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Abstract

Background and Aims: Noninvasive biomarkers provide prognostic infor-
mation for the development of major adverse liver outcomes (MALQOs) in
patients with metabolic dysfunction—associated steatotic liver disease
(MASLD), but the predictive value of longitudinal biomarker measurements
has not been evaluated. We assessed whether changes in biomarkers could
predict incident MALO in MASLD.

Approach and Results: We analyzed a cohort of 1260 patients (71.7% on
biopsy) with non-cirrhotic MASLD between 1974 and 2019. Data at baseline
and follow-up visits were obtained from medical charts. MALO was deter-
mined through medical charts and linkage to national registers until the end
of 2020. A joint modeling approach was used to quantify the associations
between the trajectory of biomarkers and the risk of MALO. MASLD was
diagnosed at a median age of 52 years (IQR: 39-60), and 59% were male.
During a median follow-up of 12.2 years, 111 (8.8%) patients developed
MALO. The joint modeling showed that an elevated fibrosis-4 score
(HR: 2.60, 95% CI: 1.89-3.50), aspartate aminotransferase (HR: 2.69, 95%
Cl: 2.57-3.05), and lower platelet count (HR: 0.93, 95% CI: 0.90-0.97) at any
time point were associated with an increased risk of MALO, whereas the rate
of change in these biomarkers had no association with this risk.
Conclusions: In addition to baseline measurements of noninvasive bio-
markers such as fibrosis-4 score, aspartate aminotransferase, and platelets
taken at MASLD diagnosis, monitoring their values over time is important, as

Abbreviations: aHR, adjusted Hazard Ratio; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CDR, causes of death
register; FIB-4, fibrosis-4 score; ICD, International Classification of Diseases; MALO, major adverse liver outcomes; MASLD, metabolic dysfunction—associated
steatotic liver disease; NPR, National Patient Register; VCTE, vibration-controlled transient elastography.
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the latest value of these biomarkers is closely associated with the risk of
future MALO. The rate of change may not be as important.

INTRODUCTION

Metabolic dysfunction—associated steatotic liver disease
(MASLD) is the most common chronic liver disease,
affecting around one-third of the global population.[!?
MASLD is a significant contributor to the development of
major adverse liver outcomes (MALOSs), including cirrho-
sis and HCC,['3l and MASLD-related MALO is often
diagnosed at a late stage, associated with high
mortality.”! The prognosis and management of patients
with MASLD highly depend on the stage of fibrosis, which
may also be assessed by noninvasive biomarkers as
emphasized by the recent EASL guidelines.5! Blood-
based biomarkers have emerged as an attractive
alternative to liver biopsy or vibration-controlled transient
elastography (VCTE) in evaluating fibrosis, as biopsy is
invasive, and imaging assessments can be costly and
may not be available in many clinical settings.

Several biomarkers have been extensively studied for
diagnosing advanced liver fibrosis, including the fibrosis-
4 score (FIB-4).671 In general, these scores have
relatively high negative predictive values. The FIB-4
score is therefore recommended as a first-line test for
ruling out advanced fibrosis in patients with a high risk for
MASLD.P! In addition to its diagnostic capacity, FIB-4
may be predictive of future liver events, as many studies
showed an association between higher baseline FIB-4
value and incident MALO in patients with MASLD.[8-10l
However, measuring such biomarkers longitudinally may
provide additional information on the risk for future MALO
compared to a single test since changes in, for example,
FIB-4 may reflect disease progression over time.
Previous studies reported that an increase in FIB-4 over
time was associated with a higher risk of MALO in both
general and MASLD populations.l'"'2 For instance, a
17-fold increased risk of MALO was found in individuals
defined as high risk for advanced fibrosis by FIB-4 at 2
separate tests within 5 years compared to individuals
consistently in the low-risk group, although half of the
events occurred in the low-risk group.[''l The double
cutoffs (low and high) of most noninvasive scoring
systems, such as FIB-4, result in a gray zone consisting
of patients with intermediate results, making evaluation of
changes in categories of FIB-4 complicated. Using
continuous values of biomarkers measured over time
may better classify patients at risk of incident MALO.
Furthermore, beyond the individual value of a biomarker,
it is unknown if the rate of change in a biomarker over
time is additionally informative of the risk of MALO. Such
information may help improve monitoring the progression

of fibrosis in patients with non-cirrhotic MASLD. To this
end, this study aimed to assess if longitudinal values and
the rate of change in biomarkers over time are associated
with a higher risk of MALO in patients with non-
cirrhotic MASLD.

METHODS
Study design and population

This study pooled data from 4 cohorts of 1330 patients
aged > 18 years, with MASLD diagnosed at 3 Swedish
university hospitals between December 18, 1974, and
December 31, 2020.['3.141 |nformation on data collection
has been previously reported in detail.l'dl Briefly,
patients were diagnosed with MASLD through liver
biopsy, radiological measures such as controlled
attenuation parameter, ultrasound, or other radiological
examinations after ruling out other causes for steatosis,
any concurrent liver disease, reported daily alcohol
consumption of more than 30 g for men or 20 g for
women, binge drinking, or previous liver transplantation.

The staging of fibrosis was scored on a 5-point scale
(FO—F4) using either the Kleiner or METAVIR classification
systems.['6.17] As not all patients underwent biopsy, the
fibrosis stage was defined based on the liver stiffness
measurement on VCTE if a biopsy was missing and VCTE
was available. Fibrosis was then defined as “no/mild” if the
biopsy showed a stage of FO-F1 or liver stiffness
measurement of <10 kPa on VCTE when a biopsy was
missing. “Moderate or advanced” fibrosis was defined as a
biopsy stage of F2—F3 or a VCTE value between 10 and
15 kPa if a biopsy was missing. Patients with F4 on biopsy
and those with a VCTE value > 15 kPa on VCTE were
excluded, as they presumably had cirrhosis. This left us
1260 patients with non-cirrhotic MASLD (Figure 1).

The index date was defined as the time of liver biopsy
or of other diagnostic modalities if a biopsy was missing,
and a baseline period was defined as within 1 month of
the index date. Patients were followed up at prespecified
time points (1, 2, 5, 10, and 20 years after the index date),
with detailed clinical and biochemical assessments
extracted from patient charts at those times.

Baseline characteristics

Information at baseline and during follow-up were
collected from multiple sources. Granular data from
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1,333 patients aged= 18 years diagnosed with MASLD in the University Hospitals
in Sweden from December 18 1974 to December 315t 2020
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959 Biopsy-proven MASLD

133 VCTE-
diagnosed MASLD
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diagnosed MASLD

Exclusion:
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A

Exclusion:
15 Fibroscan 215 kpa

1,260 non-cirrhotic MASLD:

904 Biopsy-diagnosed FO-F3
118 VCTE-diagnosed MASLD
238 Clinical-diagnosed MASLD

FIGURE 1
controlled transient elastography.

patient's charts included clinical and biochemical
parameters (eg, blood pressure, drug prescription data,
and body weight). To complement this, data on
recorded diagnoses based on International Classifica-
tion of Diseases (ICD) codes from the National Patient
Register (NPR) and data on dispensed drugs from the
Prescribed Drug Register were used (definitions in
Supplemental Table S2, http://links.lww.com/HEP/
1604). The NPR started in 1964 and has positive
predictive values of ICD-based diagnoses of around
85%-95% depending on the diagnosis.['®! Diagnoses
related to cirrhosis and MASLD have been formally
validated and found to have positive predictive values of
more than 90%.['92%) The Prescribed Drug Register was
initiated in July 2005 and includes information on
dispensed drugs from Swedish pharmacies.

A number of comorbidities were defined based on
these data sources. Type 2 diabetes was defined as a
registered diagnosis in the charts or NPR, fasting
glucose >7 mmol/L, or having any antidiabetic medi-
cation recorded in charts or the Prescribed Drug
Register. Hypertension was defined as a registered
diagnosis, a resting blood pressure of >140/90 mm Hg,
or any prescribed antihypertensive medications. Hyper-
lipidemia was defined as a registered diagnosis,
prescribed treatment with statins or other lipid-lowering
medications, or a fasting total cholesterol value of
>5.18 mmol/L. Height and weight were measured by
medical staff, and body mass index (BMI, kg/m?) was
calculated.

Biochemical variables

Routine biochemical variables within 1 month of the
MASLD diagnosis were collected from patient charts at

Flowchart of study population. Abbreviations: MASLD, metabolic dysfunction—associated steatotic liver disease; VCTE, vibration-

baseline and at repeated time points when available:
alanine aminotransferase (ALT, pkat/L), aspartate ami-
notransferase (AST, U/L), platelet count (10%/L), albumin
(g/L), bilirubin (mg/dL), international normalized ratio,
creatinine (mg/dL), fasting total cholesterol (mmol/L) and
triglycerides (mmol/L), LDL (mmol/L), and HDL (mmol/L).
The Model for End-Stage Liver Disease score was
calculated based on the formulal2":: Model for End-Stage
Liver Disease = 9.57 x In (creatinine) + 3.78 x In (total
bilirubin) + 11.2 x In (international normalized ratio)
+ 6.43. The FIB-4 score was calculated according to the
published formula: [age x AST]/[platelets x ALT"?] and
categorized as low risk for advanced fibrosis (< 1.30),
intermediate (1.30-2.67), and high (>2.67).1'"

Outcomes

Outcomes were defined by the NPR, the Swedish
Cancer Register, and the Causes of Death Register
(CDR) between 1974 and 2020. Malignancies are
documented in the Swedish Cancer Register which
contains around 96% of all diagnosed cancers in
Sweden.?2 The CDR contains data on causes of death
for all Swedish citizens. It is mandatory for Swedish
physicians to report the cause of death and any
diagnosis that might have contributed to death to the
CDR.1%31 Both primary and contributing diagnoses were
used to identify outcomes in the NPR and CDR.
MALOs was a composite outcome, defined as having
any diagnosis related to cirrhosis as defined by ICD
codes in the aforementioned registers. These included
compensated or decompensated cirrhosis, chronic or
unspecified hepatic failure, liver transplantation, HCC,
a Model for End-Stage Liver Disease score >15 by
patient chart review, or liver-related death from the CDR
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(definitions in Supplemental Table S1, http:/links.lww.
com/HEP/I604). The validity for cirrhosis and HCC
diagnoses from the NPR in patients with known liver
disease have positive predictive values ranging from
91% to 96%.019

Statistical analysis

Baseline characteristics were expressed as median and
IQR or frequency and percentage where applicable.
Patients were followed from baseline until the date of
diagnosis of MALO or were censored at the date of
emigration, diagnosis of any other liver disease than
MASLD, death, or end of the study period (December 31,
2020), whichever occurred first. The multi-step variable
selection strategy was used to decide which biomarkers
and clinical factors should be included in the longitudinal
analysis. Univariable Cox regression models were first
fitted for each of the prespecified variables that might be
associated with MALO based on clinical judgment and
previous literature.[24-26l These variables included age at
index date, sex, ALT, AST, platelet count, triglycerides,
total cholesterol, BMI, type 2 diabetes, hypertension,
hyperlipidemia, estimated glomerular filtration rate, and
fibrosis stage (by biopsy or VCTE). Platelet count was
modeled in the unit of every 10 Giga/L to allow for
clinically meaningful interpretation. Variables with p <
0.1 were included in an elastic net regression model, and
those that had non-zero coefficients in the model
(meaning that the variables are likely associated with
the outcome) were selected into the final Cox regression
model.?”1 HRs and 95% Cls were estimated based on 2
models: (1) crude HR from the univariable models and (2)
adjusted HR from the multivariable model with selected
variables. The final model also incorporated sex and
BMI, given the clinical relevance for MASLD, regardless
of their significance level.

The trajectories of selected biomarkers over time
before MALO were modeled using a linear mixed-
effects model. The values of biomarkers were log-
transformed if normality was violated graphically.
Random intercepts and slopes for time were introduced
to account for variance between and within individuals’
measurements over time. Since a nonlinear trajectory of
biomarkers over time was observed, a random effect for
time was modeled using natural cubic splines.

The joint model approach links the predicted trajec-
tory of biomarkers, as obtained from a linear mixed-
effects model, with a Cox regression model. This
method, hence, uses data from all possible measure-
ments of a biomarker over time, increasing statistical
power. This allows for the estimation of how changes in
biomarkers that are measured repeatedly over time are
associated with the risk of an event.28l. This approach is
likely superior to a time-varying Cox approach or
landmark analysis because such methods imply

strong assumptions about the path of the time-varying
exposures, which may be unrealistic for biomarker
evolution.2829 Since we were interested in the longi-
tudinal value (ie, the current value at the time of
measurement) and the slope (ie, the speed of reaching
the current value at the time of measurement) of the
biomarkers in relation to the outcomes, we explored
such relationships using 2 parameterizations. First, we
estimated the association between a patient’s current
value of biomarkers at time ¢ and the risk of MALO at the
same time point. Second, we estimated the association
between the slope, which reflected the speed and
direction of the biomarker’s trajectories at time t, and the
risk of MALO following this. Since some biomarkers
were naturally log-transferred and the coefficients in the
Cox regression models represent the log hazard,
doubling in biomarkers levels associated with the HR
was calculated for ease of interpretation. HR adjusted
for age and sex, HR adjusted for age, sex, BMI, type 2
diabetes, and hyperglycemia, and HR additionally
adjusted for fibrosis stage were reported.

The individualized probability of MALO was predicted
based on a set of repeated measurements of FIB-4 and
baseline covariates from the fully adjusted joint model in
a dynamic matter. This means that the individual’s
probability of the event was updated every time a new
measurement of FIB-4 was performed. This graph
consists of 2 parts: the predicted trajectory is plotted
on the left side and the corresponding predicted 10-year
event-free probabilities with 95% CI for that patient on
the right side. We here used FIB-4 for illustration as it is
one of the most adopted biomarkers in the field and
showed a strong correlation with incident MALO in our
analyses.

The R-package JMBayes was used to fit the joint
models and subsequent dynamic prediction.28 Multiple
imputation with chained equations was used for missing
data. Variables that exhibited > 30% missingness were
removed from the analysis altogether. The analyses
were performed in STATA/MP 17 (StataCorp LP) and
R version 4.1.1 (R Foundation).

Ethical consideration

The study was approved by the Regional Ethical
Review Board of Stockholm (dnr 2018/880-31).

RESULTS

Baseline characteristics of patients

A total of 1260 patients with non-cirrhotic MASLD were
included (median age: 52 y; 59% male), of which 904

(71.7%) had biopsy-proven MASLD, 118 (9.4%) had
VCTE-estimated fibrosis, and 238 (18.9%) had a clinical
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TABLE 1 Basic characteristics of the study population (n = 1260)

Parameter

Age, y

Male

Follow-up time, y

Calendar periods
1974-1980
1981-1990
1991-2000
2001-2010
2011-2019

Fibrosis stage by biopsy
FO
F1
F2
F3

Transient elastography
CAP (dB/m)
LSM (kPa)
IQR, LSM
Success rate (%)

Fibrosis stage by VCTE
or biopsy

No or mild (FO-F1 on
biopsy or VCTE
<10 kPa)

Moderate or advanced
(F2—F3 on biopsy or
VCTE 10-15 kPa)

Biochemical variables
ALT, U/L
AST, U/L
Platelets count, 10%/L
Albumin, g/L
Bilirubin, mg/dL
INR
Creatinine, mg/dL
eGFR, mL/min/1.73 m?
BMI, kg/m?
Triglycerides, mmol/L

Total cholesterol,
mmol/L

LDL, mmol/L
HDL, mmol/L

Fasting glucose,
mmol/L

Key comorbidities
Type 2 diabetes
Hypertension
Hyperlipidemia

Scoring systems
MELD score

Complete

data
1260
1260
1260
1260

904

118
42
118
95
86
1022

1225
1205
1039
1073
1153
1009
998
998
1028
654
703

202
236
731

1260
1260
1260

843

Median (IQR)/N
(%)
52 (39-60)
748 (59)
12.2 (5.7-23.9)

39 (3.1)
361 (28.7)
182 (14.4)
284 (22.5)
394 (32.3)

222 (24.6)
372 (41.2)
210 (23.3)
100 (11.1)

328 (287-355)
6.4 (5.1-7.9)
1.1 (0.7-1.6)
100 (83-100)

698 (68.3)

324 (31.7)

68 (45-104)
41 (30-58)
241 (198-287)
41 (39-44)
0.59 (0.47-0.82)

1 (1-1)

0.93 (0.79-1.04)
96 (88-105)
29 (26-32)
1.9 (1.3-2.7)
5.7 (4.8-6.5)

3.2 (2.2-3.0)
1.1 (0.9-1.3)
5.6 (5.0-6.7)

319 (25.3)
833 (66.1)
258 (20.5)

6 (6-8)

TABLE 1. (continued)

Complete Median (IQR)/N
Parameter data (%)

FIB-4 score 1016 0.97 (0.69-1.51)
Low (< 1.30) 696 (68.5)
Intermediate (1.30 248 (24.4)

to <2.67)
High (>2.67) 72 (7.1)

Abbreviations: ALT, alanine aminotransferease; AST, aspartate amino-
transferase; BMI, body mass index; CAP, controlled attenuation parameter;
eGFR, estimated glomerular filtration rate; FIB-4, fibrosis-4 score; INR, inter-
national normalized ratio; LSM, liver stiffness measurement; MELD, Model for
End-Stage Liver Disease; VCTE, vibration-controlled transient elastography.

diagnosis of MASLD lacking biopsy and VCTE. Hence,
there were 1022 patients with information on fibrosis
stage based on biopsy or VCTE, of which 698 (68.3%)
were classified as having no or mild fibrosis (FO—F1) and
324 (31.7%) as moderate or advanced fibrosis (F2—F3).
Baseline characteristics are shown in Table 1. There
were 25.3% of patients with type 2 diabetes, 66.1% with
hypertension, and 20.5% with hyperlipidemia at baseline.
In addition, the median (IQR) FIB-4 value was 0.97
(0.69-1.51), and 68.5% of patients were classified as at
low risk for fibrosis based on FIB-4 (ie, <1.3).

MALO and baseline risk factors and
biomarkers

During a median follow-up of 12.2 years (IQR: 5.7-23.9,
corresponding to 18,657 person-years), 111 (8.8%,
incidence rate: 5.9/1000 person-years) patients devel-
oped MALO. The individual liver outcome is presented
in Supplemental Table S4, http://links.lww.com/HEP/
1604. The baseline factors predictive of MALO, based
on univariable Cox regression, are reported in Table 2.
For example, for 1 year increase in age, the hazard of
MALO increased by 5% (95% CI: 1.03-1.07). A
nonlinear relationship between continuous FIB-4 and
incident MALO was observed, as the HR for continuous
FIB-4 was 1.01 (95% CI: 0.99-1.02), whereas interme-
diate (2.89, 95% CI: 1.90—4.41) or high FIB-4 category
(6.74, 95% CI: 4.03-11.3) was associated with an
increased risk in the outcome, compared to the low FIB-
4 category. Multivariable and elastic net regression
showed that baseline factors, including age at index
date, type 2 diabetes, hyperlipidemia, fibrosis stage,
AST, platelets count, and FIB-4, were associated with
incident MALO.

MALO and longitudinal biomarkers

In total, 678 (53.8%) patients had > 1 follow-up visit
where FIB-4 could be calculated. We included 2411
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TABLE 2 HRs and 95% Cls of major adverse liver outcomes in relation to baseline parameters
HR P aHR? P

Age, y 1.05 (1.03-1.07) <0.001 1.04 (1.02-1.06) 0.001
Male 0.68 (0.46-1.00) 0.05 1.12 (0.69-1.80) 0.651
ALT, U/L 1.00 (1.00-1.01) 0.011
AST, U/L 1.01 (1.01-1.01) 0.001 1.01 (1.00-1.01) 0.005
Platelets count, 10 Giga/L 0.94 (0.92-0.97) <0.001 0.96 (0.92-0.99) 0.023
Triglycerides, mmol/L 1.00 (0.87-1.16) 0.957 —
Total cholesterol, mmol/L 1.02 (0.81-1.12) 0.765 —_
BMI, kg/m? 1.01 (0.97-1.05) 0.688 0.99 (0.93-1.04) 0.624
Type 2 diabetes 2.78 (1.87-4.15) <0.001 1.97 (1.23-4.93) 0.005
Hyperlipidemia 2.25 (1.45-3.48) <0.001 1.95 (1.17-3.26) 0.011
Hypertension 1.84 (1.17-2.89) 0.008 —
eGFR, mL/min/1.73 m? 0.98 (0.97-0.99) 0.001 —
Bilirubin, mg/dL 1.21 (0.85-1.74) 0.280 —
Albumin, g/L 0.93 (0.89-0.98) 0.004 —
Biopsy or VCTE-estimated fibrosis

No or mild Reference Reference

Moderate or advanced 4.57 (2.97-7.05) <0.001 3.10 (1.95-4.93) <0.001
FIB-4 (continuous) 1.01 (0.99-1.02) 0.407 0.98 (0.89-1.07) 0.616
FIB-4 (categorized)

Low (< 1.30) Reference

Intermediate (1.30 to <2.67) 2.89 (1.90-4.41) <0.001

High (>2.67) 6.74 (4.03-11.3) <0.001

2Adjusted for age, sex, AST, platelets, BMI, type 2 diabetes, hyperlipidemia, fibrosis stage, and continuous FIB-4.
Abbreviations: aHR, adjusted hazard ratio; ALT, alanine aminotransferease; AST, aspartate aminotransferase; BMI, body mass index; eGFR, estimated glomerular
filtration rate; FIB-4, fibrosis-4 score; INR, international normalized ratio; VCTE, vibration-controlled transient elastography.

instances where repeated biomarkers were collected
from these patients over a median follow-up of 5 years
(IQR: 1-11). In this cohort, 33.4% of MALO events
occurred in patients with low FIB-4 at baseline. The
median time from the low FIB-4 category to the high
FIB-4 category was 10 years (IQR: 3—-19). 85.7% of
those with MALO events had intermediate or high FIB-4
at any time during follow-up.

Individual measurements (log-transferred FIB-4,
platelets, and log-transferred AST) and individual
biomarker trajectories, as well as the population
average trajectories, are presented in Figure 2. Higher
values in the log-transferred FIB-4 trajectory over time
among patients who developed MALO compared to
those who did not were observed (Figure 2A). Similar
patterns were observed for log-transferred AST and, to
some extent, platelets (Figures 2B, C).

The standardized coefficients of the joint model are
presented in Table 3, suggesting a strong association
between the most recent measurement of FIB-4, AST,
and platelets and incident MALO. The joint models
showed that a doubling in the FIB-4 level at any time
point was associated with a 3.29-fold (95% ClI:
2.31-4.79) increased risk of MALO after adjustment
for age and sex. After adjustment for age, sex, BMI,
type 2 diabetes, and hyperlipidemia, the HRs were

slightly lower, 2.81 (95% Cl: 2.08-3.84). This estimate
was further reduced to 2.60 (95% CI: 1.89-3.50) after
additionally adjusting for the fibrosis stage at baseline.
The growth rate, that is, the slope of FIB-4 trajectory,
was however not associated with incident MALO after
adjusting for baseline covariates, including fibrosis
stage (adjusted hazard ratio [aHR]: 1.04; 95% CI:
0.67-1.61). Similar patterns were observed for AST and
platelets, in that doubling the U/L in the current value of
AST (aHR: 2.69; 95% CI: 2.57-3.05) and every
10 Giga/L decrease in the current value of platelets
(aHR: 0.93, 95% CI: 0.90-0.97) were associated with a
higher risk of MALO disease after full adjustment, while
the slopes of both biomarkers were not.

Dynamic prediction of MALO in individual
patients

Figure 3 illustrates how FIB-4 measurements taken over
time can improve the prediction of the 10-year
probability of MALO, depicted for 2 female patients
with fibrosis stage 1. Patient B had comorbid type 2
diabetes and hyperlipidemia, while patient A did not.
Generally, FIB-4 levels tend to increase over time; as
FIB-4 values increased, the probability of MALO also
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FIGURE 2

Individual biomarkers (A: In [FIB-4], B: In [AST], and C: platelets) measurements over time (dots), individual biomarkers trajectories

(shaded lines),and the population average biomarkers trajectory (solid lines) before the development of MALO. Trajectories are color-coded by
MALO status (red: free from MALO and blue: incident MALO). Abbreviations: AST, aspartate aminotransferase; FIB-4, fibrosis-4 score; MALO,

major adverse liver outcome.

increased. Patient A had a relatively high FIB-4
repeatedly from baseline until year 5. The FIB-4 value
then increased rapidly at year 10, leading to a higher
probability of the outcome. In contrast, patient B had a
lower FIB-4 at baseline but had comorbid metabolic risk
factors, resulting in a relatively comparable 10-year
probability to patient A. Patient B had a stable FIB-4
over time, and hence, the probability remained stable as
more measurements were added.

DISCUSSION

In this large cohort study in patients with MASLD with
highly granular data collected over time, biomarkers

such as FIB-4, AST, and platelets count, when
measured longitudinally, were significantly associated
with an increased risk of MALOs. However, the rate of
change in these biomarker values did not appear to
further help in predicting the risk of incident MALO. To
our knowledge, this is one of the largest studies of its
kind to investigate such associations over longer
periods of time in patients with primarily biopsy-proven
MASLD. Our findings suggest that in addition to
baseline measurements, monitoring biomarkers value
over time could aid in identifying high-risk patients. The
longitudinal value of biomarkers may be indicative of
fibrosis severity in these patients, whereas how fast the
biomarkers evolved may not be clinically relevant to a
patient’s prognosis.

© 2024 American Association for the Study of Liver Diseases. Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of this article prohibited.
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TABLE 3
Biomarkers Coefficient®
In (FIB-4)
Longitudinal value 1.72 (1.21-2.26)
of In (FIB-4)

Slope and longitudinal value of In (FIB-4)
In (FIB-4)—slope 0.12 (-0.39 to 0.67)

In (FIB-4)—value  1.54 (1.06-2.84)
In (AST), U/L

Longitudinal value
of In (AST)

Slope and longitudinal value of In (AST)
In (AST)—slope -0.01 (-0.02 to -0.01)
In (AST)—value 0.02 (0.02-0.03)

0.002 (0.001-0.003)

Platelets count, 10 Giga/L

Longitudinal value -0.08 (-0.12 to —0.04)

of platelets

Slope and longitudinal value of platelets
-0.05 (-0.11 to 0.02)

-0.06 (-0.11 to —0.01)

Platelets—slope

Platelets—value

HR?®

3.29 (2.31-4.79)

1.09 (0.76-1.59)
2.91 (2.08-7.16)

1.00 (1.00-1.01)

0.99 (0.98-1.00)
1.01 (1.01-1.02)

0.92 (0.89-0.96)

0.95 (0.89-1.02)
0.94 (0.89-0.99)

P

<0.001

0.655
<0.001

<0.001

0.059
<0.001

<0.001

0.157
<0.001

The association between longitudinal biomarkers and major adverse liver outcomes

Coefficient®

1.49 (1.06-1.94)

0.05 (~0.06 to 0.69)
1.51 (0.88-2.08)

1.24 (1.24-1.25)

-0.01 (~0.01 to —0.00)
0.02 (0.02-0.03)

-0.07 (<0.12 to —0.03)

-0.05 (<0.12 to 0.03)
-0.05 (<0.11 to 0.02)

HRP

2.81 (2.08-3.84)

1.04 (0.96-1.61)
2.85 (1.94-4.23)

2.36 (2.36-2.38)

0.99 (0.99-1.00)
1.01 (1.01-1.02)

0.93 (0.87-0.97)

0.95 (0.88—1.03)
0.95 (0.89-1.02)

<0.001

0.897
<0.001

<0.001

0.06
<0.001

<0.001

0.223
0.195

Coefficient®

1.37 (0.92-1.81)

0.05 (-0.57 to 0.69)
1.47 (0.95-2.00)

1.43 (1.36-1.61)

-0.01 (~0.01 to 0.01)
0.02 (0.02-0.03)

-0.07 (-0.11 to —0.03)

-0.09 (-0.18 to 0.02)
-0.02 (-0.10 to 0.05)

HR®

2.60 (1.89-3.50)

1.04 (0.67-1.61)
2.77 (1.93-4.00)

2.69 (2.57-3.05)

0.99 (0.00-1.01)
1.01 (1.01-1.02)

0.93 (0.90-0.97)

0.91 (0.83-1.02)
0.98 (0.90-1.05)

<0.001

0.919
<0.001

<0.001

0.085
<0.001

<0.001

0.178
0.625

aModel 1 adjusted for age and sex.

®Model 2 adjusted for age, sex, body mass index, type 2 diabetes, and hyperlipidemia.
°Model 3 adjusted for age, sex, body mass index, type 2 diabetes, hyperlipidemia, and fibrosis stage.
Abbreviations: AST, aspartate aminotransferase; FIB-4, fibrosis-4 score.
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FIGURE 3 Dynamic prediction of MALOs using FIB-4 values in a single patient. The plots on the left-hand side represent a measurement of FIB-

4, and the line represents the predicted trajectory of FIB-4 over time. The plots on the right-hand side update the probability of MALO every time a new
FIB-4 measurement is available. We present 2 patients here with different clinical profiles: patient A is a female, 63 years old, with fibrosis stage of 1,
without type 2 diabetes and hyperlipidemia, and has a body mass index of 28; patient B is a female, 55 years old, with fibrosis stage of 1, with type 2
diabetes and hyperlipidemia, and had a body mass index of 33. Abbreviations: FIB-4, fibrosis-4 score; MALO, major adverse liver outcome.

These results are partly in line with several recent
studies that investigated the impact of changes in the
FIB-4 category on long-term liver outcomes.['1.12:30]
According to a previous population-based study in
Sweden involving 40,729 individuals from the general
population with repeated FIB-4 measurements over
5 years, a transition from a low- or intermediate-risk
group to a high-risk group was associated with a
greater risk of MALO (aHR of 7.99 and 8.64,
respectively). Similarly, a cohort study of 202,319
veterans with MASLD from the United States showed
that the risk of liver-related outcomes was higher for all
combinations of transitions, even for those regressed
from intermediate- to low-risk group (aHR: 2.75)
compared to those who remained in low-risk groups
at both time points (baseline and within 3 years).
However, these studies reported population average

levels and did not consider the dependence of
repeated measurements within individuals. We mod-
eled the individual trajectory of biomarkers over
multiple time points, minimizing the possibility of false
negatives regarding the test values. Despite the
different methodologies between studies, these find-
ings demonstrate that serial biomarker measurements
may be useful to improve the identification of high-risk
patients with MASLD.

Importantly, this study revealed that the longitudinal
value of biomarkers is independently associated with
liver outcomes regardless of baseline fibrosis stage in
patients in secondary care. This signals the potential
role of biomarkers, such as FIB-4, that could be used
not only as a “gatekeeper” for ruling out advanced
fibrosis as part of the triage process in primary care,!
but also for monitoring patients without the need

© 2024 American Association for the Study of Liver Diseases. Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of this article prohibited.
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for repeated biopsies or imaging in secondary man-
agement. This is supported by the previous findings
from the United Kingdom, which demonstrated a
significant correlation between the change in fibrosis
stage and the change in FIB-4 between 2 paired
biopsies.3"! However, this correlation was only modest
(Spearman correlation coefficient = 0.24, p = 0.03).
In fact, the progressors who advanced to F3—F4 were
more likely to have a higher FIB-4 at any time point
than non-progressors who remained FO-F2, even
though the degree of change in FIB-4 may not have
been different. This suggests that although an
increase in FIB-4 value may indicate some degree of
fibrosis progression, it is not necessarily a strong
indicator of advanced fibrosis. Instead, patients with
higher FIB-4 scores at follow-up are more likely to
have progressed to advanced fibrosis, regardless of
the speed of change in their FIB-4 score over time. We
repeated the analysis in patients with FIB-4 values
<1.3 since such patients are recommended to be
monitored in primary care only. These results were
similar to the main analysis in that the slope of FIB-4
change did not further add to the prediction of MALO in
addition to the latest FIB-4 value. This highlights the
importance of considering the absolute value of FIB-4
in monitoring fibrosis progression as an additional
aspect of the current clinical practice guidelines for
using FIB-4 in the surveillance of patients
with MASLD.

The study has some notable strengths. The long
follow-up time allowed for capturing events that have
a long natural history. We used high-quality national
registers to identify MALO which have high positive
predictive values, resulting in a low risk for mis-
classification bias of the outcome. The use of
individual biomarker trajectories allowed for predicting
MALO based on the patient’s clinical profile. Further-
more, as seen in the individual dynamic prediction,
those who had comorbidity but low FIB-4 value had a
similar probability of developing MALO as those who
had high FIB-4. This means that apart from monitoring
absolute FIB-4, patients with MASLD may benefit from
management that is tailored to their specific clinical
profile. Limitations should be noted. First, patients
were selected solely from university hospitals, which
may introduce selection bias, potentially resulting in
higher estimates than those from patients with
MASLD seen only in primary care. Second, patients
who had repeated measurements did not differ in
terms of clinical profile or baseline biomarkers value
compared to those with only baseline measurement,
except for those with only 1 measurement tended to
be older and have a lower BMI. Third, these data do
not support evidence for how often repeated bio-
markers should be sampled. Finally, there may be
residual confounding, such as genetic predisposition,
that were not adjusted for in the analysis.

In conclusion, our study provides evidence that
longitudinal values of biomarkers for liver fibrosis are
associated with future risk of MALOs in patients
with MASLD; however, the rate of change in these
biomarkers did not seem to provide additional informa-
tion to risk prediction. Our findings highlight the
importance of continuously monitoring these bio-
markers over time. The absolute value of the biomarker
over time may be sufficient for clinicians to evaluate the
patient’s disease severity, and there may not be a need
to scrutinize the patient’s previous biomarker history.
Further studies are warranted to confirm our study
findings.
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