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Abstract

Background: We annually monitored stable compensated cirrhosis (CC) patients to evaluate serial variation in blood
serum, liver stiffness, and multiparametric magnetic resonance imaging (mpMRI) measures to provide reference
change values (RCV) and sample size measures for future studies.

Methods: Patients were recruited from a prospectively followed CC cohort, with assessments at baseline and annu-
ally over three years. We report on blood markers, transient elastography liver stiffness measures (LSM) and noninva-
sive mpMRI (volume, T1 mapping, blood flow, perfusion) of the liver, spleen, kidneys, and heart in a stable CC group
and a healthy volunteer (HV) group. Coefficient of variation over time (CoV;) and RCV are reported, along with hazard
ratio to assess disease progression. Sample size estimates to power future trials of cirrhosis regression on mpMRI are
presented.

Results: Of 60 CC patients enrolled, 28 with stable CC were followed longitudinally and compared to 10 HVs. CoV;

in mpMRI measures was comparable between CC and HV groups. CoV; of Enhanced Liver Fibrosis score was low (<
5%) compared to Fibrosis-4 index (17.9%) and Aspartate Aminotransferase-to-Platelet-Ratio Index (19.4%). A large
CoV4 (20.7%) and RCV (48.3%) were observed for LSM. CoV; and RCV were low for liver, spleen, and renal T1 values
(CoVy < 5%, RCV < 8%) and volume (CoVy < 10%, RCV < 16%); haemodynamic measures were high (CoVy 12-25%, RCV
16-47%).

Conclusions: Evidence of low CoVyand RCV in multiorgan T1 values. RCV and sample size estimates are provided for
future longitudinal multiorgan monitoring in CC patients.

Trial registration: ClinicalTrials.gov identifier: NCT02037867, Registered: 05/01/2013.

Keywords: Biomarkers, Disease progression, Liver cirrhosis, Multiparametric magnetic resonance imaging, Sample
size

Key points

Christopher R. Bradley, Eleanor F. Cox, and Naaventhan Palaniyappan are joint ¢ L‘Wer’. I<1dr1ey, and spleen T1 .have I‘OW variation over

first authors. time in stable compensated cirrhosis (CC).

+ Multiorgan haemodynamic multiparametric mag-
netic resonance imaging (mpMRI) measures have

high variation over time in stable CC.

3 Nottingham Digestive Diseases Centre, School of Medicine, University « Liver T1, volume, blood flow, and spleen volume

of Nottingham, Nottingham, UK . ’ 7 ] P )

Full list of author information is available at the end of the article were predicted to best detect cirrhosis progression.

*Susan T. Francis and Indra Neil Guha are joint senior authors.

*Correspondence: Neil.Guha@nottingham.ac.uk

. ©The Author(s) under exclusive licence to European Society of Radiology 2022. Open Access This article is licensed under a Creative
@ Sprlnger O pe n Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
— format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Cornmons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT02037867?cond=NCT02037867&draw=2&rank=1
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41747-022-00303-y&domain=pdf

Bradley et al. European Radiology Experimental (2022) 6:52

« Liver T1 and left ventricle wall mass were predicted
to best detect decompensation progression.

+ Sample size estimates for future multiorgan mpMRI
trials of CC regression are provided.

Background

The assessment of chronic liver disease using noninvasive
markers is firmly established within clinical practice to
study liver fibrosis across aetiology [1-4]. Baseline meas-
ures of chronic liver disease have been shown to provide
prognostic value in determining clinical outcomes [5],
using simple laboratory tests [6, 7], specific fibrosis markers
[8], and transient elastography (Fibroscan®) [6, 9]. Recently,
novel magnetic resonance imaging (MRI) techniques [10]
have been used to study liver disease, for example liver tis-
sue longitudinal relaxation time, i.e., T1, has been shown
to correlate with disease severity of liver fibrosis in a cross-
sectional study [11]. Liver MRI is now being used in clinical
trials of longitudinal change, and the need to study critical
organs such as the heart, kidneys and splanchnic circula-
tion is now recognised as a central aspect in the clinical
management of cirrhotic patients [12—14]. However, there
is limited knowledge of serial variation of multiorgan
MRI measures in healthy volunteers and stable patients.
It is important to know whether the increase or decrease
between two measurements collected serially in time is of
clinical significance.

The serial change in a measurement originates from
its technical variation (related to the test imprecision)
and the biological variation within a subject over time
- together this is described by the intra-individual coef-
ficient of variance across time (CoVy), as well as any
change in pathology due to disease progression or regres-
sion. For serial measures to reflect clinical improvement
or disease progression, any changes over time in the
absolute value of a measure should exceed the CoV .

The measurement of biomarkers in stable liver dis-
ease provides an insight into the temporal variation in
the serial, longitudinal measurement of a biomarker,
and the required change needed to reflect an alteration
in the underlying pathology. Studies reporting the vari-
ation in measures in stable patients with liver disease
are limited exclusively to blood tests and serum markers
[15-17]. In a recent paper, Trivedi et al. [18] assessed
the inter- and intra-individual variation in serum alka-
line phosphatase and enhanced liver fibrosis (ELF) score
over time in patients with primary sclerosing cholan-
gitis. They showed that serum alkaline phosphatase
could not associate with disease progression due to a
large CoV, whilst the ELF score had a lower CoV of <
5% and could be used to track fibrosis progression and
development of cirrhosis. To date, very few studies have
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reported the variation of MRI measures in chronic liver
disease [19, 20].

The aim of this study is to assess the serial annual vari-
ation in blood serum and multiorgan MRI measures of
blood flow, perfusion, volume, and T1 mapping in the
liver, kidney, and spleen in a stable compensated cirrhosis
(CC) patient group who did not develop any clinical out-
comes, ie., in the absence of decompensation and stable
validated measures of liver function: model for end-stage
liver disease (MELD) and United Kingdom model for
end-stage liver disease (UKELD). These data provide ref-
erence change values in compensated cirrhosis patients
to track disease progression or regression and for inter-
vention assessment in future studies.

Methods
Study design and cohort information
We performed a retrospective analysis of data from indi-
viduals enrolled in the Compensated Cirrhosis Cohort
in Nottingham (3CN Study), a study focused on track-
ing liver disease [10] (research approval 10/H0403/10).
Inclusion criteria were evidence of cirrhosis based on
histology and radiological features and no evidence of
decompensation (ascites, significant jaundice, hepatic
encephalopathy, and variceal bleeding), hepatocellular
carcinoma, and portal vein thrombosis. Exclusion cri-
teria included orthotopic liver transplantation, ischae-
mic heart disease, alcoholic cardiomyopathy (defined by
clinical evidence of systolic dysfunction) and valvular
heart disease (defined by echocardiography). CC patients
were managed in accordance with standard clinical care
guidelines [21]. For alcoholic and non-alcoholic fatty
liver disease (NAFLD), lifestyle intervention was offered
including referral to an alcohol counsellor and/or dieti-
cian, both with a special interest in chronic liver disease.
For patients with chronic hepatitis C, the treatment regi-
mens followed the national guidelines appropriate to
the specific area (directly acting anti-viral treatment). In
addition, patients attended six-monthly clinical research
visits (physical examination, blood tests, and Fibroscan®)
and an annual research multiparametric MRI (mpMRI).
Patients were assessed at baseline and returned for
research visits for up to 3 years. Of the 60 CC patients
scanned at baseline, 28 formed our stable control CC
group. They did not develop any clinical outcomes
(absence of decompensation and stable validated MELD
or UKELD measures of liver function) and accepted to
take part in longitudinal follow-up are studied in this
work. Figure 1 provides an overview of the study pro-
tocol and annual research visits, illustrating 28 control
CC patients at year 1, with 11 completing their year 3
follow-up. In addition, of the 40 healthy volunteers (HVs)
assessed at baseline, 10 HVs who were age, gender, and
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Fig. 1 Schematic of the study and consort diagram. Schematic of blood markers (MELD, UKELD, APRI, FIB4, ELF), Fibroscan® LSM, and
multiparametric magnetic resonance imaging (volume, T1-mapping, blood flow, perfusion) of the liver, spleen and kidneys, and cardiac index.
lllustration of healthy volunteers (HV) and compensated cirrhosis (CC) patients studied longitudinally as indicated by consort diagram. MELD Model
for end-stage liver disease, UKELD United Kingdom model for end-stage liver disease, APRI Aspartate aminotransferase to platelet ratio index, FIB4
Fibrosis-4, ELF Enhanced liver fibrosis, LSM Liver stiffness measure, TE Transient elastography
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body mass index (BMI) matched to the year 3 CC patient
group were scanned at baseline and year 3. Decompen-
sated cirrhosis (DC) patients were scanned at baseline
only.

At each visit, participants attended following an over-
night fast. Blood samples assessed markers of liver fibro-
sis including Enhanced Liver Fibrosis (ELF), Aspartate
aminotransferase to Platelet Ratio Index (APRI) and
Fibrosis-4 (FIB4) index. mpMRI measures detailed below
were collected. In addition, Fibroscan® liver stiffness
measure (LSM) was obtained by an experienced opera-
tor. For the HV group, only ELF and MRI measures were
collected.

Multiorgan mpMRI protocol

Participants were scanned following a 6-hour fast,
between 8 am and 12 pm. All imaging was performed on
a 1.5-T Achieva scanner (Philips, Best, The Netherlands)
using a 16-element Torso receive coil and the body trans-
mit coil. In each 1-hour scan session, unenhnaced MRI
measures were collected on the liver (~20 min), splanch-
nic organs, and kidneys (~15 min), and heart (~10 min)
[10]. Imaging sequence parameters for all MRI measures
are shown in detail in Table 1. This comprised: liver-por-
tal vein and hepatic artery blood flow, liver perfusion, and

tissue T1 [11, 22]; spleen and superior mesenteric artery—
splenic artery and superior mesenteric artery blood flow,
splenic tissue perfusion and tissue T1; kidney—right renal
artery blood flow, kidney volume, renal tissue perfusion
[23, 24], and tissue T1 [24]; heart—cardiac index and left
ventricular (LV) wall mass index [25]. Organ volume
was measured from high resolution anatomical images.
T1 mapping was performed using a respiratory trig-
gered inversion recovery spin echo echo-planar imag-
ing scheme. Blood flow measures were performed using
phase-contrast MRI and perfusion using respiratory trig-
gered flow alternating inversion recovery arterial spin
labelling (ASL). Due to the longitudinal repeat measures
performed in this study, no dynamic contrast-enhanced
MRI measures were collected.

Image analysis

Volume of liver, spleen and kidneys

Analyze® (Version 9, Mayo Clinic https://analyzedirect.
com/) was used to draw an ROI around each organ (liver,
kidney, spleen) for each slice, with total organ volume
calculated by summing across slices. Liver and spleen
volumes were adjusted for patient body surface area
(BSA).


https://analyzedirect.com/
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Blood flow measures

MR Qflow (a plug-in available on the ViewForum Philips
Medical Systems, Best, The Netherlands https://www.
philips.co.uk/healthcare/product/ HCAPP013/-mr-
qflow-) was used to analyse phase-contrast MRI data.
For each vessel, a region of interest was drawn on each
cardiac phase to estimate flow by averaging the flow
velocity values and multiplying by vessel lumen cross-
sectional area. Mean flow was calculated by averaging
flow across cardiac cycle phases.

Cardiac function and structure

Cardiac MRI data was analysed using ViewForum soft-
ware (Philips Medical Systems, Best, The Netherlands).
phase-contrast MRI data of the aorta was analysed by
computing stroke volume and heart rate, then multiply-
ing these to yield cardiac output. This software was also
used to draw wall contours to calculate end diastolic
LV wall mass. Cardiac output and LV wall mass were
adjusted for patient BSA[NO_PRINTED_FORM].

Perfusion and T1 relaxation mapping of the liver, spleen

and kidneys

Inversion-recovery data were fit to a two-parameter
model to generate T1 maps. ASL analysis was performed
using MATLAB (2014a, Natick, MA, USA) and/or IDL
(version 8.0, Broomfield, CO, USA). Individual perfu-
sion-weighted images (control-label) were calculated,
inspected for motion (excluding > 1 voxel) and averaged
creating a perfusion-weighted image. Perfusion-weighted
image, base equilibrium magnetisation, M, image, and
T1 maps were used in a kinetic model [26] to compute
tissue perfusion maps.

A binary organ mask was formed to calculate mean
liver, spleen and renal cortex perfusion. For the liver and
spleen, masks were formed from the base M, image and
applied to T; maps to obtain the median T1 (excluding
major blood vessels with a T; > 1,300 ms) and perfusion.
Whole kidney masks were formed by manual segmenta-
tion of the T1 map, applied to the T1 and perfusion maps,
and the mode of each parameter calculated for each kid-
ney, the mean was then computed across kidneys.

Statistical analysis

In this stable CC control group, we aim to determine the
variance over time in blood serum, Fibroscan® LSM and
MRI measures of blood flow, structure, and perfusion,
and evaluate this in the context of future clinical trials.
To address this, we performed the following analyses
regarding (1) the changes with disease stage in the base-
line cross-sectional data; (2) the coefficient of variation
(CoV) within the stable CC control group at baseline
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(interindividual, groupwise CoV, CoVy); (3) the CoV
across time in annual measurements in individuals in the
stable CC control group (intraindividual, CoVy) and the
reference change value (RCV), defined as the percentage
change in a measure in an individual that can be attrib-
uted to pathological change, (as employed in a recent
study of high sensitivity cardiac troponin-T (hs-cTnT)
concentration in dialysis patients [27]); (4) the variation
in serum and MRI measures collected in HVs to deter-
mine whether the results differ between stable CC and
HV group; (5) the hazard ratio (HR) of these measures
to assess disease progression; (6) sample size estimates
for future longer-term clinical trials powered on mpMRI
measures to study cirrhosis regression. Details of each of
these analyses are provided below.

1. Cross-sectional multiparametric MRI measures with
disease stage. The percentage change in MRI measures
at baseline between the HV, CC, and DC groups was
calculated to determine clinically relevant increases or
decreases in measures.

2. Categorical change in clinical and MRI measures in
the stable CC control group. To demonstrate the sta-
bility of each clinical and MRI measure in the stable
CC control group, the percentage change from base-
line was computed for each individual at year 1, year
2, and year 3. After a Shapiro-Wilk test for normal-
ity, a paired Wilcoxon test confirmed no significant
changes between time-points (Prism 8, GraphPad
Software, Inc., La Jolla, CA, USA). The median (inter-
quartile range, IQR) group percentage change from
baseline at year 1, year 2, and year 3 was then calcu-
lated. For each measure, the CoV within the group at
baseline was computed (inter-individual, CoV).

3. Annual intra-individual variability in clinical and
MRI measures in the stable CC control group. The
year-to-year intra-individual variation in each meas-
ure was assessed by calculating the annual CoV in
each of the measures (year 1 versus baseline, year 2
versus year 1, year 3 versus year 2), and computing
the median of these CoVs defined to be the CoVp
(intraindividual variance across time). Importantly,
this variation combines the effect of the intraindi-
vidual biological variation and analytical sample
measurement error (from two repeat measurement
collected sequentially in time). The RCV was then
computed as follows:

RCV =2!/2 x Z x CoVr

For a significant (p < 0.05) one-directional change
a Z-score (Z) of 1.65 was used, and the log-normal
approach was used to compute the asymmetrical limits


https://www.philips.co.uk/healthcare/product/HCAPP013/-mr-qflow-
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for the upward (positive, RCV,;) and downward (nega- absolute value of a measure, whilst a negative HR indi-
tive, RCVy,,n) value of the log-normal RCV. cates a decrease. A HR > 1 or < -1 suggests that the MRI
measure could detect a significant pathological change.

4. Baseline to Year 3 intra-individual variability in 6. Sample size estimation for clinical trials detecting

clinical and MRI measures in the stable CC control regression of cirrhosis using MRI. To illustrate how

group and HV group. To assess whether the timing MRI measures could be used in clinical trials, the

and frequency of sampling are important factors in sample size needed to detect a clinically significant

CoVy and RCV measures, CoV was also computed change from compensated cirrhosis (F4) to advanced

for the stable CC control group from the baseline fibrosis (F3) at a power of 80% and confidence of

and Year 3 measures only, this was also performed 0.05 was calculated. For this, we extrapolate from the

for the HV group. The median intra-individual CoV change in T1 from F4 to F3 reported in our previous

across each group was then computed for CoVy. For work with biopsy-proven measures [11]. This showed

each measure, RCV and the asymmetrical limits were a change of 55 ms for T1 from F4 to F3, equivalent

computed from CoVy. The coefficient of variance at to 50% of the change in T1 from CC toward HVs

baseline (CoV) was also calculated for each group. reported in this study. Thus, to represent F4 to F3

5. Performance of measures to detect disease progression in other measures we also report the sample size
using MRI To evaluate the sensitivity to assess progres- needed for a 50% change from CC toward HV.

sion from HV to CC, a HR was computed for each MRI

measure, defined as the difference in absolute values

of a measure between HV and CC groups divided by ~ Results

the RCV in absolute units for that measure in the HV ~ Cross-sectional multiorgan mpMRI measures with disease
group. We also compute the HR for progression from  stage

CC to DC using the absolute value of the RCV of the At baseline, cross-sectional multiorgan MRI measures
CC group. A positive HR indicates an increase in the = were collected in 60 CC patients and 40 HVs, and DC
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Fig. 2 Baseline magnetic resonance imaging parameters for 40 healthy volunteers (HV), 60 compensated cirrhosis (CC) patients, and 7
decompensated cirrhosis (DC) patients. Baseline measures (mean and standard error of the mean) of the liver (volume, portal vein area, total hepatic
blood flow, liver perfusion, liver T1), spleen (volume, splenic artery flow and superior mesenteric artery flow, spleen perfusion, spleenT1), kidney
(renal cortex T1), and heart (cardiac index and left ventricle [LV] wall mass index) are shown, with the percentage change between the HV and CC
groups, and CC and DC groups shown by arrows. Asterisk indicates measures which are significantly different (p < 0.05, independent samples t-test)
between the CC and HV group [10]
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Table 2 Characteristics of the 60 compensated cirrhosis cohort divided into 28 stable control patients followed longitudinally in this
paper, and those non-returner patients excluded as they either failed to return for repeat assessments or developed a clinical outcome.

Also shown is the 10 healthy volunteer group followed longitudinally

Compensated cirrhosis

Healthy volunteers

Stable returners

Non-returners

N 28 32 10
Gender 17 male (61%) 18 male (56%) 6 male (60%)
Age (years) 59(8) 59 (13) 63 (4)
Aetiology 29% NALFD/18% ALD/25% HCV/28% 40% NAFLD/37% ALD/15% HCV/7% N/A
other other
BMI (kg/m?) 27.5(5.6) 28.5(4.9) 26 (3.0)
MELD 75(1.6) 6.9 (1.8) N/A
UKELD 43.1(29) 435(23) N/A
APRI 0.71 (0.61) 0.71(1.2) N/A
FIB4 25(1.8) 29(1.9) N/A
ELF score 10.2 (1.2) 11.5(1.9) 8.9(0.8)
Fibroscan® LSM (kPa) 18(17) 2321 N/A

Numbers in parentheses correspond to the standard deviation in measures unless stated otherwise

NAFLD Non-alcoholic fatty liver disease, ALD Alcoholic liver disease, HCV Hepatitis C virus, BMI Body mass index, MELD Model for end-stage liver disease, UKELD United
Kingdom model for end-stage liver disease, APRI Aspartate aminotransferase to platelet ratio index, FIB4 Fibrosis-4, ELF Enhanced liver fibrosis, LSM Liver stiffness

measure

patients. In patients with CC, a hyperdynamic circu-
lation resulted in increased blood flow in the liver,
splanchnic circulation and increased cardiac index,
with further increases in spleen blood flow and car-
diac index in patients with DC, as summarised in
Fig. 2. Liver and splenic perfusion was reduced in
patients with CC compared to the HV group, and per-
fusion in these organs was further reduced in those
with DC. No significant change in renal perfusion was
found between patients with CC and DC, and the HV
group. Liver tissue T1 increased in patients with CC
compared to HVs, and further increased in those with
DC. Spleen T1 was only significantly different from
the HV group in DC patients. In contrast, renal T1
reduced in patients with CC and further reduced in
those with DC, compared to HVs. LV wall mass was
significantly reduced in patients with DC compared to
HVs, whilst liver volume was found to increase only
in patients with CC, and spleen volume was increased
in patients with CC and DC compared to HVs. Note
that with disease progression liver volume and por-
tal vein area first increase from HV to CC and then
decrease as patients decompensate. This baseline
cross-sectional data has previously been described in
detail [10]. These results provide the context for the
percentage change in MRI measures between the HYV,
CC and DC groups, and the increase or decrease in
measures that are of clinical relevance when consider-
ing longitudinal variance of measures.

Baseline characteristics of the stable CC control group

and HV group

Of the 60 CC patients enrolled at baseline, on retrospec-
tive analysis, 28 stable CC control patients were followed
longitudinally. The baseline characteristics of this 28 sta-
ble CC group along with the 32 non-returners are pro-
vided in Table 2. The stable CC control group comprised
28 patients at year 1, 16 patients at year 2 and 11 patients
at year 3. Of the 28 stable CC control patients, 21 patients
(75%) had cirrhosis diagnosed from liver biopsy, 4 (14%)
from typical radiological features of cirrhosis (nodular
liver and evidence of portal hypertension), and 3 (11%)
from clinical findings of cirrhosis including typical clini-
cal history and presence of abdominal collaterals on
examination.

There was no significant change in the BMI during the
study period, with a median BMI of 28 (IQR 6), 28 (IQR
6), and 27 (IQR 4) kg/m? at years 1, 2, and 3 respectively.
All patients with chronic hepatitis C achieved sustained
virological response prior to the study. In alcohol-related
cirrhosis, abstinence from alcohol was noted among all the
patients. In addition, 10 age, gender, and BMI-matched
healthy volunteers were studied at baseline and year 3,
whose baseline characteristics are provided in Table 2.

Annual intra-individual variability in clinical measures

in the stable CC control group

Figure 3a shows the year-to-year percentage change
in MELD and UKELD scores, APRI, FIB4, ELF, and
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Fig. 3 a Year-to-year percentage change in clinical measures in the stable compensated cirrhosis control group. b Year-to-year coefficient of
variation (CoVy) in clinical measures in the stable compensated cirrhosis control group. Clinical measures of MELD, UKELD, APRI, FIB4, ELF scores,
and Fibroscan® LSM are shown. Bars indicate the interquartile range and the horizontal bold line shows the median, dots represent outliers. MELD
Model for end-stage liver disease, UKFLD United Kingdom model for end-stage liver disease, APRI Aspartate aminotransferase to platelet ratio index,

Fibroscan® LSM. There were no significant (p > 0.23)
changes in MELD, UKELD, APRI, FIB4, ELF score or
Fibroscan® LSM over the three years. Figure 3b shows
the year-to-year CoV; and Table 3 summarises the CoV,
CoVy, and RCV in the clinical measures in the stable CC
control group. For all clinical measures, CoV was lower
than CoVs. UKELD and ELF score showed the lowest
annual variation with a median CoVy of 2.2% and 4.0%
respectively. Fibroscan® LSM had the largest annual vari-
ation with median CoV of 20.7%. The RCV values pro-
vide the percentage change in a serial measurement that
represents a statistically significant (p < 0.05) change.
The RCV for UKELD and ELF score was 5.1% and 6.8%,
respectively, whilst the RCV for Fibroscan® LSM was
markedly higher at 48.3%.

Annual intra-individual variability in MRl measures

in the stable CC control group

Figure 4 shows the year-to-year percentage change in
MRI measures. In this stable CC control group, there was
no significant difference in any MRI measure when com-
pared year-to-year. Figure 5 shows the CoV of each MRI
measure. The annual variation in structural-related MRI
measures (volume and T1) is smaller than haemodynamic
measures (vessel flow and tissue perfusion). The CoV of
liver and spleen volume was < 10%, whilst the CoV of liver,
spleen and renal cortex T1 was < 5%. Contrastingly, flow
measurements of splanchnic circulation (splenic artery and
superior mesenteric artery) had a median CoV; of 25% and
16%, respectively. For comparison, in Fig. 5, the technical
variation (analytical CoV, CoV,) measured in HVs from
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Table 3 Interindividual baseline variance (CoV), intraindividual variance across time (CoVy), reference change value (RCV), and
asymmetrical limits of the log-normal RCV (RCVUD/RCVdOWH) for clinical (serum markers MELD, UKELD, APRI, FIB4, ELF); Fibroscan® LSM)
and magnetic resonance imaging (MRI) measures

CoVy (%) RCV (%) RCV,;p/RCV goun (%)
Clinical measures
MELD (stable CC annual) 26.2 8.6[7.0] 176 19.9/-15.6
UKELD (stable CC annual) 6.6 220171 5.1 5.5/-5.1
APRI (stable CC annual) 1043 194 [10.0] 395 51.8/-304
FIB4 (stable CC annual) 78.1 17.9110.8] 364 46.6/-28.6
ELF score Stable CC annual 104 401[3.2] 6.8 83/-7.7
Stable CCb-Y3 84 4.2[3.0] 86 9.1/-8.1
HV b-Y3 76 36[2.1] 74 70/-7.7
Fibroscan® LSM (Stable CC annual) 59.8 20.7 [21.6] 483 93.0/-41.0
MRI'measures
Liver volume Stable CC annual 266 7.51[34] 131 16.8/-14.4
Stable CC b-Y3 216 9.41[8.1] 191 21.8/-16.8
HV b-¥3 99 1.8[5.7] 36 37/-35
Portal vein area Stable CC annual 316 11.0[94] 168 22.0/-18.1
Stable CC b-Y3 224 11.0[94] 19.2 21.9/-16.8
HV b-Y3 225 124[82] 254 21.4/-30.1
Total hepatic blood flow Stable CC annual 30.2 12.2116.8] 263 36.9/-26.9
Stable CC b-Y3 199 9.1[11.5] 186 21.1/-164
HV b-Y3 278 28.1[334] 655 114/-534
Liver perfusion Stable CC annual 310 21.00147] 408 61.7/-38.2
Stable CC b-Y3 16.8 20.6[22.7] 311 424/-31.8
HV b-Y3 293 13.1[20.8] 26.7 32.0/-223
LiverT1 Stable CC annual 1.0 421[22] 73 9.1/-84
Stable CC b-Y3 12.7 50[4.2] 102 11.0/-9.6
HV b-Y3 6.2 25[25] 5.1 5.3/-49
Spleen volume Stable CC annual 484 95[5.8] 153 19.9/-16.6
Stable CC b-Y3 35.1 1174 226 26.5/-194
HV b-Y3 284 14.8[5.3] 30.1 24.6/-37.0
Splenic artery flow Stable CC annual 386 25.0[24.5] 46.5 729/-42.2
Stable CC b-Y3 352 8.2[12.5] 16.7 18.7/-149
HV b-Y3 334 18.0[30.2] 36.7 47.1/-28.7
Superior mesenteric artery flow Stable CC annual 353 15.7 (9.7 311 445/-30.8
Stable CC b-Y3 36.8 13.7[16.9] 280 33.9/-232
HV b-Y3 23.1 9.8[7.9] 20.0 17.4/-229
Spleen perfusion Stable CC annual 314 16.0[9.2] 263 36.6/-26.8
Stable CC b-Y3 364 1142171 232 27.3/-19.9
HV b-Y3 271 104 (34] 212 184/-24.9
SpleenT1 Stable CC annual 7.7 28[3.7] 4.1 5.0/-4.8
Stable CC b-Y3 52 42[37] 85 9.0/-8.0
HV b-Y3 59 231[28] 46 4.5/-47
Renal cortexT1 Stable CC annual 10.1 36[25] 6.6 82/-76
Stable CCb-Y3 92 36037 74 70/-77
HV b-Y3 56 241[23] 49 4.8/-47
Cardiac Index Stable CC annual 267 95([7.9] 192 25.6/-204
Stable CC b-Y3 275 10.9[10.9] 224 26.0/-19.2
HV b-Y3 205 7.419.0] 151 16.7/-13.7
LV wall mass index Stable CCannual 318 153[11.2] 331 324/-479
Stable CCb-Y3 283 13.81[69] 282 34.1/-233
HV b-Y3 326 10.1[8.9] 20.7 23.8/-18.0

For each parameter, variation indices are given for annual variability in the stable compensated cirrhosis (CC) control group (stable CC annual), and for baseline to year

3 variability in the stable CC control group (Stable CC b-Y3) and the HV group (HV b-Y3)

CoV coefficient of variation, MELD model for end-stage liver disease, UKELD United Kingdom Model for end-stage liver disease, APRI aspartate aminotransferase to
platelet ratio index, FIB4 Fibrosis-4, ELF enhanced liver fibrosis, Fibroscan® LSM Liver stiffness measure, LV left ventricle
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Fig. 4 Year-to-year percentage change in magnetic resonance imaging measures in the stable compensated cirrhosis control group. Measures
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triplicate scans 1 week apart [10] is shown. Table 3 sum-
marises CoV, CoVr, and RCV in annual MRI measures
in the stable CC control group. The lowest values of RCV
were for liver T1 (7.3%), spleen T1 (4.1%), and renal cortex
T1 (6.6%), with the highest RCV values, were seen for liver
perfusion (40.8%) and splenic artery flow (46.5%).

Since Fibroscan® LSM [28], ELF [29], and liver T1 [11]
have each been shown to provide a method to evaluate
liver fibrosis, Fig. 6 illustrates the year-to-year percent-
age change and the CoV; in these measures for those
stable CC control patients who completed all three
annual follow-up scans. All individual ELF score and
liver T1 show a percentage change < 17.5% and < 14.6%,
respectively, and year-to-year CoV < 13.8% and < 11.4%,
respectively, whilst Fibroscan® LSM had a percentage
change of up to 150%, resulting into a CoVy of 83%.

Baseline to year 3 intraindividual variability in clinical and MRI
measures in the stable CC control group and HV group

To assess whether the timing and frequency of sam-
pling are important factors in RCV measures, the CoV

and RCV in clinical and MRI measures for subjects
(stable CC and HV) studied between baseline and year
3 were calculated, as shown in Table 3. There was no
noticeable difference in RCV values computed for the
different frequency of measures (annual versus baseline
to year 3) for the stable CC control group. RCVs were
similar between the stable CC control group and the
HYV group for baseline to year 3 measures.

Performance of measures to detect change in disease
stage

Figure 7 provides a schematic of the HR for disease pro-
gression. Figure 7a (i) shows the progression of HV to
CC, for which a HR much higher than 1.0 was found
for liver T1, BSA-corrected liver and spleen volume and
hepatic blood flow and is ~1.0 for portal vein area, car-
diac index, splenic and superior mesenteric artery flow,
and ~ -1.0 for liver and spleen perfusion and renal cortex
T1. For progression from CC to DC, Fig. 7a(ii) shows that
the HR of portal vein area and liver volume changes sign
to ~ -1, whilst liver T1 remained much higher than 1.0.
Similar HRs were found for other MRI measures between
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HV to CC and CC to DC, except for LV wall mass which
is lower than -1 for CC to DC.

Estimating sample sizes for clinical trials to predict
regression of cirrhosis using multiparametric MRI

Figure 7b shows the sample size of each MRI measure
required in a clinical trial to assess cirrhosis regression
from F4 toward F3, shown as a percentage change from
the mean MRI value in the stable CC group. For a dis-
ease state change from F4 to F3, liver T1, spleen and liver
volume, and portal volume area require a sample size of
lower than 100.

Discussion

Here we evaluate the serial variation of clinical meas-
ures and multi-organ (cardiac, kidney, liver and splanch-
nic circulation) multiparametric MRI measures that
have the potential to study disease-related changes in
patients with CC and HVs. Repeatability of quantitative
MRI measures has generally been assessed in HVs across
vendors and field strength over a period of hours or up

to 1 week (e.g, liver T1 and T2% as reported by Bachtiar
et al. [30]). To our knowledge, limited long-term repro-
ducibility data has been collected in only healthy con-
trol subjects and serial variation has not previously been
evaluated in imaging biomarkers in patients with stable
CC. Knowledge of such variability is important since
many trials are now beginning to study serial annual MRI
changes, for example due to drug treatments [20, 31].
The lack of a control group is often stated as a limitation
in such longitudinal trials [31]. In this study, stable CC
patients who remained compensated for at least 2 years
following their final MRI visit were followed annually to
determine the variability in clinical and multiorgan MRI
measures.

Among the clinical measures, ELF was most consistent
with a year-to-year CoVy < 5% and RCV of 6.8%; in com-
parison, APRI and FIB4 showed scores with CoV 1 of 19%
and 18%, and RCV of 36% and 39%, respectively. Fibros-
can® LSM had a median (IQR) year-to-year CoV- of 20.7%
(21.6%) resulting into a large RCV of 40.8%. This level of
change agrees with Nascimbeni et al. [19], who reported a
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retrospective analysis of 500 paired Fibroscan® LSMs with
a variation of over 50% in 61 paired measurements. Thus,
an increase in LSM of 33% (i.e., from 15 kPa to 20 kPa)
would not reflect a true change, which would have impli-
cations on clinical management of this patient. A LSM of
less than 20 kPa is the threshold set by Baveno VI guide-
lines [32] to avoid screening gastroscopy for varices, but if
LSM subsequently increases on annual follow-up, endos-
copy is recommended. In comparison to previous studies,
Vergniol et al. [6] showed that the change from baseline
to 3 years in LSM from Fibroscan®, APRI and FIB4 has
prognostic value in chronic hepatitis. Siddiqui et al. [33]
showed that FIB4, APRI, and NAFLD fibrosis scores
can detect fibrosis progression, whilst Hartl et al. [34]

performed annual LSMs and showed LSM was a reliable
predictor in autoimmune hepatitis.

Liver T1 has been shown to provide a marker of liver
disease due to increases in extracellular tissue fluid that
occurs in response to inflammation and fibrosis, this had
a low annual variance of CoV of 2.5% across the 3-year
follow-up period in HVs and 4.2% in CC, with a RCV <
7%. Using LiverMultiScan® in a noncirrhotic population,
Harrison et al. [10] showed a similar liver T1 CoV of 2.3%
over an 18-week period. Renal cortex T1, which has been
shown to decrease in cirrhosis, and spleen T1 was also
consistent over the 3-year period, with a CoVT of 3.6 and
2.8%, and resulting into a RCV < 7%. It should be noted
that here we have a fat-suppressed inversion recovery
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spin-echo echo-planar imaging scheme for T1 mapping
rather than a modified Look-Locker inversion recov-
ery, MOLLI, scheme, as the former is not confounded by
the effect of iron, fat, and frequency offsets [35]. These

measures can be compared to the use of gadolinium
ethoxybenzyl-diethylenetriaminepentaacetic acid, Gd-
EOB-DTPA, pre- and postcontrast images to assess liver
function and the degree of liver fibrosis, where a CoV of
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7.1% has been reported in cirrhotic patients [36]. However,
it should be also noted that the absence of both previous
reaction to MRI contrast media and renal failure is neces-
sary to undergo this contrast-enhanced T1 relaxometry.

The CoVy of haemodynamic measures, which fluctuate
with daily physiology, were higher than structural meas-
ures, with RCVs of 20-30% for vessel measures and ~50%
for organ perfusion. We have previously shown the within-
session analytical CoV of phase-contrast MRI measurements
of hepatic and splanchnic flow to be 10% [10], and that the
RCV includes the biological variation and differences in scan
planning. Of note, hepatic and splenic artery flow measure-
ments appear least consistent likely due to the increased dif-
ficulty in identifying and planning of these vessels. Here we
use a flow alternating inversion recovery-based ASL scheme,
which labels both blood from the hepatic artery and portal
vein, and accounts for measured T1 in perfusion quantifica-
tion. The values measured are similar to those reported in
dynamic contrast-enhanced studies which show liver perfu-
sion parameters to have a CoV of 39% 1 week apart [37].

The HR plots highlight that those measures which best
detect clinical change are liver T1, BSA-corrected liver and
spleen volume and total hepatic blood flow for progres-
sion from HV to CC, whilst liver T1 and LV wall mass best
detected the evolution of CC into DC. Portal vein area and
liver volume MRI measures increased from a healthy state
to CC, and then decreased as DC occurs, so particular care
should be taken when assessing these measures as a reduc-
tion in a marker could simultaneously indicate progression
or regression. However, these markers used in combina-
tion with markers that progress/regress linearly could help
provide better individual patient care.

New drugs are now becoming available to study CC
regression/nonprogression [38], and here we showed
those MRI measures suited to monitor such changes
in clinical trials, with liver T1, spleen and liver volume
and portal volume being the best candidates.

The main limitations of our study relate to the rela-
tively low sample size and the dropout of patients
through the follow-up period. As with all longitudinal
studies, we encountered patient attrition which resulted
in fewer patients at the end of the study. However, this
is the first prospective study to attempt to specifically
address the question of the biological variation in non-
invasive markers in cirrhosis.

In conclusion, we provided the CoVg CoVy, and
RCV for clinical and MRI measures in stable CC
patients. This is the first time that detailed serial non-
invasive MRI measures have been reported. The RCVs
can be used to interpret the change in measures in CC
patients. We have used these to estimate sample size to
power future clinical trials of cirrhosis regression using
multiparametric MRI measures.
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