
allow adjustment of dose, either to reduce toxicity or improve efficacy
or both. In many hospitals, the drug concentration measurement is
returned to the clinician with no attempt to advise on dose adjustment.
However, in some centres, advice is given on suitable dose adjustments
using computer-based predictive equations where appropriate.
Whether the dose is adjusted by the clinician alone or with the advice
from laboratory-based colleagues, it is essential that the prescriber has
a knowledge of how concomitant disease affects the interpretation of
the results.

It is possible to measure blood concentrations of all drugs but there
is benefit from monitoring levels in only a small number of situations.
For a drug to be a suitable candidate for TDM, it should satisfy most
of the following criteria:

(1) The effective therapeutic range should be clearly defined and
adequately validated in controlled clinical trials.

The therapeutic range for drugs currently considered for TDM
is unfortunately not well defined for several drugs. For example,
there is debate about the range for theophylline and the upper
limit for valproate. In contrast, the range for phenytoin has been
well documented, though concentrations must still be interpreted
with respect to all available clinical information.

(2) There is no precise dynamic end point which can be measured to
assess drug reaction.

TDM only allows correction for interindividual variation in
pharmacokinetic parameters. It does not allow for variation in
receptor sensitivity and response to the interaction of drug with
receptor. '
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If a pharmacodynamic end point (e.g. prothrombin time for
warfarin; pulse rate for f-blockers) is available, then it should be
used in preference to TDM.

(3) Wide interindividual variation in dose required to produce a

desired steady-state drug concentration.

This makes it difficult to predict the required dose for an indi-
vidual patient. TDM is not very useful if the interindividual vari-
ation is mainly due to receptor sensitivity rather than kinetics as
noted above.

(4) A relationship between plasma drug or active metabolite con-
centration and the clinical response exists.

For most drugs this relationship is poorly defined. If there is a
good correlation between concentration and response, it suggests
that there is little interindividual variation in receptor sensitivity.

(5) A low therapeutic index with potentially serious dose-related
adverse effects.

TDM will not help to reduce non-dose-related toxicity. If the
important side-effects are not dose related, there is little benefit
from monitoring concentrations.

(6) The level at which dose-related side-effects are likely to occur
should be known.

TDM is particularly important if the symptoms of drug toxicity
resemble the symptoms of the underlying disease, as clinical judge-
ment would clearly be unreliable in that situation.

(7) A validated assay method must be available for measurement of
the active moiety — parent drug, metabolite or both.

The method must be suitable for routine use with no interference
from other drugs or endogenous compounds. Ideally, it would be
better to measure the free drug concentration rather than total
drug. However, in practice, it is more difficult and more expensive
to measure free drug concentration on a routine basis.

Patients with renal disease are at greater risk of adverse drug
effects and some drugs suitable for TDM are predominantly excreted
unchanged by the kidney. TDM is therefore likely to be of considerable
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benefit in patient with renal failure. There are, however, additional
problems in the use of TDM in renal disease:

(M

@

The optimum therapeutic range in renal disease may be different
from that in patients with normal renal function. The effects of
renal failure on receptor sensitivity are not well established. Some
drugs clearly have an enhanced effect in renal failure but it is often
difficult to separate the effect of kinetic changes from true changes
in the dynamic response. Adenosine triphosphatases (ATPase)
are involved in the action of digoxin and perhaps also of the
anticonvulsants. Renal failure alters the concentration of ions
(sodium, potassium, magnesium) which affect ATPase activity. It
is also possible that the enzyme structure is altered in renal disease.
Response may therefore be altered and could vary from day to
day depending on the effects of other drug treatment (e.g. diuretics)
or the time in relation to dialysis. At present, no clear guidelines
can be given to allow for this problem, except that extra care is
necessary to detect adverse effects even if the blood concentration
is not excessive. Increased vigilance is necessary to ensure that the
expected clinical response is obtained.

Total drug concentration is measured in most laboratories but
pharmacological effect and adverse effects are related to free drug
concentration. TDM works in most situations because there is a
reasonably close relationship between free and total drug con-
centrations.

This is not true in the presence of renal failure. Drug binding
to albumin is reduced in the presence of renal failure while binding
to AAG tends to increase. The mechanisms for this have been
discussed above. If drugs are heavily protein bound, even small
changes in binding can result in large changes in the free fraction.
For example, if drug A is normally 95% bound, the free fraction
is 5%. If, however, the bound fraction falls to 90%, the free
fraction doubles to 10%. Knowledge of this problem is very
important when interpreting drug concentrations, because, if
attempts are made to achieve the usual therapeutic range, the free
concentration could be double the expected concentration for drug
A. It is necessary to aim for a lower target range in the presence
of renal failure if TDM is undertaken for drugs binding heavily
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to albumin. Both phenytoin and sodium valproate are extensively
bound to albumin.

Less is known about alterations in the therapeutic range of basic
drugs which bind mainly to AAG. Carbamazepine is such a drug and
its binding would be expected to increase in the presence of renal
failure. Interpretation of carbamazepine concentrations is further
complicated by the presence of a metabolite (carbamazepine-10,11-
epoxide) which is responsible for around 50% of the total anti-
convulsant activity. In this situation, it is necessary to measure free
concentration of parent drug and metabolite. For carbamezepine, it
is technically easier to measure salivary concentrations which give a
reliable prediction of free concentration in plasma'.

Therapeutic drug monitoring is generally available for the drugs
shown in Table 4.1. In addition, monitoring is available for a small
number of other drugs (e.g. lignocaine, antidepressants) in some
centres. Drug concentration measurement is undertaken following
deliberate or accidental overdosage with a wide variety of drugs (e.g.
aspirin, paracetamol, benzodiazepines, alcohol) and the effects of renal
disease on these measurements will also be discussed. Finally, drug
concentrations are sometimes measured to assess patient compliance,
for example, warfarin when the diagnosis is between non-compliance
and warfarin resistance.

TABLE 4.1 Drugs for which a therapeutic drug monitoring service is
generally available

Anticonvulsants — phenytoin
carbamazepine
sodium valproate
phenobarbitone
primidone
ethosuximide

Digoxin

Gentamicin

Lithium

Theophylline

When the drugs listed in Table 4.1 are considered, most are either
predominantly excreted unchanged by the kidneys (digoxin, genta-
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micin, lithium) or are extensively protein bound (phenytoin, car-
bamazepine, valproate). Renal disease affects both of these processes.

Assay methods

A detailed description of assay methods used in TDM is beyond the
scope of this review. Older colorimetric methods should not be used
for routine measurements except following deliberate or accidental
overdose when a rapid result is essential. TDM laboratories should
now use either chromatography (usually HPLC) or specific antibody-
based methods (e.g. enzyme multiplied immunotechnique — EMIT;
radioimmunoassay — RIA). Prescribers cannot be expected to know
which drugs may co-elute with the drug being measured by HPLC or
those which cross react with the antibody used in EMIT or RIA
methods. Prescribers should list other drug therapy and disease states
on the request form so that the laboratory staff can decide if their
assay technique is suitable for the individual patient.

New methods suitable for routine service use need to be developed
to measure concentration of free drug and active metabolites for some
drugs. These will be discussed below.

Individual drugs
Digoxin

Digoxin is used for two main indications — atrial flutter/fibrillation
and cardiac failure. When used for the treatment of atrial fibrillation,
the aim is to control the ventricular rate. In this situation, there is a
readily available (though not infallible) dynamic end point in that the
heart rate can be measured by auscultation and the pulse deficit noted.
The dose of digoxin can be titrated against the heart rate. TDM,
therefore, has limited application but is of some value in reducing
toxicity and assessing patient compliance.

In cardiac failure, there is no easily measurable end point for use at
the bedside. The clinical benefit may be delayed and is often difficult
to assess because of the effects of other drugs (e.g. diuretics). TDM is
therefore important to ensure that the serum digoxin concentration is
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within the therapeutic range (0.8-2.0 ug/ml). There is no benefit in
continuing therapy with an ineffective dose or a dose likely to lead to
significant adverse effects.

The maintenance dose of digoxin will be lower in the presence of
renal failure because of reduced renal clearance. Digoxin is mainly
excreted by glomerular filtration and its clearance correlated closely
with creatinine clearance. A small proportion undergoes tubular
secretion and reabsorption. In most patients, less than 20% of a dose
of digoxin is metabolized. However, a small number of patients exhibit
more extensive metabolism of digoxin to an inactive metabolite (dihy-
drodigoxin). These patients are less likely to show significant accumu-
lation of digoxin if they develop renal failure. There is interindividual
variation in dose requirements for any given level of renal function
and an overlap of the dose ranges in normals compared with patients
with impaired renal function.

Since digoxin has a long half-life (36 h), which is prolonged in renal
failure (over 100 h in severe disease), it is necessary to give a loading
dose in most patients. The loading dose of a drug depends on the
volume of distribution rather than clearance. Volume of distribution
of digoxin is reduced by around 50% in renal failure, though the extent
is variable and depends partly on the degree of renal impairment. In
practice, the loading dose also depends on weight, age and sex and
there is overlap between normals and patients with renal failure.
Loading doses are now generally given in divided doses 6-8 h apart.
The initial dose may be 250 or 500 ug depending on the size of the
patient. Further 250 ug doses can then be given six hourly while the
patient is monitored for signs of beneficial effect and toxicity. Most
patients will require between 500 ug and 1.5mg. This approach is
suitable for patients with normal renal function and those with renal
impairment. Patients with renal failure will tend to need smaller
loading doses on average but these cannot be easily predicted on an
individual basis. It is usually important to achieve the therapeutic
effect within a few hours and then monitor the response and serum
concentration to ensure the correct maintenance dose for the degree
of renal impairment.

In view of digoxin’s reputation as a toxic drug, considerable effort
has been made to attempt to predict digoxin dose requirements for
individual patients'>!®. The most simple method for use at the bedside
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is a nomogram for prediction of both loading and maintenance dose
based on the patient’s weight, sex and renal function (serum creatinine
or creatinine clearance). Alternatively there are equations available
which allow dose predictions similar to the nomogram, but many
clinicians lack enthusiasm for using mathematics in practice. Finally,
several computer programs have been developed to simplify dose
prediction. The main drawback is the lack of immediate access to
computers in most hospitals, though this is likely to change over the
next decade.

Before embarking on a move away from traditional intuitive
methods for digoxin dose determination, clinicians need to know
whether new methods lead to improvement in patient care. Several
studies have evaluated equations and computer programs against the
performance of clinicians. The overall impression is that there is little
difference in outcome when an experienced clinician is compared with
the predictive methods. This is not entirely surprising, because no
allowance has been made for variation in receptor sensitivity and there
is very little flexibility in the strength of digoxin tablets which can be
administered. If the predictive methods calculate that the maintenance
dose should be 235 ug, this may be more accurate than the clinician’s
guess of 250 ug, but the dose given will still need to be 250 ug because
oftablet availability. An average daily dose of 232 ug could be achieved
by giving 250 ug daily for six days and 125 ug each Sunday. However,
variations from standard, fixed daily doses tend to lead to problems
with reduced patient compliance. This is particularly true in the
elderly and most digoxin prescriptions are for patients over 60 years
old.

Predictive methods, therefore, are of little benefit to the experienced
clinician who remembers to adjust the dose with respect to individual
patient factors (renal function, hypokalaemia, age, thyroid disease)
known to affect digoxin kinetics and response. Less experienced pre-
scribers should consider the use of the nomogram in conjunction
with measurements of digoxin concentration until good control is
established. Excessive blood concentration monitoring is not necess-
ary. It has been reported that optimum benefit is obtained from two
concentration measurements with no additional benefit from further
samples. The two measurements should be taken 1-2 weeks apart.
Such an approach is useful to ensure reduced digoxin toxicity,
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adequate concentration for therapeutic effect in cardiac failure, and
for the education of the clinician.

When a sample for digoxin or other drug measurement is sent to
the laboratory, it is important that all relevant information is included
on the request form, particularly if the laboratory will suggest alter-
ations in dose.

Such information includes:

(1) Adequate identification of sample and patient.
(2) Patient details — age, sex, weight, renal function.
(3) Other disease.

(4) Other drug therapy.

(5) Time of sample.

(6) Time of last dose.

(7) Dose and frequency of administration.

When collecting blood for measurement of digoxin concentration,
it is essential to take the sample at least 6h after the last dose.
Measurements within the distribution phase (1-5h) do not accurately
reflect steady-state concentration.

Digoxin is one of the main drugs responsible for serious adverse
effects and features prominantly in studies into the high incidence (5-
10%) of adverse drug effects in medical emergency admissions. A
recent survey of digoxin concentrations found that only 35% were
within the therapeutic range while 37% were above it!”. After issue of
a laboratory report with advice on the necessary dose alterations, the
number within the therapeutic range improved to 66% with a fall
to 15% above the range. Half of the patients with elevated serum
concentrations were still receiving double the recommended dose. This
study clearly shows that improvement is possible with a laboratory
reporting system to give advice on dose changes. Such advice is likely
to be even more relevant for patients with renal impairment.

Gentamicin

Gentamicin is a potentially toxic aminoglycoside antibiotic with a
narrow therapeutic index. It is mainly used for the treatment of
infection due to Gram-negative bacilli. There is no measurable end
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point which allows control of drug dosage. Gentamicin is therefore
generally considered to be a suitable candidate for TDM. This is
particularly important in renal failure for two reasons. Firstly, gen-
tamicin is excreted almost entirely in the unchanged form by glom-
erular filtration. Secondly, nephrotoxicity is one of the principal
adverse effects. Gentamicin accumulates in proximal renal tubular
cells and causes progressive tubular damage. This is reversible if the
drug is stopped at an early stage. If gentamicin is continued, further
renal impairment develops, leading to greater accumulation of drug
and enhanced toxicity.

There is little hard evidence on which to base a therapeutic range
for gentamicin'®. It is usually recommended that both peak and trough
concentrations should be measured. To be effective, antibiotics need
to be administered in doses which will give a local concentration
which is higher than the minimum concentration necessary to inhibit
bacterial growth (MIC). The MIC varies with different organisms and
it is not usually possible to measure the antibiotic concentration at
the site of infection. However, the serum drug concentration is in
equilibrium with the concentration in infected tissue and is a useful
guide in avoiding subtherapeutic drug administration. The peak con-
centration of gentamicin for optimum response appears to be around
5-10 ug/ml except in neutropaenic patients who respond better when
the level is above 10 ug/ml. In patients with normal host defences, it
is considered that intermittent therapy is satisfactory with trough
levels around 1-2 ug/ml.

The principal side-effects of gentamicin — nephrotoxicity and oto-
toxicity — are dose related. Up to 10% of patients on gentamicin suffer
mild renal damage and 2% have severe renal impairment. There is
debate as to whether renal damage is due to very high peak levels or
insufficiently low trough levels, or a combination of both. Trough
levels of greater than 4 ug/ml are associated with a high incidence
(100% in some studies) of nephrotoxicity. However, it is difficult to
separate cause and effect in this situation, as many patients with
elevated trough concentrations have abnormal renal function before
gentamicin is administered. The elevated trough concentrations are
due to reduced gentamicin clearance. High peak levels do not show a
good correlation with nephrotoxicity and are not influenced by renal
failure unless accumulation occurs because of frequent dosing.
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Nephrotoxicity is more common in the presence of other potentially
nephrotoxic drugs and is increased by diuretics such as frusemide.
Extra care is therefore necessary if such drugs are given concomitantly.
In particular, frusemide in high doses is commonly prescribed in renal
failure.

As with nephrotoxicity, eighth nerve damage occurs in up to 10% of
patients given gentamicin, and more severe damage causing symptoms
occurs in around 2%. This is often permanent. Ototoxicity is more
likely in patients with renal disease. In one study, 64% of patients
with ototoxicity had pre-existing renal impairment. This confirms the
necessity for close control of gentamicin dosing in patients with renal
failure. As with nephrotoxicity, the evidence for the relative import-
ance of peak and trough levels is inconclusive. Animal studies suggest
that high peaks are important, but, in man, it is difficult to separate
peak from trough effects. There is some evidence that peak con-
centrations around 10 ug/ml, which is at the upper end of the reported
concentration range necessary for therapeutic effect, can cause
damage. Patients with high trough concentrations are certainly at
increased risk of eighth nerve damage. However, as with nephro-
toxicity, high trough levels are associated with reduced renal clearance
of gentamicin. It is therefore not clear whether peak and trough
levels per se are important, or whether it is the total exposure to
drug as measured by the area under the concentration—time curve.
Patients with high trough concentrations inevitably have high total
exposure.

Although the evidence is inconclusive, it is important to have prac-
tical target peak and trough concentrations. Based on available
evidence, the peak concentration should be 8-10 yg/ml to achieve a
useful effect with low risk of toxicity. Trough concentrations should
be around 2 ug/ml. In practice, it is not always easy to achieve this
ideal as alterations in both total dose and dosing interval will be
necessary in patients with renal failure. If the trough level is above
4 ug/ml, the dosing interval should be increased, while high peak levels
are avoided by reducing the amount of drug given. In patients with
normal renal function, one set of peak and trough measurements is
often sufficient to achieve satisfactory concentrations. However, in
renal failure, repeated measurements are necessary to achieve the
desired drug profile. In this situation, it is essential to have a rapid
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result from the laboratory so that appropriate adjustments can be
made before the next dose is given.

The difficulty in achieving satisfactory drug concentrations in indi-
vidual patients has resulted, as for digoxin, in attempts to develop
nomograms and equations for use either at the bedside or in the
laboratory'®. Prediction of the initial dose from knowledge of the
patient’s renal function, weight, age and sex has been attempted using
techniques ranging from a simple nomogram to the use of a mainframe
computer. These have not been extensively evaluated and are not
sufficiently accurate to allow the use of gentamicin without further
concentration measurements. The presence of additional information
in the form of actual peak and trough concentrations following a
known dose of gentamicin improves the ability of computer programs
to predict accurate dose changes. Several schemes for dose adjustment
in this way are already in use but require evaluation of their benefit.
In view of the nature of gentamicin toxicity, it should be easier to
demonstrate benefit than has been the case for digoxin.

Careful monitoring is also necessary for patients on dialysis. Gen-
tamicin is readily cleared from the blood during haemodialysis and
care is necessary to adequately supplement the dose of gentamicin
during periods of dialysis. The clearance of gentamicin during per-
itoneal dialysis is poor and less predictable but supplementation may
be necessary in some patients. This can only be determined on an
individual basis by monitoring gentamicin concentrations.

A typical starting dose in adults should be 80 mg eight hourly. In
patients with normal renal function, this may need to be altered
following serum concentration measurement, particularly to avoid
underdosing. In patients with creatinine clearance values greater than
50 ml/min, the initial dose should be unchanged but the dosing interval
could be increased to 12 hourly. With more severe failure (creatinine
clearance 10-50 ml/min), a suitable regime is 80 mg initially then 50 mg
12 hourly. When creatinine clearance is less than 10 ml/min, 80 mg
loading dose could be followed by 30 mg daily. It is important to
emphasize again that such doses are only a guide and it is essential to
monitor concentrations both to reduce the incidence of toxicity and
to ensure that effective serum concentrations have been achieved.
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Lithium

Lithium is used in the treatment of manic depression to prevent
mood swings. It has a narrow therapeutic range (0.8—1.2 mmol/L) with
serious dose-related adverse effects which occur in most patients just
above the upper end of the therapeutic range. Since it is difficult to
objectively assess a patient’s mood and, also, there is a delay in
response to lithium, there is no useful dynamic end point. Lithium is
therefore a suitable candidate for TDM.

Lithium is handled by the body in the same way as sodium. It is free
in solution and distributes throughout the body water. Elimination is
mainly by renal excretion of unchanged drug. Lithium clearance
depends on renal function as well as on sodium balance and urine
volume. Patients who are sodium depleted conserve sodium by reduc-
ing its loss in the urine. When this occurs, lithium excretion is also
reduced. In addition, diuretics inhibit lithium excretion and cause a
clinically important rise in serum concentrations. This is more marked
with thiazide diuretics.

There is less information on monitoring lithium than is available
for digoxin and gentamicin. As with digoxin there is variation in
bioavailability with different products. The same brand should there-
fore be used throughout treatment. Also, the timing of the sample is
crucial and should be twelve hours post dose if twice-daily dosing is
used, or between 12 and 24 hours post dose for once-daily admin-
istration. The elimination half-life is 14-28 h. It will, therefore, take
4-5 days to achieve steady-state concentrations.

If creatinine clearance is greater than 50 ml/min, lithium carbonate
should be started in a dose of 400 mg daily and blood levels checked
12 hours after the fifth dose. Daily dose requirements can then be
reassessed if the serum concentration is outside the therapeutic range.
Concentration increases linearly with respect to dose; therefore, dose
adjustment is relatively straightforward if the blood sample has been
collected at the correct time. Dose reductions should be made for
patients with significant renal failure if it is felt that the benefits of
lithium treatment outweigh the increased risk in renal disease. The
initial dose should still be 400 mg for the first day because the longer
half-life in renal failure would mean a long time to reach steady state.
However, from day 2-5, 200 mg daily could be given if the creatinine
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clearance is 10-50ml/min and 100 mg daily if creatinine clearance is
less than 10 ml/min.

It is essential not to delay checking serum concentration beyond
seven days from starting therapy if side-effects are to be avoided. Most
patients will not develop adverse effects until a concentration of
1.5mmol/L is reached but some are more sensitive to the drug.
Although there is no satisfactory dynamic end point for assessing the
therapeutic efficacy, we can monitor end points for toxicity. It is
important to look for finger tremor and nystagmus as well as ques-
tioning the patient regarding gastrointestinal symptoms, thirst and
polyuria. With long-term use, lithium may cause renal damage and
renal function should also be monitored. Undetected development of
renal failure will lead to lithium toxicity because of reduced drug
clearance.

Nomograms have not been found to be useful for lithium. Toxicity
is best avoided by careful concentration monitoring, adjusting the
dose in the presence of renal failure and when diuretics are prescribed.
Lithium is removed from the blood by dialysis and particular care is
required to keep such patients within the therapeutic range.

Finally, a common mistake is to send a sample for plasma lithium
measurement in a tube anticoagulated with lithium—heparin. It will
avoid the need for a second sample if a plain tube is used for serum
measurements.

Anticonvulsant Therapy

Phenytoin

Phenytoin is one of the most commonly used drugs in the treatment
of epilepsy. Prior to the introduction of drug concentration measure-
ment, many patients with epilepsy were treated with multiple drug
therapy. Drug monitoring has played a major part in the move to
ensure adequate therapy with a single anticonvulsant wherever
possible. Most patients are now treated with only one or two drugs.
Phenytoin is a good candidate for therapeutic drug monitoring. There
is wide interindividual variation in phenytoin pharmacokinetics with
a non-linear relationship between dose and plasma concentration.
Phenytoin has a narrow therapeutic index with definite dose-related
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toxicity. The therapeutic range (10-20mg/L) has been well docu-
mented in controlled studies. Most of the patients in the studies had
moderate to severe disease and it is possible that patients with mild
disease may be controlled at slightly lower concentrations. The
dynamic end point (control of seizures) is difficult to use as a method
of dose titration unless the seizures are very frequent. However, it is
always important to treat the patient’s problem, and, if total control
of seizures is obtained at a concentration below the therapeutic range,
then it is not necessary to adjust the dose.

Phenytoin is an interesting drug to study because of the way it is
handled by the body. However, the interindividual variation in its
pharmacokinetic parameters make it a difficult drug to use unless
the prescriber has a thorough understanding of drug disposition.
Phenytoin absorption is dependent on the formulation used, as the
excipient in the tablet is important in determining phenytoin bioavail-
ability. It is therefore essential to use the same formulation throughout
treatment. If there are compelling reasons for changing to a different
brand, the plasma concentrations must be monitored. Renal disease
appears to have little effect on phenytoin absorption.

Phenytoin is normally around 90% bound to albumin in plasma.
As has been discussed above, renal failure results in reduced protein
binding, due mainly to the accumulation of endogenous binding
inhibitors which are normally excreted in the urine. In nephrotic
syndrome, phenytoin protein binding is reduced because of low serum
albumin concentrations even in the absence of renal failure. Phenytoin
half-life depends on the dose given. It has been reported that the half-
life is reduced in renal failure. Phenytoin may have to be given more
frequently to avoid excessive swings in blood concentration. However,
there are no predictable changes in dose requirements in renal failure
and careful titration is necessary on an individual patient basis. When
TDM is undertaken to check that the concentration achieved following
dose alteration is within the target range, it is important to allow four
half-life times before taking the blood sample.

The most important problem in TDM for phenytoin in the presence
of renal impairment is interpretation of the result obtained with
reference to the standard therapeutic range. Most laboratories
measure total phenytoin concentration with a therapeutic range of
10-20 mg/L. Free drug is considered to be the active moiety and it is
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assumed that there is close correlation between free and total drug
concentration. However, in renal failure, we know that there is reduced
protein binding and care must be taken to avoid overdosing. If the
dose of phenytoin is adjusted to aim for a total concentration within
the usual target range, the higher percentage of free drug will result
in an increase in the actual free drug concentration, which may fall
into the toxic range. Toxicity can usually be avoided if phenytoin
concentrations are kept within the lower half (10-15ml/L) of the
target range. In many patients, lower total concentrations will be
adequate. This problem can be overcome by measuring free phenytoin
concentration directly but most laboratories do not yet offer this
facility.

Alteration of phenytoin dose also causes problems for the unwary.
Phenytoin is one of the few drugs for which the enzymes responsible
for metabolism in the liver become saturated within the therapeutic
dose range. All drug-metabolizing enzymes have limited capacity and
most will become saturated if a large enough overdose is taken.
However, the enzymes responsible for phenytoin metabolism have
relatively low capacity which tends to reach the point of saturation
with a daily intake of 200-300 mg. Up to the point of saturation, there
is a linear relationship between dose and plasma concentration. Above
this point, metabolism becomes zero order — the amount of drug
metabolized is constant per unit of time irrespective of the drug
concentration. Plasma concentrations therefore rise much more
rapidly than might be expected for a given dose increase'®. Above a
dose of 300 mg daily, increases in dose must be in small increments.
Phenytoin is available in 25 and 50 mg doses so that this can be
achieved.

Not surprisingly, the difficulties in using phenytoin have led to
attempts to develop methods of predicting individual dose require-
ments and dose adjustments. There are no reliable methods of pre-
dicting an individual’s initial dose of phenytoin. As a result, the initial
dose is fixed for most patients. Two schools of thought exist. One is
that the initial daily dose should be 200 mg with increases as necessary.
The advantage of this regime is that dose-related toxicity is very
unlikely to occur. However, the disadvantage is that most patients
will not be adequately controlled with the initial dose used. There is
recent evidence that it is important to achieve early control of seizures
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in order to obtain the best degree of long-term control. The alternative
approach is to give an initial dose of 300 mg daily (200 mg at night,
100 mg in the morning) and adjust the dose as required. The advantage
here is of earlier control of seizures in more patients. The disadvantage
is that some patients have a genetically-controlled defect in phenytoin
metabolism and will develop potentially toxic phenytoin con-
centrations even with this low dose. The latter approach is favoured
by the author and toxic effects can usually be avoided if a sample is
taken for TDM soon after reaching steady-state concentration (about
1 week after commencing therapy).

Several methods have been developed for predicting dose adjust-
ments of phenytoin following the initiation of treatment. As with
digoxin, these have taken the form of equations, nomograms and
computer programs. Computer-based methods may be satisfactory if
the hardware is already available, but, for routine clinical use at the
bedside, there is a nomogram available which is easy to use®®. This
nomogram requires a knowledge of the initial or previous dose given
and a measure of the steady-state plasma concentration. The dose
change necessary to achieve a target concentration, say 15mg/ml, is
simply obtained by drawing two lines on a graph. Experienced and
regular prescribers of phenytoin soon learn the dose changes necessary
for a given plasma concentration. However, for infrequent users of
phenytoin, the nomogram is a valuable tool for avoiding both excess-
ively long periods of underdosing and dose-related toxicity. A repeat
serum phenytoin measurement should be made after dose adjustment
to check that the desired concentration has been achieved.

In the presence of renal failure, the nomogram could still be used,
though it has not been evaluated in that situation. The plasma
concentration measured following the initial dose allows for the
effect of disease on drug kinetics. However, as discussed above, it
is important to allow adequate time to reach steady state before
taking the plasma sample for TDM. Also the target total phenytoin
concentration should be lowered to allow for the reduced protein
binding.

Whether in the presence of normal renal function or renal failure,
it is essential to ensure that the patient has been taking the medication
as prescribed. Non-compliance with treatment would lead to the
predicted dose being too large. It is also important to ensure that the
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plasma sample is taken in the excretion phase of phenytoin dosing
and not too close to the last dose taken.

Carbamazepine

Like phenytoin, carbamazepine is a frequently used potent anti-
convulsant. The value of therapeutic drug monitoring for car-
bamazepine is, however, less clearly defined. The therapeutic range
for carbamazepine has not been as fully evaluated as that for phenytoin
and there are specific problems in undertaking TDM for car-
bamazepine.

Carbamazepine is a heavily protein-bound drug but, unlike pheny-
toin, it binds to both albumin and «;-acid glycoprotein. The binding
to albumin may be reduced in renal failure. However, AAG con-
centration increases in renal failure with an increase in carbamazepine
binding. In addition, blood AAG concentrations show considerable
day-to-day variation. This makes it impossible to assume a good
relationship between total and free drug concentrations. Car-
bamazepine is mainly metabolized to carbamazepine 10,11-epoxide
which is responsible for about 50% of the total anticonvulsant activity.
Carbamazepine concentrations are not significantly altered in renal
failure but the metabolite elimination is reduced. Clearly, measure-
ment of total plasma carbamazepine concentration can be of little
help in optimizing carbamazepine dose in patients with normal renal
function and is of no real value in the presence of renal failure.

It is essential to monitor free concentration of both parent drug and
its epoxide metabolite in patients with renal failure. This is technically
difficult and most laboratories measure saliva concentrations of drug
and metabolite because this approximates to the free concentration in
plasma.

Sodium valproate
For the treatment of major seizures, valproate is now considered to
be as effective as phenytoin or carbamazepine.

There is considerable debate as to the value of TDM for treatment
of epilepsy with sodium valproate. The chief concern is with the upper
end of the therapeutic range. Acute dose-related toxicity is less of a
problem with valproate than with phenytoin or carbamazepine. There
is, therefore, an argument for raising the upper end of the target range
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(100 mg/L). TDM has some value in ensuring that the patient is
compliant with therapy and that the trough plasma concentration is
above the lower end of the target range (50 mg/L). However, if a
patient fails to achieve an adequate response at a concentration within
the therapeutic range, there is a strong case for increasing the dose if
there are good reasons why more effective drugs cannot be used.
Clearly, if higher doses are used, it is essential that the patient is closely
monitored for early signs of drug toxicity.

In the presence of renal failure, the main difficulty is similar to
that for phenytoin. Valproate is extensively protein bound (90%) to
albumin and the bound fraction decreases in the presence of endogen-
ous binding inhibitors. Low total concentrations do not necessarily
mean inadequate concentration of free drug.

Other anticonvulsants

The therapeutic ranges of other anticonvulsants have not been fully
evaluated and are less clearly defined. TDM is at least of value in
assessing compliance and ensuring that subtherapeutic doses are
avoided in the presence of inadequate seizure control. There are few
additional problems when monitoring in the presence of renal failure.

Phenobarbitone is 25-50% excreted unchanged depending on
urinary pH. In alkaline urine, the amount excreted by the kidneys
increases. Phenobarbitone is not extensively protein bound (around
50%) so that binding changes are less important. In severe renal
impairment, the dose should be reduced to compensate for reduced
renal excretion. Primidone is also not extensively protein bound but
the half-life is increased in renal failure and the dosing interval may
need to be lengthened.

Ethosuximide is only 10% protein bound. Elimination is mainly by
hepatic metabolism and dose reduction is only necessary in severe
renal failure when creatinine clearance is less than 10 ml/min.

Clonazepam may be measured in some laboratories. There is no
evidence of benefit from TDM and no particular kinetic problems in
renal failure. However, excess sedation may occur, perhaps due to
altered receptor function in end-stage renal disease. Should this occur
the dose must be reduced.
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Theophylline

Theophylline is a bronchodilator with a narrow therapeutic index.
There is wide interindividual variation in its pharmacokinetics, and,
like phenytoin, there is evidence of saturation kinetics occurring within
the normal therapeutic dose range. Side-effects are predominantly
dose related and some are potentially serious. In the presence of
concomitant renal failure, the drug adverse effects on the gastro-
intestinal tract resemble symptoms due to uraemia (nausea, vomiting,
anorexia, abdominal pain). Theophylline would therefore appear to
be a good candidate for TDM?'. There is, however, debate as to
whether it is worthwhile with many respiratory physicians doubting
its value.

One problem is that the therapeutic range is not well defined, though
it is usually quoted as 10-20 ml/L. Dose-related adverse effects are not
uncommon with concentrations at the upper end of the ‘therapeutic
range’. Also, many patients appear to have good control of their
respiratory problems with concentrations which would be reported as
subtherapeutic. It is possible to measure a dynamic end point in the
form of either formal pulmonary function tests in the laboratory or
peak expiratory flow rate in the clinic. This measure of dynamic end
point is of value in ensuring optimum treatment. However, it is not
always helpful in deciding on dose changes in a symptomatic patient.
Many non-drug factors affect the measured airways resistance, such
that it is difficult to get a good correlation between plasma drug
concentration and response.

Since theophylline exhibits saturation kinetics, it is essential to
measure the plasma drug concentration before giving an intravenous
dose to an acutely dyspnoeic patient who has been taking regular
theophylline medication. Toxic effects are common when intravenous
theophylline is given to such patients without first checking blood
levels. Clearly, it is important to have an assay method available for
instant use and which will give a result in a short time. Few could
argue with the value of TDM in the acute situation.

The value of TDM for theophylline in adjusting doses on a less
acute basis is not entirely clear. As in the management of epilepsy, it
would seem reasonable to check the blood concentration if the patient
is still having symptoms despite an apparently adequate dose. The
drug caninot be labelled ineffective unless it has been demonstrated
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that there was a satisfactory blood concentration. TDM is also of
value in differentiating poor compliance from low levels due to rapid
theophylline clearance if further samples are taken following dose
adjustment. Concentration measurement can also be useful in pre-
venting toxicity in patients who are well controlled. If the drug level
is around the upper end of the target range, it may be possible to
reduce the dose to minimize the risk of adverse effects without loss of
efficacy. Apart from the similarity of uraemic symptoms mentioned
above, there are no specific problems with theophylline TDM in renal
failure as theophylline is not extensively bound (60%) and is eliminated
by hepatic metabolism.

There is less experience of individual dose prediction methods with
theophylline than for digoxin and phenytoin. However, computer
programs to aid dose adjustment are available. Evaluation of one
program showed a large initial dose prediction error but, if one
concentration measurement was used, the prediction was good and
could be further improved if two concentrations were measured!’.
Further experience and evaluation of these methods is necessary. A
particular problem with theophylline is the large number of con-
ventional and slow-release formulations which are becoming available.
Timing of samples is important and the optimum time may vary
depending on the product used and the frequency of dosing.

Cyclosporin

Cyclosporinisarelatively new immunosuppressive drug which prolongs
allograft survival without depression of bone marrow??. The major
problem is that it may produce dose-dependent nephrotoxicity. Since
cyclosporin has a narrow therapeutic index and is at risk of damaging
the organ it is supposed to protect following renal transplantation,
there has been considerable interest in monitoring blood cyclosporin
concentrations. The dynamic end points, such as creatinine clearance,
are not reliable for titration of dose as a decrease in creatinine clearance
could indicate either graft rejection due to inadequate immuno-
suppression or toxicity due to excessive dosage.

Cyclosporin is extensively metabolized in the liver with over 25
metabolites identified. At least three of the metabolites have immuno-
suppressive activity in vitro. One of these (M17) is a major meta-
bolite. Inducers of the hepatic mixed function oxidase drug meta-
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bolizing enzymes (phenobarbitone, rifampicin) may reduce cyclo-
sporin-induced renal dysfunction. This could be due either to more
rapid clearance of the parent drug or diversion of metabolism away
from a pathway which could produce toxic intermediate metabolites.
Phenytoin also lowers cyclosporin concentrations but it has been
suggested that this is due to reduced absorption rather than enzyme
induction®.
TDM for cycloporin should be considered because:

(1) There is wide interindividual variation in its pharmacokinetics.
Kinetics are affected by age, disease state, other drugs and type
of transplant.

(2) A minimum concentration is necessary to prevent rejection.

(3) Major toxicity is dose related and trough concentrations should
be maintained below the level at which adverse effects are likely.

(4) Non-compliance is an important cause of graft loss after 60
days.

There is debate regarding the blood concentration levels necessary
both for effective treatment and toxicity. Much of the debate may be
due to poor assay methods or sampling techniques.

The main problem is developing a reliable assay method suitable
for routine use. A radioimmunoassay kit is available and attempts
have been made to develop HPLC methods. Methods using polyclonal
antibodies for radioimmunoassay show cross reaction with some of
the metabolites. Concentrations of ‘cyclosporin’ are reported as higher
using this method than with HPLC. It has been suggested that the
active M 17 metabolite is one of those which cross reacts. This clearly
makes it difficult to interpret results which are said to be measurements
of total parent drug concentration. Monoclonal antibody will give a
more selective measurement of parent cyclosporin concentration but
some cross reactivity is still possible?*. High performance liquid chro-
matography is relatively specific for parent drug in a good system but
it is still possible for metabolites to co-elute with parent drug. The
ultimate answer is to use mass spectrometry but this does not lend
itself to routine clinical use. Drug concentrations reported therefore
depend on the analytical method used. In addition, the body fluid
used is important. Whole blood, serum and plasma give different
results. Concentrations of cyclosporin in whole blood are approxi-
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mately double those in plasma because of distribution of cyclosporin
into erthyrocytes. This distribution is dependent on temperature of
separation, haematocrit and drug concentration. It is, therefore, pref-
erable to use whole blood because the results are more reproducible.
The ‘therapeutic range’ used must be suitable for both the analytical
procedure and the body fluid used in each laboratory. It may also
vary in relation to time after transplantation. There is agreement that,
at least, very low levels or very high levels are useful to distinguish
rejection from nephrotoxicity.

Initial doses are usually 10-20 mg/kg daily by the oral route or 2.5~
5mg/kg daily by intravenous infusion. An oral dose would be reduced
to 6-8 mg/kg daily by day 6 with a further reduction to 5-6 mg/kg by
day 180 post transplant. The dose selected depends on the patient’s
age, transplant type, concurrent disease and concomitant drug
therapy. The dose may then be adjusted after considering the initial
response to therapy, the clinical and biochemical state of the patient
and the cyclosporin blood concentrations. Cyclosporin concentrations
should be measured twice weekly initially, decreasing to monthly when
conditions are stable. It has been suggested that smaller initial doses
(1 mg/kg daily for 2 days by intravenous infusion), with an increase
according to blood concentrations when the renal graft is functioning
well, would reduce long-term nephrotoxicity. Early results found no
difference up to 90 days post transplant when the low-dose regime
was compared with conventional dosing. Long-term outcome results
are awaited. For renal transplant, the lower end of the target range is
a trough whole blood concentration of 100 ug/L. The upper end used
varies from 200400 ug/L depending on transplant centre but these
ranges must be regarded as provisional and may be modified with
further experience.

Drug Overdose

TDM with accurate and repeated blood drug concentration measure-
ments is not usually necessary for most drugs following overdose. In
most cases, simple colorimetric tests are sufficient to identify drugs
which might have been taken or to confirm ingestion of drugs known
to be in the patient’s possession. Colorimetric tests are highly sus-
ceptible to interference from closely related drugs and endogenous
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compounds. Attempts have been made to develop rapid screening
methods with improved specificity using chromatography but such
methods are not widely available.

However, in some situations, it is important to obtain an accurate
concentration measurement using a specific analytical procedure.
Examples are paracetamol, aspirin, phenytoin and phenobarbitone.
The aim of TDM in this situation is to quantify the initial drug level
and obtain an estimate of the drug clearance by repeat concentration
measurement so that specific treatment may be instituted and the
effects monitored by further concentration measurements.

The place of paracetamol concentration measurement is well estab-
lished. If treatment with N-acetylcysteine is to be instituted, it should
begin, ideally, within 10 h of drug ingestion. A very high initial level
(200mg/L at 4h post drug ingestion) or slow rate of decline, so that
the concentration is likely to be above 50 mg/L at 12 h post ingestion,
is predictive of likely liver damage and the need for prophylactic
treatment. Samples should be taken as early as possible so that the
laboratory can measure the concentration and report the result well
within the ten-hour period for optimal therapeutic benefit. Para-
cetamol exerts its main toxic effects on the liver and kidney. In patients
with pre-existing renal disease, there is no additional difficulty in
interpreting the plasma concentration measurements. However, such
patients may be at increased risk of renal and hepatic damage and it
is essential to consider the need for N-acetylcysteine at an early stage
and, if the levels are borderline, it is prudent to give the antidote where
it might not be strictly necessary in patients with normal renal function.

Aspirin and phenobarbitone concentration measurements are
necessary to decide on the need for forced diuresis or dialysis. Serial
aspirin measurements are more useful than a single sample because of
a prolonged phase of absorption following large overdose. Forced
alkaline diuresis needs to be considered if the salicylate level is greater
than 500mg/L. In very severe poisoning, with levels greater than
900 mg/L, patients should be considered for haemodialysis or haemo-
perfusion. Decisions regarding such treatment need to be made at an
early stage before the patient becomes moribund. Similarly, with
phenobarbitone, serial measurements are helpful to decide if alkaline
diuresis (serum level >75mg/L) or dialysis (serum level >100mg/L)
are indicated to reduce the risk of organ damage and the time spent

141



DRUGS AND THE KIDNEY

on a ventilator. In the presence of pre-existing renal disease, it is
clearly unwise to rely on alkaline diuresis and patients should be
considered for dialysis at lower serum levels because their rate of drug
elimination will be slower than in patients with normal renal function.

Phenytoin overdose is an unusual situation. Following massive
overdose, the plasma concentrations do not reach enormous peaks
but plateau at around 60-100 mg/L and stay elevated for up to 14
days before starting to decline. The mechanism for this phenomenon
is not completely understood. However, daily concentration measure-
ments are advisable to give a guide to when improvement in the clinical
condition is likely to begin. Full supportive care is necessary until the
concentrations begin to fall. The special problems of interpreting
phenytoin concentrations in the presence of renal failure have been
discussed above. There are no cases of massive phenytoin overdose in
patients with pre-existing renal disease in the literature. It is, therefore,
not known whether such patients will also show a prolonged plateau
phase.

Compliance with drug therapy

TDM on a routine basis cannot be recommended for the vast majority
of drugs. The main problems are that most drugs do not have a clearly
defined therapeutic range of plasma drug concentration and the cost
of the procedure could not be justified in terms of the likely benefit.
Measuring an occasional drug concentration can be useful in the
evaluation of failure to respond to drug treatment in selected patients.
Poor compliance with drug therapy is an important clinical problem.
This is particularly true in the elderly and patients on multiple drug
treatment. It is clearly unjust wrongly to accuse patients of not taking
their drugs. If patients give an assurance, on diplomatic questioning,
that they are taking their therapy, it is worth considering measurement
of a blood drug concentration to try to establish the true situation. In
the first instance, a random clinic sample is sufficient. If the level is
low, this does not confirm non-compliance. Alternative explanations
are poor drug absorption or unusually rapid excretion. A second
sample should be taken at a suitable time following the administration
of a dose of the drug under close supervision. A low level of the second
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sample indicates a pharmacokinetic problem, but, if this level is in the
‘therapeutic range’, the suspicion of non-compliance is confirmed.
Many patients are helped to respond better to treatment after dis-
cussion of their compliance problem. An alternative approach to this
problem is to administer a small dose of a marker substance with the
patient’s drug and measure the marker in blood. Recent studies claim
that a small dose of phenobarbitone is useful in this situation but
further evaluation is necessary*. Some examples of non-compliance
have been discussed above with drugs suitable for TDM. The role of
occasional concentration measurements can be illustrated by con-
sidering the use of warfarin, propranolol and tricyclic antidepressants.

Warfarin is a drug with wide variation in pharmacokinetics and a
narrow therapeutic index. It satisfies most of the criteria for TDM,
but, because of wide dynamic variation in the response to a given
plasma concentration, it is preferable to measure a biochemical marker
as an end point of the effect of warfarin on blood coagulation. The
prothrombin time measurement is the standard test used, though
recent evidence suggests that other end points might be more appro-
priate in some circumstances. Warfarin concentration measurement
is useful when patients fail to respond to doses of warfarin at the
upper end of the usual dose range. Some patients are genetically
resistant to warfarin or may be resistant because of other factors such
as drug therapy (e.g. phenobarbitone). Warfarin measurements allow
the rare condition of genetic resistance to be identified and dis-
tinguished from poor compliance.

Propranolol is a lipid-soluble f-adrenoceptor antagonist with exten-
sive first-pass metabolism. This results in very wide variation in blood
concentrations following oral dosing. It is, however, rarely necessary
to measure propranolol concentrations because the therapeutic index
is relatively wide and the pulse rate can be used as a guide to dose
adjustment. Patients with greater than average first-pass effect require
more drug to achieve a good clinical response. Blood concentrations
would be low in both these patients and patients with poor compliance.
However, administration of a supervised oral dose should result in
higher levels in the non-compliant patient but no change in patients
with high first pass.

TDM is available for tricyclic antidepressants in some centres. They
are not ideal drugs for TDM because the therapeutic range is not well
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defined, metabolites are active and protein binding is variable. Some
of these problems do also apply to drugs such as carbamazepine but
most authorities do not feel that there is enough benefit to justify
routine tricyclic concentration monitoring. One of the difficulties in
treating depression is that there is a delay of 1-2 weeks until a response
can be observed. If the initial dose chosen is too low for the individual
patient, then a further delay in response will occur after dose adjust-
ment. Measuring blood levels may, therefore, be useful to exclude
poor compliance with therapy and to detect patients with low steady-
state concentrations. There is considerable scope for improving drug
treatment of depression but TDM cannot be of major benefit until
assay methods which routinely measure free concentrations of parent
drug and active metabolites are available. Such methods must, then,
be fully evaluated in general clinical use.

Cost-effectiveness

Audit of use of the TDM service has been carried out in several
laboratories. The general conclusion is that the standard of use of
drug concentration measurements is poor, but that it can be improved
by intervention of staff with a special interest in TDM to recommend
dose alterations. Such a service requires funding, with the main com-
ponent being salaries to cover technical staff to perform the drug assays
and clinical biochemists, pharmacists or clinical pharmacologists to
report the results and recommend appropriate dose changes. In
addition, there is a large initial outlay to cover analytical equipment,
preferably with computer facilities, and running costs for materials.
TDM services compete with other services for funding and attempts
have been made to establish whether or not TDM is cost-effective.
Such studies are notoriously difficult to perform as the benefits of
TDM and other services are difficult to quantify in terms of financial
cost. There is very little information available on cost-benefit analysis
of TDM and there are no controlled prospective studies of cost-
effectiveness®.

Beneficial effects of TDM may be direct or indirect.

Direct benefits are:
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(1) Improved efficacy — increased survival, reduced length of hos-
pital stay, increased patient well being.

(2) Reduced adverse effects with reduced costs of treating these.

(3) Reduced costs to patient — fewer clinic visits, less time off work.

(4) Contribution to the community — increased productivity, less
time off work.

Indirect benefits are:

(1) Education of the physician to improve general prescribing.

(2) Improved patient compliance because of better understanding
of treatment.

(3) Pharmacokinetic data available for research on large popu-
lations.

TDM cannot be cost-effective unless it is used properly. It is not
sufficient simply to have an assay service available without appropriate
feedback. Such a system results in about 50% of samples being taken
at inappropriate times. About 50% of correctly timed samples are
wrongly interpreted or not acted upon. Significant improvement has
been shown to follow implementation of a more active reporting
system using request forms designed for TDM and reports which
recommend appropriate dose changes'’. The type of benefit to be
expected from improved use of individual drugs has been discussed
above. Prospective studies of the cost-effectiveness of an active TDM
service should be carried out, though some of the benefits and costs
are difficult to quantify. In patients with renal failure, the extra costs
of TDM are small in comparison with the overall cost of treating renal
failures and its complications. For drugs, such as gentamicin, digoxin
and phenytoin, the expected benefits are likely to be greater than in
the general population because the risks of adverse effects are higher.

Pharmacodynamics

TDM with adjustment of the drug dose to achieve a concentration
within the desired target range only allows for inter-individual vari-
ation in drug disposition. Variation in response may also occur due
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to differences in receptor sensitivity. Both the therapeutic effect and
adverse effects will occur at different plasma concentrations in different
patients.

In order to monitor a drug effect, it is clearly essential that the
response to it can be objectively measured. This is easier if there is a
good relationship between drug dose and response and where the
dose-response curve is neither too steep nor too flat.

For some drugs, there is a clinical effect which can be measured
relatively easily using non-invasive methods. Examples are blood
pressure for antihypertensive drugs, ventricular rate for digoxin in the
treatment of atrial fibrillation and ocular pressure for drugs used to
treat glaucoma. Other drugs can be monitored because they alter a
biochemical parameter which can be readily measured in a sample of
blood or urine. Examples are blood sugar measurements for con-
trolling hypoglycaemic drugs, prothrombin time measurement for
warfarin and serum urate for drugs used in the treatment of gout.

Unfortunately, for many drugs, the response is more difficult to
quantify or there may be an excessive lag period between dosage
alteration and a measurable change in response. The treatment of
depression is a good example of both of these problems. Although the
degree of depression can be documented, the measurements used are
subjective and show wide intra-individual variation. Also, there is a
delay of up to 3 weeks before drug treatment begins to be effective. A
further example is the use of corticosteroids to suppress inflammation.
There is no clear dose-response relationship and, inevitably, there is
a delay between giving the drug and observing an improvement.
Nevertheless, it is possible to consider a limited scheme of monitoring
provided the limitations are recognized. Monitoring in this situation
requires testing for adverse effects while keeping the dose below the
level at which problems arise. With corticosteroids, blood glucose and
serum potassium measurements are helpful. Many drug effects which
cannot be objectively measured with available techniques will become
accessible to measurement in the future.

Drug use is often difficult because of wide interindividual variation
in the response to a given dose. Most drugs are still prescribed using
a ‘best guess’ approach. This works reasonably well if the drug has a
wide therapeutic range and a low incidence of adverse effects. The
presence of renal failure may increase the risk of problems. If no
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suitable end point can be measured, consideration should be given to
modifying the usual dose to allow for the effect of renal disease.

Pharmacodynamic monitoring is also essential to detect drug
adverse effects at an early stage. This is particularly important for
drugs which cause renal impairment. The effect on renal function is
often reversible if it is detected at an early stage. Consideration must
therefore be given to the use of regular tests of renal function for drugs
known to cause renal damage.

Monitoring of renal function is clearly easier than for most other
organs since urine is readily accessible for measurement of creatinine,
protein and enzymes. In addition, measurement of serum creatinine
gives a more reliable guide to functional changes than is available in
failure of other organs, such as the liver.

Creatinine clearance, calculated using a blood sample and timed
urine sample, is the most useful widely-available simple test for
repeated monitoring of function. However, there are often problems
in obtaining a reliable timed urine collection, particularly in elderly
out-patients. A formula for calculating creatinine clearance using
serum creatinine, body weight and age has been devised?’.

(140 — age) (weight in kg)
72 x serum creatinine (mgdl~!)

C.(mlmin~")=

In a study of 129 patients, this formula was found to be reliable
except in small adults (<45kg) and pregnant women®®. The authors
feel that it is better than serum creatinine alone when adjustment of
drug dose is required in renal failure. The nomograms for calculating
digoxin and gentamicin dosage are based on the three factors used in
the calculation (age, weight, serum creatinine).

The angiotensin converting enzyme (ACE) inhibitors, such as cap-
topril and enalapril, are being increasingly used in the treatment of
hypertension and cardiac failure. Both drugs may cause renal failure,
particularly in the elderly and in patients with renal artery stenosis.
Regular monitoring of serum creatinine or creatinine clearance is
essential to detect the development of renal impairment at an early
stage”. Although renal failure may occur after prolonged treatment
with ACE inhibitors, it usually occurs within a few months of starting
treatment. Creatinine should therefore be measured several times
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within the first six months of treatment. The need for longer term
monitoring is less certain but it would be prudent to monitor renal
function every 6-12 months until more information on long-term
safety becomes available. Serum creatinine usually returns to pre-
treatment values after stopping ACE inhibitors. Other drugs which
cause renal failure should also be considered for monitoring in this
way.

Urinary protein excretion is useful for monitoring drugs which
might cause nephrotic syndrome or in monitoring the response to
treatment of nephrotic syndrome. A screening stick-based test is suit-
able in the first instance. However, if significant proteinuria is detected,
a quantitative assessment should be made on a 24-hour urine collec-
tion. Proteinuria occurs in up to 19% of patients treated with gold
for rheumatoid arthritis. Around 10-30% of these patients develop
nephrotic syndrome*®. The onset of proteinuria is not related to the
duration of treatment or total amount of gold administered. Unfor-
tunately, the proteinuria is not reversible in all cases in the short term
but has been reported to resolve eventually (up to 39 months) if the
gold is stopped?®'. Monitoring serum gold levels is of no value but a
urine sample should be tested for protein at monthly intervals. Similar
regular follow up is also necessary for penicillamine.

There is considerable interest in the use of urinary enzyme measure-
ments in the diagnosis and prediction of drug-induced renal damage.
The three-day excretion pattern of urinary alanine aminopeptidase
(AAP) has been reported to be of value in assessing the nephrotoxic
potential of gentamicin in human volunteers. However, urinary AAP
measurement did not predict gentamicin toxicity when it was used in
seriously ill patients*>. AAP is a brush border enzyme. When the
lysosomal enzyme N-acetylglucosaminidase (NAG) was studied it was
found to predict gentamicin toxicity*. Urinary NAG concentrations
before gentamicin treatment and the excretion pattern during treat-
ment were both claimed to be of value in predicting nephrotoxicity.
A third group of urinary enzymes are low-molecular-weight enzymes
which are excreted by glomerular filtration. One of these enzymes, f,-
microglobulin has been studied but there is no agreement as to its
value in demonstrating drug-induced nephrotoxicity?®. NAG is the
most promising of the urinary enzyme measurements. However, it is
not yet generally available for routine use. Measurement of NAG will
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need to be compared with serum creatinine measurement to determine
which is best for individual drugs.

CONCLUSION

Therapeutic drug monitoring has a limited, though important, role to
play in the overall strategy for drug use in renal disease. For a small
number of drugs, TDM is essential to help minimize problems, both
of subtherapeutic dosing and adverse effects. Future development of
assay methods to measure free drug will make the interpretation of
drug concentration measurements easier in the presence of renal
failure. A more active TDM service with recommendations for dose
changes and follow up would help to improve patient care, though
formal evidence of cost-effectiveness is lacking. As with any other
laboratory investigation, the results obtained should always be inter-
preted with respect to the complete clinical picture. Drug con-
centration measurement cannot allow for variation in the dynamic
response and therefore is of little benefit where a dynamic end point
can be measured. The encouragement of rational drug therapy through
TDM has benefits for the use of other drugs not normally considered
suitable for TDM. This indirect educational benefit is often overlooked
when discussing the benefits of TDM. The education process will
be further helped by the development of improved nomograms or
computer programs to aid the prescriber in making the choice of initial
dose and dose adjustment in conjunction with measurement of serum
drug concentration.
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poisoning, repeat-dose charcoal
therapy 88
reduced albumin binding 116
unbound, clearance in renal
failure 117
volume of distribution increase
2,4-dichlorophenoxyacetic acid
poisoning 734
dichlorprop poisoning 74
digoxin 77, 118
half-life 124
loading doses 124
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nomogram 125
therapeutic drug monitoring 123-6
ventricular rate as monitor 146
dihydrocodeine clearance in renal
failure 117
disopyramide 114, 115
poisoning, haemoperfusion 100
diuretics 44
dopamine 69
doxepin 88
drug combinations causing renal
papillary necrosis 21
drug-metabolizing enzymes 133
drug monitoring see therapeutic drug
monitoring

enalapril 147
erythromycin 40 (table)
ethanol poisoning
concentration measurement 122
dialysis 92
ethchlorvynol poisoning
dialysis 91
haemoperfusion 99
ethosuximide, therapeutic monitoring
136
ethylene glycol poisoning, dialysis 93

fenamic acids 20
fenoprofen 20, 27
fenfluramine poisoning, forced acid
diuresis 75
France, analgesic nephropathy in 23,
24 (fig.)
frusemide 39, 40 (table), 44, 115
elimination by tubular secretion 118
high doses in renal failure 128
triamterene combined 44
furanpropionic acid derivative 116

gallium scan 51-2
gastric emptying 114
gentamicin 40 (table), 118
nomogram 129
side-effects 127-8
starting dose 129
therapeutic drug monitoring
glaucoma, drugs for 146
glomerular filtrate 66

126-9

glomerulonephritis, indomethacin
effect 24
D-glutaric acid 114
glutethimide poisoning
dialysis 91
haemoperfusion 99
gout, acute 26
serum urate measurement 146

haemodialysis see dialysis
haemoperfusion 95-103
barbiturate poisoning 98, 99 (table)
carbamazepine poisoning 100
charcoal 98
complications 101-2
contraindications 97
disopyramide poisoning 100
efficacy 97-8
ethchlorvynol poisoning 99
glutethimide poisoning 99
indications  95-6
mean. clearances 99 (table)
meprobamate poisoning 99
morbidity/mortality reduction 101
phenylbutazone poisoning 101
theophylline poisoning 100
trichloroethanol derivatives
poisoning 100
hippurates 115
hydrochlorothiazide 44
hyperkalaemia 25
hypoalbuminaemia 115
hypoaldosteronism, hyporeninaemic
25
hypoglycaemic drugs, blood sugar
measurements 146

ibuprofen 16, 28
indol-3-acrylicacid 116
indomethacin 16, 18, 20, 24, 28

indoxyl-3-sulphate 116
interferon 40 (table)
interstitial nephritis
acute 26, 27-8
causes 38
chronic 1,2,5
drug-induced 38-55
acute clinical presentation 39-41

1-55
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interstitial nephritis — contd nafcillin 40 (table), 45
drug-induced — contd naproxen 18,28
antitubular basement membrane nephritis
antibody formation 49-50 acute interstitial see interstitial
cell-mediated mechanisms 50-1 nephritis
chronic presentation 41 chronic interstitial see interstitial
diagnosis 51-2 nephritis
immune complex deposition 49 lupus, aspirin effect 24
incidence 38-9 nephratic syndrome 26, 27-8, 117
pathogenesis 48-51 hypoalbuminaemia 115
prognosis  53-5 minimal change glomerulonephritis
treatment 53-5 associated 52
histology 37-8 post-gold treatment of rheumatoid
ischaemia 38 arthritis 148
isopropanol poisoning, dialysis 93 treatment 28
f-lactam antibiotics 39 non-steroidal anti-inflammatory
drugs 1

lignocaine 115

therapeutic monitoring 122
lithium 40 (table), 46-7
elimination half-life 130
poisoning

dialysis 934

forced diuresis 67-9
therapeutic monitoring 130-1

acute effects on kidney 24-5

acute renal failure due to  26-7

analgesic nephropathy associated see
analgesic nephropathy

hyperkalaemia due to 25

renal papillary necrosis associated see
renal papillary necrosis

lupus nephritis, aspirin effect 24 Norit 79, 80
magnesium sulphate  79-80 obstructive uropathy ~ 38
Malaysia, analgesic nephropathy in 23  oxyacillin 40 (table), 45
mannitol  79-80 paracetamol 16, 118
mecoprop poisoning 734 overdose 141
Medicoal 78, 79, 80 poisoning, drug concentration
medullary cystic disease 38 measurement 122
mefenamic acid - 20, 27, 28 patent ductus arteriosus 25, 26
meprobamate poisoning penicillins 45, 66, 118
dialysis 92 . G 40 (table)
haemoperfusion 99 pethidine 117
methicilin 359,40 (tbiey 423 bnarmacodynamics - 145-9
nephritis due to 51 ’ phenazope. 20 isoni i
P X phencyclidine poisoning, forced acid
methyl prednisolone 54 diuresis 76
minocycline 40 (table) phenindione 39, 40 (table), 44
metoclopramide, bioavailability in phenobarbitone 66, 139

chronic renal failure 114
fS,-microglobulin 148
morphine 118

overdose 141-2
poisoning
dialysis 91

morphine-6-glucoronide 117, 119 forced alkaline diuresis 73

multisystem disturbance 51 forced diuresis 67

nadolol poisoning, repeat-dose charcoal repeat-dose activated charcoal  81-3
therapy 88 therapeutic monitoring 136
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phenoxyacetate herbicide
poisoning 734
phenylbutazone 16-18, 20
active secretion into proximal renal
tubules 66
poisoning, haemoperfusion
renal failure due to 267
phenytoin 40 (table), 47
absorption 132
albumin-bound 122, 132
cyclosporin concentration
reduction 139
genetic metabolic defect
half-life 132
initial dose 1334
metabolizing enzymes
nomogram 134
overdose 142
poisoning, forced diuresis 67
reduced albumin binding 116
therapeutic drug monitoring
131-5
volume of distribution increase
116
platinum 48
poison elimination 65-103
dialysis see dialysis
forced diuresis 66-9
complications 76
indications 66-9
lithium 67-9
mean clearances 99 (table)
phenobarbitone 67
phenytoin 67
forced diuresis with pH
manipulation 68 (fig.), 69-77
acid 68 (fig.), 72, 75-6
alkaline 68 (fig.), 70-2, 72-4
indications 72
haemoperfusion see haemoperfusion
repeat-dose charcoal therapy see
charcoal therapy, repeat dose
prednisolone 53-5
primidone, therapeutic monitoring
probenecid 66
procainamide 66
propoxyphene 20
propranolol 115, 143
prostacyclin 25

101

134

133

119,

136

prostaglandins 25

proteinuria 148

proximal renal tubules, drugs actively
secreted into 66

pyelonephritis 38

quinine poisoning 66, 72
forced acid diuresis 76
quinidine 66

radiation injury 38
radiological contrast agents
renal disease effects

drug disposition/pharmacokinetics

40 (table)

113-18

absorption 114
bioavailability 114
distribution  115-16
excretion 118
metabolism 117-18

drug pharmacodynamics 118-19
renal excretion of drugs 66
renal failure
acute 26-7
drug absorption/availability 114
drug binding to albumin 115-16,
121-2
drug metabolism 117-18
drug metabolites 117
end-stage (Australia) 2-3, 4 (fig.), 9
(fig.)
pH increase 114
therapeutic drug monitoring in
renal papillary necrosis 1
causative mechanisms 22
course 18-20
drugs/drug combinations
responsible 1618, 20--2
management 19-20
pathology 3-8
micrescopic 8
ureteric obstruction 19
renal transplant rejection, chronic 38
renin states, high 26
rheumatoid arthritis
juvenile 16
rifampicin 39, 40 (table), 434, 51, 139
antibodies 44

121

16, 148
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salicylates 66, 118
poisoning
dialysis 92
forced alkaline diuresis
(fig.)
repeat-dose charcoal therapy 84
sarcoidosis 38
Scotland, analgesic nephropathy in 9
Sjogren’s syndrome 38

73,74

sodium sulphate  79-80
sodium valproate
albumin-bound 122, 136
therapeutic drug monitoring 119,
135-6
sorbitol  79-80

steroid therapy 53-5
sudoxicam 20
sulindac 25, 28
sulphadiazine 55

sulphinpyrazone 27, 40 (table)
sulphonamides 39, 41-2, 66
Switzerland

analgesic consumption by women 10
analgesic nephropathy 22-3

theophylline 77
poisoning
dialysis 94
haemoperfusion 100
repeat-dose charcoal therapy 84—
6, 87 (table), 88 (table)
therapeutic drug monitoring
137-8
therapeutic drug monitoring 11949
anticonvulsant therapy 131-6
assay methods 123
carbamazepine 135
chromatography 123
clonazepam 136
compliance with drug therapy
cost-effectiveness  144-5
criteria  119-20
cyclosporin  138-40
digoxin 123-6
drugs for which service is available
122 (table)
drug overdose 140-2
aspirin 1412
paracetamol 141

119,

142-4

phenobarbitone 141-2
phenytoin 142
enzyme multiplied
immunotechnique 123
ethosuximide 136
gentamicin  126-9
lithium 130-1
pharmacodynamics
phenobarbitone 136
phenytoin 119
primidone 136
radioimmunoassay 123
sodium valproate 119, 135-6
theophylline 119, 137-8
tricyclic antidepressants
thiazides 39, 40 (table), 44
tienelic acid 27, 40 (table)
tolmetin 16, 27
triamterene 25, 27, 44
frusemide combined 44
hydrochlorthalidone combined 44
trichloroethanol derivatives poisoning
dialysis 91
haemoperfusion 100
tricyclic antidepressants 77, 115
poisoning, repeat-dose charcoal
therapy 88
therapeutic monitoring
tubular necrosis, acute 26
gallium scan 52
tubular reabsorption 66

145-9

1434

1434

United Kingdom, analgesic
nephropathy in 23

uraemia, protein binding inhibitors
in 115

urea, salivary 114

uroepithelial carcinoma 13

vancomycin 40 (table)
vasculitis, gallium scan 52
volume of distribution 116

warfarin 143
genetic resistance 143
prothrombin time measurement
120, 146
reduced albumin binding 116
volume of distribution increase 116

zomepirac 27
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