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summary
1. The intrarenal distribution of plasma flow
was determined with a technique based on the
analysis of the transit time of sodium o-[”’I]iodohippurate through the kidney in 43 patients
with cirrhosis with near-normal total renal
perfusion.
2. Twenty-five of the patients had an abnormal
pattern of transit times, suggesting a redistribution of plasma flow from outer cortical to
juxtamedullary nephrons.
3. Plasma renin activity ranged from below
normal to six times normal and high values were
found only in patients showing an abnormal
pattern of transit times. The latter was also
found to be related to sodium retention and a
reduced renal capacity to excrete free water.

Key words: cirrhosis, plasma renin activity,
renal haemodynamics, renography, sodium,
water.
Introduction
A number of changes in the renal circulation
have been described in cirrhosis. Total plasma
flow may occasionally be increased, even to
values twice that found in normal subjects
(Epstein, Lesser & Berger, 1950), but, more
frequently and particularly with advanced
disease, an intrarenal vasoconstriction is found
(Epstein, Berk, Hollenberg, Adams, Chalrners,
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Abrams & Merrill, 1970). Even when total
perfusion is normal there may be a redistribution of plasma or blood flow away from the
outer cortical to juxtamedullary nephrons, but
the validity of the techniques previously used,
such as extraction ofp-aminohippurate (Schroeder, Shear, Sancetta & Gabuzda, 1967) and
inert gas washout (Kew, Brunt, Varma,
Hourigan, Williams & Sherlock, 1971), have
been questioned (Nissen, 1968; Britton, Brown
& Bluhm, 1971 ; Stein, Boonjarern, Wilson &
Ferris, 1973). Such a change in intrarenal
haemodynamics, however, could be of importance in the pathogenesis of sodium retention;
it has been suggested that, because of their
shorter length, the outer cortical nephrons might
be relative ‘salt losers’ compared with the
longer ‘salt-retaining’ jwtamedullary nephrons
(Goodyer & Jaeger, 1955). Furthermore,
renin is secreted chiefly by the afferent arterioles
of the outer cortical nephrons (Cook & Pickering, 1958) and studies in laboratory animals
have shown that a redistribution of blood flow
from outer cortical to juxtamedullary nephrons
is associated with an increased renin secretion
(Abe, Okahara, Kishimoto, Yamamoto & Ueda,
1973; Kishimoto, Maekawa, Abe & Yamamoto,
1973). This could therefore be the explanation
for the high values of plasma renin that have
sometimes been observed in patients with
cirrhosis in whom total renal plasma flow is not
reduced (Schroeder, Eich, Smulyan, Gould &
Gabuzda, 1970). In this paper we report
measurements of intrarenal plasma flow distribution with a non-invasive technique based on
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an analysis of the transit time of sodium .-[I3 'I]iodohippurate through the kidney (Britton &
Brown, 1971). The relationship of these measurements to both plasma renin activity and
sodium excretion was also investigated. We
have included only patients with near-normal
total perfusion, determined by clearance of
inulin and p-aminohippurate, since, when these
are low, an elevated plasma renin and sodium
retention are almost invariable (Schroeder
el al., 1970; Arroyo & Rodes, 1975).
Patients and methods
A11 43 patients had histologically proven
cirrhosis, which was due to alcohol in 26, active
chronic hepatitis in five, primary biliary
cirrhosis in four, and was cryptogenic in eight.
Thirty-four were male, nine were female, and
their ages ranged from 33 to 68 years. At the
time of investigation none of the patients had
encephalopathy, a history of recent haemorrhage
or was receiving either diuretics or corticosteroids, but 28 had ascites. The patients received a
sodium intake of 40-50 mmol/day for 5 days.
On the fifth day, after an overnight fast, an oral
water load of 20 ml/kg body weight was given
over 1 h. This was followed by intravenous
infusions of inulin and p-aminohippurate, given
initially as loading doses and followed by
constant infusion. The amounts given were
calculated to give plasma concentrations of
20-30 and 2-3 mg/100 ml respectively. After
allowing 30 min for equilibration, three
clearance periods of 30 min were undertaken,
with plasma taken for osmolality, inulin and
p-aminohippurate determinations at the midpoint of each clearance period, and urine
obtained for the same estimations at the end of
each period by voluntary voiding. Inulin and
p-aminohippurate were determined by standard
techniques (Varley, 1967) and the values given
for the clearances were the mean of three periods
corrected to a body surface area of 1.73 m2 (for
patients with ascites the surface area was
determined later after successful diuretic
therapy). Osmolalities were determined by
depression of freezing point and the free water
clearance was the difference between urine flow
rate and osmolar clearance (Smith, 1956) for the
period of maximal diuresis. It was expressed as
a percentage of the inulin clearance (fractional
free water clearance).

Plasma renin determinations
Before the water load was given, blood
samples were taken from the patient, who had
been supine for at least 60 min, disodium EDTA
being used as anticoagulant. Plasma renin
activity was estimated by radioimmunoassay for
angiotensin I, the latter being generated by
incubating 1 ml of plasma at 37°C for 3 h with
BAL, 8-hydroxyquinolone and Tris-HC1 buffer.
The pH of 6.6 was stable throughout. Recovery
of added angiotensin I was quantitative,
indicating complete inhibition of angiotensinases and converting enzymes. The generated
angiotensin I was estimated by use of a specific
antibody (supplied by Dr S. Lader, Wellcome
Reagents, Beckenham, Kent, U.K.) and the
plasma renin activity was expressed as the
angiotensin I generation rate in nmol h-' I-'.
Plasma renin substrate was estimated by
incubating 0.5 ml of plasma with 1 munit
(Goldblatt) of human renin (MRC Batch no.
68-356) in the presence of angiotensinase
inhibitors at pH 6.6 and 37°C for 3 h. This was
sufficient to convert all substrate into angiotensin I and aliquots of the incubation mixture
were assayed as above for angiotensin I. Results
are expressed as jimol of angiotensin I/1 of
plasma generated by the action of the excess
renin.
For healthy control subjects under identical
study conditions, including sodium intake and
posture, values for plasma renin activity were
found to range from 0.92 to 2.96 nmol h-I I-'
(mean value 1 . 8 2 k s ~0.57, n = 20). The
corresponding range for the substrate was
0.57-0.94 jimol/l (mean value 0.78 k SD 0.10,
n = 13).
Renography technique a i d analysis
Immediately after the clearance studies,
renography was performed with the patient
seated and a scintillation detector placed
posteriorly over each kidney. The radioactivity
recorded is dependent on that present in the
kidney and in the non-renal tissue in the field of
view of the detector. An estimate of the latter
('blood-background') was obtained from a third
counter placed anteriorly over the right infraclavicular region. This detector was also used to
determine the plasma disappearance curve for
the sodium o-[I3'Iliodohippurate (Hippuran).
An intravenous bolus of 10 pCi of * 3'I-labelled

Intrarenal plosma flow in cirrhosis
human albumin was first given to determine the
ratio of radioactivity counts between each kidney
and the infraclavicular region so that a bloodbackground subtraction from the kidney curves
could be made throughout the renogram, the
latter being performed after 100 pCi of sodium
0-[' 'Iliodohippurate also given intravenously.
Methods for the mathematical analysis of the
curves obtained, from which the transit time of
hippuran is determined, are given in detail
elsewhere (Britton & Brown, 1971; Britton,
Brown, Cruz, Chang, Ralphs & Myers, 1976).
In principle this is derived from the uptake and
removal functions of iodohippurate by the
kidney by a process called 'deconvolution'. The
uptake component is equivalent to the integral
of the plasma disappearance curve since the
kidney is the only source of iodohippurate
removal, and the removal component the
difference between uptake component and
kidney content curve, the latter being the
renogram with blood-background subtracted.
Two independent methods were used for
performing the deconvolution. The first, after
Bradley, Nickel & Leifer (1952), uses an algorithm, which extracts the contribution from each
discrete transit time in ascending order. The
second carries out a least-squares fit of a given
set of transit times to the iodohippurate output
curve, which is the differential of the removal
component, an IBM subroutine (DAPFS) being
used. These two methods are subject to different
errors and results were accepted only when the
difference between them was less than 10%. The
analysis was based on the mean of the two values
from the kidney from which the highest radioactivity counts were recorded. Using this
technique, Britton & Brown (1971) have shown
that the frequency distribution of tracer transit
times through the kidney is bimodal. Normally
the most rapid transit mode has a peak time of
about 23 min and the second of 5 min. In
control subjects on a sodium intake of 40-50
mmol/day we have found that 5 4 9 0 % of total
radioactivity is present in the first mode, which
is similar to the 50-86% reported by Britton &
Brown for a slightly lower sodium intake of 20
mmol/day. The first mode most probably
represents transit of the fraction of iodohippurate flowing in tubular fluid through the
shorter outer cortical nephrons and the delayed
one the transit of iodohippurate through the
longer juxtamedullary nephrons. Since the
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secretion of iodohippurate into a nephron is
proportional to its plasma flow, the area of each
mode of the frequency distribution curve for
transit times will be proportional to the plasma
flow to each nephron population. This interpretation has been confirmed by comparing the
results of transit renography in rabbits with the
microsphere technique, a more direct method
for measuring intrarenal haemodynamics (Wilkinson, Bernardi, Britton, Brown, Pearce,
Jenner & Williams, 1976a).
In the presentation of the results the percentage of total radioactivity present in the fist
transit mode, i.e. percentage flow to outer
cortical nephrons, is given. This figure was also
used to calculate effective plasma flow to the
outer cortical nephrons from the p-aminohippurate clearance.
Results are shown f SD where appropriate.
Results
A continuous spectrum of percentage radioactivity in the first of the two modes was found
(Fig. I), but the patients were divided into two
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FIG. 1. Histogram of the percentage total radioactivity
in the first of the two transit modes of sodium o['3'l]iodohippurate.

groups: (a) 18 patients with > 50% radioactivity
in the first mode as was found in normal subjects
(Fig, 2a) and (b) 25 patients in whom the pattern
of transit times was reversed, with a reduced
radioactivity of between 18 and 47% to the f m t
mode (Fig. 2b). Total renal perfusion, as
assessed from clearances of inulin (80-228
mllmin), and p-aminohippurate (322-1 115 ml/
min), were similar in the two groups and each
group included patients with and without
ascites (Fig. 3).
Plasma renin activity ranged from 0.05 to
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FIG.2. Frequency distribution curves of transit times of
sodium o-[1311]iodohippurate(Hippuran) through the
kidney. (a) Normal pattern with >50% total radioactivity in the first mode. Sodium excretion, 84 mmo1/24
h; plasma renin activity, 0 3 8 nmol h - l I - l . (b) Redistribution pattern with < 50% total radioactivity in the
first mode. Sodium excretion, 5 nimo1/24 h ; plasma
renin activity, 3.17 nmol h - l l - ' .

17.92 nmol h-' 1-'. In all cases with a normal
transit analysis, it was either normal or reduced;
the mean value (0.65 f0.53 nmol h-' 1-I) was
significantly lower than found in control
subjects (P< 0.001). Renh substrate concentrations in this group (0.89k0.22 pmol/l) were
Comparable with control values. An elevated
plasma renin activity was found in 10 patients
(mean value 7.45 f4.71 nmol h-1 l-l), and in
each instance was associated with reduced
radioactivity in the first transit mode (33 f 8%)
(Fig. 3). These patients had a reduced renin
substrate concentration (0.59 f 0.33 pmol/l).
There were also 15 patients with an abnormal
pattern of transits (32f8% of total radioactivity in the first mode) in whom plasma renin
activity was not increased (mean value 1.4 5 0.86
nmol h-I I - l ) although these values were
significantly higher (P< 0.005) than in the
patients with a normal transit analysis. Values
for renin substrate in this group were higher
(0.66 20.21 pmolll) than in the patients with an
elevated plasma renin activity, although the
difference was not statistically significant.
Overall there was a statistically significant
inverse correlation between effective plasma
flow to the outer cortical nephrons and log
plasma renin activity (r = 0.58, PiO.001)
(Fig. 4).
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FIG.3. Comparison ofp-aminohippurate clearance (C,,,), plasma renin activity (PRA), sodium excretion (U,, V),and
fractional free water clearance (FCWaler)in patients in whom the frequency distribution curves of transit times of
sodium o-(1311]iodohippuratewere normal (N) or showed a redistribution pattern (R). = No ascites; 0 = ascites.

Intrarenal plasma flow in cirrhosis
0 17.92
0

0
0

473

excretion had an abnormal transit analysis
(Fig. 3).
Fractional free water clearance, values for
which ranged from 1-2 to 16*1%, was also
significantly lower in patients with an abnormal
pattern of iodohippurate transits, 5-3k 3.3%.
as compared with 7.9 k 3 5 % for patients with a
normal pattern (P< 0.025).

0

Discussion
The reversal of the normal pattern of transit
0
times through the kidney, even when total
.O
perfusion was little affected, suggests that
O
O
plasma flow is redirected from outer cortical to
O0
0
0
0
juxtamedullary nephrons. A raised plasma
renin activity was found only in patients who
showed this redistribution. Renin is secreted by
the afferent arterioles of the outer cortical
Outer corticol plosmo flow (rnl/min)
nephrons and a reduced plasma flow to this
FIG.4. Relation between effective plasma flow to outer
compartment might lead to a reduction in
cortical nephrons and plasma renin activity. 0 = No
pressure within the afferent arterioles, the
ascites; 0 = ascites.
proposed location of the baroreceptors that
mediate renin release, and result in increased
Changes in plasma renin activity also shared a
renin secretion. An alternative possibility is that
significant inverse relationship with plasma
the outer cortical ischaemia is secondary to local
sodium concentrations (r = -0.64,P<O.OOI),
formation of angiotensin I1 as a result of renin
which ranged from 122 to 142 mmol/l, but
release (Itskovitz & McGiff, 1974). This seems
plasma sodium was normal ( 2135 mmol/l) in
unlikely, however, since a number of patients
four of the 10 patients with a raised plasma
(15 of 25) with evidence for a reduced flow to
renin activity. There was no relationship with
the outer cortical nephrons had normal or even
values for plasma potassium (range 2.9-3.7
reduced values for plasma renin activity.
mmol/l).
Both this latter finding and the significantly
reduced values for plasma renin activity in
patients with an apparently normal intrarenal
Relation of transit times to sodium and water
distribution of plasma flow require explanation.
excretion
Plasma renin activity is a function of the concentrations of both renin and its substrate. In
On the day of investigation, in spite of a
liver disease the latter may be reduced because
constant sodium intake of 40-50 mmol, the
of impaired hepatic synthesis (Schroeder et al.,
renal sodium excretion showed a wide range of
1970). However, in the present series, substrate
values from 1 to 114 mmol. The patients with a
deficiency could not account for either of these
positive balance were accumulating ascites
findings. It is therefore possible that renin
whereas those in whom this was negative were
secretion was being suppressed. Total exchangeundergoing a spontaneous loss of ascites.
able sodium and extracellular fluid volume
Sodium excretion was unrelated to the clear(Roberti, Traverso, Vesin, Viguie & Blanchon,
ances of inulin andp-aminohippurate (r = 0.04,
1966), plasma volume (Liebermann& Reynolds,
r = 0.05 respectively).
1967) and blood volume (Traverso, Raynaud,
In the patients with an abnormal pattern of
Blanchon, Roberti, Vesin & Viguie, 1966) are
iodohippurate transit times the renal sodium
all usually increased in cirrhosis, whether or not
excretion was significantly lower than for those
ascites is present, and could be responsible for
in whom this was normal (22+24 mmo1/24 h,
this.
44& 34 mmo1/24 h respectively; P < 0.025), but
In addition to being related to a change in
a number of patients with normal sodium
0
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intrarenal plasma flow distribution, plasma
renin activity was also inversely related to
plasma sodium concentration. The mechanism
whereby hyponatraemia increases renin secretion is probably related to sodium delivery to
the macula densa of the distal tubule (Davis &
Freeman, 1976). Patients with cirrhosis and
hyponatraemia may have hypertrophy and
hyperplasia of the juxtaglomerular apparatus
(Reeves, Lowenstein & Sommers, 1963).
Whether a redistribution of plasma or blood
flow to the longer juxtamedullary nephrons is
ever a cause of sodium retention has been a
subject of much debate (Horster & Thurau,
1968; Stein, Ferris, Huprich, Smith & Osgood,
1971; Blanz, Wallin, Rector & Seldin, 1972;
Bruns, Alexander, Riley & Levinsky, 1974).
Although the present findings in general
support the hypothesis that a redistribution of
plasma flow is important in this respect, in the
same group of patients we have found a much
closer relationship between aldosterone concentrations and sodium excretion (unpublished
work). The relation between intrarenal distribution of plasma flow and sodium excretion may
therefore be fortuitous, the reduced flow to the
outer cortical nephrons stimulating renin
secretion, which in turn is likely to increase the
secretion of aldosterone.
The reduced capacity of the kidney to excrete
free water when plasma flow to the juxtamedullary nephrons appeared to be increased,
was also of interest. The latter might result in an
increased hydrostatic pressure in the capillaries
around the ascending limb of the loop of Henle
of these nephrons, the effect of which might be
to reduce sodium chloride reabsorption and
therefore free water generation. Other factors
known to modify free water clearance in
cirrhosis include the amount of filtered solute
(Shear, Hall & Gabuzda, 1965) and the degree
of proximal tubular reabsorption of sodium
(Schedl & Bartter, 1960).
The stimulus to a redistribution of plasma
flow within the kidney must remain conjectural.
One possibility is endotoxaemia. Endotoxins
are normally absorbed from the gut into the
portal circulation and removed by the Kupffer
cells of the liver (Ravin, Rowley, Jenkins &
Fine, 1960), and with the development of a
collateral circulation might escape into the
systemic circulation. Large quantities of endotoxin, as detected by the Limulus lysate assay,

have been implicated as a cause of renal failure
in patients with cirrhosis (Wilkinson, Moodie,
Stamatakis, Kakkar & Williams, 1976b), but
there is indirect evidence from the antibody
titres to endotoxins present in the peripheral
blood that a low-grade endotoxaemia may
occur when renal failure is not present
(Bjmneboe, Prytz & 0rskov, 1972; Triger, Alp
& Wright, 1972). Small amounts of endotoxin,
at least in rats, may cause a redistribution of
blood flow from outer cortical to juxtamedullary
nephrons (Grun, Liehr, Thiel & Rasenack,
1976).
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