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Liver stiffness is associated with right heart 
dysfunction, cardiohepatic syndrome, and 
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BACKGROUND: Pulmonary hypertension (PH) can lead to congestive hepatopathy, known as cardio
hepatic syndrome (CHS). Hepatic congestion is associated with increased liver stiffness, which can be 
quantified using shear wave elastography. We aimed to investigate whether hepatic shear wave 
elastography detects patients at risk in the early stages of PH. 
METHODS: Sixty-three prospectively enrolled patients undergoing right heart catheterization (52 di
agnosed with PH and 11 with invasive exclusion of PH) and 52 healthy volunteers underwent as
sessments including echocardiography and hepatic shear wave elastography. CHS was defined as 
increased levels of ≥2 of the following: gamma-glutamyl transferase, alkaline phosphatase, and bi
lirubin. Liver stiffness was defined as normal (≤5.0 kPa) or high (> 5.0 kPa). 
RESULTS: Compared with normal liver stiffness, high liver stiffness was associated with impaired right 
ventricular (RV) and right atrial (RA) function (median [interquartile range] RV ejection fraction: 54 
[49; 57]% vs 45 [34; 51]%, p  <  0.001; RA reservoir strain: 49 [41; 54]% vs 33 [22; 41]%, p  <  0.001), 
more severe tricuspid insufficiency (p  <  0.001), and higher prevalence of hepatovenous backflow (2% 
vs 29%, p  <  0.001) and CHS (2% vs 10%, p = 0.038). In the patient subgroup with precapillary PH 
(n = 48), CHS and high liver stiffness were associated with increased European Society of Cardiology/ 
European Respiratory Society 2022 risk scores (p = 0.003). 
CONCLUSIONS: Shear wave liver elastography yields important information regarding right heart 
function and may complement risk assessment in patients with (suspected) PH. 
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Pulmonary hypertension (PH) is characterized by in
creased right ventricular (RV) afterload, leading to dilata
tion and dysfunction of the right side of the heart.1-3 As the 
disease progresses, congestion and backflow into the ve
nous circulation increase.4 Secondary organ dysfunction 
may occur as systemic congestion affects the perfusion and 
function of various organs, which in turn may result in 
systemic complications and increased mortality.5 Conse
quently, it has been hypothesized that dysfunction of the 
right side of the heart and congestion have an impact on the 
anatomical architecture and stiffness of the liver.6 In addi
tion, congestive stress in the liver system leads to increases 
in various biomarkers, including gamma-glutamyl trans
ferase (GGT), alkaline phosphatase (AP), and bilirubin.7,8 

In this context, the term “cardiohepatic syndrome” (CHS) 
was introduced,9,10 which was defined as an elevation of at 
least 2 of the 3 aforementioned biomarkers.8 CHS was 
closely associated with prognosis in patients with tricuspid 
regurgitation (TR) undergoing transcatheter edge-to-edge 
valve repair.8 

In addition to noninvasive, laboratory-based biomarkers, 
imaging technology has shown promise for the assessment of 
disease severity in patients with PH. Several imaging-based 
measurements of right-sided heart function (e.g., RV and right 
atrial [RA] strain) are available, and sono-elastographic as
sessment of hepatic stiffness represents another promising 
technique.11-14 Ultrasound elastography is commonly used to 
assess hepatic stiffness, potentially revealing pathologic liver 
conditions, and was previously shown to correlate with his
topathologic findings.15 It is noninvasive, cost-effective, easily 
applied, repeatable, and expeditious.16 However, it has not 
been well investigated whether shear wave liver elastography 
is a suitable tool to assess hepatic sequelae of right-sided heart 
dysfunction in PH. It is also not fully understood whether 
ultrasound-based evaluation of liver stiffness is associated 
with CHS, disease severity, and prognosis in patients with PH. 

We hypothesized that detection of early-stage right-sided 
heart failure, before progression of apparent hepatic and 
systemic congestion, is important to detect patients at risk. 
Therefore, in this prospective study, we examined the re
levance of liver elastography and CHS in patients with PH. 

Methods 

Study design and population 

We prospectively recruited all consecutive patients who 
underwent right heart catheterization (RHC), echocardio
graphy, and shear wave liver elastography at the University 
Hospital Giessen between January 2021 and March 2022. 

Both incident and prevalent patients were recruited. RHC 
was performed via the internal jugular vein under local 
anesthesia, as previously described.17 The diagnosis of PH 
was made by a multidisciplinary board including physi
cians, radiologists, and surgeons according to current 
guidelines.1 Accordingly, PH was defined as a mean pul
monary arterial pressure (mPAP) of > 20 mm Hg. Pre
capillary PH was defined as a pulmonary arterial wedge 
pressure (PAWP) of ≤15 mm Hg and a pulmonary vascular 
resistance (PVR) of > 2 wood units (WU), whereas isolated 
postcapillary PH was defined as PAWP > 15 mm Hg and 
PVR ≤2 WU. Combined post- and precapillary PH was 
defined as PAWP > 15 mm Hg and PVR > 2 WU. CHS was 
defined as elevation of at least two of the following bio
markers above sex-specific thresholds: GGT (> 39 U/liter 
for female patients and > 59 U/liter for male patients), AP 
(> 105 U/liter for female patients and > 130 U/liter for male 
patients), and bilirubin (> 1.2 mg/dl for both sexes). We 
also included healthy volunteers undergoing liver ultra
sonography and echocardiography who had no signs of 
heart failure and no history of lung or liver disease as a 
control group. RHC was not performed in this subgroup 
owing to a lack of clinical indication.1 The study complies 
with the Declaration of Helsinki and was approved by the 
local Ethics Committee of the Medical Faculty of the 
University of Giessen. All participants gave written in
formed consent. 

Transthoracic echocardiography 

Two- and three-dimensional echocardiography, including 
strain echocardiography and pulsed wave (PW) Doppler 
echocardiography, were conducted according to current 
guidelines.18 Examinations were performed with the Philips 
Epiq 7G ultrasound device (Philips Healthcare, Nether
lands) and the X5-1 ultrasound probe. The patients were 
positioned in a left-lateral lying position. RV-focused 
images for right cardiac dimensional and functional para
meters were obtained as previously recommended.18,19 RV 
strain was measured with the “AutoStrain RV” tool (Ko
ninklijke Philips N.V., the Netherlands), providing RV free 
wall longitudinal strain (RV FWLS). RA strain was mea
sured using the kit “AutoStrain LA” (Koninklijke Philips 
N.V.). Endocardial borders of the right atrium were 
manually tracked. To capture 3D echocardiographic 
images, “HM ACQ” was applied and RV volumetry was 
performed with the option “3D Auto RV” (Koninklijke 
Philips N.V.), providing RV end-diastolic volume, end- 
systolic volume, stroke volume, and ejection fraction (RV 
EF). Flow within the hepatic vein was evaluated using PW 
Doppler as previously described in the subxiphoidal 
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view.20,21 The hepatovenous flow profile was captured by 
PW Doppler. Normal hepatovenous flow is characterized by 
anterograde systolic flow (S wave), anterograde early dia
stolic flow (D wave), and slightly retrograde late diastolic 
flow (A wave), as shown in Figure 1 and described 

previously.21 Hepatovenous flow was regarded as patho
logic when distinct hepatovenous backflow was apparent 
either during systole as a result of pronounced TR (Figure 
1F)20 or during late diastole as a result of increased RV 
filling pressures (Figure 1G).4 
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Two-dimensional (2D) shear wave liver 
elastography 

Patients were positioned in a slightly supine left-lateral 
position. Elastography was performed with the Philips Epiq 
7G ultrasound unit and the C5-1 abdominal probe according 
to current guidelines.11,22 Hepatic stiffness was measured 
by 2D shear wave elastography using the tool “ElastQ” 
(Koninklijke Philips N.V.) and denoted as Young’s mod
ulus in kPa.15 The B-mode ultrasound image was depicted 
on screen and the region of interest was selected, clean of 
larger hepatic vessels or biliary ducts and with a distance of 
at least 1 cm to the liver capsule (Figure 2). Each image was 
captured in breath-hold in normal expiration. A color-coded 
map of confidence indicated feasible sites for elastographic 
measurements (Figure 2). At least 5 distinct sites were re
corded. As recommended by current guidelines,11,22 a ratio 
of the interquartile range to the median value (IQR/median) 

of ≤30% for Young’s Modulus was applied as a criterion for 
quality of measurement. Patients who did not meet this 
quality criterion were excluded from the analysis. Mean 
values of the single measurements were determined and 
used for further analysis. 

Statistical analyses 

All variables were checked for normality based on the 
Shapiro-Wilk test. For normally distributed parameters, 
mean (standard deviation) values are shown and Student’s t- 
tests were used to compare means between groups. Non- 
normal parameters are presented as medians [Q1; Q3] and 
the Wilcoxon rank sum test was used to compare medians 
between groups. Categorical parameters were compared 
using the chi-square test. All statistical analyses were per
formed with R version 4.0.4 (The R Foundation, Vienna). 

Figure 1 Acquisition and interpretation of hepatovenous flow profiles. (A) Sonographic imaging of the hepatovenous entry site into the 
IVC. This is where the PW Doppler is positioned to obtain hepatovenous flow profiles. In PW Doppler, upward flow indicates hepatovenous 
backflow (red arrow) and downward flow indicates forward flow (blue arrow). (B) Schematic example of a normal hepatovenous flow 
profile in relation to the ECG curve.20, 21 The “A” wave (immediately after the P wave in the ECG) results from late-diastolic right atrial 
(RA) contraction and represents a slight hepatovenous backflow. The “S” wave takes place in systole and represents hepatovenous forward 
flow due to RA relaxation and reduced RA pressure during systolic RV contraction and displacement of the TV toward the apex. The “V” 
wave represents a slight hepatovenous backflow in end-systole just before TV opening and results from a rise in RA pressure (according to 
the v wave in pressure recording). The “V” wave may not be detectable. The “D” wave represents hepatovenous forward flow due to a 
decrease in RA pressure caused by RA emptying into the right ventricle after TV opening. (C-G) Examples of different types of flow 
profiles. Green framing (C-E) indicates predominant forward flow, which was considered mainly normal, including moderate tricuspid 
regurgitation resulting in blunting of the S wave (E). Red framing (F, G) indicates significant backflow into the hepatic veins which was 
considered pathologic, including backflow occurring (F) during systole as a result of pronounced tricuspid regurgitation and (G) during late 
diastole as a result of increased RV filling pressures. ECG, electrocardiogram; IVC, inferior vena cava; TV, tricuspid valve. 

Figure 2 Liver elastography. Example liver elastography images and measurements from (A) a 48-year-old healthy male volunteer and 
(B) a 69-year-old male patient with PH-HFpEF are shown. In each example, the hepatic B-mode image is depicted twice, as seen by the 
examiner. The left image contains a map of confidence, indicating appropriate regions to measure liver stiffness in a color-coded manner, as 
indicated by the reference bar (see top right). Green color indicates good quality of measurement, whereas yellow, orange, and red colors 
indicate inadequate regions for elastographic evaluation. The right image contains a color-coded map for tissue stiffness, as indicated by the 
reference bar (see top right). EQI, ElastQ Imaging; PH-HFpEF, pulmonary hypertension due to heart failure with preserved ejection 
fraction. 
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Results 

Baseline characteristics 

In total, 109 patients were screened for study enrollment 
(Figure 3). Ten patients refused study enrollment and 15 
patients were excluded owing to history of liver disease. 
Another 21 patients were excluded because the IQR/median 
ratio of their Young’s modulus values was > 30%, meaning 
their data did not meet the quality criterion for liver elas
tography. A total of 63 patients were therefore included in 
this study, of whom 34 (54%) were diagnosed with pul
monary arterial hypertension (PAH), four (6%) with pul
monary venous hypertension (PVH), and 14 (22%) with 
chronic thromboembolic PH (CTEPH). PH was ruled out 
by RHC in the remaining 11 patients (17%). Of the patients 
with manifest PH diagnosis (n = 52), 14 patients (27%) 
were incident and 38 patients (73%) were prevalent cases, 
of whom 12 patients had PH-targeted monotherapy and 26 
had combined therapy. In addition, 52 volunteers were in
cluded as healthy controls. Baseline characteristics are 
presented in Table 1. The patients with PH had significantly 
higher liver stiffness than the controls (5.92 [5.16; 6.91] 
kPa vs 4.00 [3.58; 4.63] kPa, p  <  0.001). 

Liver stiffness is associated with severity of  
right-sided heart dysfunction 

We examined the hemodynamic characteristics of patients 
with high liver stiffness (defined as values above 5.0 kPa).23 

Patients with high liver stiffness had significantly impaired 
PVR (5.3 [2.9; 9.1] WU vs 2.6 [1.6; 5.2] WU, p = 0.020) 
and cardiac index (2.6 [2.2; 2.9] l/min/m2 vs 3.1 [2.8; 3.3] 

l/min/m2, p = 0.009) compared with the group with normal 
liver stiffness (Table 2). Central venous pressure (CVP; 7.3 
[3.4] mm Hg vs 5.9 [3.3] mm Hg, p = 0.154) and PAWP 
(11.0 [8.0; 13.0] mm Hg vs 8.0 [6.0; 10.8] mm Hg, 
p = 0.158) did not differ between the 2 groups. Notably, 
patients with high liver stiffness had significantly impaired 
RV and RA function, as shown in Table 2. RV longitudinal 
systolic function (TAPSE: 20.0 [3.9] mm vs 24.9 [3.7] mm, 
p  <  0.001; S′: 11.2 [2.5] cm/sec vs 12.7 [1.9] cm/sec, 
p  <  0.001), fractional area change (FAC; 36.0 [28.0; 
43.4]% vs 46.2 [41.9; 53.2]%, p  <  0.001), three-dimen
sional RV EF (45.4 [34.5; 50.9]% vs 54.3 [48.8; 57.3]%, 
p  <  0.001), and RV FWLS (−22.6 [−25.8; −18.1]% 
vs −28.3 [−29.9; −25.3]%, p  <  0.001) were significantly 
lower in patients with high liver stiffness than in those with 
normal liver stiffness (Table 2). High liver stiffness was 
also associated with a significantly higher grade of TR than 
normal liver stiffness (p  <  0.001). 

RA conduit (−15.4 [8.3]% vs −31.8 [10.4]%, p  <  0.001) 
and reservoir strain (32.9 [21.6; 41.3]% vs 48.6 [40.5; 
53.5]%, p  <  0.001) were also significantly decreased in 
patients with high liver stiffness, while RA contractile 
strain (−15.8 [9.4]% vs 15.5 [6.5]%, p = 0.867) was not 
altered (Table 2). RA dimensions were significantly in
creased in patients with high liver stiffness (RA end-sys
tolic area; 17.1 [13.2; 22.4] cm2 vs 13.7 [11.8; 16.4] cm2, 
p = 0.002). The diameter of the inferior vena cava (IVC; 
17.8 (5.4) mm vs 18.0 (3.0), p = 0.856) showed no differ
ence between the groups with high and normal liver stiff
ness. Relevant hepatic venous backflow was more common 
in patients with high liver stiffness compared with those 
with normal liver stiffness (29% vs 2%, p  <  0.001;  
Table 2). 

Consistent with these findings, patients with high liver 
stiffness were more likely to have CHS than those with 
normal liver stiffness (10% vs 2%, p = 0.038; Table 1). 
Conversely, patients with CHS had significantly greater 
liver stiffness than those without CHS (6.26 [5.91; 8.68] 
kPa vs 4.68 [3.86; 5.93] kPa, p = 0.031). 

Although age differed significantly between the groups 
with high liver stiffness and normal liver stiffness, multi
variate linear regression analysis showed that liver stiffness 
was independent of age (Table S1). 

CHS and liver stiffness are associated with 
prognosis in precapillary PH 

We then examined the relevance of CHS and liver stiffness 
in patients with precapillary PH (n = 48). The baseline 
characteristics of this study subgroup are shown in Table 3. 
The prevalence of CHS was high (10%) in these patients. 
Interestingly, patients with CHS were significantly more 
likely than those without CHS to be at high risk based on the 
European Society of Cardiology/European Respiratory So
ciety (ESC/ERS) 2022 risk stratification scheme (Figure 4). 
Similarly, patients with high liver stiffness were significantly 
more likely to be at high risk than those with normal liver 
stiffness (Table 3). 

Figure 3 Flow chart of patients enrolled in the study and ex
cluded patients. CTEPH, chronic thromboembolic pulmonary 
hypertension; PAH, pulmonary arterial hypertension; PVH, pul
monary venous hypertension. 
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Discussion 

In this large prospective study including patients with 
(suspected) PH and healthy controls, we showed that he
patic stiffness measured by shear wave elastography is as
sociated with RV and RA dysfunction, CHS, and prognosis. 

In recent decades, research has increasingly focused on 
the interactions between organs. In this context, an essential 
connection was shown between different organ systems, 
such as the heart and the kidneys (i.e., cardiorenal syn
drome), the liver and the kidneys, or the lungs and the liver 
(i.e., hepatopulmonary syndrome and portopulmonary hy
pertension).24-27 Only recently has more attention been paid 
to CHS, another form of interaction between the right side 

of the heart and the liver.8-10 Of note, the term CHS em
braces several types of interaction, including CHS type 2 
(congestive hepatopathy) which applies in the context of 
systemic venous congestion and PH.9 

In PH, increase in RV afterload induces homeometric 
adaptation, often accompanied by increased RV stiffness.2,28 

Further increase in RV afterload may lead to exhaustion of 
adaptive remodeling, leading to systemic congestion.2 

The underlying pathomechanisms that result in hepatic 
congestion, CHS, and increased liver stiffness are multi
factorial, have been previously described, and can be dis
cerned in the results of the current study. With increased 
RV stiffness, passive diastolic RV filling is impaired, re
sulting in restricted RA reservoir and conduit strain, 

Table 1    Baseline Characteristics         

n Normal liver stiffness (EQI ≤ 5 kPa) High liver stiffness 
(EQI  >  5 kPa) 

p   

Healthy controls  
n = 52 

Patients  
n = 14 

Patients  
n = 49   

Age, years 115 34.0 [27.8; 47.2] 56.0 [39.8; 60.8] 63.0 [53.0; 72.0]   < 0.001a 

Female sex, n (%) 115 27 (52) 8 (57) 32 (65)  0.187b 

Body mass index, kg/m2 115 24.1 [21.8; 26.0] 28.3 [25.9; 32.3] 25.9 [23.3; 30.8]  0.127a 

PH by subtype, n (%) 115     
None  52 (100) 2 (14) 9 (18)  
PAH  0 (0) 8 (57) 26 (53)  
iPAH  0 (0) 5 (36) 12 (46)  
hPAH  0 (0) 0 (0) 1 (4)  
CTD-PH  0 (0) 0 (0) 6 (23)  
PVOD  0 (0) 1 (7) 0 (0)  
CHD  0 (0) 1 (7) 3 (12)  
Others  0 (0) 1 (7) 4 (15)  
PVH  0 (0) 1 (7) 3 (6)  
CTEPH  0 (0) 3 (21) 11 (22)  

6MWD, m 40  350 (127) 367 (127)  0.753c 

Functional class (WHO/NYHA), 
n (%) 

115     < 0.001b 

1  52 (100) 1 (7) 1 (2)  
2  0 (0) 6 (43) 14 (29)  
3  0 (0) 7 (50) 30 (61)  
4  0 (0) 0 (0) 4 (8)  

BNP, pg/ml 61  26.0 [13.0; 49.0] 69.5 [25.0; 234.2]  0.020a 

ESC/ERS 2022 risk level, n (%) 115     < 0.001b 

Low  52 (100) 12 (86) 19 (39)  
Medium  0 (0) 2 (14) 28 (57)  
High  0 (0) 0 (0) 2 (4)  

GGT, U/liter 63  25.0 [16.0; 35.2] 31.0 [18.0; 42.0]  0.502a 

AP, U/liter 63  70.1 (20.2) 78.3 (24.8)  0.215c 

Bilirubin, mg/dl 63  0.8 [0.7; 1.0] 0.7 [0.5; 1.0]  0.250a 

CHS, n (%) 115  1 (7) 5 (10)  0.038b 

Abbreviations: 6MWD, 6-minute walk distance; BNP, brain natriuretic peptide; CHD, congenital heart disease; CTD-PH, connective tissue disease- 
associated pulmonary hypertension; ESC/ERS, European Society of Cardiology/European Respiratory Society; GGT, gamma-glutamyl transferase; hPAH, 
heritable pulmonary arterial hypertension; iPAH, idiopathic pulmonary arterial hypertension; PVOD, pulmonary veno-occlusive disease; WHO/NYHA, 
World Health Organization/New York Heart Association. 

Data are presented as n (%) for categorical variables, mean (SD) for normally distributed continuous variables, and median [Q1; Q3] for non-normally 
distributed continuous variables. The p values in the right column refer to 2-sample comparisons between normal liver stiffness and high liver stiffness. 
Therefore, mean values for normal liver stiffness are presented in the main text.   

a Wilcoxon test.  
b Chi-square test.  
c Student’s t-test.     
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whereas RA contraction remains preserved (Table 2), as 
previously described.29,30 RV stiffening also involves an 
impaired late-diastolic RA-RV pressure gradient, causing 
RA contraction to result in a reduced forward ejection, but a 
mounting venous backflow, following pressure gra
dients.4,30 Interestingly, improvement of RV diastolic dys
function results in normalization of RA passive strain and 
venous backflow.30 Alternatively, PH-related RV dilatation 
and secondary TR can promote systolic venous flow re
versal. Correspondingly, patients with increased liver 
stiffness displayed higher-graded TR (Table 2). As hepa
tovenous backflow is transferred to the sinusoids, com
pression of bile canaliculi and impaired biliary drainage 
occur.9 Congestion of the venous system, in turn, can lead 
to changes in the anatomical architecture of the liver. He
patic stiffness was correlated with aspartate amino
transferase, GGT, AP, and direct bilirubin in a study of 
hospitalized heart failure patients.31 Concordantly, patients 

with CHS in our study had significantly higher elastic va
lues than those without, indicating elevated hepatic stiff
ness. Taken together, our results demonstrate the link from 
PH-induced afterload increase and consequent RV and RA 
dysfunction to hepatovenous congestion that eventually 
promotes hepatic stiffening. 

We found that increased liver stiffness was associated 
with RV and RA dysfunction, as well as higher-graded TR 
and hepatovenous flow return, whereas conventional para
meters for venous congestion (IVC diameter and CVP) 
were not significantly altered (Table 2). This indicates that 
liver elastography and Doppler-derived hepatovenous flow 
may detect alterations and thus identify patients at risk at 
earlier stages than conventional markers of congestion. In a 
subgroup of patients with precapillary PH, which is re
presentative for advanced PH severity, those with increased 
liver stiffness had significantly increased CVP (Table 3). 
These results conform with previous studies that 

Table 2    Functional Parameters         

n Normal liver stiffness (EQI ≤ 5 kPa) High liver stiffness  
(EQI  >  5 kPa) 

p   

Healthy controls  
n = 52 

Patients  
n = 14 

Patients  
n = 49   

Echocardiography      
TAPSE, mm  115 25.5 (3.5) 22.3 (3.4) 20.0 (3.9)   < 0.001a 

S′, cm/sec  115 12.8 (1.7) 12.3 (2.6) 11.2 (2.5)   < 0.001a 

FAC, %  77 47.2 [42.5; 53.2] 39.5 [30.4; 43.0] 36.0 [28.0; 43.4]   < 0.001b 

RV FWLS, %  115 −28.5 [−30.3; −25.8] −26.0 [−28.9; −21.8] −22.6 [−25.8; −18.1]   < 0.001b 

RV EF, %  114 54.7 [50.3; 57.9] 49.7 [43.8; 53.9] 45.4 [34.5; 50.9]   < 0.001b 

RA ESA, cm2  115 13.7 [11.7; 16.2] 14.7 [12.3; 17.6] 17.1 [13.2; 22.4]  0.002b 

RA conduit strain, %  114 −34.5 (8.5) −21.8 (10.8) −15.4 (8.3)   < 0.001a 

RA contractile strain, %  114 −14.6 (6.2) −18.9 (6.8) −15.8 (9.4)  0.867a 

RA reservoir strain, %  114 49.9 [42.5; 54.9] 41.8 [33.0; 49.5] 32.9 [21.6; 41.3]   < 0.001b 

Tricuspid insufficiency, n (%)  115      < 0.001c 

No TR  24 (46) 3 (21) 4 (8)  
Mild  28 (54) 6 (43) 17 (35)  
Intermediate  0 (0) 5 (36) 20 (41)  
Severe  0 (0) 0 (0) 8 (16)  

sPAP, mm Hg  84 22 [21; 26] 50 [37; 58] 55 [41; 84]   < 0.001b 

IVC diameter, mm  115 18.2 (2.6) 17.0 (4.3) 17.8 (5.4)  0.856a 

Hepatovenous flow profile, n (%)  114      < 0.001c 

Normal  52 (100) 12 (92) 35 (71)  
Pathologic  0 (0) 1 (8) 14 (29)  

RHC      
mPAP, mm Hg  63  28.0 [21.3; 37.8] 38.0 [26.0; 52.0]  0.060b 

CVP, mm Hg  63  5.9 (3.3) 7.3 (3.4)  0.154a 

PAWP, mm Hg  63  8.0 [6.0; 10.8] 11.0 [8.0; 13.0]  0.158b 

PVR, WU  63  2.6 [1.6; 5.2] 5.3 [2.9; 9.1]  0.020b 

Cardiac index, l/min/m2  63  3.1 [2.8; 3.3] 2.6 [2.2; 2.9]  0.009b 

Liver elastography      
Liver EQI, kPa  115 3.8 [3.5; 4.2] 4.6 [4.2; 4.9] 6.2 [5.7; 7.4]   < 0.001b 

Abbreviations: CVP, central venous pressure; ESA, end-systolic area; FAC, fractional area change; IVC, inferior vena cava; S′, tricuspid lateral annular 
systolic velocity; sPAP, systolic pulmonary arterial pressure; TAPSE, tricuspid annular plane systolic excursion. 

Data are presented as n (%) for categorical variables, mean (SD) for normally distributed continuous variables, and median [Q1; Q3] for non-normally 
distributed continuous variables. The p values in the right column refer to 2-sample comparisons between normal liver stiffness and high liver stiffness. 
Therefore, mean values for normal liver stiffness are presented in the main text.   

a Student’s t-test.  
b Wilcoxon test.  
c Chi-square test.     
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Table 3    Baseline Characteristics and Functional Parameters in Precapillary Pulmonary Hypertension         

n Combined 
Normal liver stiffness 
(EQI ≤ 5 kPa) 

High liver stiffness 
(EQI  >  5 kPa) p   

n = 48 n = 11 n = 37   

Age, years  48 60.0 [46.8; 69.2] 57.0 [47.5; 60.5] 63.0 [47.0; 70.0]  0.153a 

Female sex, n (%)  48 30 (62) 7 (64) 23 (62)  0.929b 

Body mass index, kg/m2  48 26.0 [23.5; 30.8] 28.8 [26.2; 33.0] 25.5 [23.3; 29.4]   < 0.039a 

PH by subtype, n (%)  48     
PAH  34 (71) 8 (73) 26 (70)  
CTEPH  14 (29) 3 (27) 11 (30)  

6MWD, m  36 364 (129) 350 (127) 367 (132)  0.814c 

Functional class (WHO/NYHA)  48     0.511b 

1  2 (4) 1 (9) 1 (3)  
2  14 (29) 4 (36) 10 (27)  
3  28 (58) 6 (55) 22 (59)  
4  4 (8) 0 (0) 4 (11)  

BNP, pg/ml  46 54.0 [26.0; 209.8] 26.0 [14.2; 45.8] 83.0 [27.8; 262.2]  0.014a 

ESC/ERS 2022 risk level, n (%)  48      < 0.001b 

Low  20 (42) 10 (91) 10 (27)  
Medium  26 (54) 1 (9) 25 (68)  
High  2 (4) 0 (0) 2 (5)  

GGT, U/liter  48 30.5 [17.8; 43.5] 26.0 [17.0; 34.5] 33.0 [18.0; 48.0]  0.445a 

AP, U/liter  48 78.0 (25.0) 73.4 (20.9) 79.4 (26.2)  0.437c 

Bilirubin, mg/dl  48 0.7 [0.5; 1.0] 0.7 [0.7; 0.8] 0.7 [0.5; 1.0]  0.884a 

CHS, n (%)  48 5 (10) 0 (0) 5 (14)  0.198b 

Echocardiography      
TAPSE, mm  48 20.1 (4.0) 22.4 (3.2) 19.5 (4.0)  0.024c 

S′, cm/sec  48 11.4 (2.6) 12.3 (2.9) 11.1 (2.5)  0.224c 

FAC, %  18 36.0 [26.4; 42.5] 39.7 [39.2; 44.5] 29.0 [25.1; 38.5]  0.113a 

RV FWLS, %  48 −22.1 [−25.6; −17.6] −25.7 [−28.7; −22.0] −21.1 [−24.8; −15.8]  0.007a 

RV EF, %  47 44.4 [34.6; 50.9] 50.7 [44.6; 53.4] 41.5 [31.7; 49.0]  0.012a 

RA ESA, cm2  48 17.2 [13.1; 25.6] 15.9 [12.3; 17.5] 17.6 [14.1; 30.9]  0.120a 

RA conduit strain, %  47 −16.6 (9.6) −20.7 (10.1) −15.3 (9.2)  0.137c 

RA contractile strain, %  47 −16.3 (9.0) −21.1 (4.0) −14.9 (9.6)  0.003c 

RA reservoir strain, %  47 34.4 [23.1; 42.1] 37.9 [33.6; 48.9] 31.4 [17.8; 41.0]  0.021a 

Tricuspid insufficiency, n (%)  48     0.286b 

No TR  2 (4) 1 (9) 1 (3)  
Mild  20 (42) 6 (55) 14 (38)  
Intermediate  18 (38) 4 (36) 14 (38)  
Severe  8 (17) 0 (0) 8 (22)  

sPAP, mm Hg  46 58.5 [40.0; 81.8] 44.5 [36.5; 54.5] 64.5 [47.8; 89.0]  0.021a 

IVC diameter, mm  48 18.4 (5.1) 16.6 (2.9) 18.9 (5.5)  0.081c 

Hepatovenous flow profile, n (%)  47      < 0.001b 

Normal  33 (69) 10 (100) 23 (62)  
Pathologic  14 (31) 0 (0) 14 (38)  

RHC      
mPAP, mm Hg  48 39.5 [34.5; 52.3] 33.0 [22.0;39.0] 41.0 [37.0; 54.0]  0.002a 

CVP, mm Hg  48 7.3 (3.3) 4.9 (3.0) 8.0 (3.1)  0.009c 

PAWP, mm Hg  48 10.0 [7.0; 13.0] 7.0 [6.0; 10.0] 11.0 [8.0; 13.0]  0.029a 

PVR, WU  48 6.3 [3.6; 9.2] 3.1 [2.1; 6.0] 6.9 [4.3; 9.8]  0.003a 

Cardiac index, l/min/m2  48 2.7 [2.3; 3.1] 3.2 [2.7; 3.3] 2.5 [2.2; 2.9]  0.020a 

(continued on next page) 
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demonstrated increased hepatic stiffness in patients with 
PAH compared with healthy controls.32,33 

Finally, we examined whether liver stiffness and CHS 
are associated with prognosis. The ESC/ERS risk stratifi
cation scheme has been shown to be an important tool for 
assessing prognosis in various types of PH, including PAH, 
PH associated with interstitial lung disease, and CTEPH.34- 

36 We found that CHS and liver stiffness were associated 
with PH severity and estimated risk of mortality in a sub
group of patients with PAH and CTEPH, as assessed via the 
ESC/ERS risk score. This is in accordance with previous 
studies evaluating the prognostic value of liver elastography 
in the context of heart failure and PH.31-33,37 

However, our study is limited as it is a single-center 
study and the results may therefore not be generalizable to 
other centers/countries. Healthy volunteers were recruited 
as a control group, but voluntary enrollment may have been 
prone to selection bias. In addition, owing to the short 
follow-up time of the patients, a definitive statement about 
the connection between liver elastography, CHS, and sur
vival is not directly possible. Thus, a prospective, multi
center evaluation is warranted. 

In conclusion, we regard shear wave-based liver elasto
graphy as a potential tool to complement risk assessment in 
patients with (suspected) PH. 
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Table 3 (Continued)        

n Combined 
Normal liver stiffness 
(EQI ≤ 5 kPa) 

High liver stiffness 
(EQI  >  5 kPa) p   

n = 48 n = 11 n = 37   

Liver elastography      
Liver EQI, kPa  48 5.9 [5.2; 6.7] 4.5 [4.3; 4.9] 6.3 [5.7; 7.4]   < 0.001a 

Abbreviations: 6MWD, 6-minute walk distance; AP, alkaline phosphatase; BNP, brain natriuretic peptide; CHS, cardiohepatic syndrome; CTD-PH, 
connective tissue disease-associated pulmonary hypertension; CTEPH, chronic thromboembolic pulmonary hypertension; CVP, central venous pressure; 
EF, ejection fraction; EQI, ElastQ Imaging; ESA, end-systolic area; ESC/ERS, European Society of Cardiology/European Respiratory Society; FAC, fractional 
area change; FWLS, free wall longitudinal strain; GGT, gamma-glutamyl transferase; hPAH, heritable pulmonary arterial hypertension; IVC, inferior vena 
cava; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; PVOD, pulmonary veno-occlusive disease; RV, right ventricular; S′, tricuspid 
lateral annular systolic velocity; sPAP, systolic pulmonary arterial pressure; TAPSE, tricuspid annular plane systolic excursion; WHO/NYHA, World Health 
Organization/New York Heart Association. 

Data are presented as n (%) for categorical variables, mean (SD) for normally distributed continuous variables, and median [Q1; Q3] for non-normally 
distributed continuous variables. The p values in the right column refer to 2-sample comparisons between normal liver stiffness and high liver stiffness.   

a Wilcoxon test.  
b Chi-square test.  
c Student’s t-test.     

Figure 4 Risk associated with CHS in precapillary pulmonary 
hypertension. Risk was evaluated using the European Society of 
Cardiology/European Respiratory Society risk stratification 
scheme. Significance was assessed using the chi-square test. CHS, 
cardiohepatic syndrome. 
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