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Abstract
Introduction  Vibration-controlled transient elastography (VCTE) based liver stiffness measurement (LSM) is an excellent 
‘rule-out’ test for advanced hepatic fibrosis in liver transplant (LT) recipients, however, its ability to ‘rule-in’ the disease is 
suboptimal. The study aimed to improve diagnostic performance of LSM in LT recipients.
Methods  Adult LT recipients with a liver biopsy and VCTE were included (N = 150). Sequential covering analysis was 
performed to create rules to identify patients at low or high risk for advanced fibrosis (stage 3–4).
Results  Advanced hepatic fibrosis was excluded in patients with either LSM < 7.45 kPa (n = 72) or 7.45 ≤ LSM < 12.1 kPa 
and time from LT < 5.6 years (n = 25). Conversely, likelihood of advanced fibrosis was 95% if patients had LSM > 14.1 
and controlled attenuation parameter > 279 dB/m (n = 21). Thus, 118 (79%) were correctly identified and 32 (21%) would 
have required a biopsy to establish the diagnosis. Compared to previously established LSM based cutoff values of 10.5 kPa 
(Youden index) and 13.3 kPa (maximized specificity), the false positive rates of sequential covering analysis was 1% com-
pared to 16.5% with LSM ≥ 10.5 kPa and 8.3% with LSM ≥ 13.3 kPa. The true positive rates were comparable at 87% for 
sequential covering analysis, 93% for LSM ≥ 10.5 kPa and 83% for LSM ≥ 13.3 kPa.
Conclusion  The proposed clinical sequential covering analysis allows for better risk stratification when evaluating for 
advanced fibrosis in LT recipients compared to LSM alone. Additional efforts are necessary to further reduce the number of 
patients with indeterminate results in whom a liver biopsy may be required.

Keywords  Liver stiffness measurement · Vibration-controlled transient elastography · Controlled attenuation parameter · 
Advanced fibrosis · Liver transplantation

Introduction

The severity of hepatic fibrosis is a strong predictor of clini-
cal outcomes among liver transplant (LT) recipients [1, 2]. 
Historically, hepatic fibrosis was quantified via annual pro-
tocol liver biopsies, however, this approach exposed patient 

Tamoore Arshad and Dylan Vainer denote shared contribution as 
first author.

Anh T. Bui and Mohammad Shadab Siddiqui denote shared 
supervision and shared contribution as senior author.

 *	 Mohammad Shadab Siddiqui 
	 mohammad.siddiqui@vcuhealth.org

1	 Department of Internal Medicine, Virginia Commonwealth 
University (VCU), Richmond, USA

2	 Division of Gastroenterology and Hepatology, VCU, MCV 
Campus, West Hospital, 1200 E. Broad St, PO Box 980341, 
Richmond, VA 23298‑0341, USA

3	 Division of Transplant Surgery, VCU, Richmond, USA
4	 National University, Singapore, Singapore
5	 Department of Statistical Sciences & Operations Research, 

Virginia Commonwealth University (VCU), Richmond, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s10620-024-08366-0&domain=pdf
http://orcid.org/0000-0001-7280-5359


	 Digestive Diseases and Sciences

low risk for advanced fibrosis to unnecessary procedural 
risk. Moreover, coupled with higher healthcare cost of liver 
biopsies, annual protocol liver biopsies are no longer used 
in routine clinical practice in management of LT recipients. 
This underscores the importance of developing non-inva-
sive fibrosis assessment in LT recipients to identify at risk 
patients such as those with advanced hepatic fibrosis.

Recent efforts in non-invasive biomarker development 
have centered around vibration-controlled transient elas-
tography (VCTE) and clinical prediction models (CPM), 
which can be readily deployed in clinical practice [3, 4]. 
Both VCTE and CPM have been evaluated in LT recipients 
and VCTE based liver stiffness measurement, a surrogate for 
hepatic fibrosis, had outperformed CPMs [5, 6]. While liver 
stiffness based (LSM)-based fibrosis assessment had high 
negative predictive value (NPV), its positive predictive value 
(PPV) remained relatively modest [5]. In non-LT population, 
the diagnostic performance of LSM has been improved upon 
by creating LSM-based aggregate scores such as FibroScan-
AST (FAST) score, AGILE3 and AGILE4, that incorporate 
readily available clinical parameters such as age, serum 
aminotransferases, diabetes status, and platelet counts [7, 
8]. However, the performance of such scores in LT recipi-
ents did not improve on the diagnostic performance of LSM 
alone [9]. This is partly due to the fact that many of the 
parameters used to calculate LSM-based scores such as ami-
notransferases, platelet counts and diabetes, which can be 
affected by use of chronic immunosuppression.

The limited performance of LSM-based scores in LT 
recipients, further highlights key differences in clinical pres-
entation of this population and importance of developing 
fibrosis scoring systems that consider LT specific physiol-
ogy. Thus, the aim of the current study was to develop LSM-
based scores to improve on the PPV of LSM alone in detect-
ing the presence of advanced hepatic fibrosis (fibrosis stage 
3–4) in LT recipients. The study was conducted according to 
best practices in biomarker development using histology as 
a reference standard to (1) develop and calibrate LT specific 
LSM-based score (2) develop and optimize cutoff values that 
can be readily incorporated into clinical practice and (3) to 
compare the performance on the new model to LSM alone.

Methods

Study Design

Adult subjects (age ≥ 18 years) were prospectively enrolled 
into a natural history study of LT recipients at the Hume-
Lee Transplant Center at Virginia Commonwealth Univer-
sity [10, 11]. Study participants with qualifying liver biopsy 
with fibrosis assessment and who underwent VCTE between 
1/1/2014 to 2/10/2023 were eligible for inclusion. The 

analysis was restricted to patients who had a liver biopsy and 
VCTE within 6 months except for patients with documented 
cirrhosis on a previous liver biopsy, who only underwent 
VCTE. The study was approved by the Institutional Review 
Board (IRB). The manuscript was reviewed and approved 
by all authors prior to submission.

Patient Population

Adult patients with a liver biopsy and VCTE in the natural 
history study were used for this analysis. Patients with active 
use of more than mild alcohol consumption as defined by 
more than 1 standard drink/day in women and 2 standard 
drink/day in men were excluded. Additional exclusion cri-
teria included active therapy for HCV, untreated HCV, acute 
cellular rejection, chronic rejection, cholestatic hepatitis, 
implantable cardiac devices, pregnancy, ascites, dialysis, 
and heart failure. Only subjects with well-compensated cir-
rhosis and no clinical manifestation of portal hypertension 
were included. Patients with decompensated cirrhosis were 
excluded as the fibrosis stage is often evident in patients with 
signs or symptoms of portal hypertension and these models 
offer little utility in those cases.

Liver Biopsy

The decision to perform a liver biopsy was at the discretion 
of the treating physician (transplant hepatology or transplant 
surgery) based on their clinical assessment. All liver biop-
sies were scored by a histopathologist blinded to the clinical 
data. Hepatic fibrosis was quantified from stages 0–4 [12]. 
Advanced fibrosis was defined as fibrosis stage 3–4.

Vibration‑Controlled Transient Elastography

All VCTE was performed using the Fibroscan® 502 Touch 
software (Echosens, Paris, France) as described previously 
[6]. Briefly, after an overnight fast, subjects were placed in 
supine position with right arm in maximal abduction and 
measurements were taken over the right hepatic lobe through 
the intercostal space [13]. All studies were started using M 
probe and XL probe was used only if prompted by the 502 
Touch software. An LSM exam was considered unreliable if 
the IQR/Median > 30%, while technical failure was defined 
as inability to obtain 10 valid measurements.

Plan of Analysis

Summary statistics including medians (first quartile, third 
quartile), sums, and percentages are presented as appro-
priate. The sample size of the present study included all 
patients who underwent a liver biopsy with qualifying VCTE 
as noted above. Boxplots were constructed for fibrosis vs. 
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LSM, fibrosis vs. CAP and fibrosis vs. time from LT and the 
significance was determined Jonckheere–Terpstra test. The 
clinical algorithm was developed using the sequential cover-
ing approach to detect presence of at least advanced hepatic 
fibrosis in LT recipients. The sequential covering approach 
accomplishes this by learning rules in determining if a LT 
recipient has advanced hepatic fibrosis. These rules sequen-
tially apply the best thresholds on clinical parameters to pre-
dict the presence of advanced fibrosis. As the goal of this 
sequential covering approach was to allow for easy clinical 
adaptability, readily available clinical parameters (i.e. age, 
time from LT, gender, platelet count, aminotransferases, dia-
betes status) and VCTE based parameters (LSM and CAP) 
were utilized. The sequential covering analysis produced a 
“Rule in” zone, “Rule out” zone and an indeterminate zone 
in which presence or absence of advanced fibrosis cannot 
be confidently established. The sequential covering analysis 
was further validated using leave one out cross validation. 
Diagnostic performance that included sensitivity, specific-
ity, negative predictive value (NPV) and positive predictive 
value (PPV) are reported. The TRIPOD checklist is included 
in the Supplemental Material.

Once the sequential covering approach had been estab-
lished, it was compared to the diagnostic performance of 
LSM that has been published previously [6]. The LSM 
cutoff values used were 10.5 kPa and 13.3 kPa that were 
established at Youden index and fixed specificity of 90%, 
respectively [6]. Each approach was used to characterize 
patients who were appropriately classified as defined by 
true positives and true negatives. Similarly, misclassifica-
tion rates that included false positives and false negatives 
were also determined. Finally, the number of biopsies nec-
essary to help establish the diagnosis was also determined. 
For the sequential covering approach, this included patients 
who could not be either ‘ruled in’ or ‘ruled out’ for pres-
ence of advanced fibrosis. For LSM alone, since the PPV 
is relatively low, all patients above the threshold of 10.5 or 
13.3 kPa were considered to have required a liver biopsy to 
help establish the diagnosis.

Two-sided p values of less < 0.05 was considered statis-
tically significant. All statistical analysis was done using 
SPSS v. 21 (SPSS Inc., Chicago, IL, USA) and R v. 4.2.2.

Results

Description of the Study Cohort

The study cohort consisted of 150 LT recipients with 
median age of 60 (50, 66) years (Table 1). A total of 86 
(57%) were males and 105 (70%) were non-Hispanics 
whites. The median BMI of the cohort was 28.2 (24.3, 

32.6) kg/m2 and 39% were obese. The most common etiol-
ogy of liver disease requiring LT was Hepatitis C followed 
by NASH and alcohol induced liver disease. The median 
time from LT to liver biopsy was 4.9 (1.7, 11.7) years and 
tacrolimus was commonly used immunosuppression. An 
XL probe was required in 51 (34%) of patients. The LSM 
and CAP values are plotted against hepatic fibrosis stages 
in Figs. 1A and B. Advanced fibrosis (fibrosis stage 3–4) 
was present in 29 (19%) of patients.

Table 1   Clinical characteristics of the study cohort

N (%)
Median (interquartile range)

Demographics
 Age (years) 60 (50, 66)
 Male gender (% male) 86 (57)
 Ethnicity
  Caucasian 105 (70)
  African American 38 (25)

Etiology of liver disease
 Hepatitis C 49 (34)
 Nonalcoholic steatohepatitis 32 (21)
 Alcoholic cirrhosis 22 (15)

Medical co-morbidities
 Body mass index (kg/m2) 28.2 (24.3, 32.6)
 Diabetes (%) 61 (41)
 Hyperlipidemia (%) 79 (53)
 Hypertension (%) 119 (79)
 Obesity (%) 59 (39)

Laboratory
 ALT (IU/L) 38 (22, 72)
 AST (IU/L) 38 (25, 58)
 Alkaline phosphatase (IU/L) 115 (85, 189)
 Bilirubin (mg/dL) 0.70 (0.50, 1.20)
 Hemoglobin 12.7 (11.0, 13.8)
 Platelet 162 (125, 212.)

Histology
 Fibrosis
  Stage 0 75 (50)
  Stage 1 42 (28)
  Stage 2 4 (3)
  Stage 3 12 (8)
  Stage 4 17 (11)

VCTE parameters
VCTE probe (XL probe) 51 (34)
Liver stiffness measurement (kPa) 7.6 (5.8, 12.2)
Controlled attenuation parameter 

(dB/m)
263 (206, 308)

Tacrolimus (%) 117 (78)
Time from transplant to VCTE (years) 4.9 (1.7, 11.7)
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Development of the Models

The VCTE model was developed in stages to optimize the 
ability of VCTE to ‘rule-in’ and ‘rule-out’ advanced fibrosis. 
In the first phase of model building, the NPV of VCTE was 
leveraged to exclude patients unlikely to have any significant 
fibrosis. Thus, using sequential covering analysis, an LSM 
value of 7.45 kPa was used as the entry point into the clini-
cal algorithm (Fig. 2). A value of LSM less than 7.45 kPa 
resulted in exclusion of 72 (48%) patients in the cohort.

The next node was an LSM threshold of 12.1 kPa. Of 
the 40 patients with LSM less than 12.1, only 3 subjects 
had advanced fibrosis. By introducing time from LT as the 
next node in the sequential covering, patients who had a 
LT within 5.6 years were unlikely to have advanced fibro-
sis, leading to correct identification of another 25 (17%) of 
patients. Thus, LSM < 7.45 kPa or LSM between 7.45 and 
12.1 kPa and receiving a LT within 5.6 years correctly iden-
tified 65% of the study cohort with the absence of advanced 
fibrosis.

The remaining cohort of 53 patients who had 
LSM > 12.1 kPa and had received a LT at least 5.6 years 
prior were now enriched with advanced fibrosis (n = 29). In 
this cohort, an LSM threshold of 14.8 kPa was introduced 
and 29 patients had LSM greater than 14.8 kPa with PPV of 
80%. The next node introduced a CAP value of 279 dB/m 
as the threshold. Thus, use of LSM > 14.8 kPa and CAP 
value 279 dB/m or higher lead to identification of 20 out of 
21 patients with advanced fibrosis with a PPV of 95%. This 

approached leveraged the relationship between LSM, CAP 
and time from LT as key positive predictor of LT (Fig. 2B).

In patients with LSM between 12.1 and 14.8 kPa, 6 out 
of 24 had advanced fibrosis. Similarly, patients LSM > 12.1 
and CAP ≤ 279 kPa, 3 out of 8 patients had advanced fibro-
sis. Thus, the diagnosis of advanced fibrosis could not be 
established in 32 (21%) patients. This group of patients was 
defined as the indetermediate zone.

In summary, the implementation of the proposed sequen-
tial covering analysis lead to correct characterization of 65% 
of patients who were ruled out for advanced fibrosis with 
100% accuracy (Fig. 2C) and 14% of patients who were 
ruled in for advanced fibrosis with 95% positive predictive 
value. The intermediate zone consisted of 21% of the cohort 
with a 28% prevalence of advanced hepatic fibrosis. The 
developed sequential covering analysis approach was vali-
dated using leave 1-out cross validation with similar diag-
nostic performance.

Fig. 1   The distribution of liver stiffness measurement (LSM) (A) and controlled attenuation parameter (CAP) (B) across the fibrosis stages in 
liver transplant recipients

Fig. 2   A The proposed sequential covering analysis for identification 
of liver transplant recipients with advanced fibrosis. AF advanced 
fibrosis, CAP controlled attenuation parameter, LSM liver stiffness 
measurement, LT liver transplant. B The relationship between LSM, 
CAP and time from liver transplantation as predictor of advanced 
hepatic fibrosis. C Visual representation of performance of sequen-
tial covering analysis in identifying liver transplant recipients with 
advanced fibrosis

◂
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Comparison of the Proposed Sequential Approach 
to LSM Alone

The performance of sequential approach to LSM models 
was evaluated using previously published LSM cutoff val-
ues that were specific to LT recipients [6]. First, the LSM 
cutoff value of 10.5 kPa was used that was calculated at 
Youden Index (maximal sensitivity and specificity). The 
LSM cutoff value of 10.5 kPa had PPV of 57% and NPV of 
98% (Table 2). Of the 150 patients, LSM value of 10.5 kPa 
correctly identified 128 (85%) patients (true positives + true 
negatives/total patients). There were 20 (13%) patients who 
were incorrectly identified as having advanced fibrosis.

An LSM cutoff value of 13.3 was also utilized as this 
was established at 90% specificity and thus, may reduce the 
need for unnecessary biopsy. The LSM value of greater than 
13.3 kPa had PPV of 71%, NPV of 96% and correctly identi-
fied 135 (90%) patients. The false positive rates for sequen-
tial covering analysis (excluding indeterminate ranges) 
was significantly lower than LSM cutoff values ≥ 10.5 kPa 
and ≥ 13.3 kPa (1% vs. 16.5% vs. 8.3%) (Fig. 3). The true 

positive rates were 87%, 93% and 83% for sequential cov-
ering analysis, LSM ≥ 10.5  kPa and LSM ≥ 13.3  kPa, 
respectively.

Discussion

The LSM based assessment of patients has become a main-
stay of identifying patients at risk of advanced hepatic fibro-
sis and recent studies highlight the utility of LSM in LT 
recipients [6, 9, 14]. The diagnostic performance of LSM 
for detection of advanced hepatic fibrosis in LT recipients 
is excellent, owing to its high NPV [6]. Thus, VCTE based 
LSM is a ‘rule-out’ test as its PPV is relatively modest and 
high LSM values requires further validation with a liver 
biopsy. The present study utilized sequential use of clini-
cal and VCTE-based parameters (i.e. LSM and CAP) to 
improve the diagnostic performance of VCTE for detection 
of advanced hepatic fibrosis and thereby further reducing 
the need for liver biopsy in LT recipients. There is limited 
data using elastography for risk stratification in LT recipi-
ents and these studies utilized dichotomous cutoff values. 
Two-dimensional shear wave elastography (2D-SWE) has 
previously been associated have higher mortality rates in 
the post-LT population, however, 2D-SWE is not as widely 
used in clinical practice as VCTE [18]. This underscores 
the importance of developing risk stratification employing 
VCTE.

The entry point in the clinical decision making for VCTE 
based algorithm employed a relatively low LSM cutoff value 
to eliminate patients who are less likely to have advanced 
fibrosis with perfect accuracy. While hepatic fibrosis pro-
gression in LT recipients is usually accelerated, it is remains 
rare relatively early after LT [2, 14]. The optimal cutoff 
value for time from LT was determined to be 5.6 years by 
modeling patient data from the study cohort. No patients 
below this cutoff had advanced fibrosis. Thus, by combining 
intermediate LSM values with time from LT, a significant 
number of LT recipients can be further eliminated. These 

Table 2   Diagnostic 
performance of sequential 
covering analysis compared to 
liver stiffness measurements

AUROC area under the receiver operating curve, PPV positive predictive value, NPV negative predictive 
value, LSM liver stiffness measurement

AUROC
(95% confidence interval)

Sensitivity Specificity PPV NPV

Sequential covering 
analysis (excluding 
indeterminate)

0.925 (0.853, 0.997) 0.870 0.990 0.952 0.970

Sequential covering 
analysis (including 
indeterminate)

0.906 (0.836, 0.976) 0.690 0.992 0.952 0.970

LSM ≥ 10.5 kPa 0.883 (0.825, 0.940) 0.931 0.835 0.574 0.981
LSM ≥ 13.3 kPa 0.872 (0.798, 0.947) 0.828 0.917 0.706 0.957

Fig. 3   The false positive rates and true positive rates for sequential 
covering analysis to liver stiffness measurement alone. LSM liver 
stiffness measurement, SCA sequential covering analysis
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two decision rules allow ‘ruling out’ of advanced fibrosis 
among LT with 100% accuracy. These findings supplement 
previously published literature that showed high NPV and 
discriminatory value of LSM for ruling out advanced hepatic 
fibrosis.

The PPV value of LSM to detect advanced hepatic fibro-
sis improves as LSM value increases [15]. We leveraged this 
concept to establish a higher threshold (i.e. 14.8 kPa) where 
the likelihood of advanced hepatic fibrosis was considerably 
higher than LSM alone based on prior published reports 
[6, 9]. Moreover, it is well established among patients with 
nonalcoholic fatty liver disease (NAFLD) that progression 
to cirrhosis [and potentially advanced hepatic fibrosis] is 
associated with reduction in severity of hepatic fat [16, 17]. 
While the pathophysiological basis for this observation 
needs to be better defined, it does allow for incorporation 
of presence and severity of liver fat as a surrogate for exclu-
sion of patients who may not have yet developed advanced 
hepatic fibrosis. Thus, using a low CAP value that is read-
ily obtained from VCTE to exclude patients who may not 
have advanced fibrosis improved the PPV of LSM > 14.8 kPa 
from 85 to 95% when LSM > 14.8 kPa was combined with 
CAP ≤ 279 dB/m. Incorporations of these physiological 
processes helped improve the PPV of VCTE and therefore 
allows the use of VCTE as a ‘rule-in’ test in select cohort of 
LT recipients with advanced hepatic fibrosis. Finally, within 
the indeterminate zone, the prevalence of advanced hepatic 
fibrosis was considerably higher (nearly 1 in 3 patients), thus 
improving the overall yield of a liver biopsy.

The diagnostic performance of the proposed sequential 
approach improves on only utilizing LSM alone for risk 
stratification. However, there remained a smaller cohort 
of patients who could not be either confidently ‘ruled in’ 
or ‘ruled out’ for advanced hepatic fibrosis. These were 
patients who either had advanced hepatic fibrosis with LSM 
value < 14.8 kPa or elevated LSM plus high CAP value. A 
conscious decision was made not to develop additional rules 
(i.e. nodes) to risk stratify these patients further as the num-
ber of patients meeting these criteria were relatively small 
and would lead to overfitting of the model, making the algo-
rithm less generalizable. However, the proposed approach 
was able to reduce the number of liver biopsies needed if 
LSM alone was used.

Strengths and Limitations

A major limitation of VCTE in clinical practice is sub-
optimal PPV, thereby, relegating VCTE largely as a ‘rule-
out’ test [6]. In the present study, we used best practices 
in biomarker development to propose a VCTE-based 
algorithm for detection of advanced hepatic fibrosis in 
LT recipients that not only maximizes NPV but also PPV 
in a select group of patients in whom a liver biopsy can 

be largely avoided. The parameters used in the algorithm 
are either readily available (i.e. time for LT) or can be 
obtained from VCTE (LSM and CAP) that minimizes the 
need for excessive testing and time delay in establishing 
the diagnosis. Thus, the proposed algorithm allows for 
rapid integration into clinical practice for more precise 
risk stratification in LT recipients.

The study results must be evaluated in the context of 
study limitation. The present study, was not able to pro-
vide clarity to a sub-set of patients, in whom a liver biopsy 
would be needed to establish the diagnosis. Due to relatively 
smaller sample size, the study is unable to develop a dis-
ease specific algorithm, however, this requires larger sam-
ple size. The present study provides the foundational data 
needed to prospectively design such a study. As the number 
of patients with stage 2 fibrosis was relatively modest, the 
study is unable to provide a similar algorithm for risk strati-
fication of patients with at least moderate hepatic fibrosis 
after LT. However, presence of advanced hepatic fibrosis in 
LT recipients has been negatively associated with both graft 
and patient health and thus, was used in this pilot study to 
optimize VCTE based risk stratification strategies. Addition-
ally, patients were chosen for biopsy based on hepatologist 
judgement. As the study was retrospective, the sequence in 
which patients underwent VCTE and liver biopsy was not 
standardized. While these can introduce potential bias, the 
present study provides novel conceptual data on designing 
prospective study to develop clinically useful VCTE based 
algorithm for risk stratification.

In conclusion, detection of advanced hepatic fibrosis in 
LT recipients is challenging and VCTE has proven to be a 
useful tool for risk-stratification, particularly as a ‘rule-out’ 
test. The present study, utilizes VCTE and clinical param-
eters to develop a novel clinical algorithm to improve on 
the diagnostic performance of VCTE alone for detection of 
advanced hepatic fibrosis in LT recipients. While this strat-
egy still requires further validation, incorporation of read-
ily available clinical parameters in the algorithm allows for 
rapid integration into clinical practice to improve the clinical 
care of LT recipients.
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