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Hepatic dysfunction is associated with increased production of carbon monoxide. End-stage liver disease pa-
tients with hepatopulmonary syndrome (HPS) have been shown to have higher blood carbon monoxide levels
than those without HPS. The impact of liver transplantation on blood carbon monoxide levels is currently un-
known. We assessed the impact of liver transplantation on blood carbon monoxide and whether this is affect-
ed by HPS.

Eligible liver transplant recipients had room air arterial blood gas testing performed before and after liver trans-
plantation. The carboxyhemoglobin fraction was obtained from arterial co-oximetry and used as a surrogate
for carboxyhemoglobin production. Mean arterial carboxyhemoglobin fraction before transplantation was com-
pared to that after transplantation. Mean absolute and median relative pre- to post-transplant within-patient
change in carboxyhemoglobin fraction was compared between those with and without HPS.

Thirty-nine transplanted cirrhotic patients were analyzed, of whom 14 (36%) met criteria for hepatopulmonary
syndrome. The mean pre-transplant carboxyhemoglobin fraction was higher than the post-transplant fraction
(2.6 vs 1.8, difference 0.8 [95% Cl 0.4-1.2]; P value 0.0002). Of the 14 patients with HPS, 11 (79%) experienced
a decrease in their carboxyhemoglobin fraction after liver transplantation; among the 25 patients without HPS,
16 (64%) experienced such a decrease (P=0.48). Neither the absolute nor relative within-patient pre- to post-
transplant change in carboxyhemoglobin fraction was significantly different between patients with and with-
out HPS.

Blood carbon monoxide levels decreased significantly in cirrhotic patients following liver transplantation, but
HPS did not affect the magnitude of this change.
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Background

In liver cirrhosis, arterial vasodilation in the splanchnic circu-
lation as well as in the pulmonary vasculature plays an im-
portant role in the development of extrahepatic complications.
Among the proposed mediators of decreased vascular tone
in hepatic dysfunction, there are 2 gases: nitric oxide (NO)
and carbon monoxide (CO) [1,2]. Both NO and CO can be pro-
duced endogenously. CO is a byproduct of a pathway cata-
lyzed by heme-oxygenase (HO), an inducible enzyme that de-
grades heme in the liver. CO can activate soluble guanylate
cyclase, leading to generation of cyclic guanosine monophos-
phate, which in turn mediates various physiological functions
such as smooth muscle relaxation (Figure 1). Through this
mechanism, CO has been postulated to be a major contribu-
tor to the regulation of local and systemic vascular tone [3-5].
Animal studies have shown that levels of CO increase follow-
ing liver injury as a result of upregulation of the HO pathway
[6,7]. Human data likewise point to increased HO activity in
cirrhotic patients compared to healthy controls, as indicated
indirectly by higher CO and blood carboxyhemoglobin (HbCO)
levels in the former group [8].

Hepatopulmonary syndrome (HPS) is a complication of severe
liver disease, characterized by abnormal arterial oxygenation
due to intrapulmonary vascular dilatation. Overproduction of
pulmonary NO has been considered to be the main pathophys-
iological mechanism behind the abnormal vasodilation [9]. Also
found in experimental HPS is markedly increased expression
of HO with accompanying elevation of arterial HbCO [10,11].
In a human study, Arguedas et al showed that levels of HbCO
were significantly higher in cirrhotic patients with HPS com-
pared to patients without HPS [12]. In contrast, Tran et al found
no correlation between HbCO and liver disease severity in cir-
rhotic outpatients [13].

Liver transplantation can be expected to reduce CO produc-
tion compared to the pre-transplant level, perhaps especially
so in patients with HPS. There is currently no published work
examining the effect of liver transplantation on CO produc-
tion. We performed the present study to assess the impact of
liver transplantation on CO production using HbCO levels as
a surrogate in patients with chronic liver disease and to look
at this interplay differentially between those with and with-
out HPS before transplantation.

Material and Methods

Patients

Westchester Medical Center (WMC) is an active liver transplan-
tation center located in the state of New York that performs
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Figure 1. Graphical depiction of the heme-oxygenase (HO)
pathway. Heme, a product of hemoglobin degradation,
is engulfed by liver macrophages and then broken
down to iron (Fe?*), biliverdin, and carbon monoxide
in a reaction catalyzed by the inducible enzyme HO-1.
This enzyme’s activity can be upregulated by multiple
factors, including liver injury. Carbon monoxide, in
turn, exerts several downstream effects, including
vasodilation.

approximately 40 liver transplantation surgeries annually. All
adult patients with liver cirrhosis who underwent deceased
donor liver transplantation at WMC between January 1, 2014
and February 29, 2020 were eligible for inclusion in the study.
Candidate patients were identified through the electronic liv-
er transplantation recipient database belonging to the Section
of Transplant Hepatology. For patients thus identified, parame-
ters of interest were then extracted from the hospital electron-
ic medical record and the database maintained by the hospi-
tal’s pulmonary function laboratory. The Institutional Review
Board of New York Medical College and the Clinical Research
Institute of Westchester Medical Center approved the study
(protocol #12965). All clinical data used in this study had al-
ready been obtained as part of routine patient care, so the re-
quirement for informed consent was waived.

Potentially eligible liver transplant recipients were screened

for fulfillment of the following inclusion criteria:

1 Age >18 years.

2. Ambulatory pre-transplant evaluation by the WMC hepatol-
ogy service.

3. Available results of room air arterial blood gas (ABG) testing,
including co-oximetry, performed by the WMC Pulmonary
Function Laboratory as part of the index ambulatory pre-
transplant evaluation.

4. Available results of room air ABG testing with co-oximetry
within 12 months following liver transplantation.

5. Known results of assessment for the presence of HPS (see
below).
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Patients were ineligible for analysis if any of the following ex-

clusion criteria were met:

1 Evidence of chronic pulmonary disease.

2. Active cigarette smoking at the time of pre-transplant ABG
testing or unknown smoking status.

3. Incomplete ABG data (eg, lacking co-oximetry).

The presence or absence of chronic pulmonary disease was ad-
judicated by 2 experienced pulmonologists (OE, MAH) based
on review of available history, chest imaging, and pulmonary
function testing.

HPS Criteria

In accordance with published guidelines [14], HPS was defined
by a positive contrast-enhanced (“bubble”) echocardiogram
consistent with intrapulmonary shunting in combination with
an alveolar-arterial oxygen gradient of >15 mmHg. HPS sever-
ity was graded as recommended by the European Respiratory
Society’s task force in 2004 [15]:

Mild: PaO, >80 mmHg

Moderate: Pa0, 260 mmHg to <80 mmHg

Severe: Pa0, 250 mmHg to <60 mmHg

Very Severe: Pa0, <50 mmHg

Arterial Blood Gas and HbCO Testing

As part of pre-transplant evaluation, arterial specimens for ABG
analysis are customarily obtained in the pulmonary function
laboratory from the radial artery with the patient breathing
ambient air in a sitting position. The blood is collected into a
heparinized syringe and processed routinely for pH and gas
tensions as well as typically for co-oximetry using the GEM
Premier 4000 system (Instrumentation Laboratory, Bedford,
MA, USA). Co-oximetry measurements provide a value for the
percentage of HbCO in the sample with the normal range in
our institution being 0.5-1.5%. In the event that multiple eligi-
ble ABG results were available, the values closest to the date
of transplant surgery were chosen for study purposes.

Statistical Analysis

The primary objective of this study was to compare both the
absolute and relative change in HbCO fraction between the
pre-transplant and post-transplant values in cirrhotic patients
overall as well as separately in those with and without HPS.
The absolute within-patient change was defined as the dif-
ference between the post-transplant HbCO and pre-trans-
plant HbCO. The relative within-patient change was defined
as: (post-transplant HbCO — pre-transplant HbCO)/pre-trans-
plant HbCO. The expected impact of liver transplantation was
a decline in HbCO fraction. Patient characteristics were re-
ported as frequency and percentage for categorical variables;
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meanSD for normally distributed continuous variables, and
median (IQR) for continuous variables that violated normali-
ty. Normality of distribution was assessed using the Shapiro-
Wilk test. Fisher’s exact test (two-tailed) was used to compare
categorical variables. The paired t test was used to compare
means within the same group before and after liver transplan-
tation. An unpaired t test (two-tailed) was used to compare
means between 2 different groups; for example, those with
HPS vs those without HPS. Statistical inference about medi-
ans in 2 different groups was based on the Mann-Whitney U
test. A P value of <0.05 was accepted as statistically significant.
All statistical analyses were performed using IBM SPSS v.27.

Results

A total of 145 patients underwent liver transplantation at WMC
during the study period. Of these, 106 patients (73%) became
ineligible for analysis after application of the inclusion and ex-
clusion criteria. Out of the remaining 39 patients, 14 (36%) ful-
filled criteria for HPS. The demographic and clinical character-
istics of the study population are summarized in Table 1. The
mean age of our sample was 59+8 years, and 28 patients were
men (72%). The most common indication for liver transplanta-
tion in our sample was hepatocellular carcinoma (N=19, 49%)
combined with other indications. The second and third most
common indications were hepatitis C cirrhosis (N=17, 44%) and
alcoholic cirrhosis (N=11, 28%). The mean physiologic Model for
End-Stage Liver Disease (MELD) score in the sample was 19+10.
With respect to complications of end-stage liver disease, the
pre-transplantation course of 27 patients (68%) included ascites,
7 patients (18%) were recipients of hemodialysis, and another
15 (38%) had a history of hepatic encephalopathy. When the
baseline characteristics of patients with and without HPS were
compared, no significant differences emerged between the 2
groups, including with respect to pre-transplant PaO, (Table 1).
Twelve of the 14 patients (86%) with HPS had mild to moder-
ate disease. The 2 patients with severe to very severe disease
were prescribed supplemental oxygen prior to transplantation.

The main results are summarized in Figures 2 and 3. The mean
pre-transplant HbCO fraction in the study sample as a whole
was 2.6+1 (range 0.3-6.8), whereas the mean post-transplant
fraction was 1.8+0.7 (range 0.4-4.1). The absolute difference
between the mean pre-transplant value and the mean post-
transplant value of 0.8 (95% Cl 0.4-1.2) was statistically sig-
nificant (P=0.0002). Twenty-seven patients (69%) experienced
a decrease in their fraction of HbCO after liver transplanta-
tion; for the remainder, it increased. The mean pre-transplant
HbCO fraction in the subset of patients with HPS was 2.7+0.7,
whereas in those without HPS it was 2.5+1.1, for a difference
of 0.2 (95% Cl -0.4-0.8), which was non-significant (P=0.48).
The respective mean post-transplant values likewise did not
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Table 1. Baseline demographic and clinical characteristics of the study patients.

All patients With HPS Without HPS
N=39 N=14 N=25

ok ok

HPS severity

Mild 7 (50%)
"""" Moderate . s@ew
"""" Severe . a@w
"""" VerySevere . 1gw
" Days from transplant to post-transplant ABG median (QR) 151 (91-318) 136 (69-339) 187 (93:317) 079

ABG - arterial blood gas; ESRD — end-stage renal disease; HCC — hepatocellular carcinoma; HCV — hepatitis C virus;

HPS — hepatopulmonary syndrome; INR — international normalized ratio; MELD — Model for End-Stage Liver Disease score;

NASH - non-alcoholic steatohepatitis. * Reflects serum creatinine of patients not receiving dialysis; ** some patients had multiple
indications for liver transplantation; *** others: Alpha 1 antitrypsin deficiency=1, Primary Sclerosing Cholangitis=1, Cryptogenic
Cirrhosis=1; **** HPS severity: [15] Mild - >80 mmHg, Moderate — <80 mmHg — 60 mmHg; Severe — <60 mmHg — 50 mmHg,

Very severe — <50 mmHg.

differ significantly: 1.7+0.7 vs 1.8+0.7, for a difference of 0.1 the median (IQR) relative within-patient change in those with
(95% Cl -0.6-0.4, P=0.66). Correspondingly, the mean absolute HPS was similar to those without: -0.38 (-0.51- -0.09) vs -0.23
within-patient pre- to post-transplant change in HbCO frac- (-0.52-0.16), respectively (P =0.17). Of the 14 patients with HPS,
tion in the HPS group (-1.0+1.0) was not significantly different 11 (79%) experienced a decrease in their HbCO fraction after
from that in the non-HPS group (-0.7+1.3): difference between liver transplantation; among the 25 patients without HPS, 16
means of 0.3 (95% Cl 0.5-1.1) with a P value of 0.42. Likewise, (64%) experienced a decrease (P =0.48).
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Figure 2. Comparison of mean carboxyhemoglobin (HbCO)

3.0 p=048 levels in all patients before (black bar) and after (white
o o bar) liver transplantation, which were significantly

257 higher prior to transplant. HbCO levels before liver

i transplantation are also compared separately in
20 those with (solid blue bar) and without (light blue
154 bar) hepatopulmonary syndrome (HPS). The same
comparison is likewise shown after transplantation

1.0 (solid and light geen bars). Differences in the latter 2

0s comparisons did not reach statistical significance.
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Figure 3. (A) Graph depicting both the mean absolute change in carboxyhemoglobin (HbCO) level from before to after liver
transplantation, as well as the median relative change. Light bars represent the group with hepatopulmonary syndrome
(HPS), while black bars represent the group without HPS. The differences between the 2 groups were not statistically
significant. (B) Individual patient direction and magnitude of absolute change in HbCO level from before liver transplantation
to after (N=39). Of the 14 patients with HPS, 11 (79%) experienced a decrease in their HbCO level after liver transplantation;
among the 25 patients without HPS, 16 (64%) experienced a decrease (P=0.48).
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Discussion

This study builds on prior findings in experimental acute liver
injury [3-6] as well as on human data from chronic liver dis-
ease [7] indicating that CO production and therefore HbCO lev-
els may rise in the setting of hepatic dysfunction. The mean
pre-transplantation HbCO fraction in our sample (2.6) was al-
most twice the upper limit of normal (1.5) for our institutional
laboratory. The mean post-transplantation HbCO fraction of 1.8
approached the normal range but failed to reach it. Contrary
to experimental [10] and clinical [11] reports, however, HPS
was not associated with a higher pre-transplant HbCO level
nor with a more robust response of HbCO to liver transplan-
tation compared to patients without HPS.

This study is the first to examine the impact of liver transplan-
tation on CO production in cirrhotic patients. As hypothesized,
liver transplantation significantly reduced the HbCO fraction
measured by arterial co-oximetry in a sample of non-smok-
ing, end-stage liver disease patients without chronic lung dis-
ease from a single transplant center. When cases with and
without HPS were compared, there was no difference in pre-
transplantation or post-transplantation HbCO levels between
them nor in the magnitude of absolute or relative within-pa-
tient change from before the transplant to after. Most patients
in both groups experienced a decrease in HbCO fraction with
liver transplantation.

The related questions of whether liver cirrhosis does indeed el-
evate the HbCO level and whether liver transplantation leads to
lowering of CO production have a number of practical implica-
tions. One of them is the performance of pulse oximetry, which
does not differentiate between types of hemoglobin and thus
can overestimate the oxygen saturation by counting HbCO [16].
Abrams et al have shown that in cirrhotic patients, pulse ox-
imetry (SpO,) overestimates oxygen saturation in comparison
to co-oximetry (Sa0,), which can specifically measure oxyhe-
moglobin, with a mean absolute bias (Sp0,-Sa0,) of about 3.5
percentage points [17]. In their sample, there was no signifi-
cant difference in HbCO fraction between the patients with liv-
er disease and healthy controls, and the HbCO fraction did not
correlate well with pulse oximetry bias (Spearman r=0.21). In
the current study, the mean HbCO fraction before transplan-
tation was higher than that reported by Abrams et al in their
cirrhotic population (2.6% vs 1.7%, respectively), and the fig-
ure of 2.6% approximates in magnitude the bias of pulse ox-
imetry in that earlier study. Nonetheless, consistent with the
results of Abrams et al, in our patients the pre-transplant
HbCO fraction did not correlate significantly with pre-trans-
plant pulse oximetry bias (Spearman r=0.094; P=0.57). Prior to
transplantation, our patients had lower mean pulse oximetry
bias than the value of 3.5 reported by Abrams et al: 0.31+2.5,
which became -0.26+1.3 following transplantation (p=0.26 by
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Wilcoxon signed rank test). Although our findings, like those
of Abrams et al, do not link elevated pre-transplantation HbCO
to flawed pulse oximetry performance in those with liver cir-
rhosis, the small sample size of this study precludes drawing
firm conclusions about the contribution of HbCO to pulse ox-
imetry bias and leaves open the possibility of improved fidel-
ity of pulse oximetry following liver transplantation as a re-
sult of decreased HbCO.

As mentioned earlier, CO has been implicated in the vasodila-
tory state that accompanies end-stage liver disease and con-
tributes to HPS. The significant drop in HbCO fraction follow-
ing liver transplantation observed in the present study raises
the possibility that reduced CO production could be a contrib-
utor to the post-transplant improvement in vascular tone that
leads to the higher systemic blood pressure and resolution of
HPS commonly seen in transplant recipients [18,19]. If this hy-
pothesis is supported by future investigations, it could refine
the current understanding of factors that modulate vascular
tone in patients with liver cirrhosis and could potentially of-
fer a pathway for therapeutic targeting [20].

Our study suffers from a number of limitations, primary its
retrospective nature and small sample size. Because patients
were not studied prospectively, it was impossible to standardize
the timing of ABG collections relative to the date of transplan-
tation surgery. Subjects’ cigarette smoking status was deter-
mined based strictly on medical record documentation rather
than laboratory testing for nicotine or cotinine.

Conclusions

Using arterial HbCO fraction as a marker of endogenous CO pro-
duction, this study is the first to demonstrate that liver trans-
plantation results in a significant decrease in CO production
and consequently in HbCO levels. This effect was observed ir-
respective of the presence or absence of HPS. The absolute
and relative magnitude of the reduction in CO following liv-
er transplantation was similar in those with and without HPS.
If confirmed by subsequent studies, this phenomenon could
affect the interpretation of pulse oximetry measurements in
the pre-transplant period relative to the post-transplant peri-
od and could inform the understanding of changes in vascu-
lar tone associated with receipt of liver allografts.
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