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Abstract

Goals: Our aims were to describe the diagnostic and prognostic performance of transient
elastography (TE) and magnetic resonance elastography (MRE) in patients with primary biliary
cholangitis (PBC).
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Background: The diagnostic performance of TE and MRE in detecting advanced fibrosis
in PBC and in predicting outcomes independent of existing serologic prognostic markers is
incompletely understood.

Study: Five hundred and thirty-eight consecutive patients with PBC at three centers with liver
stiffness (LS) measurements by TE (n=286) or MRE (n=332) were reviewed. LS cut-offs for
predicting fibrosis stages were determined by receiver operating characteristic curves among those
with a liver biopsy (TE n=63, MRE n=98). Cox proportional hazard regression modeling was used
to identify associations between covariates and hepatic decompensation.

Results: The optimal LS thresholds for predicting histologic stage F4 were 14.40 kilopascals
(kPa) [Area under the curve (AUC) 0.94] for TE and 4.60 kPa [AUC 0.82] for MRE. Both TE and
MRE outperformed biochemical markers for prediction of histologic advanced fibrosis. Optimal
LS thresholds to predict hepatic decompensation were 10.20 kPa on TE and 4.30 kPa on MRE. LS
by TE and MRE (respectively) remained predictors of hepatic decompensation after adjusting for
UDCA responsiveness [hazard ratio (HR), 1.14; 95% confidence interval (Cl), 1.05-1.24 and HR,
1.68; 95% Cl, 1.28-2.19] and the GLOBE score [HR, 1.13; 95% CI, 1.07-1.19 and HR, 2.09; 95%
Cl, 1.57-2.78].

Conclusions: LS measurement with either TE or MRE is able to accurately detect advanced
fibrosis and offers additional prognostic value beyond existing serologic predictive tools.

Keywords

Liver stiffness; magnetic resonance elastography; transient elastography; primary biliary
cholangitis

Introduction

Primary biliary cholangitis (PBC) is an autoimmune chronic cholestatic liver disease which
can lead to cirrhosis and complications related to portal hypertension (1). Indeed, prognosis
is largely tied to the rate and extent of parenchymal extinction and fibrotic deposition (2).
Understanding the natural history of this progression and how to optimally assess it is
important in the management and risk stratification of patients with PBC (3, 4).

Liver biopsy is an imperfect gold standard for the assessment of fibrosis severity. It is
limited by its invasiveness, cost, variability in interpretation amongst pathologists and the
limited volume of liver sampled (5, 6). Liver stiffness (LS) has been increasingly used

as a surrogate marker for hepatic fibrosis (7, 8). LS can be quantified through transient
elastography (TE) and magnetic resonance elastography (MRE) (9-14). Several studies have
shown correlation between fibrosis stage and LS by TE in PBC (15-21). An increased

LS measured by TE has been shown to be associated with adverse outcomes in PBC

(15). However, the diagnostic and prognostic role of MRE in PBC has been unexplored

and it remains unclear if TE or MRE measured LS has prognostic value independent of
ursodeoxycholic acid (UDCA) response status and the GLOBE PBC score.
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To address these gaps in our knowledge, we aimed to characterize the diagnostic
performances of TE and MRE for predicting fibrosis on liver biopsy and to probe the
prognostic capabilities of LS by TE and MRE among those with PBC.

Materials and Methods

Patients

This study was approved by the Institutional Review Board of Mayo Clinic. Using the
electronic medical record, a retrospective review was conducted across all Mayo Clinics

in Minnesota (MN), Arizona (AZ) and Florida (FL). Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) initiative recommendations were applied
for the manuscript design (22).

Inclusion criteria included adult patients diagnosed with PBC according to established
criteria (elevated alkaline phosphatase (ALP), and positive anti-mitochondrial antibody or
elevated ALP and compatible histologic features among those who tested negative for
anti-mitochondrial antibodies) who underwent at least one TE or MRE between January 15t
2007 to January 15t 2019 (23, 24). Subjects with concurrent autoimmune hepatitis (AlH)
were included and AIH-PBC overlap was established on the basis of histologic features

in conjunction with an established diagnosis of PBC (23, 24). However, individuals with
other causes of chronic liver diseases beyond AlH were excluded. Subjects with recurrent
PBC post-transplant detected on liver biopsy were excluded from survival analyses if the
only LS measurement occurred following liver transplantation (LT). However, they were
able to remain in the analysis which correlated LS and fibrosis stage when recurrent PBC
was confirmed on liver biopsy provided the LS was measured after transplant and within 1
year of the liver biopsy. TE-derived LS measurements with an interquartile range (IQR) to
median ratio exceeding 30% were excluded, per the manufacturer’s recommendation. MRE
was performed as described previously by authors of this study (25).

Data collection

LS was quantified as kilopascals (kPa) using TE (Echosens, Paris, France) or MRE as
previously described (25-27). Serum biochemical values were collected within 6 months

of the LS assessment. These values were used to calculate the aspartate aminotransferase
(AST) to platelet ratio index (APRI), and GLOBE score. Alanine aminotransferase (ALT) &
ALP were measured as ratios to their upper limits of normal (ULN). UDCA non-responders
were defined using the Toronto criteria (28). Splenomegaly was defined as a splenic

width measurement (largest anterior-posterior measurement) greater than 11cm (29). Among
patients without hepatic decompensation, portal hypertension was defined as the presence of
splenomegaly, varices, thrombocytopenia or portosystemic shunts.

Liver biopsy specimens were included in the analysis, provided they were obtained within
12 months of the LS assessment. The liver biopsy specimens were reviewed by expert liver
pathologists and the fibrosis stage and inflammatory grade were determined by the Batts
Ludwig criteria (30, 31). High grades of inflammation were described as grades 3&4 on
biopsy or having an ALT/ULN >2 (32, 33).
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If subjects had both MRE and TE, for baseline demographics, they were assigned to
whichever LS assessment occurred first (Table 1). Otherwise, all TE and MRE data were
included in subsequent analyses. If an individual had both a TE and MRE within 1 year of a
liver biopsy they were counted twice (once in the TE cohort and once in the MRE cohort).
Similarly, if a subject had both a TE and MRE they were used twice (once in the TE cohort
and once in the MRE cohort) for survival analyses.

Statistical Analysis

Statistical analysis was performed by using SAS v9.4 (SAS Institute Inc., Cary, NC),

and some figures were made using R (34). Categorical data are presented as numbers
(percentages), while continuous variables are expressed as median (IQR), unless otherwise
stated. Categorical and continuous variables were compared by ChiSquare and non-
parametric Wilcoxon Rank Sum tests, respectively. Statistical significance was determined
by a p-value <0.05.

Spearman’s correlation was used to assess the relationship between the LS, and the fibrosis
stage and covariates associated with increased LS. Diagnostic performances of TE and

MRE to predict fibrosis stage were characterized by receiver operating characteristic (ROC)
curves, sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), and area under the curve (AUC) with their respective 95% confidence intervals (Cl).
ROC curves were done only in subset of patients who had both a biopsy and biochemical
variables of interest. LS thresholds were determined based on the cut-off that maximized the
sum of sensitivity and specificity. The AUC for LS to detect advanced fibrosis was compared
with the AUC of other laboratory tests among those with a liver biopsy.

Prognostic capabilities of TE and MRE were examined. Hepatic decompensation is directly
related to fibrosis and portal hypertension. LS is a surrogate marker for both pathologies;
thus, the primary endpoint was defined as hepatic decompensation (development of

ascites, variceal hemorrhage, or hepatic encephalopathy). Secondary endpoint was defined
as hepatic decompensation, LT, hepatocellular carcinoma (HCC) or death, whichever
occurred earlier. Subjects were followed from the time of LS assessment (baseline) to the
development of primary and secondary endpoints. Censoring occurred at the time of last
follow up, LT, or when the primary endpoint was assessed (whichever was earlier) or the
last follow up when the secondary endpoint was assessed. Patients with any of the endpoints
prior to the time of the scan were excluded from the survival analyses. Cox proportional
hazard regression was used to identify association between different covariates and the
endpoints. Results were expressed as hazard ratio (HR) and 95% CI. Only 2 variables were
allowed into the multivariable analyses to prevent instability in the model given the limited
number of events. Hence LS plus either UDCA responsive status or covariates significant

in the univariable analyses were included in a series of multivariable models. Cumulative
incidence of outcomes was determined by the Kaplan-Meier method. The optimal LS cut-off
to predict development of primary and secondary endpoints were determined as suggested
by Contal and O’Quigley (35). The reporting of this study was done in accordance with the
Standards for Reporting of Diagnostic Accuracy (STARD) guidelines (36).
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Five hundred and forty-four patients with PBC at three centers were identified. Six

subjects were excluded for unreliable TE performance. Ultimately, 538 unique individuals
were included across three Mayo Clinic sites (Rochester, MN, n=238; Jacksonville, FL,
n=193; Scottsdale, AZ, n=107). Unique single LS measurement was performed using TE
alone n=206; MRE alone n=252 and both TE and MRE n=80. Hence, there were 286

unique TE LS measurements and 332 unique MRE LS measurements used in the analyses
(Supplementary Figure 1). There was a moderate correlation (r=0.51) between TE and MRE
among the 18 subjects who had both studies within 12 months of each other. Baseline
characteristics are shown in Table 1. The patients were followed for a median of 2.24 (0.88 —
4.29) years.

Markers of cholestasis and portal hypertension (as measured by the platelet count and APRI)
correlated with increases in LS measured by both TE and MRE (Table 2). LS was lower
among individuals who had a response to UDCA (Supplementary Figure 2).

Diagnostic performance of liver stiffness

Transient elastography—The length of time between biopsy and TE measurement

was 82.00 (23.50-218.50) days. LS correlated with fibrosis stage (r = 0.51, p <0.001)
(Supplementary Figure 3a). The optimal LS thresholds by TE for predicting histologic
fibrosis stage =F1, =F2, >F3 and =F4 were 6.60 kPa (AUC 0.70), 7.00 kPa (AUC 0.65), 7.50
kPa (AUC 0.73), and 14.40 kPa (AUC 0.94), respectively (Table 3). Since performance of
TE in PBC-AIH overlap is not validated we did a subgroup analysis after excluding patients
with AIH overlap. These cut-offs were similar when subjects with concomitant AIH were
excluded (Supplementary Table 1). LS measured by TE had an enhanced ability to predict
advanced fibrosis and cirrhosis when compared to biochemical markers such as ALP/ULN,
APRI, total bilirubin, platelet count and albumin (Figure 1a).

Magnetic resonance elastography—The length of time between biopsy and MRE
measurement was 45.00 (11.50-112.00) days. Similar to the findings of the TE, there

was a correlation between LS and fibrosis stage (r=0.51, p<0.001) (Supplementary Figure
3b). While MRE measured LS was able to detect the presence of cirrhosis, its ability to
distinguish various fibrosis stages was sub-optimal in this cohort. For example, the optimal
LS thresholds by MRE for predicting histologic fibrosis stage =F1, >F2, >F3 and =F4 were
3.80 kPa (AUC 0.50), 3.80 kPa (AUC 0.60), 3.70 kPa (AUC 0.71), and 4.60 kPa (AUC
0.82), respectively (Table 3). We investigated the following confounders that could have
explained MRE’s inability to distinguish lower fibrosis stages in this cohort (Supplementary
Table 1&2): presence of overlap with AlIH; presence of high degree of inflammation defined
by grade 3 or 4 on biopsy or an ALT/ULN >2 and variations across centers. However, these
sensitivity analyses did not improve the diagnostic performance at earlier stages. Finally,
there were a high proportion of individuals with portal hypertension who had FO-F2 fibrosis
on their biopsy (Table 3, footnote). This may suggest either the presence of cirrhosis missed
on the biopsy or pre-sinusoidal portal hypertension which can occur in PBC. However, a
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similar observation was noted in the TE cohort (Table 3, footnote) making sampling error as
a confounder in the MRE cohort less likely.

LS measured by MRE also had an enhanced ability to predict advanced fibrosis and cirrhosis
when compared to biochemical markers such as ALP/ULN, APRI, total bilirubin, platelet
count and albumin (Figure 1b).

Prognostic performance of liver stiffness

Transient elastography—Of those who had TE assessment of LS, 8 patients developed
the primary endpoint of hepatic decompensation (ascites, n=7; multiple, n=1). Thirteen
developed at least one of the secondary endpoints (hepatic decompensation, n=7; LT alone,
n=1; death, n=4; multiple, n=1). This includes a total of 2 subjects who required LT

(1 individual developed decompensation before transplantation and were included in the
multiple category). The causes of death were either liver related (n=3) or unknown (n=1).
No patient developed HCC before the other outcomes in the secondary endpoint. LS was
higher for those who developed hepatic decompensation compared to those who did not:
12.60 (8.96 — 32.85) kPa, vs 6.15 (4.60 — 8.73) kPa, p=0.001. Similarly, LS for those who
developed at least one secondary endpoint was higher compared to those who did not: 11.30
(8.90 — 30.65) kPa vs 6.10 (4.60 — 8.60) kPa, p=0.001. Using TE, the optimal thresholds to
predict hepatic decompensation was 10.20 kPa (HR, 13.73; 95% CI, 2.77 — 68.06) and 9.30
kPa (HR, 10.51; 95% CI, 2.89 — 38.20) to predict the secondary endpoint (Figure 2a).

Covariates associated with the primary and secondary endpoints are shown in Table 4.
C-statistic for LS measured by TE in predicting hepatic decompensation was 0.85 (95%
Cl, 0.74 - 0.97) and in predicting secondary endpoints was 0.87 (95% Cl, 0.78-0.95). LS
measured by TE remained associated with adverse outcomes after adjusting for these other
prognostic variables including UDCA response and the GLOBE score (Table 5).

Magnetic resonance elastography—Among those who had MRE assessment of

LS, 25 patients developed hepatic decompensation (ascites, n=12; variceal hemorrhage,

n=1; hepatic encephalopathy, n=3; multiple, n=9). Thirty-three patients developed at

least one secondary endpoint before LS assessment by MRE (hepatic decompensation,
n=18; LT alone n=1; death n=8; multiple, n=6).Three individuals underwent a LT (this
includes 2 individuals who developed decompensation before LT and were included in

the multiple category). The causes of death were liver related (n=5) and non-liver related
(ischemic stroke, n=2; breast cancer, n=1). LS was higher for those who developed hepatic
decompensation compared to those who did not: 4.60 (3.71 — 6.29) kPa vs 2.90 (2.40 — 3.70)
kPa, p <0.001. Similarly, LS for those who developed at least one secondary endpoint was
higher compared to those who did not: 4.30 (3.25 — 5.85) kPa vs 2.89 (2.40 — 3.60) kPa, p
<0.001. Using MRE, the optimal thresholds to predict hepatic decompensation was 4.30 kPa
(HR, 15.74; 95% Cl, 6.55-37.83) and 4.17 kPa (HR, 8.33; 95% ClI, 4.13-16.79) to predict
the secondary endpoint (Figure 2b).

Covariates associated with the primary and secondary endpoints are shown in Table 4. C-
statistic for LS measured by MRE in predicting hepatic decompensation was 0.83 (95% Cl,
0.76 — 0.89) and in predicting secondary endpoints was 0.78 (95% ClI, 0.70-0.85). Similar to
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TE, MRE measured LS remained associated with adverse outcomes after adjusting for these
other prognostic variables including UDCA response and the GLOBE score (Table 5).

Discussion

This study presents a comprehensive appraisal of LS in subjects with PBC, as well as

its predictors and clinical implications. To the best of our knowledge, this is the largest
examination of TE and the first that evaluated MRE in PBC, to date. We have shown
several findings that enhance the understanding of LS in PBC. First, LS measured by
either TE or MRE have good diagnostic performance in PBC for predicting advanced
stages of fibrosis that outperform existing biochemical predictors. Second, we describe
the relationships between clinical features and LS. Third, LS is an independent predictor
for poor clinical outcomes, even after adjustment for other prognostic variables including
UDCA responsiveness and the GLOBE score.

Our findings validate the work of our European colleagues who previously examined the
diagnostic and prognostic performance of TE-derived LS measurements. Corpechot et a/
showed optimal LS cut offs of 10.70, and 16.90 kPa for histologic fibrosis stages =F3, and
F4, respectively while Floreani et a/ showed optimal diagnostic cut offs of 7.60, and 11.40
kPa for fibrosis stages =F3 and F4, respectively (15, 20). The LS cut-offs in this North
American cohort reside approximately between these studies (Table 3 and Supplementary
Table 1). Moreover, we reaffirmed that LS is superior at predicting liver fibrosis compared
to biochemical parameters (Figure 1) (15). In addition, Corpechot ef a/ observed that LS
>9.60 kPa was associated with a five-fold increased risk of hepatic decompensation, liver
transplant, and death (15). This is also consistent with our observations (Figure 2a).

This study represents the first effort to examine MRE in PBC. This is important as MRE
may offer several advantages when quantifying LS over TE. First, MRE can characterize a
larger volume of the liver when compared to TE (25, 37). Second, MRE has been shown

to have a lower failure rate and better diagnostic performance in other liver diseases when
compared to TE (11, 13, 38, 39). Last, unlike TE, MRE is not influenced by obesity (25).

A cut-off of 4.60 kPa on MRE was able to accurately detect cirrhosis (Table 3). After

using a conversion factor of 3 to approximate and compare shear based MRE measurements
with the Young’s modulus TE measurements, this was similar to the TE-derived LS cutoff
for cirrhosis in the present study and similar to other MRE-derived LS cut-offs to detect
cirrhosis in other liver diseases (40, 41). Unlike TE, MRE had a surprisingly suboptimal
performance to differentiate between earlier fibrosis stages. We did not observe confounding
differences between the TE and MRE cohorts that explain this observation. The AUC of
MRE-derived LS in predicting cirrhosis was high; coupled with a low PPV can indicate a
possible role of MRE in excluding cirrhosis rather than predicting it (Table 3). Similar to
TE, MRE-derived LS was able to predict adverse outcomes independent of other prognostic
markers (Figure 2, Table 5). The limited number of subjects who had both TE and MRE
prevent us from making a direct comparison between elastography modalities. However, our
observations suggest that MRE is unlikely to offer a significant advantage over TE among
most patients with PBC. Therefore, it may be reasonable to reserve the use of MRE among
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individuals with an elevated BMI, prior failed or unreliable LS measurements using TE and
those who need cross-sectional imaging to screen for other liver related complications.

Several new observations in the present study add credence to the importance of routine

LS measurement in clinical practice. First, an increased LS among UDCA non-responders
further illustrates this subgroup of patients is at a higher risk for adverse events and

should be considered for adjunctive therapies and closer monitoring (24). Second, while
identifying UDCA non-responders and quantifying progression risk using the GLOBE score
is important, LS assessment also adds prognostic value. Indeed, LS retains its prognostic
value regardless of an individual’s response to UDCA responsiveness or GLOBE score
(Table 5).

Our study has several limitations. First, it was a retrospective cohort study conducted at
referral centers. Second, the small number of cases who had both TE and MRE performed
prevented us from concluding if one technique is superior to the other among those with
PBC. However, the side-by-side assessment presented here-in has relevance and provides
reassurance to practitioners that either elastography method has diagnostic and prognostic
value. Third, there were an insufficient number of patients who underwent serial LS
measurements. Consequently, we are unable to comment on the natural history of LS
changes and their prognostic relevance. Similarly, our ability to examine the impact of
UDCA adjuvant therapies such as obeticholic acid on LS and outcomes was limited by the
small sample size. Last, the follow-up duration was limited which prevents us from drawing
conclusions regarding the role of LS and long-term outcomes. However, its ability to predict
short term outcomes is robust.

In the largest evaluation of LS by TE in patients with PBC, as well as the first evaluation
of LS by MRE in patients with PBC, this study has demonstrated that both TE and MRE
have reliable diagnostic capabilities to predict advanced histologic fibrosis, outperforming
biochemical tests. Moreover, both TE and MRE can predict hepatic decompensations and
other clinically relevant endpoints in patients with PBC, independent of UDCA response
status and the GLOBE risk score.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Optimal liver stiffness thresholds to predict adverse events

Abbreviation: kPa, kiloPascals

t Twenty patients developed hepatic decompensation before the liver stiffness measurement
by transient elastography

t Thirty-nine patients developed hepatic decompensation before the liver stiffness
measurement by magnetic resonance elastography

1 Three patients developed hepatocellular carcinoma before the liver stiffness measurement
by magnetic resonance elastography
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