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Liver stiffness measurements predict Sinusoidal Obstructive
Syndrome after hematopoietic stem cell transplantation
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Sinusoidal Obstructive Syndrome (SOS) is a life-threatening complication after hematopoietic stem-cell transplantation (HSCT),
characterized by post-sinusoidal portal hypertension. FibroScan is used to assess portal hypertension non-invasively. We assessed
transient elastography (TE) applicability in diagnosing SOS. The study included 27 adult patients, 11 underwent TE for high SOS risk
pre-HSCT, 17 underwent TE post-HSCT due to bilirubin =2 mg/dl with no definite diagnosis of SOS. The first group had median Liver
Stiffness Measurement (LSM) of 7.4 kPa (range, 3.3-22.5). Based on LSM results, conditioning regimen was modified for six patients
and two of them developed SOS. Only one patient who did not have protocol adjustment experienced SOS. No patient with
LSM < 7 kPa developed SOS. The second group had median LSM of 7.7 kPa (4.4-31.5). Median LSM after HSCT was significantly
higher in patients who subsequently developed established SOS (n = 10) compared to patients who did not (n = 8), with values of
10.7 kPa (5.6-31.5) and 5.9 kPa (4.4-13.8), respectively (p = 0.02). An LSM cut-off of 7.5 kPa had a sensitivity and specificity of 75 and
80% for diagnosing SOS. In conclusion, pre-HSCT LSM can help adjustment of conditioning regimen in patients with high-risk for

SOS. Post-HSCT LSM can help in early diagnosis of SOS.

Bone Marrow Transplantation (2024) 59:1070-1075; https://doi.org/10.1038/5s41409-024-02288-1

INTRODUCTION

Sinusoidal Obstructive Syndrome (SOS) is a rare but potentially
serious complication that can occur after hematopoietic stem cell
transplantation (HSCT). On average, the incidence of SOS in adults
is 10% [1]. In severe cases, the mortality rate can be as high as 80%
[2]. The pathogenesis of SOS after HSCT involves the injury of the
sinusoidal endothelial cells of the liver, which leads to loss of wall
integrity, endothelial cell detachment, downstream embolization
of the centrilobular vein, and sinusoidal obstruction [2, 3]. These
events result in outflow obstruction, causing hepatic congestion
and the development of post-sinusoidal portal hypertension [2].
The clinical presentation of SOS is the consequence of
portal hypertension, and the severity can vary. Typical clinical
features of SOS in adults are hyperbilirubinemia, painful hepato-
megaly, ascites, and weight gain [2]. In severe cases, SOS can
progress to liver failure and multi-organ dysfunction [2, 4].

There are several risk factors for SOS [5]. A number of widely
recognized risk factors for SOS onset have been established
related to patients and disease characteristics: pre-existing liver
diseases, obesity, previous abdominal/hepatic radiation, previous
treatment with Gemtuzumab ozogamicin, Inotuzumab ozogami-
cin, multiple lines of previous chemotherapy, previous HSCT,
baseline elevated bilirubin, transaminase, ferritin, iron overload,
older age for adults patients, poor performance status, advanced
disease states and HLA-mismatched donor. In addition, the
likelihood of developing SOS varies depending on the intensity

of treatment and the drugs administered. Using high doses of
Busulfan (BU) or total body irradiation (TBI)-based myeloablative
conditioning (MAC) can increase the risk, while reduced intensity
conditioning (RIC) can reduce it. Moreover, a high dose of TBI, a
combination of BU, Cyclophosphamide (CY), Dual alkylating agent
conditioning (DAC), and methotrexate (MTX) -based Graft versus
host disease (GVHD) prophylaxis can also increase the risk of SOS
[51.

The diagnosis of SOS is based on European Society for Blood
and Marrow Transplantation (EBMT) criteria [1, 4, 5] which include
clinical criteria and imaging findings. The mandatory factor in
EBMT criteria is the elevation of bilirubin above 2 mg/dl [4]. The
EBMT criteria’s specificity is relatively low, as other conditions can
imitate the symptoms of SOS. The differential diagnosis of
bilirubin elevation and fluid retention in patients after HSCT
includes reactivation of viral disease, sepsis, drug-induced liver
injury other than SOS, graft versus host disease (GVHD), hepatic
vein or portal vein thrombosis [2]. Imaging techniques can help
detect SOS by showing signs of liver congestion, portal hyperten-
sion, and parenchymal damage [6]. However, imaging findings are
often nonspecific and may overlap with other liver disorders.
Therefore, imaging techniques are usually used as an adjunct to
clinical and laboratory criteria for diagnosing SOS [2].

Liver stiffness measurement (LSM) is a non-invasive diagnostic
tool to assess liver fibrosis and portal hypertension [7, 8]. While
LSM helps in diagnosing and monitoring of liver fibrosis, it has

"Liver Diseases Center, Sheba Medical Center, Tel-Hashomer, Israel. 2Faculty of Medicine, Tel-Aviv University, Tel-Aviv, Israel. *The Division of Hematology and Bone Marrow
Transplantation, Sheba Medical Center, Tel-Hashomer, Israel. “Renal Transplant Center and Nephrology department, Sheba Medical Center, Tel-Hashomer, Israel.

HMemail: y.davidov@gmail.com

Received: 20 October 2023 Revised: 9 March 2024 Accepted: 9 April 2024

Published online: 24 April 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-024-02288-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-024-02288-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-024-02288-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-024-02288-1&domain=pdf
http://orcid.org/0000-0002-6524-1644
http://orcid.org/0000-0002-6524-1644
http://orcid.org/0000-0002-6524-1644
http://orcid.org/0000-0002-6524-1644
http://orcid.org/0000-0002-6524-1644
http://orcid.org/0000-0002-0763-1265
http://orcid.org/0000-0002-0763-1265
http://orcid.org/0000-0002-0763-1265
http://orcid.org/0000-0002-0763-1265
http://orcid.org/0000-0002-0763-1265
http://orcid.org/0000-0002-0627-5502
http://orcid.org/0000-0002-0627-5502
http://orcid.org/0000-0002-0627-5502
http://orcid.org/0000-0002-0627-5502
http://orcid.org/0000-0002-0627-5502
https://doi.org/10.1038/s41409-024-02288-1
mailto:y.davidov@gmail.com
www.nature.com/bmt

All cohort
N=28

| }

LSM before HSCT LSM after HSCT
high risk of SOS bilirubin >2 mg/dl

N=11 N=18
Non-SOS SOS LSM valid LSM failed
N=8 N=3 N=17 N=1
Non-SOS SOS

N=7 N=10

Fig. 1 Flow chart of study cohort. Of 28 patients, 11 high-risk
patients were assessed for the development of SOS before HSCT,
and 18 of 28 patients were assessed after HSCT due to bilirubin
levels above 2mg/dl.

limited use in diagnosing SOS. In recent years, there have been
several reports of SOS assessment using LSM techniques such as
transient elastography (TE), point shear wave with acoustic
radiation force impulse (ARFI), and two-dimensional real-time
shear wave (2D-SWE) [2, 6, 9-15]. Debureaux and colleagues
prospectively assessed LSM before and after allo-HSCT [9].
Baseline LSM did not predict the development of SOS, but it did
significantly increase in patients who did develop it [9].

Our study aimed to assess the applicability of LSM in guiding
the selection of the conditioning regimen before transplantation
and the diagnostic accuracy of LSM in identifying SOS after
allogeneic HSCT (allo-HSCT).

MATERIAL AND METHODS

Study population

In this study, we performed TE using FibroScan in adults (>18 years old)
before or after allo-HSCT at Sheba Medical Center between January 2021
and June 2023. Patient demographics, clinical and laboratory character-
istics were recorded before and after allo-HSCT. Liver stiffness measure-
ment was assessed for all patients with FibroScan (Echosens, Paris, France).
TE was performed after fasting over 4 h. The reliability criterion was at least
ten measurements with a ratio of the interquartile range (IQR) of liver
stiffness to the median (IQR/M) < 30% [8].

The main objectives in the first group were to assess the correlation of
LSM before HSCT in high-risk patients for the development of SOS and the
impact of modification of the planned conditioning regimen in reducing
the risk for SOS.

To rule out the possibility of having clinically significant liver disease, we
chose a low threshold of 7 kPa [9, 16]. Patients with an LSM of 7 kPa or less
remained with standard treatment protocol despite elevated liver enzymes
before allo-HSCT. However, for patients whose LSM was higher than 7, we
adjusted their treatment to a low-toxicity option.

In the second group we investigated the diagnostic ability of LSM to
differentiate SOS from other causes of liver injury after HSCT. We also
aimed to determine the cut-off LSM value for the diagnosis of SOS. The
second group consisted of patients with an elevation of bilirubin 22 mg/dI
after the allo-HSCT within 21 days after transplantation with or without
fulfilling the EBMT clinical criteria for diagnosis of SOS. The diagnosis of
SOS was confirmed when EBMT criteria were present [4, 5].

The 1st group consists of 11 patients, and 2nd group of 17 patients (one
patient was included in both groups) (Fig. 1).

Statistical analysis. The data for continuous variables is presented as a
median with an interquartile range (IQR), while categorical variables are
expressed as a count with a percentage. Patients in the 1st and 2nd groups
were categorized based on their SOS diagnosis. Those who developed SOS
were then compared to those who did not (the non-SOS group). To
compare categorical variables, we used chi-squared analysis and Fisher
exact test. We used the Student’s t test or the Mann-Whitney U test for
continuous measurements, depending on their distribution. We performed
a receiver operator characteristic (ROC) analysis to evaluate the accuracy of
predicting SOS diagnosis. The cut-off values of LSM were determined using
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ROC analysis, and the best cut-off value was estimated using the Youden
index. We considered p <0.05 to be a statistically significant difference,
and all tests were two-sided. We performed the statistical analysis using
SPSS (IBM SPSS Statistics, version 25, IBM Corp., Armonk, NY, USA, 2016).
Finally, we generated scatter plots of the analyzed data using GraphPad
Prism version 10.0.0 for Windows (GraphPad Software, San Diego, USA).

RESULTS

LSM before HSCT for assessment of high-risk patients for
development SOS

Eleven patients at high risk of developing SOS were evaluated
before HSCT. The clinical and demographic characteristics of these
patients are presented in Table 1. The median age at the time of
transplantation was 43 years (IQR, 37-60) and 45.5% of the
patients were male.

Out of the 11 patients, 7 had AML, that was secondary or
treatment-related in 4. The remaining four patients had myelofi-
brosis. Before undergoing HSCT, 5 out of the 7 AML patients
received chemotherapy, with a median of 4 lines of treatment
(ranging from 2 to 5). Two out of the seven patients with
secondary AML received a azacytidine (vidaza) and venetoclax
regimen, and all 4 of the myelofibrosis patients received
ruxolitinib. Two patients, 1 from the venetoclax regimen group
and 1 from the ruxolitinib group received chemotherapy for a
previous malignancy. The donors were sibling, matched-unrelated,
and haploidentical for 5, 2, and 4 patients, respectively.

There were several risk factors for developing severe hepatic
SOS. These included being over the age of 60, having severe
obesity, active illness, undergoing multiple rounds of chemother-
apy, and having pre-existing liver disease. The liver-related SOS
risk factors included nonalcoholic steatohepatitis cirrhosis without
portal hypertension in one patient, splenomegaly in five patients,
portal hypertension with esophageal varices in one patient,
alcohol abuse in one patient, and baseline liver enzyme elevation
in two patients (one with secondary hemochromatosis and the
other experiencing severe liver toxicity after previous treatment).

As for the donor and conditioning, two patients had HLA-
mismatched and four patients had Haplo-HSCT donors. Four, one,
and five patients received MAC, TBl-based, and DAC regimens,
respectively.

Five patients received MTX for GVHD prophylaxis. It is worth
noting that most patients had multiple factors that put them at
risk for SOS, with a median of 5 factors (ranging from 3 to 8).

Out of 11 patients, 6 changed the planned conditioning
regimen protocols after LSM indicated a value of >7.0 kPa. The
changes included switching from BU to Treosulfan for 3 patients,
implementing an alternative protocol to DAC (our routine for
myelofibrosis and for haploidentical transplants) for 3 patients,
using RIC instead of MAC for 4 patients, and not using MTX for
GVHD prophylaxis for 2 patients. One patient received Defibrotide
prophylaxis.

Three of 11 patients (27.3%) developed SOS. Two patients
developed mild to moderate SOS, while one had severe SOS. The
last patient died despite immediate defibrotide treatment.

One of these three patients did not have protocol modified
while developing moderate SOS. The LSM levels were 10.1 kPa
(IQR, 4.9-11.6) for patients who did not develop SOS, while those
who did had LSM levels of 7.4 kPa (IQR, 7.0-22.5). There were no
factors that could predict the occurrence of an SOS. However,
none of the patients from the high-risk group with an LSM less
than 7 kPa developed SOS.

LSM after HSCT for assessment of SOS

Seventeen patients underwent LSM after their bilirubin levels
exceeded 2 mg/dl. The clinical and demographic characteristics of
these patients are presented in Table 2. The median age at the
time of transplantation was 49 years (IQR, 34-62), and 59% of the
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Table 2. Baseline demographic and clinical characteristics of patients

with bilirubin elevation above 2 mg/dl after allo-HSCT.

Characteristics All cohort SOS Non-SOS

N=17 group group

n=10 n=7

Age at allogeneic 49 (34-62) 53 (32-66) 38 (37-58)

HSCT (years, median,

IQR)

Gender, Male n (%) 10 (59) 6 (60) 4 (57)

Obesity, n (%) 3 (17.6) 2 (20) 1(14)

Hepatic comorbidities, n (%)

Baseline bilirubin 0.7 0.7 0.7

(0.6-0.8) (0.6-0.9) (0.6-0.9)

Fatty liver disease 1(7.7) 0 1(14)

Alcohol misuse 1(7.7) 0 1 (14)

Portal hypertension 1(7.7) 1(10) 0

History of multiple 13 (77) 8 (80) 5(71)

blood transfusion

Ferritin >1000 ng/ml* 5 4 1

Diagnosis, n (%)

MDS/AML 7 (41) 4 (40) 3 (43)

ALL 5 (30) 4 (40) 1(14)

Myelofibrosis 4 (24) 2 (20) 2 (29)

Lymphoma 1(6) 0 1(14)

Median Lines of 2 (0-6) 3 (0-6) 2 (0-5)

Chemotherapy before

HCT

Previous CTX for 2 pts 1 1

other malignancy

Active disease at 5(29) 3 (30) 2 (29)

transplant

TBI 4 (24) 3 (30) 1(14)

Conditioning regimen, n (%)

MAC 5 1 4

BUCY 2 1 1

CYTBI 1 0 1

TBF MAC 1 0 1

FLU TREO14 1 0 1

RTC 5 5 0

FLU TREO12 2 2 0

FLUBU4 1 1 0

TBI FLU with PT-CY 2 2 0

RIC 7 4 3

FLU TREO10 2 1 1

FLUBU2 1 1 0

TBF RIC 4 2 2

DAC 5 2 3

GO Tx 1 1 0

Ino Tx 2 2 0

?Data of Ferritin level available in 8 patients.

CTX chemotherapy, MF myelofibrosis, VW Vidaza+ Venetoclax, DLBCL
Diffuse large B-cell lymphoma, TBI total Body irradiation, FLU fludarabin,
RIC reduced intensity conditioning, MUD matched unrelated donor, TBF
Thiothepa + Busulfan + Fludarabin, BUCY Busulfan 4 Cytoxan, MUC mye-
loablative conditioning, FC Fludarabin + Cytoxan.

Bone Marrow Transplantation (2024) 59:1070- 1075

Table 3. Clinical and laboratory characteristics of patients with and

without SOS after HSCT.

Characteristic SOSn=10 Non-SOS P value
n=7

ALT > 1.5 ULN after HSCT, 1(10) 2 (43) 0.3

n (%)

Abdominal pain, n (%) 9 (90) 1(14) 0.004

Hepatomegaly, n (%) 9 (90) 1(14) 0.004

Weight gain >5%, n (%) 10 (100) 2 (29) 0.003

Ascites, n (%) 6 (67) 0 0.01

Oliguria, n (%) 6 (60) 0 0.07

Death, n (%) 3 (30) 2 (29) 0.9

patients were male. Ten of these patients were diagnosed with
SOS based on EBMT criteria. The LSM was conducted when the
bilirubin level increased above 2 mg/dl, regardless of the presence
of any other signs of SOS. Out of the 17 patients whose bilirubin
level exceeded 2 mg/dl, 7 (41%) had causes of bilirubin elevation
other than SOS. Bilirubin elevation in the remaining cases was due
to sepsis (n = 5) or drug-induced liver injury (n = 2). However, due
to the small sample size, no statistical differences were found
between patients who developed SOS and those who did not. The
LSM was performed at a median time of 85 days (IQR,
4.25-12.5 days, ranges 1-36 days) after HSCT and 0 days (IQR,
0-1 days, ranges 0-7 days) after bilirubin elevation above 2 mg/dl.

Patients who developed SOS experienced a higher frequency of
abdominal pain, hepatomegaly, ascites, weight gain, and oliguria
than those who did not (Table 3). ALT elevation was observed in
patients with and without SOS.

Patients who developed SOS had a significantly higher LSM
compared to those who did not. The LSM levels were 5.9 kPa (IQR,
4.9-7.4) for patients without SOS and 10.7 kPa (IQR, 7.5-25.2) for
patients with SOS (p = 0.007) (Fig. 2a).

We categorized the LSM based on the severity of SOS. As the
severity of SOS increased, the median LSM value also increased.
For mild, moderate, severe, and very severe cases of SOS, the LSM
values were 8.5, 14.75, 19.25, and 17.95 kPa, respectively. However,
due to the small sample size, the numbers did not show
significant statistical differences (Fig. 2b).

There was a positive correlation between the diagnosis of SOS
and LSM levels, with a correlation coefficient of 0.66 (p = 0.007) as
determined by the Spearman correlation test (Fig. 2¢c). The LSM
can diagnose SOS with an AUC of 0.89 (p = 0.008) (Fig. 2d). The
cut-off value for SOS diagnosis is 7.5 kPa, with sensitivity 80% and
specificity 86%.

During a follow-up of 203 days (IQR, 37-521 days), six patients
died. Four patients (40%) died in the SOS group, while two (28.6%)
died in the non-SOS group. In the SOS group, only one patient
died due to extremely severe SOS with multi-organ failure. Other
causes of death included disease progression (two patients),
GVHD with severe sepsis, and multi-organ failure (one patient). In
the non-SOS group, one patient died due to GVHD with sepsis due
to a fungal infection, while the other died due to disease
progression.

The median LSM was higher in patients who died compared to
those who survived after HSCT in the SOS group (19.9 kPa (IQR,
8.1-30.7) vs. 9.7 kPa (IQR, 7.1-20.7), respectively). However, this
difference did not reach statistical significance due to the small
sample size. In patients from the non-SOS group, there was no
difference in LSM between those who died and those who
survived (5.4 kPa (IQR, 4.9-5.9 vs 6.9kPa (IQR, 5.1-7.8), respec-
tively) (refer to Fig. 2e).
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Fig.2 Comparison of liver stiffness measurements (LSM) in patients with and without sinusoidal obstruction syndrome (SOS). a Scatter
plots displaying the median with interquartile range of LSM values of SOS and non-SOS group, b Scatter plots displaying the median with
interquartile range of LSM values according to severity of SOS, ¢ Regression plot of the Spearman rank correlation between LSM value and
SOS diagnosis after HSCT, d ROC curve analysis of LSM and prediction of SOS diagnosis after HSCT, e Scatter plots displaying the median with

interquartile range of LSM values of died and survived patients.

DISCUSSION

We present the findings from using LSM evaluation both before
and after HSCT. We demonstrated that LSM can guide the type of
conditioning before transplantation for the high-risk SOS group,
leading to possible decrease in the incidence of SOS in this group.
We have shown that after a transplant, LSM can be used as a
diagnostic tool to differentiate between SOS and other factors that
could cause an elevation in bilirubin levels.

After HSCT, harmful events occur, reducing blood flow through
the sinusoidal veins [1]. These lead to post-sinusoidal portal
hypertension and the onset of SOS. Recently, elastography was
used as a non-invasive assessment of portal hypertension by
measuring liver stiffness [7].

In our cohort, we observed that the incidence of SOS was 27.3%,
which is higher than the reported rate overall [1]. This high
incidence of SOS was due to the presence of three or more risk
factors for SOS in 81% of the patients. According to a meta-analysis
conducted by Coppell et al. in 2010, which included 25,000 pediatric
and adult patients, the average incidence of SOS was 13.7% [17].
However, in five studies, the incidence of SOS was greater than 40%,
all of which included high-risk patient groups [17].

Assessing liver stiffness before allo-HSCT, we found that none of
the patients from the high-risk group and an LSM less than 7 kPa
developed SOS. Colecchia and colleagues discovered that LSM
increased after HSCT compared to pre-transplant levels [15]. The
rise in LSM occurred before the clinical signs of SOS and decreased
as patients showed clinical improvement. However, LSM did not
significantly change after HSCT in patients who experienced
hepatobiliary complications other than SOS. SOS occurred in 5.1%
of patients, and those who developed it had higher rates of
individual and transplant-specific risk factors than those who did
not. Patients who developed SOS also had numerically higher
baseline LSM levels [15]. However, Schulz and colleagues reported

SPRINGER NATURE

three cases of fatal SOS in patients who had initially low LSM, but
it significantly increased after they developed SOS following
transplantation [11]. Further investigation is needed to determine
the impact of LSM assessment and how it can contribute to
decision-making prior to HSCT and the development of SOS.

We showed that post-allo-HSCT LSM can differentiate between
SOS and other causes of bilirubin elevation. We found that an LSM
cut-off of 7.5 can predict a diagnosis of SOS with a sensitivity of
80% and a specificity of 86%. Several small studies have described
the role of LSM in diagnosing SOS among patients after allo-HSCT
[9, 11-15]. Recently, the “ElastoVOD” study conducted in Italy has
presented preliminary findings that highlight the effectiveness of
LSM in identifying cases of SOS (ClinicalTrial.gov NCT03426358). A
study conducted by Debureaux et al. focused on liver stiffness
assessment before and after transplantation using TE and 2D-SWE
in HSCT patients [9]. The study found a cut-off value of 8.12 kPa
using 2D-SWE and 6.87 kPa using TE correlated with an SOS
diagnosis 14 days after HSCT [9].

In previous studies, LSM has been examined in patients with
varying risk factors for SOS. Our focus was on evaluating high-risk
patients and making decisions based on LSM. The additional focus
of our study was LSM as an additional criterion to bilirubin
elevation for SOS diagnosis. Nonetheless, it is important to
acknowledge that our study has several limitations. It is important
to acknowledge that the small sample size precludes the
extrapolation of our results. We did not perform follow-up liver
stiffness assessment in all patients before and after HSCT.
However, we can rely only on a single liver stiffness measurement
as an additional SOS criterion for bilirubin elevation.

In conclusion, our study suggests that Liver Stiffness Measure-
ment is an important evaluation for candidates for HSCT both
before and after transplantation. It may be incorporated as a
standard assessment for these patients and can also be used as a
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criterion for diagnosing SOS. Assessing LSM before allo-HSCT can
help determine the best conditioning treatment. However, further
investigation is needed to understand the exact impact of LSM on
decision-making and the onset of SOS. Future studies are needed
to validate the TE method before and after allo-HSCT. Its inclusion
in new technological approaches and multifactorial methods will
improve the prediction and diagnosis of SOS.
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