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Abstract

Aims

Patients with cirrhosis and portal hypertension are at high risk of developing complications

such as variceal hemorrhage, ascites, and cardiac dysfunction, the latter of which is known

as cirrhotic cardiomyopathy. Since non-selective beta-blockers (NSBB) may aggravate

hemodynamic complications we investigated the effect of real-time propranolol infusion on

cardiac function in patients with varying degrees of cirrhosis.

Methods

Thirty-eight patients with Child-Pugh A (n = 17), B (n = 17) and C (n = 4) underwent liver vein

catheterization and cardiac magnetic resonance imaging. We assessed the effect of real-

time propranolol infusion on the hepatic venous pressure gradient, cardiac index, stroke vol-

ume, ejection fraction, heart rate, and contractility.

Results

Nineteen patients were classified as responders to beta-blocker therapy. In pooling Child-Pugh

B and C patients, the reduction in cardiac index by beta-blockade was weaker than in Child-

Pugh A patients (-8.5% vs. -20.5%, p = 0.043). The effect of NSBB on portal pressure was

inversely correlated to changes in the left atrium where the left atrial volume changed by 4 mL

±18 in responders compared to 15 mL±11 in non-responders (p = 0.03). Finally, the baseline

ejection fraction correlated inversely with the reduction in portal pressure (r = -0.39, p = 0.02).

Conclusion

We found the effect of beta-blockade on cardiac index in patients with advanced cirrhosis to

be less potent than in patients with early cirrhosis, indicating that underlying cirrhotic
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cardiomyopathy increases, and the cardiac compensatory reserve becomes more compro-

mised, with disease progression. The differential effects of beta-blockade in the left atrium

may be used to predict the effect of beta-blockers on portal pressure, but further studies are

needed to investigate this possibility.

Introduction

Patients with advanced cirrhosis are at high risk of developing complications from multiple

organ systems, leading to increased morbidity and mortality [1]. Cardiac dysfunction in

patients with cirrhosis is described as cirrhotic cardiomyopathy (CCM) and is now widely

acknowledged [2]. Ascertaining the presence of CCM is clinically relevant since it appears to

be involved in the development of complications in cirrhosis and is associated with the course

of the disease [3]. The definition of CCM comprises 1. systolic dysfunction, 2. diastolic dys-

function, and 3. supportive criteria such as heart chamber enlargement, abnormal chronotro-

pic response, and QT-interval prolongation [2].

The exact prevalence of CCM is not known, but estimates range from 50–60% depending

on the definition used [4]. It is thus estimated that diastolic dysfunction is present in about

50% of cirrhotic patients depending on the characteristics of the population and the severity of

their liver disease [5]. About 50% of patients with cirrhosis present with esophageal varices at

the time of diagnosis [6]. Non-selective beta-blockers (NSBB) are well established in primary

and secondary prophylaxis of variceal hemorrhage because they reduce portal pressure [7, 8],

but only about 50% of patients respond to this therapy [9, 10]. Recently, the potentially delete-

rious effects of NSBB in decompensated cirrhosis have come under scrutiny [11–14], leading

to the formulation of the window hypothesis [15]. This hypothesis states that NSSB have a neg-

ative impact on the cardiac compensatory reserve in severe cirrhosis and results in increased

mortality [11].

Until now, cardiac changes have primarily been assessed using echocardiography and

under strain [2]. Investigating cardiac abnormalities during beta-blockade using cardiac mag-

netic resonance imaging (CMRI) provides a new opportunity for meticulous assessment of

potentially harmful hemodynamic changes. In the present study, we used CMRI, to investigate

the effects of acute beta-blockade on cardiac function, as well as changes in portal pressure,

among patients with cirrhosis of differing severities.

Methods

Study population

In this cross-sectional intervention study, we recruited 38 patients with cirrhosis with a mean

age of 59.8±9 years. Seventeen healthy controls with a mean age of 54.2±7 years were included

for acquisition of baseline values. The diagnosis of cirrhosis was based on clinical, biochemical,

and ultrasonographic indicators. All patients underwent endoscopy that revealed esophageal

varices and signs of portal hypertension, with an indication for treatment with NSBB, accord-

ing to the EASL guidelines [8]: primary prophylaxis in patients with grade 2–3 varices, grade 1

varices with cherry red spot, or Child-Pugh C status with varices, regardless of varix size. Sec-

ondary prophylaxis was offered to patients with previous variceal hemorrhaging.

Patients were excluded if they had known heart disease, had undergone a liver transplanta-

tion, had had a variceal hemorrhage in the two 2 weeks prior, or a blood transfusion within a
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week of the study, past insertion of a transjugular intrahepatic portosystemic shunt, hepatic-

or portal vein thrombosis, claustrophobia, atherosclerosis, dysregulated insulin dependent dia-

betes mellitus, acute or chronic renal or cardiovascular disease, any known active cancer, alco-

holic hepatitis or a hepatic encephalopathy score higher than 1. The severity of the liver disease

was classified according to the Model for End-stage Liver-Disease-Sodium (MELD-Na) and

Child-Pugh scores [16].

Of the 38 patients with cirrhosis, 22 were males; 17 patients were categorized as Child-Pugh

class A, 17 as class B and four as Child-Pugh class C. Child-Pugh B and C patients were pooled

(‘Child-Pugh B/C’) for statistical analysis. Thirty-three patients had alcoholic cirrhosis. The

remaining etiologies were non-alcoholic steatohepatitis in two patients (both Child-Pugh A),

autoimmune hepatitis in one patient (Child-Pugh B), hepatitis B in one patient (Child-Pugh

A) and cryptogenic cirrhosis in one patient (Child-Pugh B). None of the patients with Child-

Pugh A had ascites at the time of inclusion, seven patients in the Child-Pugh B/C group had

ascites, two of whom were refractory. Two patients each with Child-Pugh A and Child-Pugh

B/C, had hypercholesterolemia (>5 mmol/L). Furthermore, one patient in each group had

treatment with statins due to hypercholesterolemia. One Child-Pugh B patient had insulin

dependent diabetes mellitus, which was well-regulated.

To minimize pharmacological influences on cardiac activity or volume status, diuretics and

beta-blocker therapy were paused one and five days, respectively, prior to the investigations.

Fasting was required six hours before the hemodynamic investigations in order to reduce

interference with changes in preload. All patients provided informed written consent before

participating in the study according to the Helsinki Declaration. The trial was approved by the

Scientific Ethics Committee of the Capital Region of Denmark (journal no: H-16048475).

Liver vein catheterization

All patients underwent a liver vein catheterization to diagnose and assess the degree of portal

hypertension. The investigations were performed in the morning after an overnight fast and at

least one hour of rest in the supine position. Catheterization of the femoral artery and vein

were performed under local anesthesia and a small polyethylene catheter was introduced into

the femoral artery using the Seldinger technique. A Swan-Ganz catheter was guided through

the femoral vein to the hepatic veins during fluoroscopic control. The hepatic venous pressure

gradient (HVPG) was measured as the wedged (WHVP) minus the free hepatic venous pres-

sure (FHVP) using a Swan-Ganz balloon catheter [17]. Pressures were measured directly by a

capacitance transducer (Simonsen & Weel, Copenhagen, Denmark). Mean arterial pressure

(MAP) was determined as described elsewhere [18].

We assessed the response to NSBB according to the Baveno VI criteria, defining it as a

reduction in HVPG� 10%, or a HVPG < 12mmHg after an intravenous injection of propran-

olol at 0.15 mg/kg body weight, up to a maximum dose of 15 mg [19, 20]. After measuring

baseline HVPG, the propranolol (Dociton1, MIBE GmbH Arzneimittel, Brehna) was admin-

istered as an intravenous five-minute infusion, during which heart rate and blood pressure

were monitored. HVPG was measured again 15 minutes after the propranolol infusion.

Patients with HVPG less than 10 mmHg were excluded from the study.

Cardiac magnetic resonance imaging

CMRI recordings were performed with a 1.5 Tesla whole-body scanner (Magnetom Avanto;

Siemens Healthineers, Erlangen, Germany) no more than 30 days after patients were recruited

to the study and assessed.
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To measure diastolic and systolic phases of the cardiac cycle, the long axis (LAX) of

the heart was localized to obtain a single-slice, multi-phase, breath-hold ECG-gated

sequence. Twenty-five phases per slice were acquired. Both 4-chamber and 2-chamber

axial LAX slices were used for biplanar calculation of myocardial morphology as well as

global strain [21].

Cardiac parameters

CVI42 software release 5.9.1 (Circle Cardiovascular Imaging Inc., Calgary, Canada) was

used to visualize the endocardial contours of the heart in 4- and 2-chamber views simulta-

neously in cine-mode. The endocardial contours in all chambers were drawn at the end-dia-

stolic and end-systolic phase in all subjects. The phase with the lowest ventricular volumes

and the highest atrial volumes were defined as the end systolic volumes. The end-diastolic

volume of the left ventricle was defined as being the phase with the highest ventricular vol-

umes and lowest atrial volumes. As such, the end-diastolic volume was always in phase one,

whereas the mean end systolic volume was phase 11 (SD ±1). Left atrial volume was defined

in the end-systole. In order to minimize potential bias, all subjects were anonymized prior

to delineation.

The left ventricular stroke volume, ejection fraction and cardiac output were automatically

calculated based on end-diastolic volume, end systolic volume and heart rate of the patient.

Cardiac index was calculated as cardiac output (stroke volume × heart rate in beats per minute

(BPM)) divided by the total body surface area, calculated using Du Bois’ formula [22].

A feature-tracking algorithm was applied to the LAX endocardial contour of the left ventri-

cle in both 2-, 3- and 4-chamber views, to assess global longitudinal strain, as well as peak

strain values [23]. Endocardial and epicardial contour delineation were performed on the

sequence before, and the sequence after, propranolol infusion to calculate differences between

global strain values.

After obtaining the baseline sequence, the MR scan was paused and patients were given the

propranolol infusion through a peripheral venous catheter located in an antecubital vein, with

a dosage of propranolol and timing similar to that of the liver vein catheterization. Systolic

blood pressures were monitored with a non-magnetic sphygmomanometer 0, 5, 10 and 15

minutes after infusion to ensure stable blood pressure and heart rate before continuing with

the second sequencing. Thus, the patient had to be static and in the supine position for 20 min-

utes between the two sequences.

Statistics

Statistical analyses were performed with R-3.6.1 for Windows. All predictor variables were

tested for normality with the Shapiro-Wilk test for each group, the total cohort and pooled

Child-Pugh B and Child-Pugh C (Child-Pugh B/C). The mean and standard deviation (SD)

were reported for parametric variables, while medians with interquartile ranges (IQR) were

reported for non-parametric variables. Categorical variables were reported as proportions or

percentages. The effect of propranolol on the predictor variables was tested with paired t-test

or Wilcoxon test, as appropriate, and reported with mean differences (MD) and SD. Differ-

ences between multiple groups were compared using ANOVA or the Kruskal-Wallis test, as

appropriate. Due to the small sample size of the Child-Pugh C group, Child-Pugh B and C

patients were pooled. The comparisons were made with unpaired t-test or Mann-Whitney U

test, as appropriate. Pearson’s correlation analysis was performed for univariate correlations. P
values less than 0.05 were considered significant.
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Results

Demographic, clinical, and biochemical characteristics of the cirrhotic patients are shown in

Table 1. All patients had portal hypertension with a mean HVPG of 16.8±3.7 mmHg; it was

higher in Child-Pugh B/C patients (17.9±4 mmHg) than in Child-Pugh A patients (15.4±2

mmHg) (p<0.05). The average MELD-Na and Child-Pugh point-scores were 12.8±4.2 and 7

±2, respectively.

The mean age of the healthy controls was 54.1±7 years. There was no significant difference

in body mass index (BMI) or gender (p = 0.4) between the healthy controls and patients.

Hemodynamic and cardiac parameters at baseline

Cardiac variables, assessed by CMRI, are shown in Table 2 in controls and in Child-Pugh clas-

ses A and B/C. The ejection fraction was significantly higher in the cirrhotic patients, than in

the controls (0.72±0.08 vs. 0.63 ±0.05) (p<0.001). The cardiac index was also higher in the cir-

rhotic patients than in the controls (3.9 vs. 2.9 L�min-1�m-2) (p = 0.005) showing a strong corre-

lation with MELD-Na (r = 0.5, p = 0.001). Using Bazett’s formula [24], the QTc-interval was

found to be significantly longer in patients than in controls at baseline, and longer in Child-

Pugh B/C patients (455 ms [449;468]) than in Child-Pugh A patients (431 ms [420; 440])

(p = 0.03). The QTc interval was also found to correlate directly with the MELD-Na score

(r = 0.60, p<0.001). Within the Child-Pugh classes, there were no differences found with

respect to baseline MAP or right atrial pressure.

Cardiac morphology at baseline, did not appear to differ significantly between patients and

controls, nor between the individual Child-Pugh classes, with respect to left ventricular end-

diastolic volume, stroke volume, or size of the left atrium (Table 2). However, there was a

direct correlation between the size of the left ventricle (r = 0.34, p = 0.04) and stroke volume

(r = 0.34, p = 0.03) with an increasing MELD-Na score.

Table 1. Demographic, clinical, and biochemical characteristics of different Child Pugh groups.

Characteristics Child-Pugh A (n = 17) Child-Pugh B/C (n = 21) p
Age 61 ± 8 59 ± 10 0.5

Gender (men/women) 6/11 16/5 0.03

MELD-Na score 11 ± 3 14 ± 5 0.02

Responders 8 11 1

BMI (kg/m2) 27 ± 5 25 ± 5 0.4

Smoking (never/former/current) 2/12/3 4/9/7 -

Hypertension (yes/no) 3/14 4/17 1

Diabetes mellitus (yes/no) 5/12 4/17 0.7

INR 1.2 ± 0.1 1.4 ± 0.2 0.001

Serum-Bilirubin 18 ± 9 29 ± 27 0.1

Serum-Creatinine 75 ± 21 64 ± 18 0.1

Serum-Sodium 137 ± 3 136 ± 4 0.3

Alanine Transaminase (U/L) 38 ± 20 36 ± 12 0.7

Albumin (μmol/L) 39 ± 3 29 ± 6 <0.001

Alkaline phosphatase (U/L) 147 ± 75 156 ± 96 0.8

Data are presented as mean ± SD. Abbreviations: Model for End-Stage Liver Disease-Sodium score (MELD-Na);

body mass index (BMI); international normalized ratio (INR). Responders were identified by a reduction in hepatic

venous pressure gradient of� 10% or to < 12mmHg after acute beta-blockade.

https://doi.org/10.1371/journal.pone.0270603.t001
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Impact of beta-blockade on cardiac and hemodynamic parameters

Across the entire patient cohort, NSBB had significant effects on left ventricular end-diastolic

volume, cardiac index, heart rate, left atrium size, MAP, longitudinal time to peak, peak sys-

tolic strain rate, and HVPG (S1 Table).

After NSBB, the cardiac index decreased in Child-Pugh A patients by -0.8±0.7 L/min./m2

(-20.1%, p<0.05). In Child-Pugh B/C patients, the cardiac index decreased by -0.4 L/min./m2

(-8.5%, p<0.05) (Fig 1). The reduction in cardiac output and index were significantly more

pronounced in the Child-Pugh A patients than in the Child-Pugh B/C patients (p<0.05), (Fig

2 and Tables 3 and S2).

Table 2. Cardiac function at baseline and after NSBB in controls vs. Child A vs. BC patients.

Groups Controls (n = 17) Child Pugh A (n = 17) Child Pugh B/C (n = 21) p-values

Baseline Baseline After NSBB Baseline After NSBB Baseline After NSBB

End diastolic volume (mL), Left ventricle 146 ± 27 122 ± 26 125 ± 27 138 ± 42 146 ± 38� 0.1 0.07

Stroke Volume (mL) 92 ± 18 89 ± 21 89 ± 21 100 ± 36 103 ± 35 0.4 0.2

Ejection Fraction (%) 63 ± 5 73 ± 9 71 ± 8 72 ± 8 70 ± 9 <0.001 0.6

Cardiac Index (L/min-1�m2) 3 ± 1 3.7 ± 1 2.9 ± 1� 4 ± 1 3.6 ± 1� 0.005 0.022

Heart Rate (BPM) 63 ± 11 80 ± 12 63 ± 8� 80 ± 11 70 ± 13� <0.001 0.08

Left Atrium (mL) 69 ± 25 60 ± 20 65 ± 29 62 ± 29 74 ± 31� 0.6 0.4

MAP (mmHg) - 93 ± 13 92 ± 13 91 ± 13 91 ± 13 0.7 0.8

HVPG (mmHg) - 15 ± 3 13 ± 3� 18 ± 4 16 ± 5� 0.048 0.09

Global Longitudinal Strain (%) -15.4 ± 2 -15.8 ± 3 -15.7 ± 2 -15.7 ± 3 -15.9 ± 2 0.9 0.8

Time to peak (ms), Longitudinal 323 ± 35 305 ± 41 352 ±64� 294 ± 43 338 ± 39� 0.09 0.06

Peak systolic strain rate (1/s), Longitudinal -0.79 ± 0.1 -0.85 ±0.1 -0.74 ± 0.1� -0.86 ± 0.1 -0.79 ± 0.1� 0.3 0.2

p-values for parametric data were calculated with ANOVA test, and with the Kruskal-Wallis test for non-parametric data. Data are presented as mean ± SD. Paired

comparisons are before/after propranolol infusion in Child-Pugh A and Child-Pugh B/C� p<0.05.

Abbreviations: mean arterial pressure (MAP); hepatic venous pressure gradient (HVPG); non-selective beta-blockers (NSBB).

https://doi.org/10.1371/journal.pone.0270603.t002

Fig 1. Cardiac index before and after acute beta-blockage. The hyperdynamic syndrome in patients with cirrhosis

compared to healthy controls and the effect of beta-blockers on cardiac index among patients with Child-Pugh A (-0.8

±0.7 L/min./m2 (-20.1%), p<0.001) and Child-Pugh B/C (-0.4 L/min./m2 (-8.5%), p = 0.0013).

https://doi.org/10.1371/journal.pone.0270603.g001

PLOS ONE Cardiovascular effects of beta-blockers in liver cirrhosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0270603 June 28, 2022 6 / 16

https://doi.org/10.1371/journal.pone.0270603.t002
https://doi.org/10.1371/journal.pone.0270603.g001
https://doi.org/10.1371/journal.pone.0270603


In Child-Pugh B/C patients, propranolol had a significant effect on all cardiac parameters

other than stroke volume, ejection fraction and strain. Accordingly, there were significant

increases in end-diastolic left ventricular volume (MD 8.5 mL±13 (+6.2%), p = 0.009) and the

left atrium (MD 12 mL ±15 (+19.1%), p = 0.002) as well as a significant decrease in heart rate

(MD -10 BPM±13 (-12.9%), p = 0.001 and cardiac index (MD -0.4±0.6 (-9.2%), p = 0.001).

The absolute changes in cardiac index correlated with the absolute change in the left ventri-

cle (r = 0.47, p<0.01), stroke volume (r = 0.62, p<0.001), ejection fraction (r = 0.46, p<0.01),

and the change in heart rate (r = 0.57, p<0.001); there was an inverse correlation with heart

rate at baseline (r = -0.35, p<0.05).

Varying impact of NSBB between Child-Pugh groups

Comparing Child-Pugh A to Child-Pugh B/C patients, there was a significant difference in the

impact of NSBB on cardiac index, with a more powerful reduction in in Child-Pugh A patients

(-20.1%±16) than in Child-Pugh B/C patients (-8.5%±18; p = 0.043) (Fig 2 and Table 3). Con-

sequently, Child-Pugh B/C patients had a significantly higher cardiac index after beta-blockade

than Child-Pugh A patients (3.64±1.1 vs. 2.90±0.8 L/min./m2, p = 0.022 (Fig 1 and Table 2). It

appears that NSBB reduce the heart rate of the Child-Pugh B/C patients less than in Child-

Pugh A patients (-10±13 vs. -18±12 BPM, p = 0.08) (S2 Table). No difference was found in the

effect of NSBB on HVPG in the two groups, although Child-Pugh B/C patients had a higher

HVPG than Child-Pugh A at baseline (18±4 mmHg vs. 15±3 mmHg, p = 0.048).

The impact of NSBB in responders and non-responders

Nineteen patients were classified as responders to NSBB, eight patients of whom were Child-

Pugh class A, with an average MELD-Na score of 12.5±3; the average MELD-Na of non-

responders was 13.4±5 (p = 0.5). Two of the non-responders had refractory ascites, as did one

responder. Three non-responders and four responders had hypertension (p = 1). MAP, HVPG

and cardiac volumes were similar at baseline in the two groups. After the beta-blocker test,

HVPG was predictably lower in the responders (14 mmHg [10;15]) than in the non-respond-

ers (16 mmHg [14;19]) (p = 0.002), equivalent to a relative reduction in HVPG of 22.2%

Fig 2. The blunted effect of beta-blockers on cardiac index. The weaker effect of beta-blockers on the cardiac index

in Child-Pugh A vs. B/C patients (p = 0.043). See also Table 3.

https://doi.org/10.1371/journal.pone.0270603.g002
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[17;28] in the responders vs. 5.9% [0;7] in the non-responders (p<0.001). There were no dif-

ferences found in the cardiac parameters, apart from a higher peak diastolic strain rate in the

responders (0.89±0 per. sec) than in non-responders (0.77±0 per. sec) (p = 0.04).

The left atrial volume changed by 4 mL±18 in the responders, compared to 15 mL±11 in

the non-responders (p = 0.03), equivalent to a relative change of 6% [-9; 22] vs. 22% [12;48]

(p = 0.011) (Table 4). The decrease in HVPG after NSBB was inversely correlated with the

increase in left atrial volume (r = -0.4, p = 0.013, Fig 3). We observed a trend of different effect

on MAP with an increase of 1.5% ±6 in the non-responders after NSBB, and a decrease of

2.4% ±4 in the responders (p = 0.060). The nominal changes in MAP and HVPG are illustrated

in Fig 4. Finally, baseline ejection fraction correlated inversely with the decrease in portal pres-

sure (r = -0.39, p = 0.02, Fig 5).

Discussion

In this study, we aimed to investigate the acute effects of beta-blockade on cardiac function

using CMRI in patients with varying degrees of cirrhosis. There were two main findings of our

study: first, the impact of NSBB on cardiac index was blunted in patients with more severe cir-

rhosis compared to patients with mild cirrhosis, suggesting that cardiac reserve becomes

increasingly compromised as the disease progresses.

Second, in addition to the weaker effect of NSBB on portal pressure, we found that the

response to NSBB was inversely correlated with the left atrial volume, which dilated

Table 3. The varying impact of NSBB on cardiac parameters in Child-Pugh A vs. B/C patients.

Changes in % A (n = 17) BC (n = 21) p
End diastolic volume, Left Ventricle 1.1 [-2; 4] 2.7 [-1; 16] 0.3

Stroke Volume -3.6 [-8; 5] 1.6 [-5; 11] 0.4

Ejection Fraction -6.0 [-8; 4] -1.6 [-8; 3] 0.7

Cardiac Index -20.1 ± 16 -8.5 ± 18 0.043

Heart Rate -20.9 ± 12 -12.3 ± 14 0.058

Left Atrium 7.8 ± 24 25.6 ± 31 0.06

MAP -1.7 ± 4 0.9 ± 6 0.2

HVPG -14.5 ± 14 -13.1 ± 12 0.7

Data are presented as mean ± SD or medians and interquartile ranges, as appropriate.

Abbreviations: mean arterial pressure (MAP), hepatic venous pressure gradient (HVGP).

https://doi.org/10.1371/journal.pone.0270603.t003

Table 4. Differing impact of NSBB on cardiac parameters in responders vs. non-responders.

Changes in % Responders (n = 19) Non-responders (n = 18) p
End-diastolic volume, Left Ventricle 0.04 [-3; 3] 5.8 [-1; 14] 0.2

Stroke Volume -2 [-5; 15] 1.8 [-8; 8] 0.8

Ejection Fraction -0.2 [-7; 4] -5.2 [-9; 1] 0.2

Cardiac Index -13.1 [-23; -5] -16.4 [-25; -6] 0.6

Heart Rate -15.7 ± 10 -17.9 ± 17 0.6

Left Atrium 6.2 [-9; 22] 21.8 [12; 48] 0.011

MAP -2.4 ± 4 1.5 ± 6 0.06

HVPG -22.2 [17; 28] -5.9 [0, 7] <0.001

Data are presented as mean ±SD or medians and interquartile ranges as appropriate. Abbreviations: mean arterial pressure (MAP), hepatic venous pressure gradient

(HVGP).

https://doi.org/10.1371/journal.pone.0270603.t004
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significantly more in non-responders. Both of these findings are most likely the result of an

underlying cirrhotic cardiomyopathy (CCM).

A first attempt at defining CCM was made at the World Congress of Gastroenterology in

Montreal in 2005, and it continues to be revised as our understanding advances [2]. Most of

the studies performed in this area are observational or striving of unmasking the disease by

physical or pharmacological stress [25]. The adrenergic signaling system is one of the main

regulators of cardiac contractility and vascular tone [26]. It has been one of the main topics of

pharmacological studies in patients with cirrhosis since Lebrec discovered that NSBB are able

reduce the risk of variceal bleeding by lowering portal pressure [7]. The mechanism of action

of NSBB relates to a decrease in cardiac output by the beta-1 adrenoreceptor antagonism and

Fig 3. Correlation between changes in portal pressure and size of the left atrium. The impact of beta-blockers on

size of the left atrium in relation to the beta-blocker response on portal pressure. The grey area indicates a 95%

confidence interval. Red plots: patients classified as responders. Blue plots: patients classified as non-responders.

https://doi.org/10.1371/journal.pone.0270603.g003

Fig 4. Correlation between changes in portal pressure and mean arterial pressure. The impact of beta-blockers on

mean arterial pressure in relation to the beta-blocker response on portal pressure. The grey area indicates a 95%

confidence interval. Red plots: patients classified as responders. Blue plots: patients classified as non-responders.

https://doi.org/10.1371/journal.pone.0270603.g004
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the beta-2 adrenoreceptor antagonistic effect, which causes splanchnic vasoconstriction and

thereby reducing in portal pressure. The potentially deleterious effects of NSBB on circulatory

function, the development of renal complications, and mortality in severe cirrhosis all con-

tinue to be debated [11, 15]. In 2010, Sersté et al. showed that patients with refractory ascites

who received treatment with NSBBs had a higher mortality than those who did not [13]. This

eventually led to the formulation of the ‘window hypothesis’ that favoured discontinuation of

NSBB in patients with end-stage cirrhosis, primarily because of impaired cardiac reserve in

these patients [15]. Recently, Téllez et al. identified mechanisms by which NSBB could impair

the survival in patients with refractory ascites [12]. These mechanisms relate to systemic vaso-

dilation, a hyperdynamic circulatory state, and increased sympathetic nervous activity, all of

which enhance the left ventricular systolic function as a physiological reaction aiming to main-

tain renal perfusion [27]. From this point of view, the cardiac compensatory reserve is particu-

larly challenged in patients with end-stage cirrhosis, where the acute effects of NSBB on the

heart may be blunted as a result of increased sympathetic activity. However, this may not be

the case during chronic beta-blocker treatment. Alvarado-tapias, Ardevol et al. (2020) discov-

ered that in the space of 1 to 3 months, the chronic effect of beta-blockers on cardiac output,

might adversely influence survival in decompensated cirrhosis, as patients with a marked

decrease in cardiac output were more likely to die [28]. These patients did not show an

increased cardiac response after acute NSBB administration, which is in line with our findings

of a blunted cardiac response to acute beta-blockade in advanced disease.

In a pharmacological study of seventy-one cirrhotic patients with normal left ventricular

systolic function at baseline, Kim et al. found that 25% of the patients had blunted left ventricu-

lar response during dobutamine infusion [29]. Two studies have tested cardiac function in cir-

rhotic patients under physical stress. Grose et al. found a reduced capacity for exercise in

association with chronotropic incompetence and increased stroke volume mediated by an

increased end-diastolic volume [30]. Wong et al. found a significantly smaller increase in the

cardiac index of cirrhotic patients than healthy subjects [31]. Both studies found the diastolic

and systolic dysfunctions compatible with the condition of CCM. Blunted or abnormal con-

tractile reserve is defined as a failure to increase ejection fraction by 5% in response to stress

Fig 5. Correlation between changes in portal pressure and baseline ejection fraction. The impact of beta-blockers

on baseline ejection fraction in relation to the beta-blocker response on portal pressure. The grey area indicates a 95%

confidence interval. Red plots: patients classified as responders. Blue plots: patients classified as non-responders.

https://doi.org/10.1371/journal.pone.0270603.g005
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which can occur in CCM as a potential marker [2]. However, stress testing has limited diag-

nostic value in clinical practice. In our study, we found that left ventricular ejection fraction

decreased after NSBB in patients with mild disease but not in patients with advanced disease

(i.e., Child-Pugh B and C patients). This suggests that left ventricular ejection fraction can be

used as a marker of impaired cardiac contractile reserve and points to CCM as a contributing

factor in patients with advanced disease and therefore NSBB could be used as a diagnostic tool

for identifying patients with impaired contractile reserve and at risk for CCM.

The results of previous studies of exercise undertaken by cirrhotic patients indicate that car-

diac chronotropic incompetence as part of the cirrhotic cardiac dysfunction and CCM [32,

33]. We found a trend of a blunted reduction in heart rate in patients with advanced disease

compared to those with milder disease. Whether this difference could reflect a chronotropic

incompetence is possible but is difficult to conclude since we did not perform exercise tests of

our patients. Future studies should seek to elucidate whether NSBB can be used to diagnose

this type of cardiac dysfunction in cirrhosis. Emerging studies support the use of the non-selec-

tive beta-blocker carvedilol, in low doses, as it seems safe to use in both compensated and

decompensated cirrhosis [34]. This is particularly interesting from a cardiovascular point of

view, as carvedilol, in addition to the aforementioned beta-1 and beta-2 effect, also has an

intrinsic alpha-1 inhibitory effect antagonizing the effect of norepinephrine, thus reducing

intrahepatic vascular tone [35]. Since we found that NSBB did not affect stroke volume or ejec-

tion fraction, the effects of propranolol on cardiac output are primarily achieved by a reduc-

tion in heart rate, and can therefore most likely be attributed to differences in the cardiac beta-

1 receptors in cirrhosis [36]. A number of experimental studies have shown decreased beta-

adrenergic receptor density and receptor desensitization in cardiomyocytes of cirrhotic rats

[37, 38]. In a clinical study, Laffi et al. showed that cirrhotic patients had an impaired auto-

nomic cardiovascular response to tilting, despite an appropriate response of increased plasma

norepinephrine, which points to a post-receptor defect of autonomic dysfunction [39].

Our findings of an inadequate response to the increased sympathetic nervous activity, in

terms of a blunted response to NSBB, favors the hypothesis of an autonomic dysfunction as an

imposing part of CCM rather than a general deconditioning; however, a full understanding of

the mechanisms of cardiac chronotropic incompetence will depend on future research.

Interestingly, the cardiac index of some patients increased after beta-blockage. Paradoxical

effects of NSBB have previously been observed and described in patients with increased sym-

pathetic drive and emotional stress [40, 41]. Since patients with advanced disease often present

with elevated sympathetic drive [42], this may explain the paradoxical reaction seen in our

study but again, further studies are needed to explore this phenomenon in patients with

cirrhosis.

In patients with advanced disease, such as refractory ascites, low cardiac index and a dilated

left atrium have proved to be strong prognostic indicators of poor survival [33, 43, 44]. Our

results support the understanding of a dilated left atrium as a major cardiocirculatory event

since it appeared to predict the impact of NSBB on portal pressure in a group comparison. In a

multivariate analysis we have previously shown significant associations between the level of

total bile acids and atrial volume [45]. Bile acids exert cardio-suppressive effects on the myo-

cardium and may explain the link between cholestasis and cardiac dysfunction. Similarly, bili-

rubin, which is also included in the MELD-Na and Child-Pugh scoring systems, possess

significant prognostic value. Our observation that serum bilirubin increases with the severity

of disease supports the assumption of increased bilirubin as a contributor to the blunted

response on cardiac performance in cirrhosis [45, 46].

Arterial blood pressure is regulated by several physiological mechanisms, which in cirrhosis

counteract arterial vasodilatation. It is therefore unsurprising that there was no significant
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difference in arterial blood pressure between NSBB responders and non-responders

(p = 0.060). Yet interestingly, the change in arterial blood pressure did correlate with the

change in portal pressure (r = 0.39, p = .047). Furthermore, we observed that a high ejection

fraction at baseline was associated with a smaller decrease in portal pressure (r = -0.39,

p = 0.017). One possible explanation for this is that NSSB responders exhibit less desensitiza-

tion to beta-2 receptors than non-responders [47].

In this study we, assessed the acute effects of NSBB on cardiac performance and their rela-

tionship to disease severity. Beta-blocker dosage was calculated according to the body weight

of patients and primarily for assessing the portal pressure response [20]. Future studies of

patients with cirrhosis should seek to modulate the dosage of NSBB while measuring cardio-

pulmonary hemodynamics, along with assessment of neurohumoral factors and preferably in

patients at later stages of cirrhosis, when NSBB can impair cardiovascular homeostasis. To dif-

ferentiate and elucidate the role of adrenergic signaling in CCM, prospective studies should

investigate the impact of differences between selective beta 1- and beta 2-blockade, along with

non-selective beta- and alpha-blockade.

Limitations

Using CMRI to assess the hemodynamic response to NSBB has not previously been under-

taken among well-characterized patients with cirrhosis and portal hypertension. Our image

analyses were completely blinded and CMRI is considered an accurate and reproducible

method. However, due to the restrictive exclusion and inclusion criteria, the results of our

study are limited by the relatively small cohort and few patients with advanced disease.

Although CMRI is non-invasive, it is costly, and assessments of volume are associated with

interobserver variation. While CMRI is considered the gold standard for contractility-mea-

surements [48], measurements of cardiac output are more precisely determined with the ther-

modilution method [49]. The gap-in time between the CMRI sequences may have had an

impact on the chamber delineations and thus the calculations of cardiac output. Our protocol

did not allow myocardial fibrosis and extracellular volumes to be assessed.

The etiology of cirrhosis in most of our patients was due to excessive alcohol consumption.

The precise influence of alcohol abuse or liver disease related effects on cardiac dysfunction

are difficult to distinguish and thus our results should be validated in larger studies that

include patients with non-alcoholic etiologies.

Finally, while we accept that using the left atrium as a predictor for the response to beta-

blockers is speculative, we do believe that our data are sufficiently encouraging to warrant fur-

ther studies exploring this phenomenon.

Conclusion

We found a blunted effect of beta-blockade on cardiac performance in patients with advanced

cirrhosis compared to those with mild disease. In addition, the size of the left ventricle and left

atrium increased with disease progression indicating impaired compensatory cardiac reserve.

The differential effects of beta-blockade on the left atrium may predict the effect of beta-block-

ers on portal pressure and the prognostic value of this observation should be further investi-

gated in novel studies utilizing combined modalities.
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S1 Table. Paired tests on impact of NSBB in patients with cirrhosis (n = 38). Data was tested

for normality with Shapiro-Wilks test and students paired t-test or Wilcoxon-signed rank test

was used as appropriate for calculation of p-values. Data are presented as mean ±SD.
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