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Abstract

Predictive, non-invasive tools are needed to monitor key features of nonalcoholic fatty liver
disease (NAFLD) in children that relate to improvement in liver histology. The purpose of this
study was to evaluate the relationship between liver chemistries and liver histology using data
from the CyNCh clinical trial. This study included 146 children. Improvement in liver histology,
defined as decrease in NAFLD Activity Score = 2 points without worsening of fibrosis, occurred
in 43 participants (30%). There were 46 participants with borderline zone 1 nonalcoholic
steatohepatitis (NASH) at baseline, with resolution in 28% (12/46). Multivariate models were
constructed using baseline and change in ALT, AST, and GGT at 52 weeks, for improvement in 1)
liver histology primary outcome 2) borderline zone 1 NASH, and 3) fibrosis. For improvement in
histology, the model (p < 0.0001) retained baseline and change in GGT (AUROC 0.79; 95% CI
0.71 - 0.87). For borderline zone 1 NASH, the model (p = 0.0004) retained baseline and change in
ALT (AUROC 0.80; 95% CI 0.67 — 0.93). For fibrosis, the model (p<0.001) retained baseline and
change in ALT (AUROC 0.80, 95% CI 0.67-0.93). Additional clinical parameters were added to
the models using Akaike’s Information Criteria selection, and significantly boosted performance:
improvement in histology with AUROC of 0.89 (95% CI 0.82 — 0.95), borderline zone 1 NASH
with AUROC of 0.91 (95% CI 0.83 — 0.99) and fibrosis with AUROC of 0.89 (95% CI 0.82-0.94).
Models were validated using data from the TONIC trial. Conclusion: In children with NAFLD,
dynamic changes in serum ALT and GGT are associated with change in liver histology and appear
to be powerful indicators of histologic response.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease
in children in the United States with an estimated prevalence of 5-10%. (1-3) Current
guidelines recommend lifestyle modifications to improve diet and increase physical activity
as the mainstay of treatment. (4) Despite advice and attempts with these interventions,
NAFLD can progress to nonalcoholic steatohepatitis (NASH), and end stage liver disease.
NASH is now the most common indication for liver transplant among young adults. (5) The
current reference standard to assess disease status is liver histology. The American
Association for the Study of Liver Disease (AASLD) currently recommends liver histology
as the primary outcome measure for phase 2b and phase 3 clinical trials in adults. (6, 7)
However, percutaneous liver biopsy, although demonstrably safe in children (8), is an
invasive test with rare but known complications; the procedure also requires sedation, may
be costly and therefore presents a limitation in terms of diagnostic or prognostic acceptance.
Thus, there is a pressing need for reasonably predictive, non-invasive tools that can be used
to monitor key features of NAFLD response to therapy that relate to important components
of histology.

As a pragmatic approach for clinical practice, NAFLD is most often detected and monitored
using readily available biochemical tests such as serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and gamma-glutamyl transferase (GGT). Serum ALT is
most sensitive and liver-specific and is the preferred surrogate marker for the presence of
hepatocellular injury. (9) As such, ALT has been commonly used as an outcome measure in
early phase clinical trials in NAFLD, because it is readily obtained, inexpensive, and gives
presumptive information about the degree of liver injury. However, prevailing evidence has
illustrated that ALT at a single time point is an imprecise marker of liver injury in pediatric
NAFLD, as children with even slightly elevated ALT may have advanced disease, including
severe fibrosis. (10) Nonetheless, whether the relative or absolute change in ALT from
baseline over variable time intervals is an accurate measure of improvement or progression
in NAFLD prompts further investigation.

There have been two studies in children with NAFLD that have demonstrated correlation
between decrease in ALT over time, and increase in odds of improvement in liver histology.
(11, 12) However, there is relatively limited understanding of how closely changes in ALT
relate to particular changes in liver histology. Moreover, the relative merits of utilizing AST
and GGT in conjunction with ALT to assess NAFLD status also requires further
investigation. Therefore, the aim of this study was to evaluate the relationship between
changes in serum ALT, AST and GGT with improvement in selected aspects of liver
histology. In order to do this, we utilized data from the Cysteamine Bitartrate Delayed-
Release for the Treatment of NAFLD in Children (CyNCh) trial, a multicenter randomized
clinical trial conducted by the NASH Clinical Research Network (NASH CRN) at 10
clinical centers, that compared 52 weeks treatment with daily oral cysteamine bitartrate
delayed release (CBDR) or placebo to improve liver histology in children with NAFLD
(NCT01529268). (13) In addition, although serum ALT, AST, and GGT are measures
commonly used to evaluate the liver, the interplay between other clinical variables that may
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also have clinical relevance requires further exploration. Therefore, an additional aim of this
study was to evaluate specific clinical factors that are related to change in ALT, AST and
GGT over 52 weeks.

METHODS

Study Overview

The CyNCh study included children 8-17 years of age with NAFLD and a NAFLD Activity
Score (NAS) of = 4. The full protocol, including inclusion and exclusion criteria for study
participants, has been published. (13) In CyNCh, children were randomized to either
cysteamine bitartrate microspheronized, delayed-release enteric-coated, core beads (CBDR)
or matching placebo capsules given orally in weight adjusted doses: the target dose was 300
mg twice daily for children <65 kg, 375 mg twice daily for >65-80 kg, or 450 mg twice
daily for >80kg. Treatment duration was 52 weeks. Follow-up study visits were scheduled at
weeks 4, 12, 24, 36, and 52. The primary outcome was a change in liver histology and was
assessed through liver biopsy performed at week 52. Liver histology was evaluated centrally
by the NASH CRN Pathology Committee using published criteria. (14) Histologic activity
was assessed using the NAS on a scale of 0 to 8. Components of the NAS include grades of
steatosis (0-3), lobular inflammation (0-3) and hepatocellular ballooning (0-2). Fibrosis
was scored by stage from 0-4, and portal inflammation was scored on a scale from 0-2 (not
included in NAS scores). Biopsies were interpreted as: “not NAFLD”; “NAFLD but not
steatohepatitis™; “borderline steatohepatitis with Zone 3 pattern”; “borderline steatohepatitis
with Zone 1 pattern”; or definite steatohepatitis. The primary outcome measure in CyNCh
was the proportion of children with histologic improvement in NAFLD between the baseline
liver biopsy and follow-up biopsy after 52 weeks of treatment, where improvement was
defined as decrease in NAS of 2 points or more without worsening of fibrosis. No worsening
of fibrosis was defined as either no change or any decrease in the fibrosis stage. In this study,
participants were classified as responders or non-responders based on the primary outcome.

Specific Aims
There were four specific aims. The first was to evaluate how changes in ALT, AST and GGT
associate with improvement in overall liver histology, defined as a decrease in NAFLD
activity score by = 2 points without worsening fibrosis controlling for treatment group. The
second aim was to evaluate how changes in ALT, AST and GGT associate with improvement
of borderline zone 1 NASH controlling for treatment group; borderline zone 1 NASH is a
characteristic pattern in children not often seen in adults, and is more often associated with
fibrosis than other subtypes. The third aim was to evaluate how changes in ALT, AST and
GGT associate with improvement in fibrosis controlling for treatment group; fibrosis
improvement was defined as a decrease by one or more stage, with change from stage 1b to
1a also considered improvement. The fourth aim was to evaluate which clinical factors were
associated with the change in selected serum biochemistries ALT, AST, and GGT over 52
weeks.
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Statistical Methods

Baseline characteristics of the CyNCh study participants with paired biopsies at baseline and
52-weeks were compared by histologic improvement using means (SD) or N (%). Liver
chemistry values (ALT, AST, and GGT) were presented as medians and interquartile ranges
due to non-normality. P-values were derived from Fisher’s exact test for categorical
measures, two-sample t-tests for continuous measures, and robust linear regression using
iteratively re-weighted least squares for ALT, AST, and GGT to reduce the dependence of
the estimates and standard errors on normality and on extreme data points.

Aims 1, 2, and 3 evaluated how changes in liver chemistries (AST, ALT and GGT)
associated with improvement in overall liver histology, with resolution of borderline zone 1
NASH, and with improvement in fibrosis respectively. Logistic regression analysis of
histologic improvement on liver chemistries (ALT, AST, and GGT) was performed; the odds
ratio for histologic improvement was determined based on 10 u/L incremental changes in
ALT, AST, and GGT. Clinical prediction models were developed for three histologic
outcomes: 1) histologic improvement 2) resolution of zone 1, periportal pattern and 3)
improvement in fibrosis stage. Multiple logistic regression models with Akaike’s
Information Criteria (AIC), a penalized likelihood method that is a trade-off between
goodness of fit versus model size, with smaller AICs corresponding to models with more
information about the outcome, were used for model selection. (12, 13) We fit a model
including all baseline ALT, AST, GGT and 52-week changes; using AIC selection, we
determined that GGT (baseline and change) was the best predictor of histologic
improvement, and ALT (baseline and change) was the best predictor of resolution of Zone 1,
periportal pattern. ALT (baseline and change) was also the best predictor for improvement in
fibrosis stage. These measures were then included in a multivariable logistic regression
analysis, in which additional variables were selected, using AIC selection, from a candidate
set of 24 variables: age, gender, race (white vs. non-white), Hispanic/Latino ethnicity,
diabetes, hypertension, hyperlipidemia, histologic features (steatosis, lobular inflammation,
portal inflammation, ballooning, fibrosis), BMI z-score, waist circumference, systolic and
diastolic blood pressure, total bilirubin, glucose, insulin, HOMA-IR, total cholesterol,
triglycerides, HDL, and LDL.

To validate these models, we performed cross-validation, and we validated the models using
data from the TONIC clinical trial (Treatment of Nonalcoholic Fatty Liver Disease in
Children) also conducted by the NASH CRN (ClinicalTrials.gov Identifier: NCT00063635).
(15) Performance characteristics for the prediction models, including sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV) were estimated for
specificity fixed at 90%, and Youden’s index (sensitivity+specificity-1) fixed at the
maximum value. Area Under the Receiver Operating Characteristic curves (AUROCS) and
95% confidence intervals were compared for each model, and the percentages of participants
that could be correctly classified as having histologic improvement and resolution of
borderline zone 1 NASH utilizing liver chemistry parameters were calculated, using the
maximum Youden’s Index as the probability cutoff.

The relationship between clinical factors and the change in liver chemistry is a different
question than to what extent change in liver chemistry relates to improvement in liver
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histology. Both of these questions are clinically relevant. Therefore, the fourth aim of this
study was to evaluate which clinical factors were associated with the change in liver
chemistry over 52 weeks. For aim 4, three separate multiple linear regression analyses were
performed, where the 52-week change in serum ALT, AST, and GGT were the outcome
measures, and histologic improvement was the primary covariate, controlling for treatment
group, baseline value of ALT, AST, or GGT, baseline age (years), sex (male vs. female),
baseline BMI z-score, and 52-week change in BMI z-score. Nominal (i.e., no adjustments
for multiple comparisons), 2-sided p-values were considered significant if P<0.05. Analyses
were performed using SAS software (version 9.4, SAS Institute, Cary, NC) and Stata
(Release 15.1, Stata Corporation, College Station, TX).

Study participants

Baseline characteristics for study participants who completed the study with follow-up
biopsy by histologic improvement are shown in Table 1. There were 146 children with liver
biopsies at baseline and at week 52 included in this analysis (of the 169 children who
enrolled). The overall mean age was 13.6 + 2.6 years. A majority of the participants were
male (71%). The overall mean weight was 84 + 26 kg. Liver histology improvement per the
primary outcome occurred in 43 participants (30%). There were 46 participants with a
diagnosis of borderline zone 1 NASH at baseline and this resolved in 28% (12/46). Fibrosis
was present in 101/146 (69%) of participants at baseline and improved in 35% (35/101).
Characteristics by treatment group are shown in Supplemental Table 1.

Characteristics of change in liver chemistries

The values of liver chemistry levels at baseline, 52 weeks, and overall change are
demonstrated in Figure 1 and Supplemental Table 2. ALT was not significantly different at
baseline between histologic responders and non-responders (geometric mean 105 U/L,
versus 90 U/L; p= 0.53). In contrast, the change in ALT was significantly greater in
histologic responders compared to histologic non-responders (=75 U/L versus =11 U/L; p<
0.001). There was also a significant difference in the change in AST (p< 0.001) and GGT
(p< 0.001) between responder and non-responder groups. (Figure 1 and Supplemental Table
2) The largest change in liver chemistries was seen over the initial 12 weeks of the study
period (Figure 2). Importantly, changes in ALT, AST, and GGT at 12-weeks correlated with
changes at 52-weeks (r=0.81, 0.79, 0.71, respectively). (Supplemental Table 3, Supplemental
Table 4, Supplemental Figure 1)

Relationship between histologic improvement and liver chemistries

Histologic improvement was significantly associated with the relative change in liver
chemistries from baseline in ALT, AST, and GGT. For every 10% decrease in ALT over 52
weeks, there were 1.24 times greater odds of histologic improvement (95% CI1 1.10 — 1.39,
p<0.001) after controlling for baseline ALT, treatment group, age, sex, and body mass index
(BMI) z-score. Similar results were noted for AST (OR 1.16, 95% CI 1.04—-1.29, p=0.006)
and GGT (OR 1.51, 95% CI 1.28-1.79, p<0.001). (Table 2)

Hepatology. Author manuscript; available in PMC 2022 March 01.
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Model for primary outcome: histologic improvement

Models were developed for the CyNCh study’s primary outcome of improvement in overall
liver histology, defined as a decrease in NAFLD activity score by = 2 points without
worsening fibrosis. (Table 3, Figure 3, Supplemental Table 5) A multivariate model was
constructed based upon the baseline values of ALT, AST, and GGT and the change in ALT,
AST, and GGT at 52 weeks. The strongest model (p < 0.0001) retained only baseline GGT
and change in GGT at 52 weeks with an AUROC of 0.79 (95% CI 0.71 — 0.87). (Figure 3
panel ¢) A multivariate model was then constructed for histologic improvement using AIC
selection, from a candidate set of 24 variables forcing GGT and change in GGT in the
model. The best AIC model included the following variables: baseline GGT, change in GGT,
baseline alkaline phosphatase, baseline LDL, baseline lobular inflammation, hypertension,
and age. The AUROC of the model for predicting histologic improvement was 0.89 (95% CI
0.82 - 0.95), which was significantly better than the model including only baseline and 52-
week change in GGT (P=0.01). (Figure 3 Panel d) When the model was fixed at the
maximum Youden’s Index, the sensitivity was 84%, specificity was 84%, PPV was 69%,
and NPV was 92%. When the model was validated using data from the TONIC trial, the
AUROC was 0.84 (95% CI1 0.77 — 0.91), and the sensitivity, specificity, PPV and NPV were
85%, 72%, 65%, and 89% respectively. The values of baseline GGT along with change in
GGT were able to correctly classify presence of histologic improvement in 77.2% of
participants. The clinical model and additional diagnostic statistics are shown in Table 3.

Models for resolution of borderline zone 1 NASH

Models were created for the histologic outcome of resolution of borderline zone 1 NASH.
(Table 3, Figure 4, Supplemental Table 6) A multivariate model was constructed using both
the baseline values and the 52 week change in ALT, AST, and GGT. The strongest model (p
= 0.0004) retained only baseline ALT and change in ALT at 52 weeks and had an AUROC
of 0.80 (95% C1 0.67 — 0.93). (Figure 4, Panel ¢) Next, a multivariable model for resolution
of borderline zone 1 NASH was built from a candidate set of 24 variables and using AIC
selection, forcing baseline and 52-week change in ALT in the model. In addition to baseline
ALT and change in ALT, the variables selected were race, and baseline LDL. The AUROC
of the model was 0.91 (95% CI 0.83 — 0.99), which was significantly better than the model
that included only baseline and 52-week change in ALT (P=0.03). (Figure 4, Panel d) When
the model was fixed at the maximum Youden’s Index, the sensitivity was 95%, specificity
was 82%, PPV was 78%, and NPV was 96%. When the model was validated using data
from the TONIC trial, the AUROC was 0.92 (95% CI 0.81 — 1.00), and the sensitivity,
specificity, PPV and NPV were 100%, 82%, 88%, and 100%. The values of baseline ALT
and change in ALT were able to correctly classify resolution of borderline zone 1 NASH in
71.7% of participants. The clinical model and additional diagnostic statistics are shown in
Table 3.

Models for improvement in fibrosis

Models were created for the histologic outcome of improvement in fibrosis. (Table 3,
Supplemental Figure 3) A multivariate model was constructed using both the baseline values
and the 52 week change in ALT, AST, and GGT. The strongest model ((p<0.001) retained
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only baseline and change of ALT at 52 weeks and had an AUROC of 0.80 (95% CI 0.67-
0.93). (Supplemental Figure 3 Panel d) Next, a multivariable model for improvement in
fibrosis was built from a candidate set of 24 variables using AIC selection. In addition to
baseline ALT and change in ALT, the best model retained baseline BMI z-score, race, along
with baseline histologic features of fibrosis stage, ballooning grade, and lobular
inflammation grade. The AUROC of the model was 0.89 (95% CI 0.83— 0.94).
(Supplemental Figure 3, Panel d) When the model was fixed at the maximum Youden’s
Index, the sensitivity was 90%, specificity was 77%, PPV was 65%, and NPV was 94%.
When the model was validated using data from the TONIC trial, the AUROC was 0.85 (95%
Cl1 0.78 — 0.91), and the sensitivity, specificity, PPV and NPV were 94%, 64%, 56%, and
96%. The clinical model and additional diagnostic statistics are shown in Table 3.

Model for change in liver chemistries

Multiple linear regression models of the change in each liver chemistry (ALT, AST, GGT)
over 52 weeks on histologic improvement, controlling for age, sex, baseline BMI z-score,
baseline liver chemistry (ALT, AST, or GGT) and treatment group are presented in Table 4.
Histologic improvement was found to be significantly associated with change in ALT
(p=0.006) and change in GGT at 52 weeks (p<0.001) but not with change in AST (p=0.08).
Factors that were independently associated with change in all three liver chemistry
parameters were baseline liver chemistry value, change in BMI z-score, and treatment group.
For ALT and AST, but not GGT, baseline BMI z-score was also significant (p= 0.002 for
ALT, p=0.01 for AST, and p=0.27 for GGT). Age and sex were not significantly associated
with change in liver chemistry.

DISCUSSION

We performed a secondary analysis of data from the CyNCh clinical trial, a randomized,
double-blind, placebo-controlled trial of CBDR for the treatment of children with NAFLD,
to evaluate the relationship between change in liver chemistry and improvement in liver
histology. We noted that changes in liver chemistry at 12 weeks strongly correlated with
changes in liver chemistry at 52 weeks. Moreover, changes in liver chemistry showed strong
relationships with histologic improvement. For improvement in NAS, baseline and change in
GGT was the most predictive indicator, while for resolution of borderline zone 1 NASH and
improvement in fibrosis, baseline and change in ALT were most predictive. In addition to
improvement in liver histology, changes in ALT, AST and GGT over 52 weeks were also
strongly related to their baseline value, treatment group and changes in BMI z-score.

Of the common clinical laboratory tests, GGT had the strongest relationship with
improvement in NAS in the CyNCh clinical trial. Notably, this finding was replicated
utilizing data from the TONIC trial and is consistent with other available cross-sectional and
basic science data. GGT is present in the bile canaliculi of hepatocytes and in biliary
epithelial cells, and has an important role in the metabolism of glutathione, the principal
thiol antioxidant in humans. As oxidized glutathione increases, hepatic GGT is induced, and
thus GGT levels are a marker of oxidative stress. (16, 17) Furthermore, GGT has been
shown to correlate with more severe liver histology in both children and adults with
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NAFLD. (18-20) Moreover, GGT is a marker of extrahepatic comorbidities that associate
with NAFLD such as type 2 diabetes mellitus, hypertension, and dyslipidemia. (21) Thus,
our data suggest that GGT may be useful for non-invasively monitoring the improvement of
NAFLD histology in children due to its relationship to the underlying pathophysiology of
NAFLD, its value in predicting histological severity based on NAS, and its relevance to
commonly associated comorbidities seen in NAFLD that influence NAFLD severity.

The relationship between laboratory parameters and various subtypes of pediatric NAFLD is
of particular interest. Borderline zone 1 NASH, the dominant pattern in children, is more
often associated with fibrosis than other subtypes. (22) As fibrosis is a major determinant of
morbidity and mortality related to liver disease, there is a need for accurate monitoring of
progression of this phenotype in children. In the CyNCh clinical trial, although ALT
improved in children receiving the study drug, it was only children with borderline zone 1
NASH that also had significant corresponding histologic improvement. (13) In this
secondary analysis, baseline and change in ALT predicted improvement in borderline zone 1
NASH, demonstrating that the most important marker to follow in a given patient may
depend upon baseline histology. Furthermore, it was not only the change in ALT that was
predictive, but the combination of baseline ALT along with change in ALT, thus illustrating
the importance of interpretation of a given change in a liver chemistry in the context of its
starting value. Interestingly, this relationship between ALT and improvement in borderline
zone 1 NASH was independent of BMI. In summary, accurate interpretation of how change
in liver chemistry reflects histologic change requires an appreciation of the various patient
and laboratory specific parameters that may influence this laboratory-histology relationship.

The ability to assess fibrosis presence and severity in NAFLD is of particular importance,
given that fibrosis is a key predictor of NAFLD prognosis and the risk of progression to
cirrhosis and end-stage liver disease. Thus, an important outcome to consider in pediatric
NAFLD clinical trials is improvement in fibrosis stage. To date, there are no non-invasive
measures that have been validated in children to assess change in liver fibrosis stage.
Therefore, our model, with good performance characteristics, is a promising development.
Interestingly, both baseline and change in liver chemistry is required to predict fibrosis
improvement which is similar to models predicting improvement in NAS score, borderline
zone 1 NASH. Additionally, all of the parameters in the model to predict histologic
improvement other than change in ALT, were baseline histologic parameters, including
baseline fibrosis stage. Therefore, comprehensive characterization pretherapy, including liver
histology, is necessary in order for this model to be utilized. This is consistent with
recommendations from AASLD that a liver biopsy to establish a diagnosis of NASH should
be obtained before starting children on pharmacological therapy for NASH (23).

NASPGHAN and AASLD clinical practice guidelines emphasize the need for noninvasive
biomarkers to detect and accurately measure change in NAFLD and NASH longitudinally.
(4, 23) This secondary analysis suggests that readily available laboratory tests, particularly
ALT and GGT, may aid in the prediction of histologic improvement over time. Based upon
the baseline values of ALT and GGT and the change in ALT and GGT, one may correctly

classify histologic improvement in about three-quarters of children with NAFLD. Further

biomarker development should be targeted on closing that remaining gap. Therefore, these
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laboratory tests may be useful both for clinical monitoring and for use as outcomes in
clinical trials. The choice of which liver chemistry should be the primary outcome may
depend on the outcome variable of interest; for example, GGT would be the best liver
chemistry to predict improvement in NAS score. In addition, the manner in which we
consider these parameters requires consideration of both the baseline value and the relative
change from baseline in the interpretation.

The relationship between liver chemistry and disease severity is complex and multifactorial.
In this study, factors found to be independently associated with change in ALT, AST, and
GGT were baseline liver chemistry values, change in BMI z-score and treatment group
assignment. Baseline liver chemistry values determine the potential for change in liver
chemistry, in part by setting mathematical constraints on how much room for change there
is, thus affecting the relationship between relative and absolute change. There are also
corresponding physiologic constraints; the degree of liver chemistry elevation is associated
with the severity of hepatocellular injury (24) and with more inflammation at outset, there is
greater potential for improvement with intervention. In addition, liver chemistry change was
also significantly associated with change in BMI. This finding is supported by previous
studies which have associated reduction in BMI with improvement in metabolic function,
decreasing both insulin resistance (25) and oxidative stress (26), known contributors to
hepatic inflammation. The potential impact of oxidative stress on liver chemistry is further
illustrated by the fact that treatment with cysteamine, a glutathione precursor with
antioxidant properties, was significantly associated with liver chemistry improvement (13).
Thus, the difficulty in interpreting change in liver chemistry is due in part to the divergent
factors that influence this change.

Strengths of the study included that data were from a randomized placebo-controlled trial
conducted by the NASH CRN, which has a diverse geographic representation of children
with accurate and rigorously characterized NAFLD. Liver histology was evaluated via
central review by a Pathology Committee reading slides in consensus without awareness of
clinical data. This study included analysis of liver chemistries which are readily available,
affordable, and are routinely used in clinical practice. This study was able to validate the
models by applying models to data from the only other multi-center trial using liver
histology in children, TONIC. A limitation to this study is that this was a secondary analysis.
(27) An additional limitation is that the constructed models may not apply to individuals
who have normal liver chemistry, however, those with normal liver chemistries are
uncommon participants in treatment trials. We encourage these findings to be tested in other
studies with different patient populations.

In conclusion, in children with NAFLD, the dynamic changes in serum ALT and GGT are
strongly associated with change in liver histology and may be useful as an indicator of
histologic response. More specifically, GGT may best address improvement in NAS score,
and ALT may best address improvement in borderline zone 1 NASH and improvement in
fibrosis. There are important implications to understanding this specific relationship between
liver chemistry and histologic change, both in terms of clinical care and in the context of
clinical trials, as children with borderline zone 1 NASH may have a differential risk for
advanced fibrosis and also may respond differently to interventions.

Hepatology. Author manuscript; available in PMC 2022 March 01.
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Baseline characteristics of CyNCh patients with baseline and end of treatment biopsies

Table 1.

Histological Improvement

Improved  Not improved Total
(N=43) (N=103) (N=146) P
Demographics
Age (years) 13.2 (2.6) 13.7 (2.6) 13.6 (2.6) 0.25
Male 30 (70%) 73 (71%) 103 (71%)  1.00
Race 0.82
White 26 (60%) 60 (58%) 86 (59%)
Non-white 5 (12%) 17 (17%) 22 (15%)
Refusal/not stated 12 (28%) 26 (25%) 38 (26%)
Hispanic ethnicity 35 (81%) 73 (71%) 108 (74%) 0.22
Treatment group 0.15
CBDR 25 (58%) 46 (45%) 71 (49%)
Placebo 18 (42%) 57 (55%) 75 (51%)
Weight stratum 0.15
<65 kg 15 (35%) 27 (26%) 42 (29%)
>65-80 kg 2 (5%) 16 (16%) 18 (12%)
>80 kg 26 (60%) 60 (58%) 86 (59%)
Liver chemistries — median (IQR)
Alanine aminotransferase (U/L) 94 (57-179) 84 (62-130) 86 (62-140) 0.53
Aspartate aminotransferase (U/L) 53 (39-92) 50 (38-74) 51 (38-79) 0.67
y-glutamyl transpeptidase (U/L) 38 (27-67) 34 (26-54) 35 (27-62) 0.30
Metabolic factors
Weight (kg) 81 (23) 86 (27) 84 (26) 0.28
Body-mass index (kg/m?) 31 (6) 32(7) 32 (6) 0.23
Body-mass index z-score 2.1(0.4) 2.2(0.5) 2.2(0.4) 0.40
Liver histology findings
NAFLD activity score ™ 54(12)  44(13)  47(4) <0001
Steatosis score 2.4(0.8) 2.4(0.7) 2.4(0.7) 0.92
Lobular inflammation score 2.1(0.7) 1.5(0.6) 1.7 (0.7) <0.001
Hepatocellular ballooning score 0.9 (0.8) 0.5(0.7) 0.6 (0.7) 0.007
Portal inflammation scoref 11(09) 12(05) 1.1(095) 0.16
Fibrosis stage 0.18
0, none 8 (19%) 37 (36%) 45 (31%)
1a, mild, zone 3 perisinusoidal 3 (7%) 8 (8%) 11 (8%)
1b, moderate, zone 3 perisinusoidal 4 (9%) 5 (5%) 9 (6%)
1c, portal/periportal only 12 (28%) 25 (24%) 37 (25%)
2, zone 3 and periportal, any combination 8 (19%) 10 (10%) 18 (12%)
3, bridging 7 (16%) 18 (17%) 25 (17%)
4, cirrhosis 1(2%) 0 (0%) 1 (1%)
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Histological Improvement
Improved  Not improved Total
(N=43) (N=103) (N=146) P
Steatohepatitis 0.03

No 6 (14%) 34 (33%) 40 (27%)

Borderline Zone 3 pattern 8 (19%) 14 (14%) 22 (15%)

Borderline Zone 1 pattern 12 (28%) 34 (33%) 46 (32%)

Definite 17 (40%) 21 (20%) 38 (26%)

Data are n (%) or mean (SD), unless otherwise noted.

*
NAFLD activity score was assessed on a scale of 0-8, with higher scores showing more severe disease (the components of this measure are
steatosis [assessed on a scale of 0-3], lobular inflammation [assessed on a scale of 0-3], and hepatocellular ballooning [assessed on a scale of 0—

2D).

Portal inflammation was assessed on a scale of 0-2, with higher scores showing more severe inflammation.
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Table 2.

Multiple logistic regression analysis of histologic improvement on the 52-week relative changes in liver
chemistries, controlling for treatment group, baseline liver chemistries, age, sex, and BMI z-score

Odds Ratio 95% ClI P AUROC
Outcome: Histologic improvement (yes vs. no) 0.74
Relative change in ALT (U/L), per 10% decrease from baseline to 52 weeks 1.24 1.10-1.39 <0.001
Treatment group (Cyst vs. PIbo) 1.08 0.48 —2.43 0.85
Baseline ALT (U/L) 1.00 1.00-1.01 0.39
Baseline age (years) 0.98 0.84-1.14 0.78
Sex (male vs. female) 0.90 0.38-2.12 0.80
Baseline BMI z-score 114 0.46-2.83 0.78
Outcome: Histologic improvement (yes vs. no) 0.69
Relative change in AST (U/L), per 10% decrease from baseline to 52 weeks 1.16 1.04-129 0.006
Treatment group (Cyst vs. PIbo) 1.16 0.53-2.57 0.71
Baseline AST (U/L) 1.00 1.00-1.01 0.47
Baseline age (years) 0.95 0.82-1.10 0.52
Sex (male vs. female) 0.95 0.41-2.17 0.90
Baseline BMI z-score 0.93 0.39-224 0.87
Outcome: Histologic improvement (yes vs. no) 0.81
Relative change in GGT (U/L), per 10% decrease from baseline to 52 weeks 1.51 1.28-1.79 <0.001
Treatment group (Cyst vs. PIbo) 1.40 0.61-3.23 0.43
Baseline GGT (U/L) 0.99 098-101 0.26
Baseline age (years) 0.98 0.84-1.15 0.83
Sex (male vs. female) 0.92 0.37-2.32 0.87
Baseline BMI z-score 1.04 0.41-2.63 0.93

Three separate multiple logistic regression models were fit for the outcome of histologic improvement. Covariates included relative change in liver
chemistry values (separate models fit for ALT, AST, and GGT), the baseline liver chemistry value, baseline age, sex, and baseline BMI z-score.

The liver chemistry effects were similar in Cysteamine Bitartrate DR and placebo groups. Interaction p-values 0.23, 0.37, 0.09 for ALT, AST, and
GGT models, respective

Hepatology. Author manuscript; available in PMC 2022 March 01.
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Table 4.

Multiple linear regression analysis of the 52-week changes in liver chemistries on histologic improvement,
controlling for treatment group, baseline liver chemistries, age, sex, and BMI z-score
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1duosnuep Joyiny

B 95% ClI P

Outcome: A ALT (52-week-BL, U/L)
Histologic improvement (yesvs.no)  -29.9 -51.3,-85  0.006
Treatment group (Cyst vs. PIbo) -20.4 -39.4,-13 0.04
Baseline ALT (U/L) -0.5 -0.6,-0.4  <0.001
Baseline age (years) -0.01 -3.6, 3.6 1.00
Sex (male vs. female) -10.6  -31.0,9.9 0.31
Baseline BMI z-score 33.3 12.1,54.4 0.002
52-week change in BMI z-score 61.3 17.3,105.4 0.007
Intercept -11.8

Outcome: A AST (52-week-BL, U/L)
Histologic improvement (yes vs. no)  -10.8  -22.7,1.2 0.08
Treatment group (Cyst vs. PIbo) -13.6 -24.3,-28 0.01
Baseline AST (U/L) -0.6 -0.7,-0.4  <0.001
Baseline age (years) -0.8 -2.8,1.2 0.42
Sex (male vs. female) -7.8 -19.3,3.7 0.18
Baseline BMI z-score 15.3 3.4,27.1 0.01
52-week change in BMI z-score 26.2 1.5,50.9 0.04
Intercept 14.2

Outcome: A GGT (52-week-BL, U/L)
Histologic improvement (yes vs. no)  -12.8 -18.9,-6.6 <0.001
Treatment group (Cyst vs. PIbo) -6.1 -115,-06 0.03
Baseline GGT (U/L) -0.3 -0.4,-0.2 <0.001
Baseline age (years) 0.7 -0.3,1.8 0.17
Sex (male vs. female) 0.3 -5.6, 6.2 0.92
Baseline BMI z-score 35 -2.7,9.7 0.27
52-week change in BMI z-score 14.0 1.3,26.8 0.03
Intercept -3.4
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