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Abstract

two groups, respectively.

Background: The current study aimed to explore the value of liver stiffness assessed by two-dimensional real-time
shear wave elastography (2D-SWE) to predict hypersplenism occurrence in Wilson's disease (WD) patients.

Methods: Ninety WD patients were enrolled in this prospective study between May 2018 and December 2018.
Baseline clinical data and ultrasound imaging including 2D-SWE liver stiffness of WD patients were collected. After
enrollment, patients had follow-ups for 24 months or until they developed hypersplenism. The hypersplenism risk fac-
tors were determined using Cox regressions and receiver operating characteristic curves (ROC).

Results: Twenty-nine (32.2%) patients developed hypersplenism. Age, portal vein diameter, and liver stiffness were
independent hypersplenism risk factors in WD patients. The cutoff value of liver stiffness to predict hypersplenism
was 10.45 kPa, with sensitivity and specificity of 75.9% and 73.8%, respectively. Patients were divided into two groups
according to liver stiffness: > 10.45 kPa (57.9% with hypersplenism) or < 10.45 kPa (13.5% with hypersplenism). The
median time between enroliment and hypersplenism development was 15 months vs. 22 months (p <0.001) for the

Conclusion: The measurement of liver stiffness by 2D-SWE can be a reliable hypersplenism predictor in WD patients.
Therefore, dynamic monitoring of WD patients using 2D-SWE is crucial for the early diagnosis of hypersplenism.
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Background

Wilson’s disease (WD) is a rare autosomal recessive
genetic disease [1]. In WD patients, 75% have liver
involvement [2], and 34% eventually develop cirrhosis
and hypersplenism [3]. WD patients are 4.4 times more
likely to develop hypersplenism compared to hepatitis
B patients [4]. In liver disease patients, hypersplenism
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development is determined when they present a leuko-
cyte count<3500/uL and/or a platelet count<7.5 x 104/
uL [5]. After hypersplenism development, WD patients
need be treated with splenectomy [6]. However, patients
can have complications such as portal vein thrombosis
(PVT) [7] and overwhelming post-splenectomy infection
(OPSI) after splenectomy. Also, the mortality rate related
to OPSI can be as high as 50% [8]. Therefore, it is of clini-
cal importance to develop techniques to predict whether
an individual WD patient will develop hypersplenism.
Early intervention with splenic artery embolization can
be used to decelerate hypersplenism progression [9].
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In previous studies, the assessment of splenic blood
flow using four-dimensional (4D) flow magnetic reso-
nance imaging (MRI) has been reported to predict
hypersplenism [10]. Patients with high compliance are
required in the 4D flow MRI evaluation of splenic blood
flow. However, some WD patients could not tolerate
MRI examination due to neurological and mental symp-
toms developed during disease progression [1]. It has
been reported that the assessment of liver stiffness by
real-time two-dimensional shear wave elastography (2D-
SWE) can be applied to predict various hepatic adverse
events such as liver cancer caused by hepatitis B and
liver failure caused by liver cancer [11, 12], as well as to
evaluate whether hepatic patients have complicated por-
tal hypertension [13-15]. The Baveno VI criteria (2015)
suggests that transient elastography (TE) can clinically
identify significant portal hypertension (CSPH) (1b; A)
[16]. On this basis, Fofiu R raised 2D-SWE had a good
performance to predict high-risk varices (HRV),) includ-
ing esophageal varices (EV) and gastric varices (GV) in
advanced chronic liver disease (cACLD) [17]. However,
no attention has yet been paid to the value of 2D-SWE to
predict hypersplenism in WD patients mainly due to the
rarity of this disease.

Therefore, in the current work, we conducted a pro-
spective longitudinal cohort study to investigate whether
liver stiffness assessment by 2D-SWE can be applied to
predict hypersplenism in WD patients.

Methods

Patients

Consecutive WD patients admitted to the Encepha-
lopathy Center of the First Affiliated Hospital, Anhui
University of Chinese Medicine, between May 2018
and December 2018 were enrolled. The inclusion crite-
ria consisted of a WD diagnosis with liver involvement
according to the Leipzig standard [18] but no hyper-
splenism at the time of enrollment. Hypersplenism was
defined as a leukocyte count<3500/uL and/or a plate-
let count<7.5 x 10%/uL [5]. The exclusion criteria were
as followed: the presence of other liver diseases (virus
hepatitis, alcoholic liver disease, immune liver disease,
et al.); severe liver inflammation indicated by ALT ele-
vation greater than five times upper normal limits [19];
failure in liver 2D-SWE assessment; incomplete clinical
data at enrollment or during follow-up; did not undergo
regular follow up as required; and lost during follow-up.
This prospective study was approved by the Institutional
Review Board of Ethics Committee of the First Affili-
ated Hospital, Anhui University of Chinese Medicine
(2018AH-08), and informed consent was obtained from
all participants.
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Clinical and imaging data collection at baseline

In the current study, the starting point for each patient
was defined as the day when the patient underwent liver
2D-SWE. At baseline, clinical data including sex, age,
body mass index (BMI), presence of Kayser-Fleischer
(K-F) ring, fibrosis index based on four factors (FIB-4),
and aminotransferase/platelet count ratio index (APRI)
were collected. Laboratory results obtained within one
week of patient enrollment were considered valid. The
portal vein diameter and spleen thickness measured
by ultrasound, as well as the liver stiffness assessed by
2D-SWE, were documented.

Assessment of liver stiffness by 2D-SWE

Liver 2D-SWE measurement was performed upon
enrollment for each patient. The Mindray-Resona 7
ultrasonic instrument with the SC5-1U probe (Min-
dray, China) was used and the 2D-SWE mode was
adopted. The 2D-SWE measurement was performed
by one experienced radiologist (8-year experience of
abdominal ultrasound) who had performed more than
300 liver ultrasound examinations in the last two years
and at least 50 liver 2D-SWE examinations in the last
six months.

Patients were in a fasting state on the morning of the
liver 2D-SWE examination. During the 2D-SWE exami-
nation, measurements were performed with the WD
patient in the supine (76 patients) or slight lateral decu-
bitus position with 30° (14 patients) [19], with the right
hand lifted to fully expose the intercostal space. Liver
2D-SWE images were obtained from the right liver lobe
through the right intercostal space. The image depth was
controlled at 8—10 cm, and the size of the liver 2D-SWE
sampling frame was adjusted to 4.0 x3.0 cm, placed
at 1.0 cm below the liver capsule to keep it away from
the liver’s great vessels. During 2D-SWE examination,
patients were required to hold their breath for 5-6 s in
the natural breathing state. The elasticity value was meas-
ured when the motion stability index (M-STB) was of
five green asterisks and when the reliability map (RLB)
changed from purple to green [19]. During measure-
ments, the circular region of interest (ROI) diameter was
adjusted to 2.0 cm. Data are displayed in kPa. The average
ROI elasticity obtained from each measurement was con-
sidered the recorded value of the current measurement
(Fig. 1). The measurements were continuously repeated
five times, and the median of the recorded values was
considered as the patient’s final liver elasticity value. To
obtain more accurate and consistent measurement data,
we implemented quality control for images and measure-
ments. If the interquartile range (IQR)/median (Med)
was higher than 30% after repeated measurements for
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Fig. 1 Male WD patient, 26, with an average right liver lobe elasticity of 17.16 kPa
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five consecutive times, the measurement was considered
as failed.

Treatment and follow-up strategy

All WD patients received de-coppering therapy during
the follow-up period. Patients regularly received dimer-
captosuccinic acid (DMSA) orally at a dose of 10 mg/
kg/d, bid.

After enrollment, patients were routinely followed up
every month. At each visit, leukocyte and platelet counts
were assessed to determine whether the patient devel-
oped hypersplenism [5]. Patients were prospectively fol-
lowed up for at least 24 months or until they developed
hypersplenism.

Statistical analyses
Measurement data conforming to normal distribution
are expressed as means & SD, and intergroup comparison
was performed using a t-test. Measurement data that did
not present normal distribution are expressed as medi-
ans (IQR), and the Mann—Whitney U test was adopted
for inter-group comparison. Enumeration data were
expressed as n (%), and inter-group comparison was per-
formed using x* or Fisher’s exact tests.

Hypersplenism cumulative incidence was determined
based on the hazard ratios derived from Kaplan—Meier

survival curves. Cox regression analyses were applied to
evaluate the hypersplenism risk factors in WD patients.
The receiver operating characteristic curves (ROC) and
area under the curves (AUC) were used to calculate the
efficacy hypersplenism prediction of liver stiffness in WD
patients. Additionally, the threshold, as well as its sensi-
tivity and specificity, were determined by the maximum
Youden index. Based on the obtained threshold, a Log-
rank test was applied to compare and analyze whether
significant differences were present when evaluating
the hypersplenism risk between the two groups of WD
patients divided by the 2D-SWE threshold. SPSS 25.0 was
used for all data analyses. Differences were considered
statistically significant when p <0.05.

Results

General baseline information of the 90 WD patients

Ninety WD patients were eventually included in this
study (Fig. 2). Among them, 49 (54.4%) were males
and 41 (45.6%) were females, with an average age of
29.8+10.6 years (range: 14—63 years). General baseline
information of the 90 patients is summarized in Table 1.
The percentage of liver cirrhosis in the hypersplenism
group(n=29) and non-hypersplenism group(n==61)
were 24.1% (7/29) and 19.7% (12/61) respectively.
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130 Wilson's disease patients with liver involvement
Excluded (n=40):

Complicated with HBV (n=8)

ALT exceeding five times the normal value (n=4)

Failed liver 2D-SWE measurement (n=5)

Incomplete clinical data (n=16)

Did not undergo regular follow up as required (n=6)

Lost to follow up (n=1)

90 patients were routinely followed up every month
29 patients developed hypersplenism at 61 patients continued to follow up without
a median of 18 months after enrollment hypersplenism over a median period of 24 months
Fig. 2 Flowchart of the study
Table 1 Baseline general information of 90 patients with WD
Factors The whole cohort Hypersplenism group Non-
hypersplenism
group

Number n (%) 90 (100) 29(322) 61 (67.8)
Male n (%) 49 (54.4) 15(51.7) 34 (55.7)
Age (years) 29.77£10.62 27.34£7.53 3092+11.70
BMI (kg/m?) 2146£1.65 21.08£1.78 21644157
K-F ring 65 (72.2) 20 (69.0) 45 (73.8)
FIB-4 1474020 148+0.20 1474020
APRI 0.74+0.10 0.73+£0.10 0.74+£0.10
Diameter of portal vein (mm) 11.67£1.80 12414+£203 11.31+£1.58
Spleen thickness (mm) 51.88+9.02 5338+5.14 51.16+10.33
Liver stiffness (kPa) 10.104+£2.90 12384277 9.00£2.28

BMI, body mass index; K-F ring, Kayser-Fleischer ring; FIB-4, fibrosis index based on four factors; APRI, aminotransferase/platelet count ratio index

Reliable liver stiffer assessment by 2D-SWE in WD patients
Five WD patients failed during the liver 2D-SWE exami-
nation. They included two patients that did not hold their
breaths in the 2D-SWE process, two that presented invol-
untary movements since neurologic manifestation, and
one with 2D-SWE measurements with IQR/M > 30%. We
obtained reliable liver stiffer measurements in 90 (94.7%)
of 95 patients.

Clinical outcome of the follow-up

During follow-up, 29 (32.2%) patients developed hyper-
splenism. The median time between the enrollment and
the hypersplenism occurrence was 18 months (range,

6—24 months). The cumulative hypersplenism incidence
at 6, 12, and 18 months was 4.4%, 21.1%, and 31.1%,
respectively (Fig. 3). The remaining 61 (67.8%) patients
were continued to follow up without hypersplenism upon
a median period of 22 months (range,6—24).

Risk factors associated with hypersplenism in WD patients
The Cox regression analyses revealed that age, portal vein
diameter, and liver stiffness were independent predictive
factors associated with hypersplenism (Table 2). The Cox
regression value for the liver stiffness was 0.325, which
suggested that with every 1.0 kPa increase in the liver
stiffness, the hypersplenism risk increase by 32.5%.
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Fig. 3 Cumulative hypersplenism incidence in WD patients
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Table 2 Cox regression analysis of risk factors for hypersplenism
in WD patients

Factors B P RRvalue 95%CI

Lower limit Upper limit
Age —0.060 0.007 0942 0.901 0.984
Diameter of 0244 0012 1277 1.055 1.545
the portal
vein
Liver stiffness 0325 0000 1.385 1.231 1.557

RR, relative risk; Cl, credibility interval

Value of the liver stiffness measured by 2D-SWE to predict
hypersplenism

The ROC analyses reported that the AUCs to predict
hypersplenism in the WD patients were 0.433 (95% CI
0.314-0.553) for age, 0.662 (95% CI 0.541-0.782) for
spleen vein diameter, and 0.817 (95%CI: 0.727-0.908)
for liver stiffness (Fig. 4). Thus, liver stiffness had a
superior predictive ability compared to portal vein
diameter and age (p <0.05). The optional liver stiffness
cutoff value to predict hypersplenism in WD patients
was 10.45 kPa, with sensitivity and specificity of 75.9%
and 73.8%, respectively.

To determine the possible association between liver
stiffness and the time point of hypersplenism develop-
ment, the 90 WD patients were divided into high-risk
(liver stiffness>10.45 kPa, n=238) and low-risk (liver
stiffness < 10.45 kPa, n=>52) groups, based on the cutoff
value of 10.45 kPa. The cumulative hypersplenism inci-
dence in both groups is shown in Fig. 5. The hypersplen-
ism incidence in the high-risk group was significantly
higher compared to the low-risk group (57.9% vs. 13.5%,
p<0.001). The median time between enrollment and the
hypersplenism development for the high-risk group was
15 months (range, 6—24 months), and for the low-risk
group was 22 months (range, 6-24 months) (p<0.001)
(Fig. 6) (Table 3).

Discussion

In the current study, we explored the value of liver stiff-
ness assessed by 2D-SWE to predict hypersplenism in
WD patients. We demonstrated that the assessment of
liver stiffness using 2D-SWE is effective for the prospec-
tive prediction of hypersplenism in WD patients. Fur-
thermore, WD patients with liver stiffness>10.45 kPa
have a significantly higher hypersplenism risk that might
develop in a relatively short term. These findings enabled
prompt stratification of WD patients with high or low
hypersplenism risk.
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Fig. 4 Value of age, portal vein diameter, and liver stiffness measured by 2D-SWE to predict hypersplenism in WD patients

Hazard Function
1.0 LSGroup
71<10.450
—1210.450
-+ <10.450-censored
08 —4— 210.450-censored
g 06
N
©
I
£
o o4
02
00
00 500 10.00 1500 20.00 25.00
Month
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with hypersplenism development at the 13th follow-up month

6
LSMRLB Index 100.00 %

Fig. 6 Baseline 2D-SWE measurement of liver stiffer in two WD patients with different risk of hypersplenism. a The WD patient’s right liver lobe
elasticity was 9.46 kPa, followed up for 24 months with no hypersplenism occurrence. b The WD patient’s right liver lobe elasticity was 11.27 kPa

Table 3 Incidence of hypersplenism in the subgroups with different liver stiffness

Groups Liver stiffness measured Incidence of The median time of hypersplenism  x? P

by 2D-SWE hypersplenism occurrence (month)
High-risk group >10.45 kPa 57.9% (22/38) 15 22.296 <0.001
Low-risk group <1045 kPa 13.5% (7/52) 22

We found that age, portal vein diameter, and liver stiff-
ness were independent risk factors for hypersplenism in
WD patients. Furthermore, the liver stiffness showed a
higher AUC value of 0.817 when compared to age and
portal vein diameter. In a previous study, 4D flow MRI
was used to predict hypersplenism occurrence in 20
patients. Keller et al. found that the AUC value for splenic
artery blood flow was 0.792 [20], slightly lower than that
of liver stiffness reported in our current study. MR imag-
ing requires contrast agent injection, has a high cost, and
excludes patients with incompatible implanted devices.
Besides, WD patients typically develop neurological and
psychiatric symptoms during disease progression and
might not tolerate MRI examination. Therefore, MRI is
a nonideal modality for the assessment of WD patients.
Our study suggested that the liver stiffness measured by
2D-SWE can be used to assess the hypersplenism risk in
WD patients with high effectiveness and feasibility.

WD is characterized by copper metabolic dysfunc-
tion, excessive copper deposition in liver tissues leading
to hepatocyte fatty degeneration, chronic inflammation,
liver fibrosis, and liver cirrhosis [21]. The WD patho-
logical process is consistent with other chronic liver
diseases. The 2D-SWE is a two-dimensional ultrasound-
based technology to measure tissue stiffness. It ena-
bles real-time analysis of liver stiffness and can uncover

the underlying pathological processes of liver diseases.
Recently, several studies demonstrated that liver stiffness
assessed by 2D-SWE was an alternative tool for physi-
cians to predict disease progression, such as CSPH, EV,
and GV [14, 15, 17, 22], avoiding hepatic venous pressure
gradient (HPVG) and endoscopy. This is of clinal inter-
est since HPVG and endoscopy are invasive procedures
varices [23]. In a previous meta-analysis with 746 liver
disease patients, it was suggested that 2D-SWE can be
used to forecast portal hypertension with 15.2-24.6 kPa
cutoffs, with sensitivities ranging from 78 to 90% and
specificities varying from 83 to 89% [20]. Few studies
have used 2D-SWE to predict hypersplenism so far. Pos-
sibly, 45% of liver diseases (e.g., virus hepatitis) patients
complicated with portal hypertension manifested EV and
GV but just 7.7% developed hypertension [23]. On the
contrary, WD patients complicated with portal hyper-
tension manifested hypersplenism with high incidence
of 34% [3]. Our results confirmed that 2D-SWE measure-
ment of liver stiffness in WD patients can effectively pre-
dict hypersplenism, extending the application of 2D-SWE
in predicting liver diseases complications. We found
that the cut-off value of liver stiffness was 10.45 kPa to
predict hypersplenism in WD patients, with a sensitiv-
ity and specificity of 75.9% and 73.8%, respectively [24].
The discrepancy in cutoff values between our study and
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the previous meta-analysis can be partially explained by
the difference in the average age of patients enrolled in
the two studies. The average age of the 746 patients in
the aforementioned meta-analysis was 53-71, older than
those in our current study (29.8 years).

When compared with patients with liver stiff-
ness < 10.45 kPa, those with > 10.45 kPa had an increased
hypersplenism risk (RR 1.385). Besides a relatively higher
incidence of hypersplenism (57.9% vs. 13.5%), the median
time between baseline and the time points of hypersplen-
ism development in the high-risk patients with liver stiff-
ness>10.45 kPa was significantly shorter (14 months
vs. 20 months, p<0.001). These results implied that
high-risk patients might develop hypersplenism in a rel-
atively short term. Portal hypertension and hypersplen-
ism might be reversible in some WD patients when given
glutathione (GSH) intravenously at a dose of 1.8 g in the
early stage of hypersplenism [25, 26]. Therefore, the high
risk WD patients need more frequent follow-up, allow-
ing for physicians to timely diagnose hypersplenism and
adjust treatment options [25, 27]. Our study highlighted
that the liver stiffness assessed by 2D-SWE can be applied
to monitor liver progression of WD patients by stratify-
ing hypersplenism risk.

Our study has several limitations. Due to the rare
occurrence of WD, our results are based on only one
medical center. Moreover, we used 2D-SWE data col-
lected by a single experienced radiologist, since guide-
lines and recommendations state that the intra-observer
reproducibility of liver 2D-SWE assessment is excellent
[28]. Furthermore, we investigated other laboratory indi-
cators but only FIB-4 and APRI were included for analy-
ses. FIB-4 and APRI are commonly used to monitor liver
fibrosis in chronic hepatitis B and C patients as well as
WD patients 29 [28]. Whether the 2D-SWE prediction
efficacy is improved when more laboratory indicators are
included in analyses needs further investigation.

Conclusion

Overall, WD patients with liver stiffness >10.45 kPa pre-
sented a relatively higher risk of hypersplenism. Moni-
toring liver stiffness with 2D-SWE is essential for WD
patients to early diagnose hypersplenism, guide clinical
treatment and avoid postoperative complications.
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