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Abstract: Background: Validated noninvasive biomarkers to assess treatment response in pediatric
nonalcoholic fatty liver disease (NAFLD) are lacking. We aimed to validate alanine aminotransferase
(ALT), a monitoring biomarker for change in liver histology. Methods: A retrospective analysis using
data from the TONIC trial. NAFLD histologic assessments were defined by: Fibrosis score, NAFLD
activity score (NAS), nonalcoholic steatohepatitis (NASH), and a combination of NASH resolution
and fibrosis (NASH + fibrosis). Analysis was performed using classification and regression trees
(CART) as well as logistic regression. Results: Mean ALT for the child over 96 weeks and percent
change of ALT from baseline to 96 weeks were significant predictors of progression of NAFLD for each
histologic assessment (p < 0.001 for fibrosis score, NASH, and NASH + fibrosis and p < 0.05 for NAS).
Mean ALT adjusted for age, sex and ethnicity was a better predictor for change in NASH (81.8 (11.0)
ROC (receiver operating characteristic curve) mean (SD (Standard derivation))) and NASH + fibrosis
(77.8 (11.2)), compared to change in NAS (63 (17.7)) and fibrosis (58.6 (11.1)). Conclusion: Mean
ALT over 96 weeks is a reasonable proxy of histologic improvement of NASH and NASH + fibrosis.
These findings support ALT as a valid monitoring biomarker of histologic change over time in
children with NASH and fibrosis.
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1. Introduction

There is an urgent need for effective therapies for nonalcoholic fatty liver disease (NAFLD)
because of its high prevalence, affecting approximately 25% of the global population [1,2]. It is
currently the second leading indication for liver transplant in the US [3]. Children are frequently
affected by NAFLD and the prevalence is increasing [1,4]. Because of this, clinical trials for potential
therapies have been conducted in children with NAFLD [5,6] and new studies are needed to test novel
therapeutic approaches [7].
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NAFLD is a disease that progresses slowly and clinical outcomes such as cirrhosis, portal hypertension,
and liver transplant develop potentially decades after the initial onset of the disease. Because of this,
histology has become a surrogate marker of future outcomes based on limited data showing that fibrosis is
related to mortality [8]. While liver biopsies are commonly performed and histology is recommended as
the best primary outcome for phase 3 clinical trials in pediatric NAFLD [6,9], they are both invasive and
costly [10,11] and biopsies are typically avoided in early phase studies.

Alanine aminotransferase (ALT) is a serum marker of liver damage; it is routinely measured in
clinical labs and is reproducible and accurate. Intuitively, a large decrease or normalization of ALT
may reflect decreased inflammation [12]. Hence, ALT is commonly used to monitor inflammatory
liver diseases, e.g., autoimmune hepatitis, and liver transplantation for routine clinical monitoring.
Most clinicians caring for NAFLD patients routinely obtain ALT to assess change over time; however,
the literature has mixed support for this approach and it is uncertain whether ALT is valid for
measuring change in inflammation and liver damage. A previous analysis of ALT in the clinical trial
of treatment of nonalcoholic fatty liver disease in children (TONIC) showed that for every decrease of
10 U/L, the relative odds of histologic improvement and resolution of nonalcoholic steatohepatitis
(NASH) were 1.31 and 1.26 respectively [13]. However, other studies have suggested that ALT is not
associated with liver histology in NAFLD [14] and because of this, the utility of ALT as a surrogate
marker of response to treatment in early phase NAFLD clinical trials continues to be questioned.
Therefore, the purpose of this study was to further explore data from the TONIC trial using predictive
modeling to test ALT as a predictor of histologic progression versus improvement of pediatric NAFLD
over time.

2. Materials and Methods

Permission to conduct the analysis and de-identified data were obtained from the National
Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) Repository and approved by the
Emory IRB. This was a secondary analysis using data from the 96 week, randomized, controlled TONIC
trial comparing placebo to metformin or vitamin E, along with standard of care [5]. Inclusion criteria
included persistently elevated ALT > 60 U/L and a biopsy-confirmed NAFLD. ALT was measured
10 times during the study, including study entry and at 96 weeks. Four different histologic assessments,
that have been commonly used in NAFLD studies, were considered: (1) fibrosis stage [15], (2) NAFLD
Activity Score (NAS) [16], (3) NASH [17] and (4) a combined outcome of NASH resolution and fibrosis
score (NASH + fibrosis), [9] NASH resolution and fibrosis score was combined because these are
both measurements of NAFLD severity. Each assessment was performed at baseline and at 96 weeks.
Summarized definitions for each assessment in Table 1.

Table 1. Histologic assessment definitions.

Improvement Progression Stable

No change in fibrosis
Fibrosis Any decrease in stage Any increase in stage score when comparing
baseline to 96 weeks

At least two-point Any increase or decrease by
NAS decrease in NAS 1in NAS N/a
Resolution of No change or change
\e between NASH and
NASH steatohepatitis or Change from none to NASH borderline NASH when
borderline NASH or borderline NASH . .
comparing baseline to
to none
96 weeks
NASH score of 0 and a NASH score of 1 or higher
NASH + Fibrosis decrease or no change and increase or no change N/A

in fibrosis in fibrosis

NALFD: nonalcoholic fatty liver disease; NAS: NAFLD Activity Score; NASH: nonalcoholic steatohepatitis.
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2.1. Fibrosis Assessment

There are seven fibrosis stages (0 = None, la = Mild zone 3, 1b = Moderate zone 3,
1c = Portal/periportal, 2 = Zone 3 and periportal, 3 = Bridging, and 4 = Cirrhosis) [15]. The fibrosis
scores of 1a, 1b and 1c were considered as a single score of 1. Improvement in fibrosis was defined
as any decrease in stage and progression in fibrosis was defined as increase in numbered stage.
Subjects that maintained their fibrosis score at 96 weeks compared to baseline were labeled stable.
Subjects with fibrosis score of 0, meaning no fibrosis at baseline, and remaining fibrosis-free at 96 weeks
were considered stable for Figures 1 and 2 and excluded from regression models.

>

NASH

=
B D
o O

=
o N
o O
—_
1
1
H
H’
4

Mean ALT (U/L)
8 & 8 8

o

0 4 12 24 36 48 60 72 84 96

Weeks
—e—Improvement
B Fibrosis
—e—Stable
180
160 Progressed
3140
S 120
5 100
< g
&
8 60
S 4

N
o o

0 4 12 24 36 48 60 72 8 9
Weeks

Figure 1. Mean ALT concentrations were higher among stable and progressing groups than among
improving participants, when measured by the NASH assessment. Mean ALT concentrations had
similar initial trajectories when measured by the fibrosis score, with the improvement group dropping
approximately 45%. Mean ALT is shown at each time point for participants that showed progression
(lightest gray), improvement (dark gray) and that stayed stable from baseline to 96 weeks (black) for NASH
assessments (A) and for fibrosis (B). ALT: alanine aminotransferase; NASH: nonalcoholic steatohepatitis.

2.2. NAFLD Activity Score

NAFLD activity score (NAS) is a sum of steatosis (0-3), inflammation (0-3) and ballooning (0-2)
scores. Improvement in NAS was defined as at least 2 point decrease in NAS [16] from 0 to 96 weeks.
Progression was defined as any increase or decrease of 1 point. Stability was not defined for this
assessment due to the lack of concrete clinical definition.

2.3. NASH

NASH was dichotomized, defining the score of 0 as no steatohepatitis (steatosis only) versus any
steatohepatitis (score of 1), which included borderline steatohepatitis and definite steatohepatitis [17].
Improvement in NASH was defined as resolution of steatohepatitis from score 1 to 0 (no steatohepatitis)
and progression in NASH were defined as change from no steatohepatitis (0) to any steatohepatitis (1).
In Figures 1 and 2, subjects with persistent NASH, not improving nor worsening, from baseline to
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96 weeks were considered stable in NASH. Subjects with NASH assessment of 0 at screening and at
96 weeks were also considered stable for the figures and excluded from regression models evaluating
NASH improvement.
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Figure 2. Changes in ALT concentrations from baseline were similar in stable patients compared to
those with progressed disease when measured by the fibrosis and NASH assessment, though with
the fibrosis score participants were more variable. The percent change in ALT from baseline is shown
at each time point for participants that showed progression (lightest gray), improvement (dark gray)
and that stayed stable from baseline to 96 weeks (black) was added for NASH assessments (A) and
fibrosis (B). ALT (alanine aminotransferase); NASH (nonalcoholic steatohepatitis).

2.4. NASH Resolution and Stable Fibrosis (NASH + Fibrosis)

This benchmark is a combination of NASH resolution (improvement) and decrease or no change
in fibrosis score [18]. Progression was defined as no resolution and any increase or no change in fibrosis.
Stability was not defined for this assessment due to the concrete clinical definition of NASH.

2.5. Data Preparation

The initial sample consisted of all patients in the TONIC trial with a biopsy at baseline and
at 96 weeks (n = 173). ALT greater than 500 U/L (n = 3) or missing at either time point (n = 24)
were excluded. Therefore, 146 patients were included in these analyses. Clinical characteristics and
demographics for baseline and 96 are summarized in Table 2. For NASH + fibrosis, only patients with
NASH at baseline (1 = 119) were included.
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Table 2. Mean baseline demographics.

Fibrosis NAS NASH NASH + Fibrosis
Improve (n=57)  Progress (n =71) Improve (n=68)  Progress (n =77) Improve (n=50)  Progress (n = 81) Improve (n = 39) Progress (n = 73)

Age, year;(mean (SD)) 13 (2.2) 13 (3) 13 (2) 13 (3) 12.9 (£2.0) 13 (3) 12.6 (1.7) 13 (3)
Female (1 (%)) 46 (81%) 60 (85%) 56 (82%) 62 (81%) 42 (84%) 66 (82%) 34 (87%) 59 (81%)
Ethnicity (1 (% Hispanic)) 36 (63%) 46 (65%) 46 (68%) 47 (61%) 34 (68%) 49 (61%) 26 (67%) 47 (64%)
BMI z-score (mean(SD)) 2.7 (0.6) 2.7(0.7) 2.6 (0.7) 2.8 (0.6) 2.7(0.7) 2.8(0.7) 2.6 (0.7) 2.7 (0.6)
ALT (U/L; mean(SD)) 132 (75) 138 (70) 144 (84) 122 (62) 126 (72) 139 (71) 128 (79) 147 (71)
Pre-Pubertal (n (%)) 25 (44%) 39 (55%) 14 (21%) 58 (75%) 17 (34%) 48 (59%) 14 (36%) 38 (52%)

Fibrosis (n (%))
0 0 (0%) 18 (25%) 14 (21%) 19 (25%) 10 (20.0%) 1519%) 0 (0%) 12 (16%)
1 30 (53%) 34 (48%) 24 (35%) 40 (52%) 26 (52.0%) 33 (41%) 25 (64%) 31 (43%)
2 15 (26%) 10 (14%) 17 (25%) 9 (12%) 8 (16.0%) 17 (21%) 8 (21%) 16 (22%)
3 12 (21%) 9 (13%) 13 (19%) 8 (10%) 6 (12.0%) 15 (19%) 6 (15%) 14 (19%)
NAS (1 (%))

2 1 (1.8%) 4 (6%) 1 (2%) 7 (9%) 0 (0.0%) 4 (5%) 0 (0%) 2 (3%)

3 10 (18%) 8 (11%) 7 (10%) 16 (21%) 9 (18%) 10 (12%) 7 (18%) 7 (10%)
4 12 (21%) 22 (31%) 15 (22%) 24 (31%) 13 (26%) 21 (26%) 10 (26%) 17 (23%)
5 19 (33%) 12 (17%) 16 (24%) 16 (21%) 10 (20%) 21 (26%) 10 (26%) 19 (26%)
6 12 (21%) 12 (17%) 16 (24%) 10 (13%) 14 (28%) 12 (15%) 10 (26%) 14 (19%)
7 3 (5%) 12 (17%) 12 (18%) 4 (5%) 4 (8%) 12 (15%) 2 (5%) 13 (18%)

8 0 (0%) 1 (1%) 1 (2%) 0 (0%) 0 (0%) 1 (1%) 0 (0%) 1 (1%)

NASH (1 (%)) 5 (9%) 11 (16%) 7 (10%) 20 (26%) 0 (0%) 14 (17%) 0 (0%) 0 (0%)

SD: standard deviation; BMI: body mass index.
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2.6. Predictive Model Development

For the prediction of NAFLD improvement or progression, two variables were calculated, (1) mean
ALT over the 96-week trial period (average of ALT at all 10 time points) and, (2) percent change of
ALT at week 96 compared to baseline. Using the dynamic time warping distance [19], which is a
technique for comparing time series providing the least cumulative distance between two time series,
we measured ALT concentrations at baseline and at week 96. Hierarchical clustering was performed
and patients were divided into 5 clusters. These were based on patients with (1) no change, (2) sharp
increase, (3) slight increase, (4) sharp decrease, (5) slight decrease. The distance between two time series
was determined using dynamic time warping (DTW). DTW finds the optimal alignment between two
time series. The cluster information on ALT was included in the model building process. The patient
demographics such as age, sex, and ethnicity were also considered as control variables.

Classification and Regression Trees (CART) and logistic regression were performed to predict
the utility of ALT to determine progression or improvement. CART is a classification method
which uses historical data to construct decision trees. The constructed tree can then be used for
classification of new observations. The variables used in fully adjusted predictive models were age,
gender, ethnicity, ALT cluster, ALT at baseline and at 96 weeks, % change in ALT from baseline,
coefficient of variation of ALT, and mean ALT over the trial period (average of all time points) for
each of the 4 histologic assessments. To account for the small sample size, k-fold cross validation was
used to estimate the model performance. The data was divided into k = 5 subsamples of equal size.
Each subsample was used once for testing while a model was trained on the remaining four subsamples.
This procedure was repeated 20 times using different (randomly selected) 5 folds. The average model
performance (area under the receiver operating characteristic (ROC) curve (AUC)) was calculated
across 20 replications and the final model was fitted to the entire data.

ROC curve was used to measure the sensitivity and specificity of the candidate marker for the
prediction of histologic improvement in NAFLD. Progression was considered the positive case while
improvement was considered the negative case for the calculations. Univariate logistic regression
models were used to identify the significance of mean ALT over two defined trial periods (48 vs.
96 weeks) and percent change of ALT compared to baseline at week 96. To assess the necessary length
of ALT monitoring, the mean ALT was calculated based on 48 weeks of data and compared with the
mean ALT over the 96-week trial period. All analyses were performed using R version 3.1.3.

3. Results

The original subject demographics were previously published [4]. For this analysis, demographics
were grouped by the four NAFLD histologic assessments and progression or improvement for that
histologic assessment (Table 2). Subjects were on average 13 years old [13.2 yrs (2.5)], 82% female, and
73% white and 64% Hispanic. The mean BMI z-score was 2.7 (0.7). Mean ALT was higher in the group
that progressed versus the group that improved at each time point with the exception of NAS Score
and NASH at baseline. For NASH and fibrosis score, those subjects that remained stable had mean
ALTs between 150 U/L and 90 U/L over the course of the study (Figure 1). Percent change calculated
from baseline was largest in the improvement group as expected. Changes in ALT concentrations from
baseline were similar in stable patients compared to those with progressed disease when measured
by the fibrosis and NASH assessment, though with the fibrosis score participants were more variable
(Figure 2).

Associations between Mean ALT and NAFLD

The univariate logistic regression indicated that mean ALT over 96 weeks was a significant
predictor of progression of NAFLD for each histologic assessment (p < 0.001 for fibrosis score, NASH,
and NASH + fibrosis and p < 0.05 for NAS). Similarly, the univariate logistic regression indicated
that percent change in ALT (at week 96 compared to baseline) was also a significant predictor of
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progression of NAFLD for each histologic assessment (p < 0.001 for NAS, NASH, and NASH + fibrosis
and p < 0.01 for fibrosis score). For one unit of increase in the mean ALT, the odds of progression
increased by a factor of 1.02, 1.01, 1.04, and 1.05 for fibrosis score, NAS, NASH, and NASH + fibrosis
respectively. Similarly, for 1% increase in ALT change, the odds of progression increased by a factor of
1.01, 1.03, 1.04, and 1.03 for fibrosis score, NAS, NASH, and NASH + fibrosis respectively. The mean
ALT over 48 weeks was statistically significant for progression of NAFLD for all scores except for
NAS (p < 0.01; data not shown). The average model performances (AUC, Sensitivity, Specificity) using
a univariate logistic regression model with mean ALT over 96 weeks showed better performance
for NASH (85.6 (9.3); 71.1 (15.7); 84.4 (10.7)) and NASH + fibrosis assessments (84.9 (8.6); 67.9 (16.8);
85.7 (11.2)) than fibrosis (69.6 (10.4); 62.9 (12.5); 70.9 (14.6)) and NAS (65.1 (10.7); 57.9 (12.4); 64.6 (16.4)).

Using the CART method for the fully adjusted model, the threshold for mean ALT to signify
improvement using the fibrosis score was 77.1 U/L (Table 3). For NASH, the threshold for ALT at
96 weeks (the time of second biopsy) to signify improvement was 56.5 U/L. For NAS, the threshold
for percent change in ALT between baseline and 96 weeks to signify improvement was 68% (Table 3).
Using only mean ALT over 96 weeks (Table 3) demonstrated a narrow range of mean ALT to predict
improvement (62-77 U/L).

Table 3. Classification trees.

. . Classification Tree Using Mean ALT Only Classification Tree Using All Variables *
Histologic Assessment

(96 weeks) (96 weeks)
Fibrosi Mean ALT < 77.1 — Improvement Mean ALT < 77.1 — Improvement
0818 Mean ALT > 77.1 — Progression Mean ALT > 77.1 — Progression
NAS Mean ALT < 68.6 — Improvement Percent Change < —68.4% — Improvement
Mean ALT > 68.6 — Progression Percent Change > —68.4% — Progression
NASH Mean ALT < 61.7 — Improvement ALT at week 96 < 56.5 — Improvement
Mean ALT > 61.7 — Progression ALT at week 96 > 56.5 — Progression
. . Mean ALT < 65.2 — Improvement ALT at week 96 < 56.5 — Improvement
NASH + Fibrosis Mean ALT > 65.2 — Progression ALT at week 96 > 56.5 — Progression

* Age, gender, ethnicity, ALT cluster, ALT at baseline and at 96 weeks, % change in ALT from baseline, coefficient of
variation of ALT, mean ALT.

The average model performances (AUC, Sensitivity, and Specificity) of these classification trees for
each histologic assessment and each model show better specificity and sensitivity for NASH and NASH +
fibrosis assessments (Table 4). The models with mean ALT at 48 weeks had lower specificity and sensitivity
compared to those with mean ALT at 96 weeks and percent change in ALT (data not shown). Overall, the
models for NASH and NASH + fibrosis performed better than NAS and fibrosis score.

Table 4. Classification and Regression Trees (CART), Model Performance with 5-fold cross validation
across 20 replications—average (standard deviation).

Fibrosis NAS NASH NASH + Fibrosis
Mean ALT (96 weeks) *
ROC 60.59 (13.31)  57.4(10.1)  73.70 (14.25) 74.59 (14.22)
Sensitivity 55.65(13.70)  52.3(20.1)  65.79 (14.10) 66.21 (18.38)
Specificity 73.82(10.77)  629(179)  86.78 (11.87) 86.91 (11.98)
Fully adjusted Model (96 weeks) **
ROC 58.56 (11.1) 63.0 (17.7) 81.84 (11.0) 77.78 (11.22)
Sensitivity 56.50 (15.12)  56.0 (17.5)  80.52 (15.27) 71.76 (21.59)
Specificity 64.63 (14.81)  74.7 (16.3)  82.99 (11.55) 80.81 (12.72)

* Mean ALT as predictor; ** age, gender, ethnicity, ALT cluster, ALT at baseline and at 96 weeks, % change in ALT
from baseline, coefficient of variation of ALT, mean ALT.
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4. Discussion

Understanding the strengths and weaknesses of ALT as a biomarker of histologic change is
valuable for clinical care and early phase clinical trials in pediatric NAFLD in which ALT is utilized as
an outcome in future. There are several approaches to determining validity of a biomarker, including
to assess the truthfulness of a measure, the discriminant validity, and the feasibility [20]. According to
the BEST (Biomarkers, Endpoints, and other Tools) Resource, the definition of clinical validation is
“Establishing that the test, tool, or instrument acceptably identifies, measures, or predicts the concept
of interest [21]”. ALT has long been accepted as a truthful measure of liver inflammation and ALT is
highly feasible because it is widely available, requires only a small amount of blood and is relatively
inexpensive. However, the sensitivity to change (discriminant validity) is not well documented in
pediatric NAFLD. In this analysis, we found that the mean ALT for a child with NAFLD over 96 weeks
discriminated well between those who progressed as defined by all four histologic assessments we
tested (fibrosis, NAS, NASH, and NASH + fibrosis) compared to improvement. Specifically, a mean
ALT over 2 years of less than 62 (for NASH) and 77 U/L (for fibrosis) was strongly associated with
improvement in histology.

We tested several ways to quantify ALT changes including percent change, mean ALT over
48 weeks, and mean change over 96 weeks using predictive modeling. These comparisons have led
to several important observations. First, we found that mean ALT, which may be easier to utilize in
clinical setting, performed better than percent change in ALT. Second, our analysis has shown that,
mean ALT over 96 weeks was more sensitive and specific than mean ALT over 48 weeks for all four
histologic assessments. This may be due in part because the second histologic assessment was at
96 weeks and thus more of the measurements were closer in time to the liver biopsy with the 96-week
mean ALT. Overall, CART with mean ALT, which is easy to implement in clinical practice, produced
strong predictive models for NASH and NASH + fibrosis.

ALT has been commonly used in early stage clinical trials for NAFLD and is used frequently
in the clinical setting. Our study adds to this by assessing the “mean” ALT, rather than a single
time-point ALT. Mean ALT proved to have greater association with histologic change compared to
single time point, particularly when compared to the final measurement of this clinical trial. Mean ALT
is a significantly less invasive assessment than liver biopsy for detecting progression of NAFLD in
the clinical setting and so it is valuable to understand how predictive it is. While liver biopsy is
commonly used as a gold standard, it has limitations. Furthermore, liver biopsies are subject to intra-
and inter-observer variability in the grading of steatosis, fibrosis staging, and NASH diagnosis [22].
Finally, liver biopsies have a small but important risk of complications [23].

According to recommendations, biomarkers proposed for use in disease monitoring should not
only be more convenient but also reflect a biologic activity in the disease process. Importantly, ALT
meets this criteria. However, ALT as a biomarker has limitations, particularly when used at a single
time point. For example, a cross sectional pediatric NAFLD study demonstrated a wide range of
severity of disease in children by liver biopsy despite normal ALT levels [14]. Our findings suggest
that ALT over time (mean ALT) is more useful because it can reflect improvement or progression,
rather than a specific stage of disease. Of note, applying our findings would require having a baseline
liver biopsy with an ALT near in time and subsequently measuring the ALT repeatedly over time.
Further, this study included only children with ALT > 60 at baseline so it is unclear what mean ALT
and change of ALT over time means for children with lower ALT at the time of liver biopsy.

Importantly, in this study, we quantified the longitudinal association of ALT to histologic change
and not simply a cross-sectional association. Verma et al. examined the cross-sectional relationship
between ALT and both the NASH and fibrosis histologic assessments in adults [24]. They reported that
a single ALT level is not a good predictor for NASH or fibrosis. We agree that a single ALT measure
will not accurately predict NASH or fibrosis, but rather we show that in patients with both histologic
disease and an elevated ALT > 60, the change in mean ALT over time is a reasonable biomarker of
improved histology.
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There were some limitations to this study. For therapeutic development, clinically meaningful
endpoints directly measure how a patient feels, functions or survives. Liver histology is itself a
surrogate outcome because it is not a direct measure of how a patient feels, functions or survives.
Hence, comparison of ALT to liver histology is less meaningful, as it is a “surrogate of a surrogate”.
To better validate ALT, a future comparison of mean ALT to long-term (10 and 15 year) clinical outcomes
is needed. Due to the small data set, k-fold cross validation was used. A larger data set would allow a
hold-out method of validation, which is superior to k-fold cross validation. Some patients had missing
values on ALT measurements. Although the number of missing ALT measurements was small, this
might have affected the mean ALT levels over 48 and 96 weeks. All of the children in this study had
elevated ALT at baseline (ALT > 60 U/L) and we were unable to study ALT as a predictor of outcomes
of NAFLD in children with lower ranges of ALT. Studies have shown that NAFLD, including NASH
with fibrosis, can exist even in children with normal to mildly elevated ALT, though severe disease
is more likely to be present at higher ranges of ALT [14]. Further, as evidenced by the CyNCh trial,
ALT can improve without improvement in histology. The application of ALT as a surrogate marker,
therefore, needs to be further defined and validation in other clinical trials is recommended to establish
generalizability of these findings.

Strengths of the analysis include the use of high quality data collected in a clinical trial including
rigorous phenotyping of liver histology at baseline and end of treatment. Most participants had >95%
of ALT measurements available and all had two liver biopsies, two years apart. ALT as a biomarker is
cheap, commonly available and uniform across various labs [25].

5. Conclusions

In summary, this analysis is the first to study and confirm the use of mean ALT averaged over
time as a biomarker of histologic improvement or progression in children with elevated ALT and
biopsy-confirmed NAFLD. In children with an ALT > 60 at baseline, a mean ALT at or less than
62-77 U/L over time predicted improvement in NASH and fibrosis.

Author Contributions: L. A.: statistical analysis drafting of the manuscript: approved final submission of manuscript;
J.K.E: analysis and interpretation of data; drafting of the manuscript: approved final submission of manuscript;
D.F.: statistical analysis: approved final submission of manuscript; W.C.: statistical analysis: approved final submission
of manuscript; T.A.: statistical analysis administrative, technical, or material support: approved final submission of
manuscript; PK.: statistical analysis administrative, technical, or material support critical revision of the manuscript
for important intellectual content: approved final submission of manuscript; R.J.: administrative, technical, or
material support critical revision of the manuscript for important intellectual content: approved final submission of
manuscript; ].V.K.: administrative, technical, or material support critical revision of the manuscript for important
intellectual content; approved final submission of manuscript; S.E.B.: administrative, technical, or material support;
approved final submission of manuscript; S.A.X.: administrative, technical, or material support, critical revision of
the manuscript for important intellectual content: approved final submission of manuscript J.E.L.: administrative,
technical, or material support; M.B.V.: study concept and design; acquisition of data; analysis and interpretation
of data; critical revision of the manuscript for important intellectual content; obtained funding; study supervision:
approved final submission of manuscript.

Acknowledgments: NIH R03 DK096157, R21 HD089056, PD303567-5C105312 (Vos). The NASH CRN Clinical
Center NIH U01DK061737 and U01DK061730. These agencies did not have any role in this study. The TONIC
Study was conducted by the NASH CRN Investigators and supported by the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK). The data from the TONIC reported here were supplied by the NIDDK
Central Repositories. This manuscript was not prepared in collaboration with Investigators of the TONIC study
and does not necessarily reflect the opinions or views of the TONIC study, the NIDDK Central Repositories, or
the NIDDK.

Conflicts of Interest: M.B.V.: Research support: Inmuron, Shire, AMRA, Resonance Health, Target PharmaSolutions,
NIH and Nutrition Science Initiative (NuSI). Consulting: Aegerion, Allergan/Tobira, Boehringer Ingelheim,
Intercept, Immuron, Shire and Target PharmaSolutions. S.A.X.: Research support NIH. Other research support not
related to this proposal: Raptor (now Horizon), Target PharmaSolutions—unrelated to this proposal. ].E.L.: has
served as a consultant to Alexion, Amarin, Allergan, Takeda, and Merck. Other authors do not have any conflicts
of interests or funding to disclose.



Children 2018, 5, 64 10 of 11

References

1.

10.

11.

12.

13.

14.

Welsh, J.A.; Karpen, S.; Vos, M.B. Increasing prevalence of nonalcoholic fatty liver disease among United
States adolescents, 1988-1994 to 2007-2010. J. Pediatr. 2013, 162, 496-500. [CrossRef] [PubMed]

Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology
of nonalcoholic fatty liver disease—Meta-analytic assessment of prevalence, incidence, and outcomes.
Hepatology 2016, 64, 73-84. [CrossRef] [PubMed]

Pais, R.; Barritt, A.S.T.; Calmus, Y.; Scatton, O.; Runge, T.; Lebray, P.; Poynard, T.; Ratziu, V.; Conti, F.
NAFLD and liver transplantation: Current burden and expected challenges. J. Hepatol. 2016, 65, 1245-1257.
[CrossRef] [PubMed]

Anderson, E.L.; Howe, L.D.; Jones, H.E.; Higgins, J.P.T.; Lawlor, D.A.; Fraser, A. The Prevalence of
Non-Alcoholic Fatty Liver Disease in Children and Adolescents: A Systematic Review and Meta-Analysis.
PLoS ONE 2015, 10, e0140908. [CrossRef] [PubMed]

Lavine, J.E.; Schwimmer, J.B.; Van Natta, M.L.; Molleston, J.P.; Murray, K.F,; Rosenthal, P.; Abrams, S.H.;
Scheimann, A.O.; Sanyal, A.].; Chalasani, N.; et al. Effect of vitamin E or metformin for treatment of
nonalcoholic fatty liver disease in children and adolescents: The TONIC randomized controlled trial. J. Am.
Med. Assoc. 2011, 305, 1659-1668. [CrossRef] [PubMed]

Schwimmer, J.B.; Lavine, J.E.; Wilson, L.A.; Neuschwander-Tetri, B.A.; Xanthakos, S.A.; Kohli, R.; Barlow, S.E.;
Vos, M.B.; Karpen, S.J.; Molleston, J.P; et al. In Children with Nonalcoholic Fatty Liver Disease, Cysteamine
Bitartrate Delayed Release Improves Liver Enzymes but Does Not Reduce Disease Activity Scores.
Gastroenterology 2016, 151, 1141-1154. [CrossRef] [PubMed]

Vos, M.B.; Abrams, S.H.; Barlow, S.E.; Caprio, S.; Daniels, S.R.; Kohli, R.; Sathya, P.; Schwimmer, ].B.;
Xanthakos, S.A. NASPGHAN Clinical Practice Guideline for the Diagnosis and Treatment of Nonalcoholic
Fatty Liver Disease in Children: Recommendations from the Expert Committee on NAFLD (ECON) and the
North American Society of Pediatric Gastroenterology, Hepatology and Nutrition (NASPGHAN). . Pediatr.
Gastroenterol. Nutr. 2017, 64, 319-334. [CrossRef] [PubMed]

Angulo, P; Kleiner, D.E.; Dam-Larsen, S.; Adams, L.A.; Bjornsson, E.S.; Charatcharoenwitthaya, P.; Mills, PR.;
Keach, J.C; Lafferty, H.D.; Stahler, A.; et al. Liver Fibrosis, but No Other Histologic Features, Is Associated
with Long-term Outcomes of Patients With Nonalcoholic Fatty Liver Disease. Gastroenterology 2015, 149,
389-397. [CrossRef] [PubMed]

Hannah, W.N., Jr.; Torres, D.M.; Harrison, S.A. Nonalcoholic Steatohepatitis and Endpoints in Clinical Trials.
Gastroenterol. Hepatol. 2016, 12, 756-763.

Chalasani, N.; Younossi, Z.; Lavine, J.E.; Diehl, A.M.; Brunt, EM.; Cusi, K.; Charlton, M.; Sanyal, A.].
The diagnosis and management of non-alcoholic fatty liver disease: Practice Guideline by the American
Association for the Study of Liver Diseases, American College of Gastroenterology, and the American
Gastroenterological Association. Hepatology 2012, 55, 2005-2023. [CrossRef] [PubMed]

Sanyal, A.J.; Friedman, S.L.; McCullough, A.J.; Dimick-Santos, L. Challenges and opportunities in drug and
biomarker development for nonalcoholic steatohepatitis: Findings and recommendations from an American
Association for the Study of Liver Diseases—U.S. Food and Drug Administration Joint Workshop. Hepatology
2015, 61, 1392-1405. [CrossRef] [PubMed]

Patton, H.M.; Lavine, J.E.; Van Natta, M.L.; Schwimmer, ].B.; Kleiner, D.; Molleston, J. Clinical correlates of
histopathology in pediatric nonalcoholic steatohepatitis. Gastroenterology 2008, 135, 1961-1971.e2. [CrossRef]
[PubMed]

Vuppalanchi, R; Jain, AK,; Deppe, R.; Yates, K.; Comerford, M.; Masuoka, H.C.; Neuschwander-Tetri, B.A;
Loomba, R.; Brunt, E.M.; Kleiner, D.E.; et al. Relationship between changes in serum levels of keratin 18 and
changes in liver histology in children and adults with nonalcoholic fatty liver disease. Clin. Gastroenterol. Hepatol.
2014, 12, 2121-2130.€2. [CrossRef] [PubMed]

Molleston, J.P.; Schwimmer, J.B.; Yates, K.P.; Murray, K.E; Cummings, O.W.; Lavine, J.E.; Brunt, EM.;
Scheimann, A.O.; Unalp-Arida, A. Histological abnormalities in children with nonalcoholic fatty liver
disease and normal or mildly elevated alanine aminotransferase levels. ]. Pediatr. 2014, 164, 707-713.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jpeds.2012.08.043
http://www.ncbi.nlm.nih.gov/pubmed/23084707
http://dx.doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/26707365
http://dx.doi.org/10.1016/j.jhep.2016.07.033
http://www.ncbi.nlm.nih.gov/pubmed/27486010
http://dx.doi.org/10.1371/journal.pone.0140908
http://www.ncbi.nlm.nih.gov/pubmed/26512983
http://dx.doi.org/10.1001/jama.2011.520
http://www.ncbi.nlm.nih.gov/pubmed/21521847
http://dx.doi.org/10.1053/j.gastro.2016.08.027
http://www.ncbi.nlm.nih.gov/pubmed/27569726
http://dx.doi.org/10.1097/MPG.0000000000001482
http://www.ncbi.nlm.nih.gov/pubmed/28107283
http://dx.doi.org/10.1053/j.gastro.2015.04.043
http://www.ncbi.nlm.nih.gov/pubmed/25935633
http://dx.doi.org/10.1002/hep.25762
http://www.ncbi.nlm.nih.gov/pubmed/22488764
http://dx.doi.org/10.1002/hep.27678
http://www.ncbi.nlm.nih.gov/pubmed/25557690
http://dx.doi.org/10.1053/j.gastro.2008.08.050
http://www.ncbi.nlm.nih.gov/pubmed/19013463
http://dx.doi.org/10.1016/j.cgh.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24846279
http://dx.doi.org/10.1016/j.jpeds.2013.10.071
http://www.ncbi.nlm.nih.gov/pubmed/24360992

Children 2018, 5, 64 11 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Angulo, P; Hui, ].M.; Marchesini, G.; Bugianesi, E.; George, J.; Farrell, G.C.; Enders, F.; Saksena, S.; Burt, A.D.;
Bida, J.P; et al. The NAFLD fibrosis score: A noninvasive system that identifies liver fibrosis in patients with
NAFLD. Hepatology 2007, 45, 846-854. [CrossRef] [PubMed]

Brunt, E.M.; Kleiner, D.E.; Wilson, L.A.; Belt, P.; Neuschwander-Tetri, B.A.; NASH Clinical Research Network.
Nonalcoholic fatty liver disease (NAFLD) activity score and the histopathological diagnosis in NAFLD:
Distinct clinicopathologic meanings. Hepatology 2011, 53, 810-820. [CrossRef] [PubMed]

Kleiner, D.E.; Brunt, EM.; Van Natta, M.; Behling, C.; Contos, M.].; Cummings, O.W.; Ferrell, L.D;
Liu, Y.C.; Torbenson, M.S.; Unalp-Arida, A.; et al. Design and validation of a histological scoring system for
nonalcoholic fatty liver disease. Hepatology 2005, 41, 1313-1321. [CrossRef] [PubMed]
Neuschwander-Tetri, B.A.; Loomba, R.; Sanyal, A.].; Lavine, J.E.; Van Natta, M.L.; Abdelmalek, M.F,;
Chalasani, N.; Dasarathy, S.; Diehl, A.M.; Hameed, B.; et al. Farnesoid X nuclear receptor ligand obeticholic
acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): A multicentre, randomised, placebo-controlled
trial. Lancet 2015, 385, 956-965. [CrossRef]

Giorgino, T. Computing and visualizing dynamic time warping alignments in R: The dtw package.
J. Stat. Softw. 2009, 31, 1-24. [CrossRef]

Hunter, D.J.; Losina, E.; Guermazi, A.; Burstein, D.; Lassere, M.N.; Kraus, V. A pathway and approach to
biomarker validation and qualification for osteoarthritis clinical trials. Curr. Drug Targets 2010, 11, 536-545.
[CrossRef] [PubMed]

FDA-NIH Biomarker Working Group. BEST (Biomarkers, EndpointS, and Other Tools) Resource; FDA-NIH
Biomarker Working Group: Bethesda, MD, USA, 2016.

Manning, D.S.; Afdhal, N.H. Diagnosis and quantitation of fibrosis. Gastroenterology 2008, 134, 1670-1681.
[CrossRef] [PubMed]

Short, S.S.; Papillon, S.; Hunter, C.J.; Stanley, P.; Kerkar, N.; Wang, L.; Azen, C.; Wang, K. Percutaneous liver
biopsy: Pathologic diagnosis and complications in children. J. Pediatr. Gastroenterol. Nutr. 2013, 57, 644-648.
[CrossRef] [PubMed]

Verma, S.; Jensen, D.; Hart, J.; Mohanty, S.R. Predictive value of ALT levels for non-alcoholic steatohepatitis
(NASH) and advanced fibrosis in non-alcoholic fatty liver disease (NAFLD). Liver Int. 2013, 33, 1398-1405.
[CrossRef] [PubMed]

Schwimmer, J.B.;, Dunn, W.; Norman, G.]J.; Pardee, P.E.; Middleton, M.S.; Kerkar, N.; Sirlin, C.B.
SAFETY study: Alanine aminotransferase cutoff values are set too high for reliable detection of pediatric
chronic liver disease. Gastroenterology 2010, 138, 1357-1364. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/hep.21496
http://www.ncbi.nlm.nih.gov/pubmed/17393509
http://dx.doi.org/10.1002/hep.24127
http://www.ncbi.nlm.nih.gov/pubmed/21319198
http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://dx.doi.org/10.1016/S0140-6736(14)61933-4
http://dx.doi.org/10.18637/jss.v031.i07
http://dx.doi.org/10.2174/138945010791011947
http://www.ncbi.nlm.nih.gov/pubmed/20199395
http://dx.doi.org/10.1053/j.gastro.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18471546
http://dx.doi.org/10.1097/MPG.0b013e3182a0e0d8
http://www.ncbi.nlm.nih.gov/pubmed/23799457
http://dx.doi.org/10.1111/liv.12226
http://www.ncbi.nlm.nih.gov/pubmed/23763360
http://dx.doi.org/10.1053/j.gastro.2009.12.052
http://www.ncbi.nlm.nih.gov/pubmed/20064512
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Fibrosis Assessment 
	NAFLD Activity Score 
	NASH 
	NASH Resolution and Stable Fibrosis (NASH + Fibrosis) 
	Data Preparation 
	Predictive Model Development 

	Results 
	Discussion 
	Conclusions 
	References

