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Introduction

Abstract

Background and Aim: Spleen stiffness measurement (SSM) is useful for assessing
portal hypertension. It is unclear whether SSM values are appropriate because
vibration-controlled transient elastography (VCTE) does not generate B-mode images.
This study aimed to confirm whether the controlled attenuation parameter (CAP) mea-
sured in the spleen can predict the accuracy of SSM.

Methods: This retrospective study enrolled 349 patients who underwent SSM using
VCTE from January 2012 to December 2020. Consecutive patients were classified
into the pilot set (SSM and hepatic venous pressure gradient [HVPG] were measured)
and the validation set (SSM was measured without HVPG). In the pilot set, scatter
plots with a nonparametric contour line were created. Logistic regression analysis was
performed to predict outliers outside the 50% contour line.

Results: The values of CAP could distinguish the outliers in scatter plots between the
HPVG and SSM in both univariate and multivariate analyses (cutoff, 118 dB/m). The
correlation of SSM with HVPG (r = 0.718; P < 0.001) was significantly better in the
low CAP (<118 dB/m) group than in the high CAP (>118 dB/m) group (r = 0.330;
P <0.001). The area under the receiver operating characteristic curve of SSM in
predicting high-risk varices was better in the low CAP group than in all patients or in
the high CAP group in the pilot set (0.881, 0.854, and 0.843, respectively) and in the
validation set (0.893, 0.821, and 0.814, respectively).

Conclusion: For patients with CAP <118 dB/m, SSM is a feasible predictor
of HVPG.

showed that SSM is strongly correlated with HVPG (r = 0.72,
95% confidence interval: 0.63—0.80).!" Colecchia et al. showed

Portal hypertension (PH) is part of a hemodynamic process trig-
gered by liver cirrhosis, which is mostly induced by alcohol or
improper nutrition and less often by viral infections and autoim-
mune or genetic diseases. In particular, an increase in sinusoidal
pressure causes a series of changes in the hepatic microcircula-
tion, which results in the development of esophagogastric varices
(EGV), ascites, bleeding, and encephalopathy.' Thus, estimation
of the portal vein pressure gradient is important. However, direct
measurement of portal pressure is invasive, inconvenient, and
clinically impractical. Currently, the most commonly used
parameter is the hepatic venous pressure gradient (HVPG),
defined as the difference between the wedged hepatic venous
pressure and the free hepatic venous pressure.p1

Recently, spleen stiffness measurement (SSM) has been
shown to be useful for assessing PH.>>~ Hemodynamic changes
in PH can cause spleen congestion, which may induce spleen
fibrosis and increase SSM.' A meta-analysis of nine studies
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that SSM is more accurate than other noninvasive parameters in
identifying patients with EGV and those with different degrees
of PH."?

Vibration-controlled transient elastography (VCTE) does
not have B-mode imaging; hence, performing SSM is difficult
and results in a high rate of inaccurate measurements. Thus, a
new transient elastography method is required for SSM. To
resolve this limitation, a new three dimensional-printed device,
which included transient elastography and ultrasound-fusion
methods, was developed.'* Although the success rate of the SSM
has improved, it remains unclear whether the SSM values are
appropriate. In addition, for liver stiffness measurements (LSMs),
a marker is required to determine the appropriateness of spleen
stiffness values.

Thus, by focusing on the image homogeneity of the spleen
using B-mode ultrasound, this study aimed to confirm whether
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the controlled attenuation parameter (CAP) is a predictive marker
of appropriate SSM performance.

Methods

Study design. Our institutional ethics committee approved
all study protocols, and the patients provided written informed
consent. This was a single-center, retrospective, cross-sectional
study. SSM was performed in 376 patients with chronic liver dis-
ease between January 2012 and December 2020. The exclusion
criteria were obesity (skin-to-capsula distance >25 mm) that
prevented measurement of spleen stiffness (n = 9) and without
esophagogastroduodenoscopy (n = 3). Although a history of
treatment of hepatocellular carcinoma or gastroesophageal vari-
ces were set as the exclusion criteria, no patients met these
criteria. The criteria for reliability were 10 validated measure-
ments, a success rate of at least 60%, or failure to satisfy inter-
quartile range (IQR)/median < 0.3 of the obtained spleen
stiffness values (n = 15). Although previous splenectomy and
previous open abdominal surgery were set as the exclusion
criteria, no patients underwent these procedures. The final num-
ber of participating patients was 349 (Fig. 1). The selection
criteria were age 20-90 years and Eastern Cooperative Oncology
Group performance status of O to 2. Notably, the patient’s sex
was not considered during selection. VCTE was performed on an
empty stomach more than 3 h after eating. The finally selected
349 patients were classified into two groups (pilot and validation
sets). In total, 148 consecutive patients were enrolled in the pilot
set to evaluate the correlation between the SSM and HVPG mea-
surements. Subsequently, to validate the diagnostic accuracy of
transient elastography for SSM, 201 patients in whom SSM was
performed without HVPG were enrolled and included in the
validation set.

A useful marker for spleen stiffness

Measurement of liver and spleen stiffness and
esophagogastroduodenoscopy. Spleen and liver stiff-
ness were measured using VCTE with an M probe from
FibroScan502 (EchoSens, Paris, France) by two operators
(Masashi Hirooka and Yohei Koizumi) with more than 10 years
of experience in measuring liver and spleen stiftness. The LSM
was performed as previously reported.'* The criteria for reliabil-
ity were 10 validated measurements and a median (IQR) success
rate of at least 60% or <0.3 of the obtained liver and spleen stiff-
ness values. To assess the SSM, the patient was placed in the
supine position with the left arm in maximum abduction, and
the transducer was placed in the left intercostal space.'> SSM
was assessed on the same day as LSM assessment using the same
probe used in the LSM assessment. Ten valid measurements
were obtained for the CAP in each patient. According to the
criteria proposed at the Baveno VI Consensus Conference, high-
risk varices were defined as esophageal varices of grade 1 with
red signs or grade 2 or higher, which were deemed clinically sig-
nificant and required treatment in standard clinical practice.'” To
measure HVPG, the right hepatic vein was catheterized through
the right femoral vein, and pressure in both the wedged and free
positions was measured using a 5-Fr balloon-tipped catheter. The
HVPG was calculated by subtracting the free hepatic venous
pressure from the wedged venous pressure. HVPG was measured
2 weeks after LSM and SSM assessments were performed.

Statistical analysis. Data are presented as medians and
IQRs. The Kruskal-Wallis test was used for nonparametric data.
Spearman’s rank correlation coefficient was used to determine
the correlation between the SSM and HVPG. Nonparametric den-
sity estimation was used to confirm the number of points and the
density of the points. Contour lines were plotted for every 5% of
all dots. Outliers were defined as those that existed outside the

Chronic liver disease with SSM
(n=2376)

With HVPG

Measured by XL probe or SCD >25mm (n = 9)
without EGD (n = 3)

Success rate < 60%, IQR/med >30% (n = 15)

Without HVPG

|

Pilot set
(n =148)

CAP <118 dB/m ‘ CAP > 118 dB/m

| }

Validation set
(n =201)

CAP <118 dB/m ‘ CAP > 118 dB/m

| l

Low CAP group
(n=91)

High CAP group
(n=57)
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(n=123)
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Figure 1

Study design. CAP, controlled attenuation parameter; EGD, esophagogastroduodenoscopy; HVPG, hepatic venous pressure gradient;

IQR, interquartile range; SCD, skin-to-capsula distance; SSM, spleen stiffness measurement.
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Table 1 Characteristics of the patients

M Hirooka et al.

Pilot set (n = 148) Validation set (n = 201) P value
Age (years) 71 (64, 78) 69 (56, 74) <0.001
Men: Women 107 (72.3%) 41 (27.7%) 0.001
BMI (kg/mz) 24.3 (21.6, 27.3) 23.1(20.4, 25.3) 0.003
SCD (mm) 19 (16, 21) 19 (17, 20) 0.898
Etiology
HBV: HCV: NBNC 16:57: 75 16:61: 124 0.120
Liver volume (mL) 1133 (981, 1300) 1106 (917, 1323) 0.304
Spleen volume (mL) 209 (121, 337) 239 (145, 416) 0.026
HVPG (mmHg) 8 (6, 13) —
Platelet (x10%uL) 125.5 (95.7-166.5) 126.0 (82.5, 183.0) 0.745
PT (%) 84.2 (70.4, 98.7) 79.2 (61.1,97.2) 0.017
Child-Pugh grade 111:33: 4 118: 44: 39 <0.001
A:B: C
LSM (kPa) 18.1 (10.7, 30.1) 18.2 (9.2, 36.3) 0.811
SSM (kPa) 38.1(23.8, 61.7) 46.4 (29.0, 66.6) 0.028
EGV 66 (44.6%) 94 (46.8%) 0.687
High-risk EGV 38 (25.7%) 63 (31.3%) 0.249

Data are presented as medians and quartiles. High-risk EGV defined as F1 (linear relatively faint varices) with positive red color sign, or F2 (bead-

shaped moderate varices), or F3 (nodule or mass-shaped varices).

BMI, body mass index; EGV, esophagogastric varices; HBV, hepatitis B virus s antigen positive; HCV, anti-hepatitis C virus positive; HVPG, hepatic
venous pressure gradient; LSM, liver stiffness measurement; NBNC, both HBsAg and anti-HCV negative; PT, prothrombin time; SCD, skin-to-capsula

distance; SSM, spleen stiffness measurement.

50% contour line. Logistic regression analysis was performed to
predict outliers outside the 50% contour line. The optimal cutoff
value to predict the outlier was calculated using the Youden
index in the receiver operating characteristic (ROC) curve analy-
sis. ROC curve analysis was performed to predict the EGVs. The
area under the ROC curve (AUC) was calculated. Optimal cutoff
values were selected to maximize the sum of the sensitivity and
specificity of the Youden index, and cutoff values with at least
90% sensitivity and specificity were also individually selected.
To evaluate the overall accuracy of the SSM in detecting high-
risk varices, the sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), positive likelihood ratio
(LR+), and negative likelihood ratio (LR—) were calculated. Dif-
ferences were considered significant at P < 0.05. Statistical ana-
lyses were performed using STATA version 15.0 (Stata Corp,
College Station, TX, USA).

Results

Baseline characteristics. SSM was performed in
376 patients with chronic liver disease; of these, 107 were men,
and 41 were women. The median age was 71 years (IQR,
64-78 years). The characteristics of the two independent study
groups are shown in Table 1. A flowchart illustrating the
study design is shown in Figure 1. Median age, sex, basal meta-
bolic index (BMI), spleen volume, prothrombin time, Child-Pugh
grade, and SSM were significantly different between the pilot
and validation sets. The validation set included patients with a
poor liver functional reserve and a larger spleen volume.

Association of SSM with HVPG. First, we evaluated the
correlation between the SSM and HVPG measurements in

148 patients in the pilot set. SSM was significantly correlated
with the HVPG (r = 0.558; P < 0.001, Fig. 2a). In addition, scat-
ter plots with a nonparametric contour line are shown in
Figure 2b. Logistic regression analysis was performed to predict
outliers outside the 50% contour line. In both univariate and mul-
tivariate analyses, CAP was the only significant predictive factor
(Table 2). The optimal CAP cutoff for the dots that existed inside
the 50% contour line was 118 dB/m. Thus, the correlation
between SSM and HVPG was assessed by dividing the low CAP
(<118 dB/m) and high CAP (>118 dB/m) groups. The correlation
between SSM and HVPG was significantly stronger in the low
CAP group (r = 0.718; P < 0.001, Fig. 2c) than in the high CAP
group (r = 0.330; P <0.001, Fig. 2d). The correlation of SSM
with platelet counts was significantly stronger in the low CAP
group (r = 0.444; P <0.001) than in the high CAP group
(r =0.280; P = 0.034).

Diagnostic accuracy for the presence of high-risk
varices. The diagnostic accuracy in predicting high-risk varices
in the pilot set is shown in Figure 3a and Table 3. The area under
the ROC curve of SSM in predicting high-risk varices was better
in the low CAP group than in the high CAP group. According to
the Youden index, in the pilot set, the diagnostic accuracy was
better in the low CAP group than in all patients or in the high
CAP group. For a sensitivity of 20.90, LR— was better in the
low CAP group than in all patients or in the high CAP group.
However, for a sensitivity of 20.90, LR+ was better in the high
CAP group than in all patients or in the low CAP group. Further-
more, the diagnostic accuracy in predicting high-risk varices in
the validation set is shown in Figure 3b and Table 4. In the vali-
dation set, according to the Youden index, the diagnostic accu-
racy was better in the low CAP group than in the high CAP
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Figure 2 Scatter plots between spleen stiffness measurement and hepatic venous pressure gradient in the pilot set. (a) Scatter plots between
spleen stiffness measurement (SSM) and hepatic venous pressure gradient (HVPG) for all patients. SSM was observed to significantly correlate with
HVPG (r = 0.558; P < 0.001). (b) The scatter plots with nonparametric contour lines are shown. The contour line was descripted every 5%. (c) The
SSM was observed to more significantly correlate with HVPG (r = 0.718; P < 0.001) in the low controlled attenuation parameter (CAP) group than in
the high CAP group (d).

Table 2 Predictors of outliers in scatter plots between the hepatic venous pressure gradient and spleen stiffness measurement

Univariate Multivariate

Hazard ratio Pvalue Hazard ratio Pvalue
Age (years) 1.03 (0.99-1.07) 0.067 1.03 (0.99-1.07) 0.083
Men/Women 1.75(0.81-3.81) 0.155 1.89 (0.81-4.41) 0.139
HBV or HCV/NBNC 1.24 (0.64-2.41) 0.524 1.32 (0.63-2.75) 0.455
SCD (mm) 0.98 (0.91-1.05) 0.508 0.99 (0.91-1.07) 0.772
BMI (kg/m?) 1.04 (0.97-1.12) 0.291
CAP* 0.98 (0.97-0.99) <0.001 0.98 (0.96-0.99) <0.001
Splenic volume (mL) 1.27 (0.47-3.56) 0.498 1.00 (0.44-4.47) 0.476
Child-Pugh class C/B or A 5.00 (0.51-49.28) 0.168 3.71 (0.29-47.23) 0.312

*Pvalue <0.05.
BMI, body mass index; CAP, controlled attenuation parameter; HBV, hepatitis B virus antigen positive; HCV, hepatitis C virus positive; NBNC, both
HBsAg and anti-HCV negative; SCD, skin-to-capsula distance.

group. For a sensitivity of >0.90, LR— was better in the low Discussion
CAP group than in all patients or in the high CAP group. For a
sensitivity of >0.90, LR+ was better in the low CAP group than

in all patients or in the high CAP group.

It is difficult to determine whether SSM is performed accurately.
This study clarified that the CAP was an effective parameter for
accurate SSM.
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Figure 3 Diagnostic accuracy for predicting esophagogastric varices. Diagnostic accuracy in predicting high-risk varices in the pilot set (a) and vali-
dation set (b). The area under the curve of spleen stiffness measurement in predicting high-risk esophagogastric varices was better in the low con-
trolled attenuation parameter (CAP) group (less than 118 dB/m, red line) than in all patients (gray line) or the high CAP group (more than 118 dB/m,

blue line).

Table 3 Diagnostic accuracy of the high-risk varices as assessed by spleen stiffness measurement in the pilot set

All patients (n = 148)

Cutoff Se Sp PPV NPV LR+ LR— AUC, 0.854
38.17 92.1 (35/38) 64.6 (71/110) 47.3 (35/74) 95.9 (71/74) 2.598 0.122
70.6* 42.1 (16/38) 90.9 (100/110) 61.5 (16/26) 82.0 (100/122) 4.632 0.637
48.0% 84.2 (32/38) 76.4 (84/110) 55.2 (32/58) 93.3 (84/90) 3.563 0.207
CAP <118 dB/m (n=91)
Cutoff Se Sp PPV NPV LR+ LR— AUC, 0.881
38.17 92.3 (24/26) 73.9 (48/65) 58.5 (24/41) 96.0 (48/50) 3.529 0.104
61.6* 53.9 (14/26) 92.3 (59/65) 70.0 (14/20) 71.4 (59/71) 5.833 0.508
4418 88.5 (23/26) 80.0 (52/65) 63.9 (23/36) 94.5 (52/55) 4.423 0.144
CAP > 118 dB/m (n = 57)
Cutoff Se Sp PPV NPV LR+ LR— AUC, 0.843
43.87 91.7 (11/12) 55.6 (25/45) 35.5 (11/31) 96.2 (25/26) 2.062 0.150
72.0* 66.7 (8/12) 91.2 (41/45) 66.7 (8/12) 91.1 (41/45) 7.500 0.366
51.4% 83.3 (10/12) 75.6 (34/45) 47.6 (10/21) 94.4 (34/36) 3.409 0.221

Cutoff for sensitivity >0.90.
Cutoff for specificity >0.90.
Cutoff based on the Youden index.

AUC, area under the curve; CAP, controlled attenuation parameter; LR+, positive likelihood ratio; LR—, negative likelihood ratio; NPV, negative pre-

dictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

In VCTE, one-dimensional images in A-mode are used to
guide appropriate transducer placement. An external mechanical
vibrator generates shear waves, the velocities of which are
detected using A-mode imaging.”’16 To mitigate measurement
variability, at least 10 measurements are obtained, and the
median stiffness value (in kPa) has been reported.17 A successful
measurement method was established for LSM. When a shot is
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unsuccessful, the instrument does not return a value. The entire
procedure is considered to have failed when no values are
obtained after 10 shots. Successful measurements are validated
using the following criteria: (i) the number of valid shots is more
than 10; (ii) the ratio of valid shots to the total number of shots
is >60%; and (iii) the IQR, reflecting the variability of measure-
ments, is less than 30% of the median LSM value (an IQR/LSM

JGH Open: An open access journal of gastroenterology and hepatology 5 (2021) 1172-1178

© 2021 The Authors. JGH Open published by Journal of Gastroenterology and Hepatology Foundation and John Wiley & Sons Australia, Ltd.



M Hirooka et al.

Table 4 Diagnostic accuracy of the high-risk varices as assessed by spleen stiffness measurement in the validation set

A useful marker for spleen stiffness

All patients (n = 201)

Cutoff Se Sp PPV NPV LR+ LR— AUC, 0.821
45.07 92.1 (58/63) 63.0 (87/138) 53.2 (568/109) 94.5 (87/92) 2.491 0.126
69.9* 44.4 (28/63) 90.6 (125/138) 68.3 (28/41) 78.1 (125/160) 4.718 0.613
45.0% 92.1 (58/63) 63.0 (87/138) 53.2 (58/109) 94.5 (87/92) 2.491 0.126
CAP <118 dB/m (n=123)
Cutoff Se Sp PPV NPV LR+ LR— AUC, 0.893
42.7% 93.5 (43/46) 74.0 (57/77) 68.3 (43/63) 95.0 (57/60) 3.599 0.088
61.6* 54.3 (25/46) 90.9 (70/77) 78.1 (25/32) 76.9 (70/91) 5.978 0.502
42.7% 93.5 (43/46) 74.0 (57/77) 68.3 (43/63) 95.0 (57/60) 3.599 0.088
CAP > 118 dB/m (n = 78)
Cutoff Se Sp PPV NPV LR+ LR— AUC, 0.814
51.47 94.1 (16/17) 52.5 (32/61) 35.6 (16/45) 97.0 (32/33) 1.980 0.112
67.9% 76.5 (13/17) 75.4 (46/61) 46.4 (13/28) 92.0 (46/50) 3.110 0.312

TCutoff for sensitivity >0.90.
Cutoff for specificity >0.90.
SCutoff based on the Youden index.

AUC, area under the curve; CAP, controlled attenuation parameter; LR+, positive likelihood ratio; LR—, negative likelihood ratio; NPV, negative pre-

dictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

of less than 30%).'%!® However, successful SSMs have not been
established. Even if we measure spleen stiffness based on the
LSM method described above, there are some variations between
SSM and HVPG.>""?

New factors that are not present in liver measurements
should be considered when measuring SSM successfully. We
focused on the homogeneity of the ultrasound imaging of the
spleen. Unlike the liver, the spleen rarely contains fatty deposits.
Thus, the attenuation coefficient for the spleen is low. Thus, we
focused on CAP, a factor originally used to quantify intrahepatic
fat content. This parameter is based on the ultrasonic properties
of the radiofrequency backpropagated signals acquired by VCTE.
This ultrasonic attenuation coefficient is an estimate of the total
ultrasonic attenuation (go-and-return path) at 3.5 MHz and is
expressed in dB/m. CAP is evaluated using the same radio-
frequency data and in the same region of interest than the
radiofrequency data used for LSM. In this study, only CAP was
a predictive factor in the univariate and multivariate analyses.

Thus, in addition to the LSM criteria, CAP should be
included to adequately perform SSM. The VCTE machine used
in this study could not measure stiffness above 75 kPa. There-
fore, in this study, nonparametric density estimation was used to
define the outliers. At pressures >75 kPa, SSM could be assessed
by selecting the dots within the 50% contour line. The best CAP
cutoff for the dots that were located inside the 50% contour line
was 118 dB/m. Indeed, the SSM with a low CAP better corre-
lated with the HVPG than that with a high CAP.

Finally, it is important to determine whether an adequate
SSM identified by CAP can predict clinical outcomes. The
HVPG value can be predictive of variceal bleeding.19 In patients
with low CAP, cutoff values were similar in both the pilot and
validation sets. According to the Youden index, the cutoff values

were 44.1 kPa and 43.7 kPa in the pilot and validation sets,
respectively. An approximate cutoff value for predicting high-
risk gastroesophageal varices is 44 kPa.

Recent studies have reported that spleen stiffness is more
accurate than other noninvasive parameters in identifying patients
with EGVs and those with different degrees of PH.%*° To detect
the high-risk EGV group, the reported cutoff value of SSM was
46 kPa.'>"® Thus, in patients with low CAP, the cutoff value of
44 kPa is similar to the previously reported cutoff value, while
the cutoff value in patients with high CAP is different. In patients
with high CAP, NPV and LR+ had a superior specificity of
>0.90. The reason for this finding is unclear. In the validation
set, NPV and LR+ were not superior at a cutoft of 72 kPa. When
we assessed the shape of the ROC curve in the pilot set, the
curve was not smooth on the left side of the x-axis. Hence, there
may have been bias in these instances.

This study has some limitations. First, the HVPG is a ref-
erential standard to confirm the successful measurement of spleen
stiffness. Optimally, histologic findings of the spleen should be
used as a referential marker; however, it is difficult to obtain
spleen tissue. Data collection should be performed in a multicen-
ter study, and the study protocol should include patients from
whom spleen tissue samples can be obtained. Second, an older
version of the VCTE machine was used. Recently, a new version
of the VCTE machine was developed in which the shear wave
frequency varies from 50 Hz to 100 Hz. Although the stiffness
could only be measured up to 75 kPa, in our study, it could be
measured up to 100 kPa with a new version of the VCTE
machine. Even with a new version of the VCTE machine, the
usefulness of CAP as a marker for the successful assessment of
SSM should be confirmed. Third, the rate of Child-Pugh class C
was higher in the validation set than in the pilot set. Therefore, a
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future study, including more patients with Child-Pugh class C, is
warranted.

In conclusion, the CAP was a useful marker for accurately
measuring spleen stiffness. By using a cutoff of less than
118 dB/m, the SSM can be useful for predicting high-risk gastro-
esophageal varices.
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