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Introduction
Esophageal varices (EV) and esophageal variceal 
bleeding are the main complications of cirrhosis 
and accounting for 10–15% of all causes of death.1,2 
The gold standard for diagnosis of EV is esophago-
gastroduodenoscopy (EGD). However, not all 

individuals with cirrhosis require EGD examina-
tion as only 50–60% may develop EV.3 And EGD 
examination for patients could be uncomfortable 
and costly. Thus, a crucial challenge for physicians 
is to identify patients at high risk of developing 
varices (HRV) who truly require EGD.4–6
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Abstract
Background: The advantages of spleen stiffness in prediction of high-risk varices (HRV) 
in cirrhosis patients have been confirmed. Recently, a new device utilizing a 100 Hz probe 
dedicated to spleen stiffness measurement (SSM) was developed.
Objectives: To validate the clinical applicability of SSM@100 Hz in predicting HRV by comparing 
it with other non-invasive tests (NITs).
Design: A prospective cohort study.
Methods: A total of 171 cirrhosis patients who underwent esophagogastroduodenoscopy 
(EGD) examination were included in this study. SSM using a 100 Hz probe and liver stiffness 
measurement using a 50 Hz probe were performed. Additionally, 22 healthy controls 
underwent spleen stiffness evaluation using the 100 Hz probe.
Results: The failure rates of spleen stiffness examination in patients with cirrhosis and in 
healthy controls were 2.9% and 4.5%, respectively. The means of SSM values were 56.4 ± 21.6 
and 13.8 ± 6.7 kPa in cirrhosis and controls. SSM increased proportionally with the severity 
of esophageal varices. The area under receiver operating characteristic (ROC) for spleen 
stiffness in predicting HRV was 0.881 (95% confidence interval 0.829–0.934), with a cutoff 
value of 43.4 kPa. The accuracy, false negative rate and EGD spare rate were 86.5%, 2.5% and 
24.3%, respectively. For HRV prediction, SSM was comparable to expanded Baveno VI and 
VII and superior to other NITs. As to viral versus non-viral cirrhosis and compensated versus 
decompensated cirrhosis, the cut-off and performance of SSM were different.
Conclusion: SSM@100 Hz demonstrates high accuracy in predicting HRV with a low missed 
HRV rate. Our findings suggest that SSM@100 Hz can be used independently due to its 
simplicity and effectiveness. However, further studies are needed to determine appropriate 
cutoff values based on the cause of cirrhosis and liver function.
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Accordingly, several non-invasive tests (NITs) 
have been developed to predict HRV and conse-
quently spare patients form undergoing EGD 
examination, such as platelet count to spleen 
diameter ratio (PSR),7 Liver stiffness-spleen 
diameter to platelet ratio score (LSPS),8 etc. 
Amongst them, the most widely accepted criteria 
are Baveno criteria. Baveno VI criteria was 
defined as liver stiffness measurement 
(LSM) < 20 kPa and platelet count > 150 × 109/L 
to rule out HRV.9 The probability of presence of 
HRV was less than 5% in patients who met 
Baveno VI criteria. Owing to the EGD spare rate 
being only around 15–25% according to Baveno 
VI, expanded Baveno VI and Baveno VII were 
proposed in which cutoff of LSM and platelet 
count were regulated.10,11 Consequently, the 
EGD spare rate was improved to about 30%.4 
However, the large ‘grey zone’ (LSM between 15 
and 25 kPa) resulted in more than 40% of eligible 
patients.

In the last decade, spleen stiffness measurement 
(SSM) has been demonstrated to correlate more 
closely with portal hypertension (PH) and the 
severity of EV compared to LSM.12–17 Given the 
accumulating evidence, Baveno VII consensus 
and the 2021 European Association for the 
Study of the Liver guidelines suggested that 
SSM should be added on to current diagnostic 
algorithms.15

SSM could be assessed by various techniques 
such as transient elastography (TE), acoustic 
radiation force impulse elastography and mag-
netic resonance elastography.13,18 In most studies, 
SSM was evaluated by TE with a 50 Hz probe 
which is the same probe for LSM measurement.19 
The range of SSM@50 Hz falls between 5 and 
75 kPa. Recently, a dedicated equipment for SSM 
had been developed which had a B type probe to 
locate spleen and a probe of 100 Hz to determine 
SSM. The upper limit of SSM@100 Hz was 
increased to 100 kPa. Limited studies have proved 
that SSM@100 Hz outperforms SSM@50 Hz in 
HRV prediction.9,12,20 And most previous studies 
emphasized that SSM should be used in conjunc-
tion with other NITs. Herein we carried out a 
diagnostic study on SSM@100 Hz with the fol-
lowing objectives:  further validate the perfor-
mance;  explore the optimal cutoff;  evaluate 
its feasibility for separate application.

Methods and patient selection

Patient selection and enrollment criteria
The present research was a single-center diagnos-
tic study conducted from March 2022 to October 
2022. Adult outpatients and inpatients with cir-
rhosis who underwent EGD were continuously 
enrolled in the study. Cirrhosis was diagnosed 
according to imaging and laboratory results. The 
following exclusion criteria were applied: previ-
ous splenectomy or splenic embolism; space-
occupying lesion in spleen; previous EV bleeding; 
esophageal ligation or sclerotherapy; patients who 
were taking non-selective β blocker, transjugular 
intrahepatic portosystemic shunt or spleen-kid-
ney shunt. Patients with cardiac dysfunction, tri-
cuspid regurgitation, liver malignant tumors, or 
other tumors, as well as those with conditions 
that could affect LSM or SSM measurements 
(e.g. large hydrothorax or ascites, obesity, small 
spleen, etc.), were also excluded. Eventually, 171 
cases were included (Supplemental Figure 1). 
Simultaneously, SSM of 22 healthy controls were 
determined to evaluate the normal range.

Data collection
Patient data were recorded from electronic medical 
record system, including demography data, medi-
cal history, the cause of cirrhosis, liver function, 
coagulation function, routine blood test, etc. LSM 
was examined by FibroScan®502 (Echosens, Paris, 
France) with a 50 Hz probe. LSM used the same 
technical background and examination procedure 
was performed as previously described.21 All LSM 
were conducted within 6 months before or after 
EGD examination. The operators of SSM and gas-
troscopy are unaware of each other’s results.

SSM was determined by FibroScan®630 (Echosens) 
with a probe of 100 Hz. An experienced ultrasound 
operator (Weiyuan Liu) with more than 10 years of 
experience performed the SSMs. SSMs were con-
ducted within 2 weeks before or after EGD exami-
nation. The patients were in supine position with 
their left arm in maximum abduction with the trans-
ducer placed in the left intercostal space, usually on 
the posterior axillary line. The median value of 10 
successful acquisitions was kept as representative of 
SSM. The same quality threshold was used as  
LSM determination [interquartile range (IQR)/
medium ⩽ 30%, success rate ⩾ 60%].
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Definitions
EGD and EV diagnosis were performed by expe-
rienced physicians. Grading of EV was diagnosed 
according to Baveno VI criteria22: grade 1, varices 
were flattened by insufflation; grade 2, varices 
were non-confluent and protruding in the lumen 
despite insufflation; and grade 3, confluent varices 
were not flattened by insufflation. HRV was 
defined as grade 1 with red sign or grade 2 or 3. 
The other type of EV was defined as LRV.22

Baveno criteria were used to identify patients  
who need not be screened for EV by EGD.  
Baveno VI criteria: LSM < 20 kPa and platelet 
count > 150 × 109/L.22 Expanded Baveno VI crite-
ria: LSM < 25 kPa and platelet count > 110 ×  
109/L.23 Baveno VII criteria: either conforming to 
the Baveno VI criteria or not up to Baveno VI crite-
ria (LSM ⩾ 20 kPa or platelet count ⩽ 150 × 109/L) 
but SSM ⩽ 40 kPa.11,15

Liver stiffness to spleen/platelet (×109) score 
(LSPS) was calculated as: LSM (kPa)  × spleen 
diameter (cm)/platelet count (×109).24 PSR was 
calculated as: platelet count (×109)/spleen diameter 
(cm).7 Spleen stiffness-spleen diameter-to-platelet 
ratio risk score (SSPS) = SSM (kPa) × spleen diam-
eter (cm)/platelet count (×109). Aspartate ami-
notransferase (AST) to platelets ratio index 
(APRI) = AST (U/L)/platelet count (×109).25

Sample-size calculation and statistical analysis
The sample size was calculated to estimate 90% 
of sensitivity based on a meta-analysis about 
detection of EV26 with relative error of 10% and 
the power of 95%. Therefore, the number of 
patients required is at least 158.

Clinical characteristics of subjects were compared 
between the HRV and LRV group, also viral and 
non-viral cirrhosis group. Descriptive values were 
expressed as mean ± standard deviation (SD) or 
medians and IQR, depending on the underlying 
distribution of the data. The Student t-test or 
Mann–Whitney–Wilcoxon test was used to assess 
continuous variables according to value distribu-
tion. Frequencies and percentages were used to 
summarize categorical variables and data were 
compared by using Pearson’s Chi-square or 
Fisher’s exact tests when appropriate. The χ2 test 
was also used if indicated. All comparison tests 

between the two groups were 2-tailed with a 95% 
confidence interval (CI). Sensitivity, specificity, 
positive predictive value (PPV), negative predic-
tive value (NPV), positive likelihood ratio (LR+) 
and negative likelihood ratio (LR−) were calcu-
lated as per the cut-offs recommended by Baveno 
VI criteria,22 expanded Baveno VI criteria23 and 
Baveno VII.15 Diagnostic performances of other 
conventional NITs were compared using the 
receiver operating characteristic (ROC) curve, 
sensitivity, specificity, PPV, and NPV. All statisti-
cal analyses were performed by R software ver-
sion 4.2.0 and GraphPad Prism Version 9.3.1. A 
p value < 0.05 was considered statistically signifi-
cant and p values are shown as *p < 0.05, 
**p < 0.01, and ***p < 0.001.

Results

SSM determination
Totally, SSM was observed for 171 cirrhosis 
patients and 5 patients failed (2.9%) due to small 
spleen size, hydrothorax or obesity. The mean 
SSM was 56.4 ± 21.6 kPa, ranging from 13.2 to 
100.0 kPa. Among the 22 healthy controls, 1 case 
(4.5%) was excluded due to a small spleen size. 
The mean SSM was 13.8 ± 6.7 kPa, ranging from 
3.4 to 24.8 kPa.

Clinical characteristics of patients
In the cohort, the main causes of cirrhosis were 
chronic hepatitis B (80, 46.8%) and alcohol use 
disorders (38, 22.2%). Compensated cirrhosis 
accounted for 25.1% of cases. Patients without 
EV, with grade 1, grade 2 and grade 3 were 24 
(14%), 37 (21.6%), 34 (19.8%) and 76 (44%) 
cases, respectively. HRV accounted for 64.3% 
(110 cases) and the others were LRV. As shown 
in Table 1, when compared to LRV group, HRV 
groups had lower white blood cell, platelet count, 
alanine aminotransferase (ALT), and albumin. 
Meanwhile, they had higher international stand-
ardized ratio (INR), SSM, LSM, spleen diameter 
and thickness, portal vein and spleen vein diam-
eter. The other NITs, including PSR, APRI, 
LSPS and SSPS of HRV group were all signifi-
cantly higher than LRV group (Table 1 and 
Figure 1). As depicted in Figure 2, the SSM, 
LSM, LSPS, and SSPS showed a parallel increase 
from the G0 to G3 groups, except for APRI.
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Table 1. Demographic and clinical characteristics of patients.

Characteristics Total (n = 171) LRV (n = 61, 
35.7%)

HRV (n = 110, 
64.3%)

p Value

Male (%) 110 (64.3) 43 (70.5) 67 (60.9) 0.277

Age (year) 58.0 (48.0, 64.0) 57.0 (45.0, 62.0) 58.0 (49.0, 64.0) 0.215

Etiology, n (%) 0.255

 Hepatitis B, n (%) 80 (46.8) 35 (57.4) 45 (40.9)  

 Hepatitis C, n (%) 15 (8.8) 5 (8.2) 10 (9.1)  

 Alcoholic, n (%) 38 (22.2) 10 (16.4) 28 (25.5)  

 NAFLD, n (%) 7 (4.1) 1 (1.6) 6 (5.5)  

 AIH, n (%) 15 (8.8) 5 (8.2) 10 (9.1)  

 PBC, n (%) 8 (4.7) 4 (6.6) 4 (3.6)  

 Others, n (%) 8 (4.7) 1 (1.6) 7 (6.4)  

White blood cell (109/L) 3.6 (2.8, 5.0) 4.2 (3.4, 5.6) 3.2 (2.5, 4.5) <0.001

Platelets (109/L) 72.0 (52.5, 107.0) 99.0 (70.0, 166.0) 61.0 (44.0, 88.0) <0.001

Alanine aminotransferase 
(U/L)

26.0 (17.0, 36.5) 27.0 (20.0, 47.0) 23.0 (16.0, 35.0) 0.030

Aspartate 
aminotransferase (U/L)

39.0 (28.0, 62.5) 40.0 (29.0, 70.0) 37.5 (28.0, 59.0) 0.311

Bilirubin (µmol/L) 32.6 (19.9, 57.7) 31.3 (18.3, 64.2) 34.3 (21.6, 54.4) 0.854

Albumin (g/L) 33.5 (29.5, 38.3) 37.4 (30.8, 43.3) 32.3 (29.1, 35.8) <0.001

Creatinine (µmol/L) 60.0 (50.0, 76.5) 61.0 (53.0, 75.0) 59.5 (49.0, 78.0) 0.668

INR 1.3 (1.2, 1.5) 1.2 (1.1, 1.4) 1.3 (1.2, 1.5) <0.001

MELD score 10.8 (7.8, 14.9) 9.2 (7.4, 15.3) 11.2 (8.2, 14.1) 0.350

Child-Pugh score 7.0 (6.0, 9.0) 6.0 (5.0, 8.0) 8 (7.0, 10.0) <0.001

Compensated cirrhosis,  
n (%)

43 (25.2) 35 (57.4) 8 (7. 3) <0.001

Esophageal varices <0.001

 G0/G1/G2/G3 (n) 24/37/34/76 24/36/1/0 0/1/33/76  

Red color sign, n (%) 67 (39.2) 0 (0) 67 (61.0) <0.001

Gastric varices, n (%) 70 (40.9) 1 (1.6) 69 (62.7) <0.001

Portal vein diameter (mm) 12.0 (11.0, 13.0) 12.0 (11.0, 13.0) 13.0 (12.0, 13.0) 0.012

Splenic vein diameter (mm) 9.0 (8.0, 11.0) 8.0 (7.0, 10.0) 9.5 (8.0, 11.0) 0.001

Spleen diameter (mm) 144.5 ± 31.3 128.5 ± 31.7 153.4 ± 27.4 <0.001

(Continued)
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Figure 1. Comparison of SSM and other NITs between high-risk varices and low risk varices groups. (a) SSM. 
(b) LSM. (c) PSR. (d) APRI. (e) LSPS. (f) SSPS.
APRI, AST/platelets ratio index; AST, aspartate aminotransferase; HRV, high risk varices; LRV, low risk varices; LSM, liver 
stiffness measurement; LSPS, liver stiffness-spleen diameter to platelet ratio score; NIT, non-invasive test; PSR, platelet 
count/spleen diameter ratio; SSM, spleen stiffness measurement; SSPS, spleen stiffness-spleen diameter-to-platelet ratio 
risk score.

Characteristics Total (n = 171) LRV (n = 61, 
35.7%)

HRV (n = 110, 
64.3%)

p Value

Splenic thickness (mm) 48.0 (41.5, 54.0) 42.0 (36.0, 50.0) 51.0 (44.0, 56.0) <0.001

SSM (kPa) 54.7 (43.8, 71.5) 36.5 (26.2, 49.1) 62.2 (53.1, 78.5) <0.001

LSM (kPa) 27.6 (15.3, 45.0) 18.7 (9.9, 35.8) 32.2 (17.8, 47.7) <0.001

PSR 0.5 (0.3, 0.8) 0.8 (0.5, 1.6) 0.4 (0.3, 0.6) <0.001

APRI 0.6 (0.3, 1.0) 0.6 (0.2, 0.9) 0.7 (0.4, 1.1) 0.013

LSPS 53.7 (24.5, 111.3) 22.0 (6.8, 57.1) 72.8 (42.5, 131.3) <0.001

SSPS 120.2 (57.3, 190.1) 45.5 (18.9, 94.6) 166.7 (111.2, 224.0) <0.001

Data expressed as mean ± SD or median values with interquartile range.
AIH, autoimmune hepatitis; APRI, AST/platelets ratio index; AST, Aspartate aminotransferase; HRV, high risk varices; 
INR, international normalized ratio; LRV, low risk varices; LSM, liver stiffness measurement; LSPS, liver stiffness-spleen 
diameter to platelet ratio score; MELD, model of end-stage liver disease; NAFLD, non-alcoholic fatty liver disease; PBC, 
primary biliary cirrhosis; PSR, platelet count/spleen diameter ratio; SSM, spleen stiffness measurement; SSPS, spleen 
stiffness-spleen diameter-to-platelet ratio risk score.

Table 1. (Continued)
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Comparison of SSM performance to other NITs 
in HRV prediction
The ROC of SSM, LSM, PSR, APRI, LSPS and 
SSPS for HRV prediction were 0.88 (95% CI 
0.83–0.93), 0.68 (95% CI 0.60–0.77), 0.77 (95% 
CI 0.70–0.85), 0.61 (95% CI 0.52–0.71), 0.76 
(95% CI 0.68–0.84) and 0.86 (95% CI 0.80–
0.93), respectively (Figure 3). Both SSM and 
SSPS exhibited comparable ROC values, which 
were significantly higher than the ROC values of 
the other NITs. The cutoff of SSM was 43.4 kPa, 
and the SV, SP, PPV, NPV were 83.2%, 97.5%, 
99.1% and 64.0%, respectively. The false negative 

rate and the diagnosis accuracy were 2.5% and 
86.5%, respectively (Table 2).

Comparison of SSM performance to Baveno VI 
criteria and expanded Baveno VI criteria
Diagnosis accuracy of SSM (86.5%) was signifi-
cantly higher than Baveno VI (72.5%, p = 0.001) 
and expanded Baveno VI (73.7%, p = 0.003). 
Besides, the accuracy rate was also significantly 
higher than combination SSM with Baveno VI 
(70.8%, p < 0.001) or combination with expanded 
Baveno VI (74.9%, p = 0.006). The misdiagnosis 

Figure 2. Comparison of SSM and other NITs among esophageal varices grades. (a) SSM. (b) LSM. (c) PSR. (d) 
APRI. (e) LSPS. (f) SSPS.
APRI, AST/platelets ratio index; AST, aspartate aminotransferase; HRV, high risk varices; LRV, low risk varices; LSM, liver 
stiffness measurement; LSPS, liver stiffness-spleen diameter to platelet ratio score; NIT, non-invasive test; PSR, platelet 
count/spleen diameter ratio; SSM, spleen stiffness measurement; SSPS, spleen stiffness-spleen diameter-to-platelet ratio 
risk score.
*p < 0.05. **p < 0.01. ***p < 0.001.
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Figure 3. Diagnostic performance of SSM and other NITs for high-risk varices prediction.
APRI, AST/platelets ratio index; AST, aspartate aminotransferase; LSM, liver stiffness measurement; LSPS, liver stiffness-
spleen diameter to platelet ratio score; NIT, non-invasive test; PSR, platelet count/spleen diameter ratio; SSM, spleen 
stiffness measurement; SSPS, spleen stiffness-spleen diameter-to-platelet ratio risk score.

Table 2. Diagnostic performance for different NITs in prediction of high-risk varices in cirrhosis patients.

Parameter Cutoff value Sensitivity 
(%)

Specificity 
(%)

+LR −LR PPV 
(%)

NPV 
(%)

Missed 
diagnosis 
rate (%)

Misdiagnosis 
rate (%)

Diagnostic 
accuracy (%)

ROC 95% CI p Value

SSM (kPa) 43.4 83.2 97.5 0.3 0.2 99.1 64.0 2.5 36.1 86.6 0.9 0.8–0.9 –

LSM (kPa) 13.6 74.1 72.2 0.3 0.4 90.9 42.6 27.8 57.4 73.7 0.7 0.6–0.8 <0.001a

PSR 0.5 85.7 56.3 0.2 0.3 65.5 80.3 43.7 19.7 70.8 0.8 0.7–0.8 0.013b

APRI 0.3 71.5 58.5 0.2 0.5 84.5 39.3 41.5 60.7 68.4 0.6 0.5–0.7 <0.001c

LSPS 24.5 78.1 76.7 0.3 0.3 90.9 54.1 23.3 45.9 77.8 0.8 0.7–0.8 0.005d

SSPS 105.0 87.8 67.1 0.3 0.2 78.2 80.3 32.9 19.7 79.0 0.9 0.8–0.9 0.5e

aComparison of SSM and LSM.
bComparison of SSM and PSR.
cComparison of SSM and APRI.
dComparison of SSM and LSPS.
eComparison of SSM and SSPS.
APRI, AST/platelets ratio index; AST, aspartate aminotransferase; ROC, area under the receiver operating characteristic curve; 95% CI, confidence interval; LR, 
likelihood ratio; LSM, liver stiffness measurement; LSPS, liver stiffness-spleen diameter to platelet ratio score; NIT, non-invasive test; NPV, negative predictive value; 
PPV, positive predictive value; PSR, platelet count/spleen diameter ratio; SSM, spleen stiffness measurement; SSPS, spleen stiffness-spleen diameter-to-platelet ratio 
risk score.

rates of SSM, SSM combined with Baveno VI or 
SSM combined with expanded Baveno VI were 
2.5%, 0% and 0% (both p = 1). The EGD spared 
rate was significantly higher for SSM (23.4%) than 

Baveno VI (9.4%, p < 0.001), SSM plus Baveno 
VI (6.4%, p < 0.001) and SSM plus expanded 
Baveno VI (10.5%, p = 0.002), but not for 
expanded Baveno VI (17.5%, p = 0.18) (Table 3).
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Table 3. Performance for NITs in prediction of high-risk varices in cirrhosis patients.

NITs Sensitivity 
(%)

Specificity 
(%)

PPV 
(%)

NPV 
(%)

Diagnostic 
accuracy 
(%)

P1 Missed 
HRV rate 
(%)

P2 EGDs 
spare 
rate (%)

P3 Misdiagnosis 
rate (%)

P4

SSM 83.2 97.5 99.1 64.0 86.5 – 2.5 – 23.4 – 36.1 –

Baveno VI criteria 99.1 24.6 70.3 93.8 72.5 0.001* 6.3 0.494* 9.4 <0.001* 75.4 <0.001*

Expanded Baveno VI criteria 93.6 37.7 73.0 76.7 73.7 0.003$ 23.3 0.017$ 17.5 0.18$ 62.3 0.004$

Baveno VI criteria + SSM 100.0 18.0 68.8 100 70.8 <0.001‡ 0 1‡ 6.4 <0.001‡ 82.0 <0.001‡

Expanded Baveno VI 
criteria + SSM

100.0 29.5 71.9 100 74.9 0.006§ 0 1§ 10.5 0.002§ 70.5 <0.001§

Baveno VII criteria 98.2 62.3 82.4 95.0 85.4 0.765∥ 5.0 1∥ 23.4 1∥ 37.7 0.851∥

*Comparison of Baveno VI criteria and SSM.
$Comparison of Expanded Baveno VI criteria and SSM.
‡Comparison of Baveno VI criteria + SSM and SSM.
§Comparison of Expanded Baveno VI criteria + SSM and SSM
∥Comparison of Baveno VII criteria.
EGD, esophagogastroduodenoscopy; HRV, high risk varices; NITs, non-invasive tests; NPV, negative predictive value; P1: comparison of diagnostic accuracy; P2: 
comparison of HRV missed/number of spared endoscopy; P3: comparison of EGDs spare rate (%); P4: Comparison of missed diagnosis rate; PPV, positive predictive 
value; SSM, spleen stiffness measurement.

Performance of Baveno VII algorithm
We substituted 43.4 for 40 kPa according to our 
study. In our cohort, Baveno VII algorithm 
avoided EGD examination of 40 patients 
(23.4%), including 16 patients (9.4%) who met 
Baveno VI criteria, and another 24 patients 
(14.0%) were further spared by SSM. At the 
same time, the missed diagnosis rate of HRV was 
2.5%. Our results demonstrated that Baveno VII 
algorithm had the same performance with sepa-
rate application of SSM@100 Hz. When 40 kPa 
was used as cutoff, the performance of SSM@100 
was similar to 43.4 kPa (data not shown).

Performance of SSM according to cause of 
cirrhosis
As indicated in Baveno VII, performance of SSM 
was fully verified mainly in compensated advanced 
chronic liver disease due to viral hepatitis, not in 
non-viral etiologies. Herein we compared the dif-
ference of SSM @100 Hz in viral and non-viral 
cirrhosis group. As showed in Supplemental 
Table 1, viral cirrhosis patients were younger and 
had higher model of end-stage liver disease score 
in our study. The ROC of viral and non-viral cir-
rhosis were 0.92 (95% CI 0.86–0.97) and 0.82 
(95% CI 0.70–0.93), respectively. The cut-offs 
were 50.4 and 43.4 kPa, respectively (Figure 4). 

And the ROC of SSM and SSPS were compara-
ble, and both were higher than other NITs.

Performance of SSM in compensated and 
decompensated cirrhosis
Prediction of HRV was mainly used in compen-
sated liver disease. But not all decompensated cir-
rhosis had HRV. In our cohort, there were 26 
cases (20.3%) that did not have HRV in decom-
pensated cirrhosis group. Hence, we evaluated 
whether SSM was useful in decompensated cir-
rhosis. As shown in Supplemental Figure 2, the 
ROC of SSM in compensated and decompen-
sated cirrhosis were 0.95 (95% CI 0.89–1.0) and 
0.78 (95% CI 0.69–0.88), respectively. The cut-
offs of the two groups were 47.9 and 61.5 kPa, 
respectively. Similarly, SSM and SSPS have also 
shown better prediction efficiency than others 
NITs.

Clinical significance of improving the upper 
limit of SSM
The upper limit of spleen stiffness was 100 kPa 
for SSM@100 Hz and 75 kPa of SSM@50 Hz. 
Therefore, we compared EV grade distribution in 
group with SSM between 43.4 and 75 kPa and in 
those with SSM higher than 75 kPa. In patients 
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Figure 4. Diagnostic performance of spleen stiffness measurement and other non-invasive tests for high-risk 
varices prediction in viral (a) and non-viral (b) cirrhosis group.

with SSM ⩾ 75 kPa, they all had grade 3 EV. In 
those with 43.4 ⩽ SSM < 75 kPa, the proportion 
was 56.7% (p < 0.001). The result indicated that 
improvement of SSM detection range by new 
device favored the identification of patients with 
serious PH.

Discussion
Over the past decade, various NITs have been 
developed to predict HRV and avoid unnecessary 
EGD, and most of which included LSM.24,26–31 
Due to plenty of evidence that SSM was superior 
to LSM, a new device dedicated to SSM detec-
tion had been recently invented with enhanced 
performance. Nevertheless, the priority of the 
new device and the cutoff was not confirmed until 
now. In our study, we determined SSM@100 Hz 
in 171 cirrhosis patients and suggested that 
SSM ⩾ 43.4 kPa as a cutoff to predict HRV with 
ROC as high as 0.881. The rate of missed HRV 
cases was below 5%. SSM@100 Hz outperformed 
other NITs and was comparable to expanded 
Baveno VI criteria and Baveno VII indicating that 
SSM could be applied separately.

In our study, 171 cirrhosis patients were included. 
The demography feature of our cohort was simi-
lar to other studies on SSM@100 Hz. In our 
cohort, nearly half of the cirrhosis was caused by 
hepatitis B due to its high prevalence in China.32 
In addition, more patients with decompensated 
cirrhosis (74.8%) and HRV (64.3%) were 
included in our cohort. The proportion of HRV 

in compensated and decompensated cirrhosis 
were 18.6% and 79.6%. The decompensated cir-
rhosis and HRV percentage of Nagai et  al.’s 
study33 was 25.4% and 34.8%. The proportion of 
HRV was 26.5% in Stefanescu et al.’s study but 
the proportion of decompensated cirrhosis was 
not reported.20 In our study, some patients had 
not undergone prior EGD examinations before 
being transferred to our hospital, resulting in a 
relatively higher severity of cirrhosis and  
HRV prevalence compared to other studies. 
Consequently, the spare rate of Baveno criteria 
were relatively low in our study, ranging from 6.4 
to 17.5%. In our cohort, the HRV incidence in 
patients with decompensated cirrhosis and com-
pensated cirrhosis was 79.4% and 18.6% respec-
tively. The incidence of HRV is consistent with 
the reported epidemiological results (85% and 
15%, respectively).34 Given that approximately 
20% of decompensated cirrhosis patients do not 
have HRV and may be predicted by NITs, and 
their management and prognosis depend on the 
presence/severity of other decompensating events, 
we suggest that decompensated cirrhosis patients 
could also be evaluated by NITs prior to EGD 
examination instead of screening all patients.

In recent years, several NITs have been devel-
oped to rule out LRV. As the best indicator of 
cirrhosis and PH in the past, LSM was included 
in most NITs. However, LSM does have certain 
limitations. Firstly, the cutoff values for diagnos-
ing cirrhosis vary according to the underlying 
cause, whereas the cutoff for predicting HRV 
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remains the same. Second, LSM was significantly 
influenced by liver inflammatory, cholestasis or 
hepatic congestion,35,36 thus the value of LSM 
should be analysed carefully. Third, LSM may 
not correlate with PH in certain situations, such 
as portal thrombosis, portosystemic shunting and 
NAFLD-related cirrhosis in which presents pre-
sinusoidal component of PH37,38. Therefore, 
LSM was always used together with other indica-
tors, such as platelet count, spleen thickness, etc.

Since 2012, Colecchia et al.16 initially proposed 
that SSM may exhibit superiority over LSM in 
evaluating PH and the presence of EV. More 
than 100 studies confirmed the viewpoint. As 
concluded from a meta-analysis, compared to 
LSM, SSM correlated better with hepatic 
venous pressure gradient (γ = 0.72), better pre-
dicted clinically significant PH (ROC = 0.92) 
and severe PH (ROC = 0.87).14 At the year 
2018, Bastard et  al.39 published their first 
research on SSM@100 Hz determined by 
FibroScan®630. The new equipment had an 
ultrasound probe to locate spleen and a probe of 
100 Hz to determine SSM within a range of 1.5–
100 kPa. Although there were limited studies 
comparing the probe of 100 with 50 Hz, the 
benefits of probe 100 Hz has been proved, 
including high successful rate (92.5% versus 
76.0%, p < 0.001), more accurate prediction of 
EV and HRV.11,18,20,33,40

To further verify the priority of SSM@100 Hz, we 
determined SSM in 22 healthy controls and 171 
cirrhosis patients in the study. The mean SSM of 
the control group was 13.5 ± 6.7 kPa (3.4–
24.8 kPa), similar to the findings of Rigamonti 
et al.41 They determined 60 healthy controls and 
the SSM ranged from 14 to 18 kPa with a mean 
value of 16.1 kPa. In our study only 4.5% of 
healthy controls and 2.9% of cirrhosis patients 
failed to determine SSM. The failure rate was 
similar to Rigamonti et  al.’s study (3.2%).41 In 
conclusion, probe 100 Hz was more suitable to 
determine SSM than probe 50 Hz, which exhib-
ited a failure rate ranging from 10 to 27%.

As observed in previous studies,20,39,42,43 we again 
confirmed a notable correlation between SSM 
and EV stages. Most importantly, no other NITs 
were superior to SSM alone (ROC 0.881) in 
HRV prediction, including Baveno VI, expanded 
Baveno VI, Baveno VII, SSPS, etc. Even when 
combining the use of SSM with other NITs, such 

as Baveno VI and expanded Baveno VI, the per-
formance was not improved. In Stefanescu’s and 
Nagai’s study, the ROC for HRV prediction were 
0.756 and 0.941, respectively. We suggested that 
SSM could be used separately in HRV prediction 
in clinical practice. Amongst the various NITs, 
SSM was the only one which need not be calcu-
lated by formulas or be used in combination with 
other indicators.

In our study, the HRV missing rate was 2.5% 
when SSM cutoff was set as 43.4 kPa. The miss-
ing rates of Baveno VI and expanded Baveno VI 
were 6.3% and 23.3%, respectively. The rates of 
sparing unnecessary EGD were 23.4%, 9.4% and 
17.5% when evaluated by SSM, Baveno VI and 
expanded Baveno VI. The results aligned with the 
Stefanescu et al.’s study.20 The HRV missing rate 
was 4.7% by SSM and 0 by Baveno VI. EGD 
spare rates of SSM and Baveno VI criteria were 
37.8% and 8.1%. In Zhang’s study, addition of 
SSM@100 Hz improved EGD spared rate from 
42.7% by Baveno VI to 75.4%.11 No spare rate of 
SSM@100 Hz alone was reported. Our results 
indicated that SSM alone was better than other 
NITs with low missing rate and high EGD spare 
rate in HRV prediction.

As recommended by the Baveno VII criteria, fur-
ther investigation is needed to determine the cut-
off for SSM@100 Hz. In Stefanescu et al.’s20 and 
Nagai et al.’s study,33 the cutoff of SSM@100 Hz 
were 41.3 kPa (cirrhosis caused by HBV, HCV, 
and alcohol use disorder) and 43.8 kPa (cirrhosis 
caused by HCV, HBV, alcohol use disorder, 
NAFLD, and others), respectively. In Zhang 
et  al.’s study11 on HBV related cirrhosis, they 
used the same cutoff of 40 kPa for SSM@50 Hz 
and SSM@100 Hz. In our whole cohort, the per-
formance of cutoff 40 and 43.4 kPa were the 
same. When the cohort was divided into viral and 
non-viral cirrhosis, the cutoff of HRV prediction 
were 43.4 and 50.4 kPa, respectively. The most 
accepted explanation was that NAFLD presented 
pre-sinusoid PH which led to higher and earlier 
onset of PH. But in our cohort, NAFLD only 
accounted for 4.1%. Therefore, the cutoff of dif-
ferent causes of cirrhosis needed further investi-
gation and explanation. We also found that cutoff 
for compensated (47.9 kPa) and decompensated 
cirrhosis (67.5 kPa) was different. The results 
demonstrated that SSM was also applicable for 
decompensated cirrhosis, but the cutoff was 
much higher. Due to the relatively small sample 
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size of our cohort, it was premature to recom-
mend these cutoffs to clinical use. Our results 
indicated that we should pay attention to con-
founding factors when conducting SSM.

Although the upper limit of SSM@100 Hz has 
been increased to 100 kPa, its clinical signifi-
cance remains unclear. In our study, 34 patients 
(19.9%) with SSM higher than 75 kPa were all 
with grade 3 EV indicating that those patients 
with higher PH and higher risk of recent bleed-
ing may need more active EGD examination or 
treatment. In our cohort, only one patient’s 
SSM reached 100 kPa. In Naga’s study of 
SSM@50 Hz,33 there were 10 out of 123 patients 
(8.1%) who reached the ceiling threshold of 
75 Hz. Together with the advantages mentioned 
above, we suggested that SSM should be deter-
mined by new equipment.

Limitations
First, the study was performed in a single center, 
which may limit the generalizability of the find-
ings; second, the efficiency and cut-off were not 
validated in an external cohort; third, we didn’t 
compare probe 50 and 100 Hz at the same time; 
fourth, there may be some subjectivity in staging 
grade of EV. We used the most widely used crite-
ria in clinical practice (the Baveno VI consensus 
criteria).22 What’s more, the severity of our endo-
scopic varicose veins is diagnosed by experienced 
endoscopists. Therefore, we are confident that 
these results could more accurately reflect the 
level of bleeding risk.

Conclusion
In conclusion, compared to other non-invasive 
indicators, SSM@100 Hz demonstrates higher 
accuracy and a lower rate of missed HRV predic-
tion, without the need to combine with other indi-
cators. Meanwhile, the cutoffs need further study 
according to cause of cirrhosis and liver function. 
In our study, SSM@100 Hz was confirmed to be a 
reliable NIT for predicting HRV, with higher 
accuracy and a low rate of missed HRV. Similar to 
previous studies, we suggested the cutoff could be 
set at about 40 kPa. SSM@100 Hz demonstrated 
additional benefit that SSM between 75 and 
100 kPa identified patients’ grade 3 EV who had 
highest bleeding risk.
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