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Abstract. Systemic and renal hemodynamics were studied by indicator dilu-
tion techniques before and after infusion of 500 ml of dextran 40 in 21 patients
with renal failure developing in the course of decompensated cirrhosis.

Cardiac index was directly correlated with total blood volumes. Renal
blood flow was low and renal vascular resistance elevated in 13 of 15 patients.
Renal vascular resistance was directly related to total systemic nonrenal
vascular resistance. Two patients with the highest cardiac outputs in the
group were oliguric with high renal blood flow.

Plasma volume expansion increased cardiac output in 19 of 21 patients
and increased renal blood flow in 12 of 14. The patients were divided into two
groups on the basis of control cardiac index. Those with lower cardiac index
had lower blood volumes and responded to dextran with a 73% increase in
cardiac output, a 148% increase in renal blood flow, and a rise in renal fraction.
Those with high control cardiac index had significantly higher blood volumes
and responded to dextran with only a small average rise in cardiac output and
renal blood flow.

Systolic arterial pressure was less than 100 mmHg in 12 patients. When
compared to the normotensive subjects, this hypotension was characterized
by a lower vascular resistance, a tendency for a lesser rise in renal blood
flow after volume expansion, and a more rapid demise.

The prompt circulatory improvement after volume expansion in many of
these patients indicates that functional plasma volume depletion may be an
important factor in the renal vasoconstriction of oliguric hepatic failure. In
an attempt to sustain volume expansion, reinfusion of ascitic fluid was ac-
complished in four patients. Normal renal blood flow was maintained during
reinfusion and a diuresis always occurred, but the response usually was not
maintained after the infusion was terminated.

Introduction

Oliguria and azotemia may develop spontane-
ously in patients with severe liver disease, and the
syndrome usually carries a grave prognosis. De-
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spite numerous clinical studies the mechanism of
the renal failure in this setting has remained con-
jectural (1, 2).

The absence of a history of kidney disease or of
a specific histological renal lesion has led to the
suggestion that the renal failure may be due to de-
creased renal perfusion (3), and clearance stud-
ies have suggested that renal blood flow is severely
reduced (4, 5). However, the mechanism of the
renal hemodynamic abnormality in this syndrome
has not been established. Since depletion of in-
travascular volume may lead to renal vasocon-
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TABLE I

Clinical data

Blood urea Serum Serum Serum Albumin Survival
Patient Age nitrogen bilirubin Na K Globulin Hematocrit time

yr mg/100 ml mg/100 ml mEq/liter mEqiliter mg/100 ml % days
1 46 62 2.4 125 3.7 2.2/4.0 31 54
2 59 62 7.7 113 5.3 3.9/3.3 40.7 11
3 62 27 3.7 130 3.6 1.4/3.9 28.5 16
4 47 63 ' 7.7 123 2.8 3.0/3.0 37 37
5 47 60 16.0 129 4.3 1.5/1.9 24 5
6 40 78 24.6 121 4.6 2.2/3.3 39.5 7
7 57 67 20.4 129 3.5 - 36 7
8 48 142 17.8 127 4.1 2.2/2.9 30 5
9 37 32 3.9 123 2.1 2.9/2.7 32 16

10 69 80 15.5 127 2.7 2.2/5.2 53 1
11 57 118 2.9 142 3.2 2.3/3.3 26 12
12 59 29 1.8 131 4.3 2.9/3.6 43 21
13 54 32 1.8 131 3.4 3.1/3.2 35 3
14 37 36 3.4 130 3.0 1.7/4.0 27.6 4
15 46 12 4.3 126 3.6 3.4/2.2 28 13
16 47 19 8.4 125 4.6 2.0/4.0 27.5 24
17 37 41 19.2 138 2.8 2.4/1.8 40.0 3
18 57 150 31.0 116 3.4 1.9/3.4 32.5 6
19 46 30 13.0 118 3.4 2.0/2.2 33 alive
20 55 63 14.5 133 4.7 2.2/3.1 33 4
21 46 50 35.0 124 2.4 2.7/5.0 27 12

striction (6) and the cirrhotic may pool large
quantities of extracellular fluid in areas not avail-
able to the circulation, it has been suggested by
Vesin (7) and Papper, Belsky, and Bleifer (3)
that an effective volume deficit is an important
factor contributing to the renal failure.

If reduced circulating volume is the cause of
renal hypoperfusion, then volume expansion should
tend to correct it. The purpose of the present
study was to evaluate systemic and renal hemo-
dynamics in a group of cirrhotic patients who de-
veloped oliguric renal failure and to measure the
circulatory response to acute plasma volume ex-
pansion.

Methods

Patients studied
21 male patients (age range from 37 to 69 yr) on the

medical wards of the Veterans Administration Hospital
with the diagnosis of cirrhosis of the liver associated with
oliguria (urine output less than 350 cc in 24 hr) were
studied. The diagnosis of liver cirrhosis was based on
a history of alcoholism, hepatomegaly, jaundice, and the
presence of stigmata of the disease, such as angiomata,
gynecomastia, testicular atrophy, and palmar erythema.
All had moderate to marked ascites, and encephalopathy
had been present at some time during the hospital course
in every patient. The blood urea nitrogen on admis-
sion averaged 17 mg/100 ml and had increased to 59.7
mg/100 ml by the day of study. Results of laboratory
studies in these patients are shown in Table I.

Tissue diagnosis of cirrhosis of the liver was estab-
lished in all 16 patients upon postmortem examination
and in an additional 2 by liver biopsy. All examined
kidneys showed bile staining. In two subjects focal
thickening of the glomerular basement membrane was
demonstrated. No other specific renal abnormalities
were found on histological examination by light micros-
copy. One patient had a hepatoma and in two others
incidental carcinoma of the esophagus was found at
autopsy.

Procedures

Studies were performed at the patients' bedside or in
the hemodynamics laboratory. In five patients a Cour-
nand needle was introduced percutaneously into the fe-
moral artery and a vinyl catheter was threaded into the
right atrium through a 14 G thin-walled needle placed
in the femoral vein. In the other 16 patients, radiopaque
polyethylene catheters were introduced into a femoral
artery and vein using a Seldinger technic. The catheters
were advanced into the renal artery and corresponding
renal vein under direct visualization with a portable im-
age intensifier. The position in the renal vessels was
confirmed in some instances by the injection of 1-2 cc of
50% Hypaque.

Arterial and venous pressures were recorded with
Statham P23Db strain gage transducers, carrier pre-
amplifiers, and a multichannel direct writing Sanborn re-
corder, using the mid-chest as the zero reference level.
Mean pressures were obtained by electronic integra-
tion. Renal blood flow (RBF) was measured in indi-
vidual kidneys by an indicator dilution technic (8). 1
ml (0.6.25 mg) of indocyanine green dye (Cardiogreen)
was injected into the dye-filled catheter in the renal ar-
tery while renal venous blood was drawn at a constant
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rate through a Gilford cuvette densitometer using a Gil-
ford constant flow pump. Cardiac output (CO) also was
determined by the indicator-dilution method, with injec-
tion of 5 mg of indocyanine green dye into the right
atrium or renal vein while sampling from the aorta, fe-
moral artery, or renal artery through the same cuvette.
In order to follow hemodynamic response during the
study, a Lexington cardiac output computer was used to
give an immediate read-out of CO and RBF. All dye
curve flows also were calculated manually by the standard
Stewart-Hamilton method (9). Values reported for CO
represent the average of two successive determinations;
those for RBF, the average of two or three successive
curves that varied by less than 10%o. Renal blood vol-
ume (RBV) in milliliters per kidney was calculated as
the product of RBF and the mean dye transit time, which
was corrected for catheter and cuvette delay. Total sys-
temic vascular resistance (SVR) and renal resistance
(RR) expressed in dynes-second-cm-5 were calculated
from the formulas:

and

SVR= (MAP-RAP) X 1332 X 60

RR= (MAP RVP) X 1332 X 60
REF X 2

where MAP is mean arterial pressure in mmHg, RAP
is mean right atrial pressure in mmHg, RVP is renal
venous pressure in mmHg, CO is cardiac output in mil-
liliters per minute and RBF is renal blood flow in mil-
liliters per minute per kidney. RBF is multiplied by two
to calculate total RR assuming equal flow to both kid-
neys. The renal fraction (RF) was taken as twice the
RBF multiplied by 100 and divided by the CO.

Blood volume was measured using a calibrated injection
of T-1824. Four arterial blood samples were collected
from 10 to 40 min after injection of the dye and the
slope of disappearance was extrapolated semilogarithmi-
cally to the time of injection for measurement of plasma
volume. The effect of dextran on plasma volume was de-
termined in some subjects by collecting blood samples at
intervals before and after dextran infusion. The differ-
ence between the T-1824 concentration after dextran and
the predicted T-1824 concentration, determined from the
disappearance slope before dextran, was used to calcu-
late the expansion of plasma volume that had occurred.
Total blood volume was calculated from the plasma vol-
ume with the arterial hematocrit corrected for plasma
trapping (10) and for the discrepancy betwen large ves-
sel and total body hematocrit (11).

After control studies the patients were given a rapid
intravenous infusion of 500 ml of low molecular weight
dextran (dextran 40; Rheomacrodex 1) over a 15-20
min period. Hemodynamic studies were repeated im-
mediately after the infusion was completed. In one pa-

tient RBF was measured in the control period but was

not reassessed after dextran because the catheters could
not be repositioned in the renal vessels.

1 Kindly supplied by Pharmacia Laboratories, Inc., New
Market, N. J.

Statistical analyses were carried out by standard tech-
niques with rank analysis (12).

Results

Systemic hemodynamics (Table II)

During the control period in these 21 patients,
arterial pressure averaged 98/55 mmHg with a
mean of 69.9 mmHg. Cardiac index (CI) av-
eraged 3.64 liters/min per m2 and the calculated
total systemic vascular resistance (SVR) was
1028 dynes-sec-cm-5. The mean right atrial pres-
sure (RAP) averaged 1.9 mmHg. A significant
correlation was noted between CI and blood vol-
ume (r = 0.507, P < 0.05).

The patients were divided into two groups on
the basis of control CI. 13 patients with a low or
normal CI of less than 3.7 liters/min (Group I)
were separated from the other eight patients who
exhibited a distinctly elevated CI of over 3.9 liters/
min (Group II). CI averaged 2.53 liters/min in
Group I and 5.45 liters/min in Group II. Ar-
terial pressure was not significantly different in
the two groups, averaging 100/56 mmHg (mean
69.1 mmHg) in Group I and 94/53 mmHg
(mean 71.4 mmHg) in Group II. SVR was
therefore considerably higher in Group I, averag-
ing 1295 dynes-sec-cm-5 compared to 594 dynes-
sec-cm-5 in Group II. Since heart rate was simi-
lar in the two groups, stroke volume was much
higher in Group II, averaging 106.7 ml compared
to 48.2 ml in Group I. Blood volume measured
in 19 of the patients averaged 58.3 ml/kg in Group
I and 77.7 ml/kg in Group II (P < 0.025). Four
of the seven patients in Group II, but none of the
12 patients in Group I, had blood volumes greater
than 70 ml/kg.

The patients also could be divided on the basis
of control arterial pressure. Systolic arterial pres-
sure was less than 100 mmHg at the time of study
in 12 of the 21 subjects. SVRwas lower in these
hypotensive patients, averaging 943 dynes-sec-cm-5
compared to 1142 dynes-sec-cm-5 in the normoten-
sive group, but no other hemodynamic differences
could be demonstrated.

Renal hemodynamics (Table III)

Renal dye curves were recorded in 16 of the
patients. In one patient, No. 11, the curve was
extremely prolonged and of such low amplitude
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TABLE II

Systemic hemodynamics

Mean Systemic Right
Arterial arterial Cardiac Cardiac vascular atrial Heart Stroke Blood

Patient BSA Period pressure pressure output index resistance pressure rate volume volume

1 1.96 Control 120/72
Dextran 106/64

2 1.96 Control 132/74
Dextran 156/78

3 1.53 Control 121/72
Dextran 120/80

4 1.70 Control
Dextran

5 1.79 Control
Dextran

6 1.54 Control
Dextran

7 1.85 Control
Dextran

8 1.75 Control
Dextran

9 1.43 Control
Dextran

10 1.70 Control
Dextran

11 1.90 Control
Dextran

12 1.73 Control
Dextran

13 2.02 Control
Dextran

14 1.70 Control
Dextran

15 1.65 Control
Dextran

16 1.96 Control
Dextran

17 1.94 Control
Dextran

18 1.80 Control
Dextran

19 1.69 Control
Dextran

20 1.82 Control
Dextran

21 1.91 Control
Dextran

luers/
min per dynes-

mmHg mmHg liters/min m2 sec-cm'5
84 3.60 1.84 1,800
80 8.26 4.21 717

92 4.65 2.37 1,548
102 7.46 3.81 1,008

88 4.76 3.11 1,462
94 8.04 5.25 826

62 4.42 2.60 1,100
70 6.29 3.70 824

56 6.49 3.62 690
58 9.77 5.46 434

66 5.49 3.57 949
84 10.82 7.03 534

52 3.51 1.90 1,180
62 9.68 5.23 479

96 5.66 3.23 1,345
92 7.22 4.13 898

46 3.18 2.23 1,260
56 5.74 4.02 752

60 2.31 1.36 1,940
86 5.63 3.31 1,040

80 6.20 3.26 1,030
82 9.68 5.09 628

56 3.16 1.83 1,362
64 5.00 2.89 945

60 3.92 1.94 1,169
54 4.78 2.36 788

56 8.45 4.97 464
78 8.89 5.23 628

78 7.94 4.81 750
108 12.82 7.77 612

84 9.62 4.91 716
100 8.81 4.49 790

68 9.29 4.79 551
60 10.00 5.15 400

54 17.05 9.47 244
70 10.64 5.91 450

100 7.45 4.41 1,072
110 8.73 5.16 854

56 7.18 3.94 596
62 8.88 4.88 450

57 12.06 6.31 362
74 18.02 9.43 295

98/48
112/52

84/40
100/40

86/62
116/68

70/44
88/48

156/76
148/68

80/40
92/42

84/48
120/68

116/60
120/54

70/46
86/50

88/40
88/44

72/46
98/66

104/60
144/80

130/64
148/70

104/52
104/56

80/42
108/56

116/76
136/84

74/42
86/50

74/44
112/58

ml ml/kg
56

mmHg
3
6

2
8

1
11

1
6

0
5

1
8

0.5
4

1
9

-4
2

6
14

0
6

2
5

4
8

7
8.4

3.5
10

0
7

4
10

2
10

0
17

2.5
13

2.5
7.5

per min

98
108

102
96

120
120

102
96

80
78

120
112

111
102

96
90

108
108

108
102

96
90

90
86

42
48

102
102

102
108

102
100

90
78

90
90

90
90

94
92

82
90

37.0
76.0

45.6
77.7

39.7
67.0

43.4
65.5

81.2
125.2

45.8
96.6

31.6
95.0

59.0
72.9

29.4
56.3

21.4
55.2

64.6
107.2

35.2
58.1

93.3
99.5

82.8
87.2

77.8
189.0

94.3
88.1

103.2
128.2

189.5
118.2

82.8
97.0

76.3
96.5

147.0
200.0

51

63

48

55

57

57

68

64

52

70

59

125

73

54

57

72

62

101
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TABLE III

Renal hemodynamics

Mean arterial Renal blood Renal Renal Renal venous Renal blood
Patient Period pressure flow fraction resistance pressure volume

m&msper'

1 Control
Dextran

2 Control
Dextran

3 Control
Dextran

4 Control
Dextran

5 Control
Dextran

6 Control
Dextran

7 Control
Dextran

8 Control
Dextran

15 Control
Dextran

16 Control
Dextran

17 Control
Dextran

18 Control

19 Control
Dextran

20 Control
Dextran

21 Control
Dextran

mmHg

84
80

94
104

88
94

62
70

56
58

66
84

52
62

96
92

78
108

84
100

68
60

54

100
110

56
62

ml/min per
kidney

372
945

280
595

20.7
22.9

12.0
15.9

334 14.1
588 14.6

219
577

220
347

171
255

85
213

129
947

243
150

dynes-sec-cm-5
7,100
2,419

10,700
5,850

9,373
5,310

9.9 9,140
18.4 4,021

6.8 8,360
7.1 5,530

6.2 12,180
4.7 10,660

4.8 21,600
4.4 10,500

4.6
26.2

6.1
2.3

298 6.2
539 12.2

434
446

9.4
8.9

910 10.6

177 - 4.8
367 8.4

238 6.3
342 7.7

58 1,028
72 1,516

16.0
17.0

28,000
3,530

10,880
23,800

9,120
5,940

5,520
4,310

2,022

20,340
10,027

5,972
5,497

1,907
1,543

mmHg
18
23

19
17

9.5
16

12
12

10
10

14
16

6
6

5.5
8.5

12
19

16
20

8
12

8

10
18

13
15

ml

51.5
83.8

38.2
65.0

30.0
52.8

53.7
72.6

39.5
38.8

52.6
83.1

33.4
205.0

37.3
19.8

37.5
54.4

53.1
67.6

59.1

46.2
56.3

33.2
32.4

9 126.0
13.5 128.0

that flow could not be accurately measured. In
the other subjects the dye curves were usually of
normal contour with exponential washouts. Con-
trol RBF in individual kidneys ranged from 85 to
1028 ml/min and averaged 343 ml/min. RRaver-
aged 10,937 dynes-sec-cm-5, RF was 9.1%o, and
RBV averaged 49.4 ml/kidney. RVP averaged
11.6 mmHg and was considerably higher than
RAP. The elevation of RVPappeared to be re-
lated to the tenseness of the ascites.

A significant correlation was noted between RR
and SVR (r = 0.630, P < 0.01). Since SVRin-
cludes RR, a correlation between the two might be
accidental. Nonrenal systemic vascular resistance

(NRVR)
formula:

was therefore calculated using the

NRVR
=

(MAP - RAP) x 1332 x 60
CO-( RBF x 2)

RR was also significantly correlated with NRVR
(Fig. 1).

RBF averaged 225 ml/kidney per min in eight
patients in Group I and 475 ml/min in seven
patients in Group II. Two patients in Group II
(Nos. 18 and 21) were oliguric with high RBF.
These two patients had the highest control CO
in the series. RBF was strikingly reduced in the
other 13 patients. Flow was less than half the
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extrarenal blood contained in the renal artery and
renal vein between injection and sampling sites.
However, RBV in these nine kidneys averaged
30.2 ml/100 g, a value only slightly higher than
previous estimates in dogs (13).

Dextran infusion

A. Systemic
sion of 500 ml
in 19 of the 21

3 6 9 12 15 18 21 24

NONRENALRES I STANCE (dyne-sec-cm-5x,02)

FIG. 1. RELATIONSHIP BETWEENRENAL VASCULARRE-

SISTANCE AND TOTAL SYSTEMIC NONRENALRESISTANCE IN

15 PATIENTS. r = 0.625.

predicted normal (600 ml/min for individual kid-
neys) in six Group I patients and four Group II
patients.

RBF was measured in seven hypotensive and
eight normotensive patients. The two patients
with high RBF were severely hypotensive. In
the other five hypotensive subjects RBF was less
than 250 ml/min, averaging 187 ml/min. RBF
averaged 283 ml/min in the normotensive group.

Renal blood volume (RBV) ranged from 30
to 126 ml/kidney and averaged 49.4 ml/kidney, a

value similar to previous figures for man (8).
Renal blood volume in milliliters per 100 g of
kidney weight was calculated in nine subjects in
whom postmortem renal weights were obtained
(Table IV). The calculated blood volume would
overestimate intrarenal volume by the quantity of

effects. Immediately after infu-
of dextran 40, COwas increased
patients. CO rose an average of

12_
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TABLE IV

Renal blood volume

Renal blood RBV/
Patient volume Kidney weight kidney wt

ml g mi/100 g
2 45.5 160 28
3 43.2 90 48
5 51.9 255 21
7 49.2 270 19

16 33.1 110 30
17 47.4 255 19
18 56.8 240 24
20 31.6 250 13
21 114.0 200 57

16

14

12
U-

10

8

6

4 Al

FIG. 2. EFFECT OF DEXTRAN (D) ON SYSTEMIC AND RE-

NAL HEMODYNAMICS. Group I, control (C) cardiac in-
dex (CI) less than 3.7 liters/min; Group II, CI greater
than 3.9 liters/min. CO, cardiac output; RBF, renal
blood flow per kidney; SVR, systemic vascular resist-
ance; RR, renal resistance; RF, renal fraction.
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FIG. 3. COMPARISONOF THE EFFECT OF DEXTRAN ON

SYSTEMIC AND RENAL HEMODYNAMICSIN PATIENTS WITH

SYSTOLIC ARTERIAL PRESSUREGREATEROR LESS THAN 100
MMHG. MAP, mean arterial pressure.

3.2 liters/min (73%) in the 13 patients in Group
I and only 0.9 liters/min (10%) in the eight
patients in Group II (Fig. 2). SVR fell sharply
in Group I, but was essentially unaltered in Group
II. Dextran increased RAP from an average of
1.3 to 7.1 mmHg in Group I, whereas Group II

patients started with a higher mean RAP of 2.8
mmHg and exhibited an increase to 10.4 mmHg.

CO increased more than 40% after dextran
infusion in all Group I patients except No. 13,
whose CI remained low (2.36 liters/min) with
an elevated RAP of 8 mmHg. Intravenous ad-
ministration of deslanoside, 0.6 mg, increased CI
to 2.92 liters/min, suggesting that impaired myo-
cardial performance may have been a factor in
the poor response to volume expansion in this
patient.

No difference was observed between the hypo-
tensive and normotensive patients in their systemic
hemodynamic response to dextran. MAP in-
creased from an average of 85.5 to 92.0 mmHg
in the nine normotensive subjects and from 56.8
to 67.7 mmHg in the hypotensive patients. CO
and SVRchanges were nearly identical (Fig. 3).

Volume expansion had a prominent effect on
the pressure gradient from the inferior vena cava
to the right atrium. High resistance to flow re-
lated to ascites and probable caval compression
was manifested by a renal vein-right atrial pres-
sure drop averaging 9.7 mmHg in the control
period. The gradient was highest in patients
with tense ascites. After dextran infusion, the
pressure drop averaged only 5.7 mmHg. Since
COand presumably caval flow were higher after
dextran, the reduction in pressure gradient indi-
cates a marked fall in resistance to flow in the
inferior caval system.

The plasma volume-expanding effect of 500 ml
of low molecular weight dextran was measured in
five of the patients. Plasma volume was in-
creased immediately after infusion by an average
of 939 ml (range from 630 to 1231 ml). Hema-
tocrit fell by an average of 6.1 volume per cent.

B. Renal effects. RBF increased after dex-
tran infusion in- 12 of 14 patients studied. In
eight patients in Group I, RBF increased an
average of 333 ml/min (148%o) and was restored
to over 500 ml/kidney per min in five of the sub-
jects. These patients exhibited a striking reduc-
tion in RRand an increase in RF from an average
of 9.9 to 14.3%o (Figs. 2 and 4).

In contrast, the five Group II patients with
reduced RBF responded to dextran with an in-
crease in flow of only 91 ml/min. Only one ex-
hibited a rise in RBF to over 500 ml/min. RR
remained high in these patients and the RF was
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FIG. 4. RELATIONSHIP BETWEENTOTAL RENAL BLOOD FLOW
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CHANGE (ARROWS) AFTER VOLUMEEXPANSION WITH DEXTRAN.
Black dots and solid lines indicate patients in Group I. Open
circles and interrupted lines indicate subjects in Group II.
Group I patients show a greater increase in renal fraction after
dextran.

not consistently altered (Figs. 2 and 4). Patient
21 had a high control RBF of 1028 ml/min that
increased further after dextran to 1,516 ml/min.
This increase in blood flow was associated with
a sharp rise in urine output (see below and Fig.
5). The other patient with high RBF (No. 18)
could not be restudied after volume expansion.

In normotensive subjects, RBF increased to
an average of 572 ml/min. In the hypotensive
group, however, a flow of over 500 ml/min was
restored in only one patient and the average RBF
in the five patients with low control RBF was
increased to only 347 ml/min (Fig. 3).

RBV increased after dextran in 9 of the 13
subjects, rising by an average of 28.2 ml/kidney.

Ascites reinfusion

In four patients ascites reinfusion was accom-
plished by pumping ascitic fluid by means of a

Sigmamotor pump from a polyethylene catheter
in the peritoneal cavity to a closed bottle from
which the fluid dripped by gravity through a blood
filter into a catheter in the femoral vein. Rein-
fusion rate ranged from an estimated 300 to 1000
ml/hr. In two patients (Nos. 2 and 16), the
procedure was performed immediately after the
-dextran infusion and both systemic and renal
hemodynamics were monitored. In the other
two patients (Nos. 3 and 11), the reinfusion was
carried out at a later date and only systemic
effects were studied.

In Patients 2, 3, and 11 (Group I), CO in-
creased during the procedure (2-20 hr of re-
infusion) from an average of 5.7 to 8.2 liters/min.
RBF in Patient 2 was maintained during rein-
fusion at the same level (574 ml/min) that had
previously been attained after dextran infusion
(Fig. 6). In Patient 16 (Group II), CO fell
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slightly during reinfusion as RAP increased pre-
cipitously, but RBF remained within normal
range (Fig. 7) . The rapid rise in RAP and fall
in CO suggest an element of myocardial failure
during volume expansion. However, at autopsy
the heart was of normal size without evidence of
hypertrophy or dilatation.

Urine output increased promptly during ascites
reinfusion in each of these oliguric patients. From
control flow rates of 10-15 ml/hr urine output
rose to 40-350 ml/hr.

Clinical observations

Group I patients could not easily be differen-
tiated from Group II patients on clinical grounds.
The severity of oliguria was similar in the two
groups. Blood urea nitrogen was slightly higher
in Group I and total bilirubin was slightly higher
in Group II, but these differences were not sig-
nificant. Serum electrolyte and albumin levels
were similar in the two groups, and ascites was of
similar degree. Patients in Group II tended to
present more obvious signs of high blood flow
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in hydraulic gradient between the right atrium and the
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During After
Control Dextran Reinfusion Reinfusion

150 -

<= 00 _-
.2 50 L

0

10
C-)

o >t 8 _

U, 6_

20

-' 15XE

5h

600
-. 500 -

E406 -El
300 L

200

FIG. 7. EFFECT OF ASCITIC FLUID REINFUSION IN PA-
TIENT 16. Sustained hemodynamic improvement was pres-
ent even after the reinfusion had stopped.

1902

t



HEMODYNAMICSOF VOLUMEEXPANSION IN OLIGURIC HEPATIC FAILURE

and low peripheral resistance, including warm
skin and bounding pulses. However, these signs
were not invariably accurate in predicting the
hemodynamic status of an individual patient.

13 of the 21 patients exhibited a significant
increase in urine output following volume expan-
sion. Urine flow increased in eight Group I
patients and five Group II patients. The in-
crease in urine output -often was transient. Since
an indwelling, bladder catheter was not routinely
inserted in these patients, quantitative data for
the group regarding urine and electrolyte excre-
tion rates are not available. However, the re-
sponse in Patient 21 (Fig. 5) is an example of
a dramatic functional response to volume expan-
sion with dextran. Although this patient had
high control RBF he was markedly oliguric.
After infusion of 500 ml of dextran, urine flow
and sodium excretion rose sharply.

In some patients oliguria persisted after dextran
despite an improvement in renal hemodynamics.
In no instance, however, did the infusion of dex-
tran lead to a further reduction of urine output,
as described recently in postsurgical patients given
much larger amounts of low molecular weight
dextran ( 14).

One patient (No. 19) made a complete recov-
ery. The other 20 patients succumbed 13 days
(average) after study (range from 1 to 54 days).
Group I patients survived an average of 15.0 days.
Group II patients had an average survival of 9.4
days. In hypotensive patients, survival averaged
10.2 days compared to the normotensive survival
of 17.2 days (P < 0.1). While azotemia usually
was present at the time of death, the major ter-
minal event was more often gastrointestinal hemor-
rhage or hepatic coma.

Discussion

Previous investigators, using the PAH clear-
ance method (4, 5, 15, 16), have found reduced
RBF in patients with hepatic failure. However,
clearance techniques may be inaccurate in the
oliguric patient. Because PAHmay be stored in
the kidney at low urine flow rates, clearance mea-
surements may significantly underestimate total
RBF even when extraction ratios are determined
(17). Tyler, Jeffries, and Wilder (18) reported
low RBF using the nitrous oxide technique, but

this method allows calculation of flow only in
terms of kidney weight and does not lend itself
to repeated measurements. Furthermore, nitrous
oxide and other inert gas techniques measure only
nutritive blood flow that perfuses capillary beds.
The indicator-dilution method used in this study
offers an accurate and almost instantaneous mea-
surement of total RBF not dependent on urine
production (8). Renal dye curves can be re-
corded in less than 20 sec with removal of only
10 ml of blood. Repeated measurements over a
number of hours allow accurate assessment of
changes in renal hemodynamics.

RBFwas markedly reduced in 13 of 15 oliguric
patients in this series, thus confirming previous
conclusions that the renal failure of severe liver
disease is usually accompanied by decreased renal
perfusion. However, low total RBF may not be
an invariable finding, since a high value for RBF
was measured in two patients in this series. Pos-
sible sources of error in the method must be
considered before these high values for RBF can
be accepted as valid. Misplacement of the renal
arterial catheter to allow some dye to be injected
into the aorta or of the renal venous catheter to
allow contamination with vena caval blood would
lead to falsely high values for RBF. However,
smooth dye curves recorded in these patients sug-
gest that the sampled blood was uniformly mixed,
and close agreement between successive curves
indicates that the same amount of dye entered
the kidney after each injection. Overestimation
of flow could also have resulted if significant
quantities of injected indocyanine green became
"trapped" in the kidney in a slowly circulating
intravascular or extravascular space. Flow
through inner medullary circuits might be in-
creased in these patients, but it is unlikely that
a significant portion of the injected dye would
enter an intravascular space with a transit time
longer than the recorded curves (19). A falsely
high value for RBF would also result if indo-
cyanine green-labeled albumin equilibrated in a
single renal circulation with an extravascular al-
bumin compartment. Such a "loss" of intravas-
cular albumin does not normally occur (20), but
abnormally rapid extravascular distribution of
albumin in these patients cannot be ruled out.
Indeed, patient 21 had a somewhat larger calcu-
lated vascular volume than the other patients in
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this series, suggesting the possibility of an unusu-
ally large albumin space. The smooth renal curves
and exponential indicator washout in the two
patients with high RBF, as well as in the other
patients studied, make it unlikely that multiple
renal arteries were the cause of an error in mea-
sured flow (8). Since the patients with high
RBF had the highest values for COin the series,
it is likely that the RBFmeasurements were valid.
Analysis of the significance of this observation of
high RBF in this syndrome must await further
confirmation.

While reduced renal perfusion may not be the
only factor in the oliguria of severe liver disease,
a number of investigators have considered this
reduction of prime importance (4, 5). That renal
vasoconstriction contributes to the low RBF in
these patients was confirmed by the finding of
high renal vascular resistance and a markedly
reduced renal fraction of CO. Previous investi-
gators have discounted the importance of total
blood flow as a factor in the renal hypoperfusion,
since they have found COnormal or high in most
of these patients (5). However, a high CO is
usually observed in the hyperdynamic circulatory
state of Laennec's cirrhosis (21), and even a
normal CO in such a patient may represent a
serious deficiency in nutritive blood flow. Eleva-
tions of the lactate-pyruvate ratios, indicative of
tissue hypoxia, frequently have been found in
patients with high COand hepatic failure in this
laboratory.2

The observation in this series of a significant
correlation between renal resistance and nonrenal
systemic vascular resistance suggests that the renal
vasoconstriction is not an isolated vascular phe-
nomenon but rather a manifestation of a more gen-
eralized vasoconstriction that results from a rela-
tively reduced CO. Furthermore, since CO was
correlated with blood volume, it might be hy-
pothesized that renal vasoconstriction could be
related to a reduction in CO and a rise in sys-
temic vascular resistance that results from reduced
circulating volume (22). This pathophysiologi-
cal mechanism appeared to be playing an impor-
tant role in some of the subjects studied. After
volume expansion systemic vascular resistance fell
in 18 of 21 patients and renal resistance was

a Cohn, J. N. Unpublished observations,

reduced in 13 of 14. The response was most
dramatic in patients in Group I, who had lower
control cardiac outputs and blood volumes. Dex-
tran infusion increased CO in these subjects by
an average of 73%o and in many patients it re-
stored RBF to a normal range. Since RR fell
more sharply than systemic resistance, the renal
fraction rose. The response in these patients
suggests that volume depletion was a significant
factor in their circulatory abnormality.

The reduced circulating blood volume in these
patients might be attributed to a number of fac-
tors, including hypoalbuminemia, fever, infection,
diuretic therapy, rapid accumulation of ascitic
fluid, pooling in dilated hepatic lymphatics, capil-
lary transudation in the lower body because of
increased venous pressure resulting from ascites,
and unrecognized gastrointestinal hemorrhage.
The removal of small amounts of ascitic fluid
may have been a possible factor in two of these
patients. Whatever the cause of the hypovole-
mia in these patients, it is apparently difficult
to maintain a blood volume adequate for optimum
circulation. The hemodynamic and clinical re-
sponse to dextran infusion was often transient,
and whole blood or albumin was often used when
hypovolemia recurred. In four patients, ascitic
fluid was reinfused in an attempt to restore vol-
ume, and perhaps to also correct a possible hemo-
dynamic cause for recurrent hypovolemia. While
this treatment has occasionally produced sustained
clinical, as well as hemodynamic improvement
in our hands (23) (Fig. 7), the circulatory re-
sponse may be transient as shown by the tendency
for CO and RBF to fall toward control levels
after the reinfusion was stopped in Patient 2
(Fig. 6).

In the Group II patients, volume depletion ap-
parently was not an important factor in their
oliguric state, since they were normovolemic and
the high CI did not increase further after dextran.
Whereas RBF was high in two of the patients, a
moderate to severe reduction in others was not
corrected by volume expansion. Thus, a mecha-
nism other than volume depletion may contribute
to renal vasoconstriction in some patients with
liver failure. Neurogenic (24) and humoral (25)
factors have been implicated in the genesis of the
renal hypoperfusion. Irrespective of cause, how-
ever, preliminary studies in this laboratory have
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indicated that the renal vasoconstriction can be
reversed with renal arterial infusion of vasodilator
agents (26).

Since the control RBV was not significantly
different from normal RBV, either in total volume
or relative to kidney weight, the abnormalities in
intrarenal hemodynamics apparently were not
manifested by gross alterations in intravascular
volume. After dextran infusion, there was a
significant increase in RBV. The hyperoncotic
nature of the 10% dextran, especially in the pres-
ence of hypoalbuminemia, would enhance the
movement of fluid from the renal interstitium
into the intravascular compartment, thus reducing
renal tissue pressure and increasing the capacity
of the vascular bed.

Increased plasma oncotic pressure during infu-
sion of the 10% dextran resulted in mobilization
of extravascular fluid and expansion of the plasma
volume by an amount considerably greater than
the 500 ml administered. In addition to the
volume effects of dextran, rheological properties
of the lower molecular weight particles have been
reported to exert a beneficial effect on micro-
circulatory flow in some situations (27). Dextran
not only inhibits red cell sludging (28) but also
lowers whole blood viscosity both by its direct
effect and by lowering the hematocrit (29).
Whereas these properties of dextran may have
contributed to the hemodynamic responses ob-
served, most of the effects in these patients prob-
ably can be attributed to expansion of the cir-
culating volume.

The relationship between the hemodynamic ab-
normalities demonstrated in these patients and
their renal failure must remain speculative. Renal
vasoconstriction and systemic hypotension may
lead to enhanced tubular reabsorption of filtrate,
and the reduction of urine flow could contribute
to tubular damage (30, 31). The failure of urine
output always to increase, despite restoration of
apparently normal total renal blood flow, could be
explained either by the transient nature of the
circulatory response to volume expansion or by
the possibility that functional tubular damage had
already developed in these patients. However, the
possible influence of alterations in intrarenal dis-
tribution of blood flow and of changes in glomeru-
lar function must also be considered.

Although these studies may contribute to an
understanding of renal hemodynamics in this syn-
drome, they offer little encouragement in the
clinical management of these patients. Improve-
ment in the renal blood- flow by volume expansion
or direct renal vasodilatation (26) and correction
of systemic hypotension with the administration
of vasoconstrictor agents (32, 33) may restore
urine output. Since these patients usually suc-
cumb before frank uremia develops, however,
correction of the oliguria will probably be of no
lasting benefit unless hepatic function also im-
proves.
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