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Fractional flow reserve (FFR) determines the functional significance of epicardial stenoses
assuming negligible venous pressure (Pv) and microvascular resistance. However, these
assumptions may be invalid in end-stage liver disease (ESLD) because of fluctuating Pv

and vasodilation. Accordingly, all patients with ESLD who underwent right-sided cardiac
catheterization and coronary angiography with FFR as part of their orthotopic liver
transplantation evaluation between 2013 and 2018 were included in the present study.
Resting mean distal coronary pressure (Pd)/mean aortic pressure (Pa), FFR, and Pv were
measured. FFR accounting for Pv (FFR � Pv) was defined as (Pd � Pv)/(Pa � Pv). The
hyperemic effect of adenosine was defined as resting Pd/Pa � FFR. The primary outcome
was all-cause mortality at 1 year. In 42 patients with ESLD, 49 stenoses were interrogated
by FFR (90% were <70% diameter stenosis). Overall, the median model for ESLD score
was 16.5 (10.8 to 25.5), FFR was 0.87 (0.81 to 0.94), Pv was 8 mm Hg (4 to 14), FFR-Pv was
0.86 (0.80 to 0.94), and hyperemic effect of adenosine was 0.06 (0.02 to 0.08). FFR-Pv led to
the reclassification of 1 stenosis as functionally significant. There was no significant corre-
lation between the median model for ESLD score and the hyperemic effect of adenosine
(R = 0.10). At 1 year, 13 patients had died (92% noncardiac in etiology), and patients with
FFR ≤0.80 had significantly higher all-cause mortality (73% vs 17%, p = 0.001. In conclu-
sion, in patients with ESLD who underwent orthotopic liver transplantation evaluation, Pv

has minimal impact on FFR, and the hyperemic effect of adenosine is preserved. Further-
more, even in patients with the predominantly angiographically-intermediate disease,
FFR ≤0.80 was an independent predictor of all-cause mortality. © 2021 Elsevier Inc. All
rights reserved. (Am J Cardiol 2022;166:122−126)
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Previous studies of patients with end-stage liver disease
(ESLD) have demonstrated worse clinical outcomes in
those with concomitant coronary artery disease (CAD) and
improvements in long-term mortality with revascularization
previous to orthotopic liver transplantation (OLT).1−3 Frac-
tional flow reserve (FFR) is a validated coronary pressure
wire-based index that evaluates the functional significance
of epicardial coronary stenoses and is commonly used to
interrogate angiographically-intermediate disease.4,5 The
derivation of FFR assumes negligible central venous pres-
sure (Pv) and microvascular coronary resistance.6 However,
these assumptions may be invalid in ESLD because of path-
ophysiology characterized by dynamic Pvs and marked
vasodilation.7−9 To the best of our knowledge, FFR has not
been previously studied in a dedicated ESLD population. In
the present study, we aimed to assess the accuracy and
prognostic impact of FFR in patients with ESLD who
underwent OLT evaluation.

This single-center retrospective cohort study included all
adult patients with ESLD at the University of California,
Los Angeles (UCLA) who underwent right-sided cardiac
catheterization (RHC) and coronary angiography with FFR
between 2013 and 2018 as part of their OLT evaluation.
Patients aged <18 years were excluded. The study protocol
was approved by the UCLA Institutional Review Board.

Hemodynamic data measured during the index proce-
dure included resting mean distal coronary pressure (Pd)/
mean aortic pressure (Pa), FFR, and central Pv. Resting Pd/
Pa was defined as the ratio of Pd to Pa. FFR was defined as
the Pd/Pa at maximal hyperemia during administration of
adenosine, and values ≤0.80 were considered functionally
significant.10 Pv was defined as the mean right atrial pres-
sure. We defined an adjusted FFR accounting for Pv (FFR-
Pv) as (Pd � Pv)/(Pa � Pv) and the hyperemic effect of aden-
osine as resting Pd/Pa � FFR. FFR-guided percutaneous
coronary intervention (PCI) was defined as PCI of the inter-
rogated stenosis during the index procedure or in a staged
fashion (i.e., planned PCI within the following 60 days).

The primary outcome was all-cause mortality at 1 year.
Secondary outcomes included nonperiprocedural myocardial
infarction (MI), repeat revascularization, and the composite
of all-cause mortality, MI, and repeat revascularization at 1
year (major adverse cardiovascular events [MACE]). MI
was defined as an increase in troponin levels to >99th per-
centile of the upper reference limit in addition to either
new ischemic electrocardiographic or echocardiographic
changes.11 Repeat revascularization was defined as any
subsequent PCI excluding staged PCI.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.amjcard.2021.11.031&domain=pdf
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Table 2

Hemodynamic and revascularization data

N = 49

Stenosis degree Iinterrogated

Mild (0-39%) 3 (6%)

Moderate (40-69%) 41 (84%)

Severe (≥ 70%) 5 (10%)

Stenosis location interrogated
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Data are expressed as frequency (percentages) or median
(interquartile range). Independent samples t tests and chi-
square tests (as appropriate) were used to test for differen-
ces between groups of continuous and categorical variables,
respectively, and Spearman rank correlation coefficients
were used to assess the correlation between continuous var-
iables. Time-to-event data were analyzed using Kaplan-
Meier curves and log-rank tests stratified by FFR ≤0.80.
Cox proportional hazards regression models including FFR
≤0.80 and key demographic, cardiovascular, and ESLD-
related factors were constructed to determine independent
predictors of clinical outcomes (multivariable models
included factors with p <0.10 in univariable analyses).
These Cox regression data are presented as hazard ratios
(HRs) with 95% confidence intervals (CIs). Statistical anal-
yses were performed with SPSS Statistics, version 27.0
(SPSS Inc., Chicago, Illinois). A p value <0.05 was consid-
ered statistically significant.

A total of 42 patients underwent RHC and coronary
angiography with FFR as part of their OLT evaluation at
UCLA from 2013 to 2018. The median age was 62 years
(57.5 to 66.6), 62% were men, and the median model for
ESLD (MELD) score was 16.5 (10.8 to 25.5) (Table 1). In
the 42 patients with ESLD, 49 coronary stenoses were inter-
rogated by FFR. Of these stenoses, 90% were angiographic-
ally mild or intermediate (<70% diameter stenosis on visual
Table 1

Baseline patient characteristics

N = 42

Age (years) 62 (57.5 − 66.6)

Male 26 (62%)

White 15 (36%)

Black 3 (7%)

Hispanic 13 (31%)

Asian 11 (26%)

Body mass index (kg/m2) 28.1 (24.5 − 34.5)

Hypertension 30 (71%)

Hyperlipidemia 14 (33%)

Diabetes mellitus 30 (71%)

Chronic kidney disease 18 (43%)

Cerebrovascular disease 3 (7%)

Peripheral arterial disease 0 (0%)

Prior heart failure 0 (0%)

Prior myocardial infarction 2 (5%)

Prior percutaneous coronary intervention 5 (12%)

Left ventricular ejection fraction <50% 1 (2%)

Tobacco Use (current or former) 27 (64%)

Family history of coronary artery disease 5 (12%)

Stress test

Positive 2 (5%)

Negative/equivocal 27 (64%)

None 13 (31%)

Model for End-Stage Liver Disease Score 16.5 (10.8 − 25.5)

Cause of end-stage liver disease

Alcohol 5 (12%)

Hepatitis C virus 16 (38%)

Multifactorial 2 (5%)

Non-alcoholic steatohepatitis 9 (21%)

Other 10 (24%)

Data are presented as median (first quartile − third quartile) as

appropriate.
inspection) and 69% were located in the left main coronary
artery (2%) or left anterior descending artery (67%). The
median resting Pd/Pa was 0.94 (0.89 to 0.98) and the median
FFR was 0.87 (0.81 to 0.94); these data indicated a median
hyperemic effect of adenosine of 0.06 (0.02 to 0.08), which
did not significantly correlate with MELD score (R = 0.10).
The median Pv was 8 mm Hg (4 to 14), yielding a median
FFR-Pv of 0.86 (0.80 to 0.94). There was no significant dif-
ference between FFR-Pv and FFR (p = 0.28). FFR-Pv led to
the reclassification of 1 stenosis from functionally nonsig-
nificant to functionally significant. In the 12 patients with
functionally significant stenoses, 11 underwent revasculari-
zation (10 PCI and 1 coronary artery bypass grafting),
whereas 1 died before planned revascularization (Table 2).

One-year outcome data were available for 41 patients; 1
patient was lost to follow-up and excluded from the
Left main 1 (2%)

Left anterior descending 33 (67%)

Left circumflex 5 (10%)

Right coronary artery 10 (21%)

Pd/Pa 0.94 (0.89 − 0.98)

Fractional flow reserve 0.87 (0.81 − 0.94)

≤ 0.80 12 (25%)*

> 0.80 37 (75%)

Pd/Pa − FFR 0.06 (0.02 − 0.08)

Venous pressure (mm Hg) 8 (4 − 14)

Right ventricular systolic pressure (mm Hg) 29.5 (22.5 − 36.8)

Right ventricular diastolic pressure (mm Hg) 7.0 (4.0 − 10.8)

Pulmonary artery systolic pressure (mm Hg) 28.0 (22.0 − 36.5)

Pulmonary artery diastolic pressure (mm Hg) 14.5 (10.0 − 19.0)

Mean pulmonary artery pressure (mm Hg) 20.0 (15.8 − 27.3)

Pulmonary capillary wedge pressure (mm Hg) 13.0 (10.0 − 17.0)

Thermodilution cardiac output (L/min) 6.7 (5.4 − 8.5)

Thermodilution cardiac index (L/min/m2) 3.5 (3.1 − 4.8)

FFR-Pv 0.9 (0.8 − 0.9)

≤ 0.80 13 (27%)

> 0.80 36 (73%)

Reclassified as ≤ 0.80 per FFR-Pv 1 (3%)

FFR � FFR-Pv 0.01 (0.01 − 0.03)

Revascularization

FFR ≤ 0.80 11/12 (91%)

Percutaneous coronary intervention 10 (83%)

Coronary artery bypass graft 1 (8%)

FFR > 0.80 1/37 (3%)

Percutaneous coronary intervention 1 (3%)

Coronary artery bypass graft 0

Stent Type

Bare mental stent 10/11 (91%)

Drug eluting stent 1/11 (9%)

Data are presented as median (first quartile − third quartile) as

appropriate.

* These 12 functionally significant FFR values occurred in 12 separate

patients.

FFR = fractional flow reserve.



Table 3

Clinical outcomes at 1 year

Overall(N = 41*) FFR ≤ 0.80(N = 11) FFR > 0.80(N = 30y) p Value

All-cause death 13 (32%) 8 (73%) 5 (17%) 0.001

Cardiac 1 (2%) 1 (9%) 0 (0%) 0.10

Non-cardiac 12 (29%) 7 (64%) 5 (17%) 0.004

Myocardial infarction 1 (2%) 1 (9%) 0 (0%) 0.10

Repeat revascularizationy 7 (17%) 4 (36%) 3 (10%) 0.04

Composite of all-cause death, myocardial infarction, and repeat revascularization 18 (44%) 10 (91%) 8 (27%) <0.0001
Total events 21 13 8 <0.0001
Total events per person 0.51 1.18 0.27 <0.0001

*Only 1 of 42 patients was lost to follow-up.
yOne patient was reclassified (FFR >0.80 but FFR-Pv ≤0.80) and experienced myocardial infarction and lesion revascularization.

Figure 2. Kaplan-Meier estimate of composite event-free survival rate by

FFR. Kaplan-Meier analysis demonstrated that a functionally significant

FFR value (≤0.80) is associated with a significantly lower cumulative

event-free survival rate for the composite of all-cause mortality, MI, and

repeat revascularization.

Figure 1. Association of functionally significant FFR with all-cause mor-

tality. Kaplan-Meier analysis demonstrated that a functionally significant

FFR value (≤0.80) is associated with a significantly lower rate of survival.
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analyses. The overall 1-year mortality rate was 32%, 92%
of which were noncardiac in etiology (Table 3). Of note,
patients with FFR ≤0.80 had largely similar baseline char-
acteristics as those with FFR >0.80 apart from a higher rate
of chronic kidney disease and hepatocellular carcinoma
(Supplementary Table 1). Patients with functionally signifi-
cant stenoses had significantly lower cumulative survival
rates than those with functionally nonsignificant stenoses
(27% vs 83%, log-rank p = 0.001, Figure 1). In addition,
repeat revascularization (36% vs 10%, p = 0.04), MACE
(91% vs 27%, p <0.0001, Figure 2), and total events per
patient (1.08 vs 0.27, p <0.0001) occurred significantly
more frequently in patients with functionally significant dis-
ease (Table 3). In multivariate Cox regression analyses,
FFR ≤0.80 remained an independent predictor of all-cause
mortality (HR = 3.93, 95% CI 1.81 to 13.01, p = 0.03) and
MACE (HR = 4.54, 95% CI 1.58 to 13.04, p = 0.005).
Finally, in the 11 patients with functionally significant ste-
noses who underwent revascularization, 1 was lost to fol-
low-up, 4 received OLT (3 survived to 1 year) and 6 did not
receive OLT (none survived to 1 year); 2 of the deaths were
attributable to bleeding complications.

The salient findings of this retrospective study of patients
with ESLD are: (1) Pv has negligible impact on FFR, and
the hyperemic effect of adenosine remains preserved even
in the setting of higher MELD score, a marker of liver dis-
ease extent; and (2) even in patients with predominantly
angiographically-intermediate CAD, an FFR value ≤0.80
was significantly associated with all-cause mortality and
MACE at 1 year. Taken together, these data suggest that
FFR is a reliable physiologic index to assess the functional
significance of epicardial coronary stenoses in patients with
ESLD who underwent OLT evaluation and may carry sig-
nificant prognostic value in this specific population.

The mathematical derivation of FFR involves 3 different
variables, Pd, Pa, and Pv.

6 However, in the clinical setting,
Pv is omitted because it is typically negligible relative to Pa
(i.e., in a healthy patient, the mean right atrial pressure is 5
to 8 mm Hg, whereas the mean aortic pressure is 80 to
100 mm Hg), simplifying the calculation from (Pd � Pv)/
(Pa � Pv) to Pd/Pa. Some have questioned the influence of
this simplification on the accuracy of FFR, pointing out that
failing to account for Pv may yield a falsely elevated FFR
value and possibly alter treatment decisions, and ultimately,
patient outcomes.12,13 This concern, together with poten-
tially hyperdynamic Pvs in the setting of ESLD, led us to
study the impact of right atrial pressure on FFR.14,15 In the
present study, Pv was 9.3 § 6.4 mm Hg, which is consistent
with previously reported values in ESLD populations.
Mean FFR was 0.87 § 0.08, and mean FFR accounting for
Pv (FFR-Pv) was 0.85 § 0.09, indicating that adjusting for
Pv changed FFR values by 0.02 § 0.02. Furthermore, FFR-
Pv led to the reclassification of only 1 stenosis from func-
tionally nonsignificant to functionally significant. Thus,
these data imply that the overall impact of Pv on FFR in the

www.ajconline.org
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patients with ESLD is minimal and that the current practice
of assuming Pv is negligible in this population is appropri-
ate.

A fundamental assumption in the derivation of FFR is
negligible microvascular resistance. The establishment of
maximal hyperemia (typically intravenous or intracoro-
nary adenosine administration), therefore, is critical for
accurate FFR interrogation of epicardial coronary stenoses
because it minimizes microvascular resistance. ESLD is
characterized by increased circulatory flow and significant
vasodilation, suggesting that this population may live in a
state of maximal hyperemia and not require adenosine
infusion for FFR assessment. In contrast, we found that the
hyperemic effect of adenosine was indeed preserved in
patients with ESLD, and most notably even in those with
the highest MELD scores. This observation is consistent
with previous magnetic resonance imaging-based myocar-
dial perfusion reserve studies indicating an impaired
microvascular function in patients with nonalcoholic fatty
liver disease.16

Several case reports and small observational studies
have reported coronary revascularization outcomes in
patients with ESLD, but none have specifically evaluated
outcomes stratified by FFR in patients with angiographic-
ally-intermediate stenoses.17−20 In the present study of
patients with ESLD with predominantly angiographically-
intermediate disease, a functionally significant FFR value
(≤0.80) was a significant predictor of all-cause mortality
and MACE (driven by repeat revascularization) in adjusted
analyses. Interestingly, in the 11 patients with an FFR
≤0.80 (all underwent revascularization), only 1 of 8 deaths
was cardiac in etiology, and only 1 of 4 who successfully
underwent OLT died. Taken together, these data suggest
that< ischemia in the setting of even moderate CAD is a
poor prognostic indicator in patients with ESLD, but may
not be a mechanism of death in this high-risk population.

Several limitations warrant mentioning. First, this is a
single-center, retrospective, and observational study with a
small sample size, and thus the findings should be consid-
ered hypothesis-generating and may partially be because of
residual confounding unaccounted for by differences
between groups. Nonetheless, the study population is fairly
generalizable to most OLT cohorts given the balanced
demographic factors (e.g., 38% female, 31% Hispanic, 26%
Asian). Second, RHC at the time of FFR interrogation was
not standard protocol during the study period, which may
have introduced selection bias. Third, operator variability
in the FFR technique (e.g., the position of the pressure
transducer in the interrogated vessel, intravenous vs intra-
coronary adenosine, dosage of adenosine, and others) may
have impacted the FFR data. Finally, many of these patients
are primarily cared for at local institutions previous to OLT,
and thus some event data may not have been captured.

In conclusion, in patients with ESLD awaiting OLT, Pv
has minimal impact on FFR and the hyperemic effect of
adenosine is preserved, indicating that FFR is a reliable
index to measure the function significance of epicardial cor-
onary stenoses in this population. In addition, even in
patients with predominantly angiographically-intermediate
stenoses, an FFR value ≤0.80 was an independent predictor
of all-cause mortality and MACE at 1 year.
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