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Objectives: Spleen stiffness measurement (SSM) provides a non-invasive surrogate marker for clinical significant
portal hypertension (CSPH). Results obtained in highly selected populations were promising but require valida-
tion across the spectrum of liver disease. We aimed to investigate the clinical applicability of SSM in a real-world
setting. Methods: We prospectively enrolled patients referred for liver ultrasound (January-May 2021). Patients
with a portosystemic shunt, liver transplant, or extrahepatic etiology of portal hypertension were excluded.
We performed liver ultrasound, liver stiffness measurement (LSM) and SSM (dedicated software, 100 Hz-probe).
Probable CSPH was established if =1 of the following items occurred: ascites, varices, encephalopathy, spleno-
megaly, recanalized umbilical vein, collaterals, dilated portal veins, hypertensive gastropathy, or LSM =25 kPa.
Results: We enrolled 185 patients (53% male; age 53years [37-64], 33% viral hepatitis, 21% fatty liver disease). Of
them, 31% of patients had cirrhosis (68% Child-Pugh A) and 38% of patients had signs of portal hypertension.
SSM (23.8 kPa [16.2-42.3]) and LSM (6.7 kPa [4.6-12.0]) were successful and met reliability criteria in 70%
and 95%, respectively. Spleen size was inversely associated with SSM failure (odds ratio: 0.66 increment/cm,
95% confidence interval: 0.52-0.82). Optimal spleen stiffness cut-off to detect probable CSPH was >26.5 kPa (like-
lihood ratio: 4.5, sensitivity: 83%; specificity: 82%). Spleen stiffness did not outperform liver stiffness in detecting
probable CSPH (P = 1.0). Conclusions: In real-world practice, reliable SSM were obtained in 70% and could poten-
tially stratify patients between high- and low-risk of probable CSPH. However, cut-offs for CSPH might be sub-
stantially lower than previously reported. Future studies validating these results are required. Clinical trial

number: Netherlands Trial Register (Registration number: NL9369). (J CLiN Exp HEpaTOL 2023;13:414-427)

he development of portal hypertension is the hall-
mark of disease progression in liver cirrhosis.'
When present, there is a risk of developing ascites,
hepatic encephalopathy, and variceal bleeding. These pa-
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tients are confronted with a significantly impaired quality
of life and poor prognosis.” It is essential to timely diag-
nose the development of clinical significant portal hyper-
tension (CSPH) as patients could benefit from early
recognition and targeted intervention.

The gold standard to estimate portal pressure is per-
forming hepatic venous pressure gradient (HVPG) mea-
surement. Except, its use is limited because it is a
technically challenging and invasive procedure. Clinicians,
therefore, rely upon surrogate criteria, which often include
low platelets, splenomegaly, or collaterals on imaging, and,
more recently, liver elastography.3 As such, the current Ba-
veno VII consensus states that elastography is sufficiently
accurate to identify CSPH."

Spleen stiffness measurement (SSM) is a vibration-
controlled transient elastography (VCTE) technique intro-
duced to fill this gap and provide a non-invasive technique
to allow a real-time bedside surrogate marker of portal hy-
pertension. Compared to liver stiffness measurement
(LSM), which was primarily designed as a surrogate marker
of liver fibrosis, SSM is able to dynamically illustrate the
degree of the congestion of portal blood inflow and is
not affected by hepatic inflammation, fibrosis, or biliary
congestion.” SSM is thought to outperform LSM in reflect-
ing the presence of portal hypertension and in risk

© 2022 Indian National Association for Study of the Liver. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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prediction for clinical decompensation.®® Previous
studies, however, are performed using a 50 Hz probe or
in patients with advanced liver disease only, excluding
patients with decompensated liver cirrhosis.® ¢

In this prospective study, we measured spleen stiffness
with a 100 Hz probe and SSM-dedicated software com-
bined with a same-session abdominal ultrasonography
and LSM in a heterogeneous group of patients having liver
disease. We aim to determine the SSM cut-off value to
identify the presence of probable CSPH in these patients
covering different disease stages of a broad spectrum of
liver diseases and identify factors associated with SSM fail-
ure in real-world practice.

METHODS

Institutional Review Board approval was obtained (Medi-
cal Ethics Review Committee of the Erasmus MC (Refer-
ence: MEC-2021-0056).

Study Design

We performed a single center prospective study in patients
with any type of liver disease to determine a cut-off value to
detect probable CSPH between January 2021 and May
2021. Next, we identified factors associated with SSM fail-
ure. This study was performed at the outpatient ultra-
sound clinic of a tertiary referral center. Since July 2020,
SSM is implemented as standard of care at the outpatient
liver ultrasound program in this center. The STAndards
for the Reporting of Diagnostic accuracy studies 2015
checklist was followed (Supplementary Table 1).

Outcomes

To classify patients as having probable CSPH (because of
the lack of HVPG) during study visit, we used predefined
criteria, based on the Baveno consensus.'" In short, ‘prob-
able’ CSPH was diagnosed when one or more of the
following criteria were present: splenomegaly, ascites, re-
canalized umbilical vein, portosystemic collaterals, dilated
portal veins (splenic vein =13 mm; portal vein =16 mm),
varices, hepatic encephalopathy, portal hypertensive gas-
tropathy, or LSM =25 kPa. A stricter definition was used
to define ‘definite CSPH’ which was limited to the evident
signs of portal hypertension and included the presence of
ascites, recanalization of the umbilical vein, portosystemic
collaterals, or history of varices.

Patient Identification and Selection Criteria

Patients visiting the outpatient clinic were prospectively
enrolled in our study. Patients received a same-visit ultraso-
nography and LSM in addition to SSM. The allocated time
for each examination was standardized at 30 min. For the

purpose of this study, we only included patients when SSM
was performed by the investigators to limit interobserver
variability. Adults (=18 years) with any (suspected) liver
disease, with or without the presence of advanced liver dis-
ease/cirrhosis or documented signs of portal hypertension,
were eligible for study inclusion. We excluded patients with
a transjugular intrahepatic portosystemic shunt, liver
transplant, or extrahepatic etiology for liver disease
(thrombosis, congestive hepatopathy and (congenital)
vascular malformations).

Abdominal Ultrasonography

Prior to VCTE, each patient received an abdominal ultra-
sound examination. We used a Philips EPIQ 7 ultrasound
system (Philips Medical Systems, Eindhoven, the
Netherlands). Both a convex (2-5 MHz) and linear high fre-
quency probe (2-9 MHz) were used following a standard-
ized protocol. Grayscale ultrasound was followed by

color-duplex sonography.

Transient Elastography

Following abdominal ultrasound, the three examinators
performed the VCTE measurements. Abdominal ultra-
sound was used to augment VCTE probe placement to
facilitate optimal spleen and liver stiffness measure-
mentLSM. We used the Fibroscan® (Fibroscan Expert
630, Echosens, France) to attempt liver and spleen stiff-
ness measurementSSM. LSM was successful in case of
=10 successful measurements and kPa =7 or kPa >7
and interquartile range [IQR] <30%.'” There are no reli-
ability criteria available for SSM. To increase its reproduc-
ibility and accuracy, SSM was successful in case of =8
successful measurements and SSM kPa =10, or kPa >10
and IQR <30%. Median liver/spleen stiffness (in kPa)
and IQR were reported. The controlled attenuation
parameter (in dB/m) was measured, including standard
deviation. Using the MyFibroScan smartphone applica-
tion for disease-specific cut-offs, LSM results were con-
verted to fibrosis stage (FO-F1: no fibrosis - F4:
cirrhosis) and CAP controlled attenuation parameter
measurements to steatosis stage (SO: no steatosis; S3: se-
vere steatosis), respectively.

Data Collection

Individual patient data were collected and anonymously
uploaded to clinical record forms. We used an approved
and validated data management program. Data collection
included patient characteristics, drug use, laboratory mea-
surements, liver disease characteristics, ultrasound data,
and VCTE results. Records were searched for decompensa-
tion events, endoscopy findings, imaging results, and pa-

thology reports.
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Patients visiting ultrasound clinic: n = 248

Potentially eligible

Patients excluded: n = 63

Reason:

—> - liver transplantation: n = 37

- transjugular intrahepatic portosystemic shunt: » =12
- extrahepatic liver disease: n = 14

Patients with (potential) intrisic liver disease: n = 185

—» NoLSM: n=9

A 4

Patients who underwent SSM: n= 185

Confirmed eligible ‘ Examined for eligibility

Patients who underwent LSM: n= 176

Reason:

criteria: n =20

Included

SSM failed: n =56

>/ - no measurement result: n =36 —» - no measurement result: n =2
- not fulfilling reliability

LSM failed: n=4
Reason:

- not fulfilling reliability
criteria: n =2

Patients with successful SSM »n = 129

Patients with successful LSM n = 172

{

v
Patients with both successful SSM and LSM
included for AUROC analysis n =118

Figure 1 Flowchart showing number of patients at each stage of the study.
Abbreviations: AUROC, area under the receiver operating characteristic curve; LSM, liver stiffness measurement; n, number; SSM, spleen stiffness

measurement.

Statistical Analysis

To assess the performance of a single diagnostic test, =33
patients were necessary to obtain a predicted area under
the receiver operating characteristic curve (AUROC) of
0.75 compared to a null hypothesis value of 0.5 («:0.05, po-
wer 80%, allocation ratio 2). A total of 114 patients were
required to assess a significant difference between the diag-
nostic performance of two diagnostic tests with an ex-

pected AUROC of 0.8 and 0.9, respectively (estimated
correlation between two tests 0.75 in both positive and
negative cases,' " 2:0.05, power 80%, allocation ratio 2).

For dichotomous data Chi-square test was used and
Fisher's exact test when expected count <5 in >25% of cells.
For normally distributed continuous data, we used the
Student t-test; for non-normally distributed data, the
Mann-Whitney U test. We calculated correlations between

416 © 2022 Indian National Association for Study of the Liver. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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Table 1 Baseline Characteristics of Included Patients.

Details

Patients (n = 185)

Patient characteristics
Male, n (%)
Age in years, median [IQR]
BMI in kg/m?, median [IQR]
Region of origin

- Europe (%

- Africa (%)

- Asia (%)

- South-America (%)
Indication of outpatient visit

- HCC screening, n (%)

- Evaluation liver disease severity
(steatosis/fibrosis), n (%)

- Abnormal liver tests/evaluation
vasculature or bile ducts, n (%)

- Follow-up liver lesion/
gallbladder polyp, n (%)

Comorbidities

Hypertension, n (%)

History of cardiac failure, n (%)
Diabetes mellitus, n (%)

History of pulmonary hypertension,
n (%)

Active smoking, n (%)

Active alcohol consumption, n (%)
Drug use

Diuretics, n (%)

Non-selective beta-blockade, n (%)
Laboratory

Platelets level (x109/L), median
[IQR]

Total bilirubin level (umol/L),
median [IQR]

ALT (U/L), median [IQR]
ALP (U/L), median [IQR}
Albumin (g/L), median [IQR]
eGFR stage

- Stage 1 (=90 ml/min/1.73m?)

- Stage 2 (60-89 ml/min/
1.73m?)

- Stage 3 (30-59 ml/min/
1.73m?)

- Stage 4 (15-29 ml/min/
1.73m?)

- Stage 5 (<15 ml/min/1.73m?)

- Unknown

PT INR, median [IQR]

98 (53%)
53 [37-64]
25.4 [22.2-28.4]

119 (64%)
15 (8%)
41 (22%)
10 (5%)

60 (32%)
123 (66%)

53 (29%)

6 (3%)

46 (25%)
2 (1%)
27 (15%)
2 (1%)

24 (13%)
47 (25%)

20 (11%)
9 (5%)

208 [146-267]
9 [6-16]

38 [25-63]
95 [69-124]
41 [36-44]

82 (44%)
61 (33%)
16 (9%)
3 (2%)

1 (1%)
22 (12%)

1.0 [1.0-1.1]

(Continued on next page)

Table 1 (Continued)
Details Patients (n = 185)
Main etiology liver disease °

- Viral, n (%) 61 (33%)

- MAFLD, n (%) 39 (21%)

- Alcohol-related, n (%) 13 (7%)

- Auto-immune/cholestatic, n 30 (16%)

(%) 29 (16%)

- Other, n (%) 22 (12%)
- Unknown, n (%)
Etiology liver cirrhosis
Liver cirrhosis, n (%) 57 (31%)
- Viral, n (%) 15 (26%
- MAFLD, n (%) 13 (12;)
- Alcohol-related, n (%) - 1(4Ly 6)
- Auto-immune/cholestatic, n ( °2
%) 15 (26%)
0,
- Other, n (%) 132(023/")
- Unknown, n (%) 1 (2%)
Stage of liver cirrhosis
Child-Pugh reported, n (%) 56 (98%)
- A n (%) 38 (68%)
- B, n (%) 12 (21%)
- C,n (%) 6 (11%)
MELD-score, median [IQR] 9[7-13]

Previously diagnosed signs of portal hypertension

One or more previously 70 (38%)
documented signs of portal
hypertension, n (%)
- History of ascites, n (%) 20 (11%)
- History of SBP, n 3
- History of varices, n (%) 29 (16%)
- History of variceal bleed, n 6
- History of hepatic 3 (2%)
encephalopathy, n (%)
- History of portosystemic 19 (10%)
collaterals, n (%)
- History of recanalized 11 (6%)
umbilical vein, n (%)
- History of splenomegaly, n (%) 43 (23%)
- History of hypertensive portal 13 (7%)
gastropathy, n (%)
-Platelets =150 x 109/L, n (%) 41 (22%)

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotrans-
ferase; BMI, body mass index; eGFR, estimated glomerular filtration
rate; HCC, hepatocellular carcinoma; INR, international normalized ra-
tio, IQR, interquartile range; MAFLD, metabolic dysfunction-associated
fatty liver disease; MELD, model for end-stage liver disease; n, number;
PT, prothrombin time; SBP, spontaneous bacterial peritonitis.
®Multiple diagnoses possible.

continuous and dichotomous variables using point-bise-
rial correlation (rpp).

AUROC analysis was performed to determine the diag-
nostic performance of a continuous variable (SSM and
LSM) in predicting the presence of probable CSPH. We
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Table 2 Details on Abdominal Ultrasound Results and Liver

and Spleen Elastography Results.
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Table 2 (Continued)

Details

Patients (n = 185)

Details Patients (n = 185)

Structural characteristics
Liver size, cm [IQR]
Spleen size, cm [IQR]
Echogenicity

- Non-hyperechogenic, n (%)
- Hyperechogenic, n (%)

Focal liver lesion, n (%)

- Cyst, n (%)

- Hemangioma, n (%)

- Focal nodular hyperplasia, n (%)

- Adenoma, n (%)

- Hepatocellular carcinoma, n (%)

- Other, n (%)

Vasculature

Portal vein flow velocity, cm/s [IQR]

Portal vein diameter, mm [IQR]

- 16 mm or wider, n (%)

Superior mesenteric vein diameter, mm [IQR]
Splenic vein diameter, mm [IQR]

- 13 mm or wider, n (%)

Ultrasonography signs of portal hypertension

One or more signs of portal hypertension
on ultrasonography, n (%)

- Ascites, n (%)
- Splenomegaly, n (%)”
- Recanalized umbilical vein, n (%)

- Portosystemic collateral
veins or cavernoma, n (%)

- Dilated portal vein and/or splenic vein, n (%)
LSM
Attempted measurement, n (%)

- Measurement result available, n (%)

- Fulfilling reliability criteria (=successful), n (%)°

Liver stiffness, kPa [IQR]
XL-probe used, n (%)

Fibrosis stage

- FO-F1, n (%)

- F2,n (%)

- F3, n (%)

- F4,n (%)

Liver stiffness =25 kPa, n (%)
CAP

CAP performed, n (%)

14.4 [13.5-16.0]
11.0 [9.7-13.1]

107 (58%)
78 (42%)

22 (12%)
11 (50%)

22 [19-25]

10.0 [8.4-12.0]
3 (2%)

7.0 [5.5-8.0]

6.4 [5.0-8.0]

3 (2%)

51 (54%)

13 (7%)
38 (21%)
10 (5%)
21 (11%)

4.(2%)

176 (95%)
174 (99%)
172 (97%)

6.7 [4.6-12.0]
4 (2%)

94 (55%)
22 (13%)
15 (9%)

41 (24%)
17 (10%)

170 (97%)

Attenuation, dB/m [IQR] 239 [200-289]

Steatosis grade

- S0, n (%) 92 (54%)
- 81-52, n (%) 35 (20%)
- S3,n (%) 44 (26%)
CSPH

¢ Probable CSPH 61 (33%)
9 Definite CSPH 39 (21%)

SSM with 100Hz probe
Attempted measurement, n (%) 185 (100%)

149 (81%)

- Fulfilling reliability criteria (=successful), n (%)° 129 (70%)
Spleen stiffness, kPa [IQR] 23.8[16.2-42.3]

17.7 [14.7-24.6]

- Measurement result available, n (%)

- Without liver cirrhosis (n = 83):
spleen stiffness, kPa [IQR]

- With liver cirrhosis (n = 46):
spleen stiffness, kPa [IQR]

46.7 [34.8-60.6]

Abbreviations: CAP, controlled attenuation parameter; CSPH, clinically
significant portal hypertension; Hz, hertz; IQR, interquartile range; kPa,
kilopascal; LSM, liver stiffness measurement; n, number; SSM, spleen
stiffness measurement.

@Corrected for body length and gender.

PLSM criteria for reliability: kPa =7 or kPa > 7 and IQR of <30%.
°Established if =1 of the following items occurred: ascites, varices, he-
patic encephalopathy, splenomegaly (corrected for body length and
gender), recanalized umbilical vein, portosystemic collaterals, dilated
portal veins (splenic vein =13 mm or portal vein =16 mm), portal hyper-
tensive gastropathy, liver stiffness measurement (LSM) = 25 kPa.
9Established if =1 of the following items occurred: presence of ascites,
recanalization of the umbilical vein, portosystemic collaterals, or history
of varices.

®SSM criteria for reliability: kPa =10 or kPa > 10 and IQR of <30%.

determined the optimal SSM cut-oft value (in kPa) for de-
tecting probable and definite CSPH determined by the
maximum value of the Youden's J statistic. These data
were reported together with the likelihood ratio (LR), stan-
dard error (SE), sensitivity and specificity including 95%
confidence interval (CI). To assess whether the difference
between the AUROC of two diagnostic tests was signifi-
cantly different, we used the Hanley McNeil methodology
to allow comparing two diagnostic tests in the group of pa-
tients and controls.”® To assess whether the inclusion of
the LSM =25 kPa criterion in our probable CPSH defini-
tion affected the comparison, we performed a sensitivity
analysis in which we used a probable CSPH definition in
which LSM =25 kPa alone was not a criterion. Multivariate
logistic regression modeling was used to identify factors
associated with SMM failure. Covariates with P < 0.15 in
univariate analysis were included in the multivariate

418 © 2022 Indian National Association for Study of the Liver. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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Table 3 Univariate Analysis to Identify Predictors for the Failure of SSM.

Details

Patients (n = 185) P-value

SSM successful (n = 129)

SSM failure (n = 56)

Patient characteristics

Male, n (%) 68 (53%) 30 (54%) 0.91
Age in years, median [IQR] 52 [35-63] 56 [44-69] 0.02
BMI in kg/m?, median [IQR] 25.0 [22.4-28.0] 26.0[21.1-29.2] 0.54
Comorbidities

Hypertension, n (%) 31 (24%) 15 (27%) 0.64
Diabetes mellitus, n (%) 20 (16%) 7 (13%) 0.63
Drug use

Diuretics, n (%) 15 (12%) 5 (9%) 0.59
Non-selective beta-blockade, n (%) 8 (6%) 1 (2%) 0.28
Laboratory

Platelets level (x 109/L), median [IQR] 192 [129-256] 234 [171-274] 0.04
Total bilirubin level (umol/L), median [IQR] 11 [6-19] 8[6-11] 0.02
ALT (U/L), median [IQR] 38 [26-65] 32 [23-59] 0.37
Albumin (g/L), median [IQR] 41 [34-44] 41 [39-44] 0.17
eGFR (ml/min/1.73m?), median [IQR] 90 [74-90] 85 [73-90] 0.18
INR, median [IQR] 1.0[1.0-1.1] 1.0[1.0-1.1] 0.11
Main etiology liver disease °

Viral, n (%) 35 (27%) 26 (46%) 0.40
MAFLD, n (%) 25 (19%) 14 (25%) 0.39
Alcohol-related, n (%) 8 (6%) 5 (9%) 0.51
Auto-immune/cholestatic, n (%) 25 (19%) 5 (9%) 0.08
Other, n (%) 26 (20%) 3 (5%) 0.01
Unknown, n (%) 16 (12%) 6 (11%) 0.74
Stage of liver disease

Liver cirrhosis 46 (36%) 11 (20%) 0.03
Presence of probable CSPH” 53 (41%) 8 (14%) <0.001
Structural characteristics

Spleen size, cm [IQR] 11.8 [10.2-14.0] 10.1[9.0-11.2] <0.001

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; cm, centimeter; CSPH, clinically significant portal hypertension; eGFR, esti-
mated glomerular filtration rate; INR, international normalized ratio; IQR, interquartile range; MAFLD, metabolic dysfunction-associated fatty liver dis-

ease; MELD, model for end-stage liver disease; n, number.
@Multiple diagnoses possible.

PEstablished if =1 of the following items occurred: ascites, varices, hepatic encephalopathy, splenomegaly (corrected for body length and gender),
recanalized umbilical vein, portosystemic collaterals, dilated portal veins (splenic vein =13 mm or portal vein =16 mm), portal hypertensive gastro-

pathy, liver stiffness measurement (LSM) = 25 kPa.

regression model, with the backward elimination of non-
significant covariates. Additional analysis included stratifi-
cation for LSM (LSM <10 kPa vs. LSM =10 kPa).

Analyses were performed with SPSS (Statistical Package
for the Social Sciences) version 28, Medcalc statistical soft-
ware version 20.019 and Graphpad prism statistical soft-
ware version 9.3.1. All tests were 2-tailed and P < 0.05
was considered statistically significant.

RESULTS
Patient Identification and Characteristics

A total of 185 patients were included (Figure 1). Table 1
shows the patient characteristics. The main reason for their
visit was the evaluation of liver disease severity (66%) fol-
lowed by hepatocellular carcinoma screening (32%). Dia-
betes was diagnosed in 15% (n = 27).
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Table 4 Multivariate Regression Analysis to Identify Predictors for the Failure of SSM in patients Who Underwent SSM (n = 185).

Univariate Multivariate
Before backward After backward
elimination of elimination of non-significant
non-significant variables variables

OR (95% ClI) OR (95% CI) OR (95% ClI) P-value
Variable
Age (increment per year) 1.02 (1.00-1.04) 1.00 (0.97-1.04) - -
Total bilirubin level (increment per umol/L) 0.96 (0.91-0.99) 0.99 (0.96-1.02) - -
INR 0.04 (0.01-1.27) 0.31 (0.00-24.13) - -
Platelets level (increment per x10°/L) 1.00 (1.00-1.01) 1.00 (0.99-1.00) - -
Auto-immune/cholestatic (no/yes) 0.41 (0.15-1.13) 0.57 (0.15-2.16) - -
Other etiology liver disease (no/yes) 0.22 (0.07-0.78) 0.40 (0.10-1.67) - -
Liver cirrhosis (no/yes) 0.44 (0.21-0.94) 1.82 (0.48-6.92) - -
Presence probable CSPH (no/yes)” 0.24 (0.11-0.55) 0.55 (0.14-2.23) - -
Spleen size (increment per cm) 0.64 (0.53-0.78) 0.66 (0.49-0.98) 0.66 (0.52-0.82) <0.001

Abbreviations: Cl, confidence interval; cm, centimeter; CSPH, clinically significant portal hypertension; INR, international normalized ratio; n, number;

OR, odds ratio; SSM, spleen stiffness measurement.

®Established if =1 of the following items occurred: ascites, varices, hepatic encephalopathy, splenomegaly (corrected for body length and gender),
recanalized umbilical vein, portosystemic collaterals, dilated portal veins (splenic vein =13 mm or portal vein =16 mm), portal hypertensive gastro-

pathy, liver stiffness measurement (LSM) = 25 kPa.

Liver Disease Etiology and Severity

Main etiologies included viral hepatitis (33%) and fatty
liver disease (21%). Liver cirrhosis was diagnosed in 31%
(n = 57), predominantly including patients with a pre-
served liver function. Prior to the study visit, more than
one-third of patients (38%, n = 70) already had =1 docu-
mented sign of portal hypertension (Table 1). Most preva-
lent were reported splenomegaly (23%, n = 43) and low
platelets (22%, n = 41). The details of ultrasonography
are shown in Table 2. Median spleen size was 11.0 cm
[9.7-13.1 cm]. One or more signs of portal hypertension
were detected at ultrasound in 54% (n = 51). In these pa-
tients, splenomegaly was most prevalent (21%). In our pop-
ulation (n = 185), 61/124 (33%) met the criteria for
probable CSPH and 39/185 (21%) met the criteria for def-
inite CSPH.

Liver and Spleen Elastography

In 97% (n = 172), LSM was deemed successful (Table 2).
Median liver stiffness was 6.7 kPa [4.6-12.0 kPa]. LSM
was =25 kPa in 17 patients (10%). SSM was attempted in
all 185 patients and returned a measurement result in
81% (n = 149), of which 13% (n = 20) did not meet our reli-
ability criteria. This led to a SSM success rate of 70% (n =
129) (Table 2). Overall, median SSM was 23.8 kPa [16.2-
42.3 kPa]. In patients without liver cirrhosis, median
SSM was 17.7 kPa [14.7-24.6 kPa], compared to a median

SSM of 46.7 kPa [34.8-60.6 kPa] in those with cirrhosis.
Similarly, in patients with portosystemic collaterals (19/
129), the SSM was 51.8 kPa [41.6-78.9 kPa], whereas in
those without collaterals (11/129), the SSM was only
21.1 kPa [15.4-33.0 kPa]. In 118 patients, both SSM and
LSM were deemed successful, of which 36% (43/118) of pa-
tients fulfilled the criteria for probable CSPH and 64% (75/
118) of patients did not.

Predictors for Failure of SSM

Table 3 shows the univariate analysis to identify predic-
tors for the failure of SSM. In the multivariate model
(Table 4), only spleen size was associated with SSM failure
(odds ratio [OR] 0.66 increment per cm, 95% CI 0.52-
0.82, P < 0.001). Of note, the other variables were not
associated with SSM failure and thus excluded from the
model by backward selection. In a post-hoc analysis
when stratifying for LSM (LSM <10 kPa vs. LSM
=10 kPa), we noted a higher SSM failure rate in patients
with LSM <10 kPa (36%) than patients with LSM
=10 kPa (21%). Interestingly, in both groups, spleen
size was the most important predictor for SSM failure,
aligning the results of the overall analysis. In this analysis,
sex was an additional independent predictor for SSM fail-
ure (OR 2.78 (95% CI: 1.18-6.60), P 0.02 for LSM <10 kPa
and OR 0.09 (95% CI 0.01-0.98, P 0.048) for LSM
=10 kPa, respectively.
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Table 5 Comparison of Characteristics Between Patients With Successful SSM Who did or did not met the Criteria for Clinically

Significant Portal Hypertension.

Details Patients with successful SSM (n = 129)

No probable CSPH (n = 76) Probable CSPH® (n = 53) P-value
Patient characteristics
Male, n (%) 37 (49%) 31 (58%) 0.27
Age in years, median [IQR] 49 [35-61] 55 [33-64] 0.42
BMI in kg/m?, median [IQR] 25.1[21.7-28.3] 25.0[23.2-27.9] 0.64
Comorbidities
Hypertension, n (%) 16 (21%) 15 (28%) 0.34
Diabetes mellitus, n (%) 13 (17%) 8 (15%) 0.92
Drug use
Diuretics, n (%) 3 (4%) 12 (23%) 0.002
Non-selective beta-blockade, n (%) 0 (0%) 8 (15%) 0.001
Laboratory
Total bilirubin level (umol/L), median [IQR] 9 [6-14] 14 [8-32] 0.001
ALT (U/L), median [IQR] 38 [25-58] 39 [28-70] 0.32
Albumin (g/L), median [IQR] 41 [38-44] 37 [32-43] 0.002
eGFR (ml/min/1.73m>?), median [IQR] 90 [76-90] 90 [67-90] 0.30
INR, median [IQR] 1.0 [1.0-1.0] 1.1[1.0-1.3] <0.001
Main etiology liver disease ”
Viral, n (%) 26 (34%) 9 (17%) 0.03
MAFLD, n (%) 18 (24%) 7 (13%) 0.14
Alcohol-related, n (%) 2 (3%) 6 (11%) 0.06
Auto-immune/cholestatic, n (%) 10 (13%) 15 (28%) 0.03
Other, n (%) 12 (16%) 14 (26%) 0.14
Unknown, n (%) 12 (16%) 4 (8%) 0.19
Stage of liver cirrhosis
Child-Pugh score, median [IQR] 6 [5-7] 6 [5-8] 0.66
MELD-score, median [IQR] 9 [8-13] 10 [7-15] 0.78
Elastography
Liver stiffness, kPa [IQR] 6.0 [4.0-7.5] 17.5[10.8-30.8] <0.001
Attenuation, dB/m [IQR] 237 [199-297] 232 [191-290] 0.59
Spleen stiffness, kPa [IQR] 17.6 [14.7-23.6] 46.4 [29.6-59.1] <0.001

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; cm, centimeter; eGFR, estimated glomerular filtration rate; INR, international
normalized ratio; IQR, interquartile range; kPa, kilopascal; MAFLD, metabolic dysfunction-associated fatty liver disease; MELD, model for end-stage

liver disease; n, number.

®Established if =1 of the following items occurred: ascites, varices, hepatic encephalopathy, splenomegaly (corrected for body length and gender),
recanalized umbilical vein, portosystemic collaterals, dilated portal veins (splenic vein =13 mm or portal vein =16 mm), portal hypertensive gastro-

pathy, liver stiffness measurement (LSM) = 25 kPa.

PMultiple diagnoses possible.

Comparison of Characteristics in Patients with
Successful SSM Stratified by the Presence of

Probable CSPH

In 129 out of 185 patients (70%), SSM was successful, of
whom 41% (n = 53 of 129) of patients had probable
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CSPH (Table 5). Between groups, the use of diuretics
and non-selective beta-blockade were more prevalent in

patients with probable CSPH (23% vs. 4%, P = 0.002

and 15% vs. 0%, P = 0.001, respectively). Viral etiology
was more common (34% vs. 17%, P = 0.03) in patients
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Figure 2 A. Distribution of individual SSM (left two columns, n = 118) and LSM (right two columns, n = 118) results, stratified by absence (‘No’ col-
umns) or presence (‘Yes’ columns) of clinically significant portal hypertension. B. Area under the receiver operating characteristic curve of spleen
(green solid line) and liver (red solid line) stiffness measurement in patients with portal hypertension. Abbreviations: LSM, liver stiffness measurement;
SSM, spleen stiffness measurement.

without CSPH, whereas those with probable CSPH were compared to patients without probable CSPH, patients
more frequently diagnosed with auto-immune/chole-  with probable CSPH had a more advanced stage of liver
static liver disease (28% vs. 13%, P = 0.03). As expected,  disease, reflected by higher serum bilirubin (14umol/L
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vs. 9umol/L, P = 0.001), lower serum albumin (37 g/L vs.
41 g/L, P = 0.002), and higher INR (1.1 vs. 1.0, P <
0.001), respectively. Consistent with SSM, LSM was
significantly elevated in patients with probable CSPH
compared to those without (respectively, 17.5 kPa and
6.0 kPa, P < 0.001). Similar differences between ‘CSPH’
and ‘no CSPH’ were seen when using criteria for definite
CSPH (ascites, recanalization of umbilical vein, portosys-
temic collaterals, or history of varices) and patients were
stratified for liver stiffness =10 kPa (Supplementary
Table 2).

Diagnostic Performance of SSM to Detect CSPH

Figure 2A shows that there was a positive correlation be-
tween SSM (kPa) and the presence of probable CSPH,
which was statistically significant (r,, = 0.61, n = 118, P <
0.001). The AUROC for SSM to predict the presence of
probable CSPH was 0.86 (SE 0.04 95% CI 0.79-0.94, n =
118, Figure 2B).

The optimal cut-off value for spleen stiffness to detect
probable CSPH in the total group of patients was
>26.5 kPa (J statistic 0.65, LR 4.5, sensitivity 83% specificity
82%). Interestingly, the threshold for definite CSPH was
again 26.5 kPa; however, diagnostic characteristics
changed: J statistic 0.75, LR 4.0, sensitivity 100%, specificity
75%. In case of viral hepatitis (AUROC 0.89, SE 0.06 95% CI
0.77-1.00, n = 35), the optimal cut-off to identify patients
with probable CSPH was similar: >23.1 kPa (J statistic 0.70,
LR 4.6. sensitivity 89%, specificity 81%). Calculating the
cut-off values for other liver disease categories was not
feasible due to the limited size of these subgroups (n <
33). The discriminative value was consistent among the
subgroup with a LSM =10 kPa and a strict (definite)
CSPH definition (AUROC: 0.88, SE 0.06, 95% CI 0.77-
0.98, n = 42). However, in this subgroup which included
more patients with advanced liver disease, the optimal
cut-off increased to 41.5 kPa (82% sens; 80% spec LR 4.1),
while the original cut-off (26.5 kPa) would result in 100%
sensitivity and 60% specificity.

Diagnostic Performance of LSM and a
Prediction Model to Detect CSPH

As with SSM, we observed a positive correlation between
LSM and the presence of probable CSPH, which was statis-
tically significant (r,p = 0.58,n = 118, P < 0.001, Figure 2A).
The AUROC for liver stiffness for predicting portal hyper-
tension was 0.86 (SE 0.04 95% CI: 0.78-0.94, Figure 2B).
Interestingly, when comparing the diagnostic performance
of SSM with LSM (n = 118), no significant difference was
detected (P = 1.0). Results were consistent when LSM
=25 kPa alone was not a criterion for probable CSPH. A
prediction model including all statistically significant
characteristics (P < 0.05) between groups with or without
probable CSPH (Table 5) returned an AUROC of 0.89

(SE 0.03, 95% CI: 0.83-0.96, n = 122, P < 0.001). Again,
compared to SSM, there was no significant improvement
in the diagnostic accuracy for detecting CSPH (P = 0.62).

PREDICTORS FOR FAILURE OF SSM

Table 3 shows the univariate analysis to identify predictors
for the failure of SSM. In the multivariate model (Table 4),
only spleen size was associated with SSM failure (odds ra-
tio [OR] 0.66 increment per cm, 95% CI 0.52-0.82, P <
0.001). Of note, the other variables were not associated
with SSM failure and thus excluded from the model by
backward selection. In a post-hoc analysis when stratifying
for LSM (LSM <10 kPa vs. LSM =10 kPa), we noted a
higher SSM failure rate in patients with LSM <10 kPa
(36%) than patients with LSM =10 kPa (21%). Interest-
ingly, in both groups, spleen size was the most important
predictor for SSM failure, aligning the results of the overall
analysis. In this analysis, sex was an additional indepen-
dent predictor for SSM failure (OR 2.78 (95% CI: 1.18-
6.60), P 0.02 for LSM <10 kPa and OR 0.09 (95% CI
0.01-0.98, P 0.048) for LSM =10 kPa, respectively.

Comparison of characteristics in patients with
successful SSM stratified by the presence of
probable CSPH

In 129 out of 185 patients (70%), SSM was successful, of
whom 41% (n = 53 of 129) of patients had probable
CSPH (Table 5). Between groups, the use of diuretics and
non-selective beta-blockade were more prevalent in pa-
tients with probable CSPH (23% vs. 4%, P = 0.002 and
15% vs. 0%, P = 0.001, respectively). Viral etiology was
more common (34% vs. 17%, P = 0.03) in patients without
CSPH, whereas those with probable CSPH were more
frequently diagnosed with auto-immune/cholestatic liver
disease (28% vs. 13%, P = 0.03). As expected, compared to
patients without probable CSPH, patients with probable
CSPH had a more advanced stage of liver disease, reflected
by higher serum bilirubin (14umol/L vs. 9umol/L, P =
0.001), lower serum albumin (37 g/L vs. 41 g/L, P =
0.002), and higher INR (1.1 vs. 1.0, P < 0.001), respectively.
Consistent with SSM, LSM was significantly elevated in pa-
tients with probable CSPH compared to those without
(respectively, 17.5 kPa and 6.0 kPa, P < 0.001). Similar dif-
ferences between ‘CSPH’ and ‘no CSPH’ were seen when us-
ing criteria for definite CSPH (ascites, recanalization of
umbilical vein, portosystemic collaterals, or history of vari-
ces) and patients were stratified for liver stiffness =10 kPa
(Supplementary Table 2).

Diagnostic Performance of SSM to Detect CSPH

Figure 2A shows that there was a positive correlation be-
tween SSM (kPa) and the presence of probable CSPH,
which was statistically significant (r,p, = 0.61, n = 118, P <
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0.001). The AUROC for SSM to predict the presence of
probable CSPH was 0.86 (SE 0.04 95% CI 0.79-0.94, n =
118, Figure 2B).

The optimal cut-off value for spleen stiffness to detect
probable CSPH in the total group of patients was
>26.5 kPa (J statistic 0.65, LR 4.5, sensitivity 83% specificity
82%). Interestingly, the threshold for definite CSPH was
again 26.5 kPa; however, diagnostic characteristics
changed:J statistic 0.75, LR 4.0, sensitivity 100%, specificity
75%. In case of viral hepatitis (AUROC 0.89, SE 0.06 95% CI
0.77-1.00, n = 35), the optimal cut-off to identify patients
with probable CSPH was similar: >23.1 kPa (J statistic 0.70,
LR 4.6. sensitivity 89%, specificity 81%). Calculating the
cut-off values for other liver disease categories was not
feasible due to the limited size of these subgroups (n <
33). The discriminative value was consistent among the
subgroup with a LSM =10 kPa and a strict (definite)
CSPH definition (AUROC: 0.88, SE 0.06, 95% CI 0.77-
0.98, n = 42). However, in this subgroup which included
more patients with advanced liver disease, the optimal
cut-off increased to 41.5 kPa (82% sens; 80% spec LR 4.1),
while the original cut-off (26.5 kPa) would result in 100%
sensitivity and 60% specificity.

Diagnostic Performance of LSM and a
Prediction Model to Detect CSPH

As with SSM, we observed a positive correlation between
LSM and the presence of probable CSPH, which was statis-
tically significant (r,p = 0.58, n = 118, P < 0.001, Figure 2A).
The AUROC for liver stiffness for predicting portal hyper-
tension was 0.86 (SE 0.04 95% CI: 0.78-0.94, Figure 2B).
Interestingly, when comparing the diagnostic performance
of SSM with LSM (n = 118), no significant difference was
detected (P = 1.0). Results were consistent when LSM
=25 kPa alone was not a criterion for probable CSPH. A
prediction model including all statistically significant
characteristics (P < 0.05) between groups with or without
probable CSPH (Table 5) returned an AUROC of 0.89
(SE 0.03, 95% CI: 0.83-0.96, n = 122, P < 0.001). Again,
compared to SSM, there was no significant improvement
in the diagnostic accuracy for detecting CSPH (P = 0.62).

DISCUSSION

This prospective study on the applicability of SSM across
the spectrum of liver disease patients to potentially stratify
patients between high- and low-risk of probable CSPH in a
real-world setting showed that SSM was successful in 70%
of patients. Smaller spleen size was associated with SSM
failure. The optimal cut-off value for SSM to detect prob-
able CSPH was >26.5 kPa (sensitivity 83%, specificity 82%
for probable CSPH and 100% sensitivity and 75% specificity
for definite CSPH). In more targeted populations like liver
stiffness =10 kPa and using a stricter definition for CSPH,

LANTINGA ET AL

the cut-off might be as high as 41.5 kPa (sensitivity 82%,
specificity 80%). We did not detect a significant difference
in the diagnostic performance of SSM compared to LSM
in the studied population using a surrogate marker for
probable CSPH.

This study showed a 70% success rate of SSM despite us-
ing dedicated SSM software and a 100 Hz probe. This is
significantly lower than previously reported by a similar
study which revealed a success rate of 92.5%.° We hypoth-
esize that there are two main reasons for this difference.
First, in contrast to the aforementioned study, we included
patients with non-advanced liver disease. As a result, the
median spleen size of patients included in our study was
lower by more than 2.5 cm (11.0 cm [9.7-13.1] vs.
13.6 cm [11.9-15.5], respectively). This could explain the
difference in success rate as we confirmed a previous obser-
vation that smaller spleen size is independently associated
with SSM failure.'® Importantly, spleen size was the most
important predictor for SSM-failure, both in patients
with high and low liver stiffness. In contrast to earlier
studies, we did not identify body mass index, length, or
body weight as independent predictors for SSM fail-
ure.'"” As body mass index was not associated with
SSM failure in our analysis, we believe not anthropometric
measurements, but spleen size is the key factor associated
with SSM failure. Second, eligibility criteria were used for
SSM unlike most other studies, lowering our success rate
from 81% to 70% as 20 SSM results failed our eligibility
criteria. Considering these points, the success rate in daily
practice, especially considering time restrictions, may be
lower than reported in previous studies. Nonetheless, a
large study that also included healthy individuals reported
a very low failure rate but did not show data on the eligi-
bility of the obtained measurements.'® Additional studies
are warranted to estimate the success rate when SSM is
adopted in clinical practice and determine which set of
eligibility criteria are required. A recent meta-analysis
included ten studies reporting the diagnostic accuracy of
spleen stiffness in the context of evaluating portal hyper-
tension in chronic liver disease.'” Three of the included
studies (total n = 298) used an identical VCTE tech-
nique.7’20’21 In contrast to our cut-off of 26.5 kPa to detect
probable CSPH, the cut-off for CSPH in these studies var-
ied between 48.9 and 55.0 kPa.”***! None of the aforemen-
tioned studies included patients with non-advanced liver
disease. As expected, we showed that non-cirrhotic patients
had a lower spleen stiftness than those with cirrhosis (me-
dian 17.7 kPa [14.7-24.6] vs. median 46.7 kPa [34.8-60.6],
respectively). As a corollary, the distribution of SSM values
used in our AUROC analysis is far more dispersed
compared to that in aforementioned studies. Indeed,
when a targeted analysis was performed, including only pa-
tients with LSM =10 kPa, the optimal threshold to detect
definite CSPH increased to 41.5 kPa. Therefore, we hypoth-
esize that this explains the difference in the diagnostic cut-
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off values, as a different degree of dispersion substantially
influences these cut-off values.”

An important study recently tested the new Baveno VII
guidelines in a multi-center retrospective trial among liver
disease patients with LSM =10 kPa.” In this study, it was
demonstrated that the currently proposed Baveno VII
guideline would result in a large proportion (up to 60%)
of patients that could not be non-invasively assessed for
the presence of CSPH. Interestingly, they provide a new al-
gorithm using (1) LSM =15 kPa, (2) platelet count
=150 x 10° and (3) SSM =40 kPa to rule out CSPH
and (1) LSM >25 kPa and (2) platelet count <150 x 10°
and (3) SSM >40 kPa to rule in CSPH. The proposed
40 kPa SSM threshold aligns with our optimal cut-off in
patients at high risk of definite CSPH. Important to
note, only two out of three items needed to be present to
rule out and rule in CSPH with 90% NPV and PPV in their
cohort with a 62-63% CSPH prevalence.

LSM was the first VCTE technique in clinical use for pa-
tients having liver disease.”” Originally, LSM was devel-
oped as a non-invasive tool to replace liver biopsies to
assess the presence of significant fibrosis.”> As liver paren-
chyma resistance is fundamental in portal hypertension
development and an increased portosystemic pressure is re-
flected by increased liver stiffness, a correlation between
LSM and HVPG measurement was made, enabling LSM
to diagnose portal hypertension in patients with chronic
liver disease.”® In contrast to the static assessment of liver
parenchyma stiffness by LSM, SSM is hypothesized to pro-
vide a dynamic surrogate marker of real-time HVPG.””
Since its introduction, clinical studies have shown that
SSM could outperform LSM in detecting portal hyperten-
sion and in risk stratification of patients for detecting
high-risk varices.”'®*” Most recent, a study showed that
when a 100 Hz spleen dedicated probe is used, the diag-
nostic accuracy improves even further.” In contrast, despite
using the latest SSM software and a dedicated 100 Hz
probe, SSM was not superior to LSM in detecting probable
CSPH in our cohort. Our results are in line with another
study in liver disease patients in which the study authors
included 107 patients referred for HVPG measurement
and performed both LSM and SSM, but showed no differ-
ence between these two techniques in detecting portal hy-
pertension.”’ Our finding may be explained by not limiting
to patients with advanced liver disease and excluding pa-
tients with extra-hepatic causes of portal hypertension,
which both could benefit the diagnostic accuracy of SSM
compared to LSM. Thus, when LSM and SSM are used
to evaluate the presence of portal hypertension in patients
with an intrinsic liver disease, irrespective of liver disease
severity, we expect that LSM and SSM would be equally
effective.

Our data illustrate that spleen stiffness increases when
liver disease progresses, which could, in turn, reflect the
progressive hemodynamic changes in the portosystemic

circulation. Future studies would need to assess the exact
value of SSM in predicting clinical decompensation in pa-
tients suffering from chronic liver disease before they have
developed cirrhosis or overt portal hypertension. More-
over, the full potential of the applicability of SSM to be
used as a bedside tool to provide a real-time assessment
of a patient's portal hypertensive state in the clinical
context of evaluating transjugular intrahepatic portosyste-
mic shunt function or the evaluation of response to non-
selective blockade therapy is paramount.z&zg

This study has several limitations. First, examinators
were not blinded for clinical data or same-session abdom-
inal ultrasound result. Moreover, probable CSPH was diag-
nosed based on a criteria set using surrogate markers of
portal hypertension instead of the gold standard HVPG
measurement and only a limited number of included pa-
tients had a diagnosis of compensated cirrhosis. Conse-
quently, this resulted in under- or overreporting of the
presence of CSPH in our study. However, it was deemed
unethical to perform HVPG measurement without any
clinical substantiation in patients without any sign of
advanced liver disease. Comparably, a recent study in pri-
mary biliary cholangitis used comparable criteria to clini-
cally assess the presence of CSPH, as our probable CSPH
definition.” Additionally, we used a stricter definition to
define definite CSPH. In light of this, incorporating
HVPG in our study protocol would have undoubtedly
led to selection bias as patients with non-advanced liver
disease would be unwilling to participate. Therefore, the
current study provides a more accurate representation of
patients undergoing evaluation with VCTE at an outpa-
tient clinic. Second, the comparison of diagnostic accuracy
of LSM vs. SSM could potentially be influenced as LSM
=25 kPa was a criterion for diagnosing probable CSPH.
But, even when LSM as criterion was removed, the diag-
nostic performance between LSM vs. SSM remained statis-
tically equal. Third, due to the fact that SSM was only
measured once by a single operator, no information was
available on inter- and intra-observer agreement. However,
recently, it was published that the inter- and intra-observer
agreement was adequate.18 Fourth, we could not investi-
gate the complex interactions between portosystemic
shunts, LSM and SSM due to the limited sample size
that did not allow for additional analysis in these small
subgroups. Next, our multivariate analysis on predictors
for SSM failure need to be interpreted with caution as it
is at a risk of being underpowered as only a limited number
of cases with a failed SSM could be included. Finally,
despite a recent network meta-analysis showing a compa-
rable diagnostic value for the different techniques avail-
able,”" caution is needed when generalizing our VCTE
results to other techniques that evaluate liver and spleen
stiffness such as shear wave elastography or magnetic reso-
nance elastography. Finally, although including a broad
spectrum of liver diseases and several clinical stages could
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assess the clinical applicability in a real-world setting, cut-
offs should be validated in disease-specific studies, compa-
rable to the validation studies for LSM.

Strengths of this study include its prospective design,
which combined LSM and SSM with a same-session
abdominal ultrasound. Moreover, we present a novel
study as we measured spleen stiffness with a spleen-
dedicated 100 Hz probe in a heterogeneous liver disease
population, including patients without advanced liver
disease. The data generated by this study suggest that
the cut-off value for diagnosing probable CSPH in a
real-world setting of liver disease patients is different to
the cut-off reported by previous studies. Lastly, to
improve the reproducibility and accuracy of our data we
applied reliability criteria for SSM which increased the
robustness of our results.

In conclusion, reliable SSM were obtained in most pa-
tients in a cohort of patients across the spectrum of liver
disease etiology and severity. In these patients, SSM is
able to potentially distinguish between high and low risk
of CSPH in this heterogeneous population. However, the
cut-off for probable CSPH defined by clinical and
imaging-based characteristics might be substantially lower
than previously reported. In this real-world setting, SSM
had a similar diagnostic performance as compared to
LSM, and future research should focus on whether SSM
has added value in individuals with modestly elevated
LSM.
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