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Abstract

1. Objectives—Relative vasopressin deficiency, a contributor to vasodilatory septic shock may
also be a cause of the vasodilatory state in liver disease. This study assesses endogenous
vasopressin levels in patients with liver disease and their hemodynamic response to exogenous
vasopressin.

2. Design—Prospective, observational study
3. Setting—Single center, tertiary hospital
4. Participants—Human subjects undergoing liver transplantation or major surgery

5. Interventions—Vasopressin levels were measured in 28 patients with liver disease
undergoing liver transplantation and 7 control patients with normal liver function. Additionally
intravenous vasopressin was given to 20 liver transplant recipients and the hemodynamic response
was observed.

6. Measurements and Main Results—Patients with liver disease had significantly lower
baseline vasopressin levels than controls (19.3 +/— 27.1 pg/mL versus 50.9 +/— 36.7 pg/mL,
p=0.015). Patients with low vasopressin levels (» 20 pg/mL) were more likely to have low baseline
mean blood pressure (» 80 mm Hg) than patients with high vasopressin levels (11 of 16 vs. 0 of 4,
p=0.013). Systemic vascular resistance increased by 33% three minutes after intravenous
vasopressin. Thirteen of 16 patients with low vasopressin levels compared to one of four patients
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with high vasopressin levels responded to exogenous vasopressin with an increase of mean blood
pressure by more than 20% (p=0.028).

7. Conclusions—~Patients with liver disease have lower vasopressin levels than controls and
respond with a brisk vasoconstrictor response to exogenous vasopressin. Relative endogenous
vasopressin deficiency may therefore contribute to vasodilatory shock in liver disease similar to
what has been observed in septic shock

Keywords

hepatic cirrhosis; vasopressor; liver transplantation; vasopressin deficiency; vasoconstrictors;
vasodilation

Introduction

Methods

Patients

End-stage liver disease causes arterial vasodilation despite high levels of endogenous
catecholamines and angiotensin resulting in mal-distribution of blood flow and low
perfusion pressure (1-4). This hemodynamic condition is similar to what has previously
been observed during prolonged septic shock. Vasodilation in septic shock is exacerbated by
relative vasopressin deficiency: endogenous levels of vasopressin are low in septic shock (5)
and a low dose infusion of exogenous vasopressin that would otherwise have no effect on
blood pressure in healthy subjects can restore pressure tone in these patients (6). In liver
failure vasopressin analogues (terlipressin or ornipressin) are able to reverse hepatorenal
syndrome and restore renal function (7,8) similar to the effect of vasopressin in septic shock
(9). Methylene blue has also been suggested as treatment for vasopressor resistant
vasoplegia syndrome in liver transplantation (10) but should probably be reserved only for
situations where other vasopressors failed to maintain adequate perfusion pressure.

Our study aims to evaluate the role of endogenous vasopressin in the vasodilatory state in
liver disease. We tested the hypothesis that patients with end stage liver disease have lower
baseline vasopressin levels when compared to patients with normal liver function. We
further hypothesized that patients with end stage liver disease are more likely to be relative
vasopressin deficient defined as low to normal baseline vasopressin levels (under 20 pg/mL)
combined with low baseline blood pressure (mean arterial blood pressure < 80 mmHg) and a
pronounced sensitivity to exogenous vasopressin (increase of mean arterial blood pressure
by more than 20% as a response to an intravenous bolus of 3 units arginine-vasopressin)
compared to patients with normal liver function.

The Institutional Review Board of Columbia University approved this study. We obtained
informed signed consent on all patients who participated in this study.

All adult patients undergoing liver transplantation (cadaveric or living related) at Columbia-
University Medical Center were eligible for inclusion. Adult patients undergoing Whipple
operation or partial hepatectomies were included as controls since these patients also
underwent major surgery comparable to liver transplantation but had normal preoperative
liver function. We excluded patients with liver disease, abnormal liver function tests or
abnormal coagulation tests from the control group.
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Measurements

In all liver transplant patients a pulmonary artery catheter (with continuous cardiac output
and mixed venous oxygen saturation measurement, Edwards Lifesciences, Irvine, CA, USA)
was inserted per routine prior to surgery. Additionally an 18F gastric tonometry tube (Datex-
Ohmeda, Madison, WI, USA) was inserted into the stomach to measure gastric mucosal
carbon dioxide partial pressure (pCO5). None of the control patients received a pulmonary
artery catheter or a gastric tonometry tube.

Anesthetic management

Anesthesia for all patients (liver transplants and controls) was induced with propofol or
etomidate and succhinylcholine and maintained with fentanyl and sevoflurane. Muscle
relaxation was achieved by using cisatracurium. There was no significant difference in the
groups (responders and non-responders) with regard to the anesthetic technique or the
amount of anesthetic drugs or gases given to the patient by the time we started the
vasopressin bolus and infusion.

Vasopressin bolus and infusion

In 20 patients undergoing liver transplantation an intravenous bolus of 3 units vasopressin
(8-arginine-vasopressin, Monarch Pharmaceuticals Inc., Bristol, TN, USA) was
administered followed by a continuous intravenous infusion of 3 units/hour for 20 minutes at
the end of the dissection phase. It is our clinical practice at Columbia University Medical
Center to start a vasopressor infusion at this time-point in order to prepare the patient for the
anhepatic phase and caval crossclamping. Eight patients undergoing liver transplantation did
not receive vasopressin because they required vaoconstrictors for hypotension prior to the
measurements (3 patients received vasopressin together with norepinephrine) or for
logistical reasons (5 patients: the investigators were not available prior to the anhepatic
phase of the liver transplant). None of the control patients received vasopressin.

Vasopressin levels (Radio immune assay - RIA)

Statistics

Three ml arterial blood was drawn after induction of anesthesia prior to surgery. The blood
was immediately spun at 2000g for 20 minutes at 4°C and the plasma was frozen at — 80 °C.
Vasopressin levels were determined using a commercially available radio-immune assay kit
(Alpco, Salem, NH, USA) according to the manufacturer’s instructions. The intra-assay
precision of this test is 6.0%, interassay precision 9.9 % with an analytical sensitivity of 0.75
pg/mL and specificity of 1.3 pg/mL. The upper level of detection (undiluted) was 80 pg/ml
(11). We defined any level above 80 pg/mL as 80 pg/mL for the purpose of statistical
calculations.

Values are presented as mean + SD. Comparisons of paired variables were made either using
a paired t-test for variables with normal distribution or Wilcoxon matched pairs test for
variables without Gaussian distribution. Gaussian distribution was determined using the
Kolmogorov-Smirnov test. Pearson’s correlation was used when evaluating the correlation
of two continuous variables. To evaluate the hemodynamic response to vasopressin repeated
measure one-way analysis of variance (ANOVA) and a post-hoc test for linear trend were
used. P values were 2 tailed and p < 0.05 was considered significant.

We based our sample size analysis on our first hypotheses that that patients with end stage
liver disease have lower baseline vasopressin levels when compared to patients with normal
liver function. For the purpose of estimating the sample size we assumed that patients with
end stage liver disease have a baseline vasopressin level of 10 pg/mL and patients with
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normal liver function a baseline vasopressin level of 20 pg/mL with a common standard
deviation of 5 pg/mL. Setting an alpha = 0.05 we would require 4 patients in each group to
achieve a power (1-beta) = 0.8. We enrolled 7 controls to compensate for potential problems
with the measurements and 20 subjects to adequately address hypothesis 2. SPSS 17.0
(SPSS Inc., Chicago, IL, USA) and Graphpad Prism 4.0 (San Diego, CA, USA) software
was used for the statistical analysis.

After obtaining informed, signed consent 28 patients undergoing liver transplantations and 7
control patients (2 Whipple operations and 5 partial hepatectomies) were enrolled. The
demographic information is listed in Table 1.

Baseline vasopressin levels

Eight patients had vasopressin levels above the level of detection of 80 pg/mL [4 of 28 liver
transplant recipients (14.3 %) and 4 of 7 controls (57.1 %), p=0.01]. Patients receiving liver
transplants had significantly lower vasopressin levels than control patients: (19.3 +/— 27.1
pg/mL versus 50.9 +/— 36.7 pg/mL, p=0.015; Figure 1).

Hemodynamics before and after vasopressin

Eight liver transplant patients did not receive vasopressin as per protocol because they either
required a vasopressor (norepinephrine and vasopressin infusion) prior to initiation of the
protocol (3 subjects) or for logistical reasons (5 subjects). None of the control patients
received vasopressin because the responsible anesthesiologists did not consider the
administration of vasopressin to be clinically indicated.

Baseline hemodynamics

Baseline hemodynamic variables were recorded 3 minutes prior to initiation of vasopressin.
The mean blood pressure, heart rate, pulmonary artery pressure, central venous pressure,
cardiac output and systemic vascular resistance are depicted in Table 2. Systemic vascular
resistance index were inversely correlated with preoperative MELD score (Pearson r = —
0.567, p < 0.01) and with preoperative total bilirubin (Pearson r = — 0.469, p < 0.05);
Figures 2 and 3.

Hemodynamic response to vasopressin

Vasopressin was given as per protocol at the end of the dissection phase 4.6 +/— 1.2 hours
(mean +/— SD) after induction of anesthesia. One minute after the vasopressin bolus and
start of the vasopressin infusion blood pressure, central venous pressure and pulmonary
artery pressure increased significantly compared to baseline values and peaked 3 minutes
after initiation of vasopressin. Systemic vascular resistance increased three minutes after
infusion of vasopressin (peak increase of 33%). Blood, central venous and pulmonary artery
pressures remained elevated until approximately 15 minutes later. Mean arterial pressure to
mean pulmonary artery pressure did not change significantly when using t-tests but the
repeated measure ANOVA demonstrated a significant difference (p = 0.16) of this ratio (but
no significant linear trend). Mixed venous oxygen saturation and cardiac output did not
change during the 20 minutes observation period. Gastric mucosal pCO, increased
significantly 10 and 20 minutes after vasopressin bolus and infusion (from 44 +/— 9 mm Hg
to 46 +/— 10 mm Hg, p<0.005 and 47 +/— 10 mm Hg, p<0.005 respectively). Table 2 and
figure 4.

Eleven of 16 liver transplant patients with low vasopressin levels (< 20 pg/mL) had a low
baseline mean arterial blood pressure (< 80 mm Hg) compared to none of the four patients
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with high vasopressin levels (p=0.013). Thirteen of 16 patients with low vasopressin levels
(< 20 pg/mL) compared to only one of four patients with high vasopressin levels (> 20 pg/
mL) responded to exogenous vasopressin with an increase of mean arterial pressure by more
than 20% after 3 minutes (p=0.028). (Figure 5)

Discussion

This study demonstrated that patients with liver disease have low endogenous vasopressin
levels; the degree of liver injury (MELD score and total bilirubin) correlated with the extent
of systemic vasodilation. We further showed that exogenous intravenous vasopressin
increased blood pressure through an increase of systemic vascular resistance while
pulmonary artery pressure increased concomitant with an increase of central venous
pressure. We could not conclusively demonstrate if this increase of pulmonary artery
pressures is due to (non significant) increases of cardiac output or due to direct pulmonary
vasoconstriction since we did not measure pulmonary capillary wedge pressures and
calculate pulmonary vascular resistance. We did not want to expose coagulopathic patients
to increased risk of pulmonary artery injury associated with measuring pulmonary capillary
wedge pressures. However there was no change in the ratio of mean arterial pressure to
mean pulmonary artery pressure when comparing the values with baseline using student t-
tests and no linear trend when using a post-hoc test of the ANOVA.

Patients with low baseline vasopressin levels were more likely to have a low baseline blood
pressure and were more likely to respond pressure to exogenous vasopressin with an
increase of mean arterial than patients with high baseline vasopressin levels. Low blood
pressure may therefore be a clinical indicator for vasopressin deficiency and warrant a trial
of exogenous vasopressin in patients with liver disease.

In septic shock vasopressin plasma levels are lower than what would be considered
appropriate considering the vasodilatory state (5,12). As a consequence of low vasopressin
levels in septic shock patients develop a profound sensitivity to low dose exogenous
vasopressin (and decreased catecholamine sensitivity) and respond with restoration of the
vasomotor tone through stimulation of V-1 vasopressor receptors (9). Furthermore Katp
channels in vascular smooth muscle that open in vasoplegic shock and cause
hyperpolarization of the smooth muscle cell are inactivated by vasopressin. Vasopresin also
blunts nitric oxide induced increases in cyclic guanosine monophosphate (cGMP) (13).
These mechanisms cause a restoration of catecholamine sensitivity and arterial vascular tone
in vasoplegic shock. Normal volunteers with regular vasomotor tone on the other hand do
not exhibit an increase of blood pressure when given low dose vasopressin (14-16).

Our study indicates a similar vasopressin deficiency in liver disease. Baseline vasopressin
levels were low in cirrhotic patients and these patients responded with a substantial increase
in systemic vascular resistance to exogenous vasopressin. Patients with low vasopressin
levels had lower baseline mean arterial pressures and were more likely to respond with an
increase of mean arterial pressure to exogenous vasopressin.

In a previous study we demonstrated that vasopressin directly decreases portal vein flow and
pressure in patients undergoing liver transplantation, a consequence of splanchnic
vasoconstriction (17). In that study we did not observe a statistically significant increase of
blood pressure after vasopressin but we then did not give a bolus of vasopressin but only a
continuous infusion. This may not be sufficient dose in cirrhotic patients with an altered
volume of distribution to achieve adequate plasma levels of vasopressin and increase blood
pressure, higher doses may be required to cause sustained increases of blood pressure
similar to what we now observed in our current study shortly after a bolus. The difference of
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baseline levels of vasopressin in the two studies is likely due to the different assays used to
measure vasopressin levels (ELISA in the previous study with a mean +/— SD baseline
vasopressin = 8.3 +/— 10.5 pg/mL compared RIA in the current study with a mean
vasopressin level = 19.3 +/— 27.1 pg/mL).

We observed an increase of gastric mucosal pCO, as evidence of decreased splanchnic
perfusion caused by vasopressin. It would however take much longer than the 20 minutes
observation period to observe changes in pH, base excess or lactic acid production. Further
clinical studies are required to evaluate if decreasing splanchnic perfusion to counteract the
splanchnic hyperemia associated with liver disease (18,19) is beneficial in patients with liver
disease. Future studies will also need to compare the hemodynamic response and effect on
splanchnic perfusion of vasopressin with other vasopressors such as phenylephrine or
norepinephrine.

We did not give vasopressin to the control patients with normal liver function because we
could not justify giving vasopressin to these subjects without any potential benefit and
potential harm. However previous studies have shown that vasopressin has no effect on
blood pressure in healthy subjects who are not vasodilated (20,21) and we must assume that
our control subject would have likely not responded with an increase of blood pressure to
€X0genous vasopressin.

In summary this study indicates that relative vasopressin deficiency and increased
vasopressin sensitivity may be a cause for systemic vasodilation in liver disease. Further
research will be required to elucidate the role of endogenous vasopressin deficiency in liver
disease and the potential effect of vasopressin therapy on outcome in hepatic cirrhosis.
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Figure 1.

Baseline vasopressin levels in patients with liver disease undergoing liver transplantations
(OLT, n=28) and control patients with normal liver function undergoing hepatectomies or
Whipple procedures (n=7), (mean +/— SD, * — p< 0.05). Four OLT and 4 control patients
had baseline vasopressin levels above the detection limit of 80 pg/mL and their levels were
defined as 80 pg/mL.
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Figure 2.
Correlation of baseline systemic vascular resistance index (SVRI) with preoperative (preOP)

Model of Endstage Liver Disease (MELD) score; Pearson r = — 0.567, p < 0.01
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Correlation of SVRI and preOP total bilirubin
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Figure 3.
Correlation of baseline systemic vascular resistance index (SVRI) with preoperative (preOP)

total bilirubin; Pearson r = — 0.469, p < 0.05
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Blood pressure and heart rate
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Figure 4.

Hemodynamic response after vasopressin (3 units bolus followed by 3 units/hour) in patients
with liver disease undergoing liver transplantation (DAP - diastolic arterial pressure, MAP
mean arterial pressure, SAP — systolic arterial pressure, PAS — pulmonary artery systolic
pressure, PAM — pulmonary artery mean pressure, PAD — pulmonary artery diastolic
pressure, CVP — central venous pressure)
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Figure 5.

Distribution of patients with and without low baseline vasopressin (AVP) level (< 20 pg/
mL), comparing low versus normal baseline mean arterial blood pressure (MAP) and if
patients responded with an increase of mean arterial blood pressure by more than 20% three
minutes after exogenous vasopressin was given (AVP responders versus AVP non
responders)
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Table 1
Patient Characteristics
OLT Control p value
n=28 n=7

Preoperative
Female - n (%) 10 (35.7 %) 5(71.4 %) ns
Age — mean + SD [years] 529 +/-125 52.0+/-8.0 ns
MELD - mean + SD 17.8+/-9.0 8.7+/-3.3 <0.05
BMI-mean + SD 27.1+/-58  259+/-49 ns
Creatinine — mean + SD [mg/dL] 1.19+/-119 0.87 +/-0.45 ns
Total Bilirubin — mean + SD [mg/dL] 6.6 +/— 9.3 09+/-0.8 <0.005
INR 39+/-119 1.04+/-0.14 ns
Albumin 3.94+/-515 4.14+/-0.49 ns
Ascites - n (%) 13 (46.4 %) 0 ns
LRLT - n (%) 6 (21.4 %) - ns
Indication for Surgery

Hepatitis C -n (%) 16 (57.1 %) 0

ETOH -n (%) 3(10.7 %) 0

PSC -n (%) 4(14.3 %) 0

HCC -n (%) 9 (32.1 %) 1(14.3 %)

Others -n (%) 5 (17.9 %) 2 (28.6 %)

Pancreatic Ca -n (%) - 3(42.9 %)

Living liver donor -n (%) - 1(14.3 %)
Intraoperative
Length of anesthesia — mean + SD [hours]  11.2 +/- 2.5 9.2+/-3.4 ns
Re-operation - n (%) 2(7.1%) 0 ns
PRBC - mean + SD [Units] 141 +/- 4.8 4.4 +/-56 ns
FFP —mean + SD [Units] 154 +/-147  29+/-42 <0.05

MELD- Model for End-stage Liver Disease score

BMI - Body mass index

INR - International normalized ratio
LRLT - Living related liver transplant
ETOH - alcohol induced hepatic cirrhosis
PSC - Primary sclerosing cholangitis

HCC - Hepato-cellular carcinoma

PRBC - number of packed red blood cells used intraoperatively

FFP — number of fresh frozen plasma used intraoperatively
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