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COINCIDENT WITH THE RISE IN

prevalence of childhood
and adolescent obesity over
the past few decades, non-

alcoholic fatty liver disease (NAFLD)
has become the most common cause
of chronic liver disease in children
in the United States.1,2 NAFLD en-
compasses a range of severity from
bland steatosis to nonalcoholic ste-
atohepatitis (NASH) that may ulti-
mately result in advanced fibrosis,
cirrhosis, and hepatocellular car-
cinoma.3 Cirrhosis due to NAFLD has

been described in children.4 Presence
of NAFLD in children independently
increases risks for cardiovascular dis-
ease.5
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Context Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver
disease in US children and adolescents and can present with advanced fibrosis or non-
alcoholic steatohepatitis (NASH). No treatment has been established.

Objective To determine whether children with NAFLD would improve from thera-
peutic intervention with vitamin E or metformin.

Design, Setting, and Patients Randomized, double-blind, double-dummy, placebo-
controlled clinical trial conducted at 10 university clinical research centers in 173 pa-
tients (aged 8-17 years) with biopsy-confirmed NAFLD conducted between Septem-
ber 2005 and March 2010.

Interventions Daily dosing of 800 IU of vitamin E (58 patients), 1000 mg of met-
formin (57 patients), or placebo (58 patients) for 96 weeks.

Main Outcome Measures The primary outcome was sustained reduction in alanine
aminotransferase (ALT) defined as 50% or less of the baseline level or 40 U/L or less at
visits every 12 weeks from 48 to 96 weeks of treatment. Improvements in histological
features of NAFLD and resolution of NASH were secondary outcome measures.

Results Sustained reduction in ALT level was similar to placebo (10/58; 17%; 95%
CI, 9% to 29%) in both the vitamin E (15/58; 26%; 95% CI, 15% to 39%; P=.26)
and metformin treatment groups (9/57; 16%; 95% CI, 7% to 28%; P=.83). The mean
change in ALT level from baseline to 96 weeks was −35.2 U/L (95% CI, −56.9 to −13.5)
with placebo vs −48.3 U/L (95% CI, −66.8 to −29.8) with vitamin E (P=.07) and −41.7
U/L (95% CI, −62.9 to −20.5) with metformin (P=.40). The mean change at 96 weeks
in hepatocellular ballooning scores was 0.1 with placebo (95% CI, −0.2 to 0.3) vs −0.5
with vitamin E (95% CI, −0.8 to −0.3; P=.006) and −0.3 with metformin (95% CI,
−0.6 to −0.0; P=.04); and in NAFLD activity score, −0.7 with placebo (95% CI, −1.3
to −0.2) vs −1.8 with vitamin E (95% CI, −2.4 to −1.2; P=.02) and −1.1 with met-
formin (95% CI, −1.7 to −0.5; P=.25). Among children with NASH, the proportion
who resolved at 96 weeks was 28% with placebo (95% CI, 15% to 45%; 11/39) vs
58% with vitamin E (95% CI, 42% to 73%; 25/43; P=.006) and 41% with metfor-
min (95% CI, 26% to 58%; 16/39; P=.23). Compared with placebo, neither therapy
demonstrated significant improvements in other histological features.

Conclusion Neither vitamin E nor metformin was superior to placebo in attaining
the primary outcome of sustained reduction in ALT level in patients with pediatric NAFLD.

Trial Registration clinicaltrials.gov Identifier: NCT00063635
JAMA. 2011;305(16):1659-1668 www.jama.com
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NAFLD is a clinicopathological di-
agnosis in which more than 5% of he-
patocytes demonstrate macrovesicu-
lar steatosis in an individual without
significant history of alcohol intake.
NASH is characterized by steatosis with
hepatocellular ballooning and lobular
inflammation, often accompanied by
perisinusoidal fibrosis.6 Although many
children exhibit a histologic pattern of
NAFLD or NASH consistent with the
features reported in adults,7 a signifi-
cant subset demonstrate unique fea-
tures regarding location or presence of
fat, inflammation, and fibrosis.8 Age- or
duration-specific differences likely con-
tribute to the etiopathogenesis of
NAFLD. NAFLD, as opposed to NASH,
was selected as the histologic entry cri-
terion for this study because of a lack
of knowledge about the natural his-
tory of this pediatric subset.

Insulin resistance is frequently iden-
tified in both adults and children with
NAFLD9; oxidative stress is considered
a contributor to progression.10 Treat-
ment approaches to NAFLD in adults
and children target reduction in insulin
resistance and oxidative stress. The only
recognized management strategies use
dietary modification and exercise.12,13 No
randomized controlled trials have been
performed in children using histology,
which is regarded as the gold-standard
assessment.11 Based on pediatric pilot
data demonstrating potential efficacy of
metformin14 or vitamin E,15 the NASH
Clinical Research Network (NASH
CRN), which is supported by the Na-
tional Institutes of Health, initiated a
phase 3, multicenter, randomized,
double-blinded, placebo-controlled trial
evaluatingvitaminEormetformin for the
Treatment of NAFLD in Children
(TONIC).

METHODS
The TONIC protocol and consent and
assent forms were developed by mem-
bers of the treatment trial committee of
the NASH CRN with approval by the
steering committee. The study was ap-
proved by the institutional review
boards at each center. Investigational
new drug approval was obtained from

the Food and Drug Administration.
Each patient’s parent or guardian pro-
vided written consent and each pa-
tient gave written assent. Data quality
and patient safety assessments were re-
viewed regularly by an independent
data and safety monitoring board. There
were no formal stopping rules. A single
interim efficacy analysis was per-
formed when 50% of participants com-
pleted the 96-week course of treat-
ment and had their follow-up liver
biopsies. The manuscript was pre-
pared by the writing committee and re-
viewed and approved by all steering
committee members.

Full details of the trial design have
been published previously.16 The
TONIC trial design conformed to the
revised CONSORT standards for re-
porting randomized trials.17 Eligible
children were identified and recruited
from unsolicited referrals to the 10 par-
ticipating clinical centers starting in
September 2005 and ending Septem-
ber 2007. Patients aged 8 to 17 years
with NAFLD and persistently elevated
levels of alanine aminotransferase
(ALT) were eligible. All patients and
parents were provided uniform stan-
dard-of-care advice on diet and exer-
cise at each visit by physicians and di-
eticians. NAFLD was defined by a liver
biopsy demonstrating more than 5%
steatosis within a 6-month period be-
fore randomization. Persistent eleva-
tion of ALT was defined by a value
greater than 60 U/L for 1 to 6 months
before and at the time of randomiza-
tion. Patients with diabetes mellitus or
cirrhosis were excluded. The ratio-
nale for their exclusion was to avoid po-
tential decompensation in either con-
dition. Children younger than 8 years
were excluded to avoid problems with
swallowing pills. Other exclusion fac-
tors were monogenic inborn errors of
metabolism, pregnancy, viral hepati-
tis, alcohol use, and other causes of
chronic liver disease.

Biopsies were interpreted by a site pa-
thologist to determine eligibility and
later read centrally by NASH CRN pa-
thologists masked to treatment assign-
ment. Histological activity was as-

sessed using the NAFLD activity score
on a scale of 0 to 8, with higher scores
indicating more severe disease; the com-
ponents of this measure include ste-
atosis (0-3), lobular inflammation (0-
3), and hepatocellular ballooning (0-2).7

Biopsies also were assessed for the pres-
ence or absence of NASH. These deter-
minations were made independently of
the lesion scores and were based on pat-
tern of injury as well as the presence
and degree of individual lesions.

Randomization and Treatment
Assignment

Eligible patients were randomized in
permuted blocks of treatments strati-
fied by clinical center. Patients were as-
signed in a 1:1:1 ratio to 1 of 3 groups
for 96 weeks of treatment, either (1)
oral metformin (500 mg twice daily)
and vitamin E placebo twice daily, (2)
vitamin E (400 IU twice daily) and met-
formin placebo twice daily, or (3) vi-
tamin E placebo and metformin pla-
cebo, each twice daily. The natural form
of vitamin E (RRR-�-tocopherol, Na-
ture Made 400-IU soft gel) and identi-
cal-appearing placebo were supplied by
Pharmavite (Northridge, California)
under a clinical trial agreement with the
National Institute of Diabetes and Di-
gestive and Kidney Diseases (NIDDK).
Metformin 500-mg tablets and identi-
cal-appearing placebo were overencap-
sulated with the dose selected based on
prior pilot study results in pediatric
NAFLD15 and considerations of toler-
able pill size and quantity. Adherence
was assessed with pill counts con-
firmed at each visit. Subgroup analy-
ses were performed to assess that treat-
ment group results did not vary with
adherence by stratifying those with 80%
or greater adherence vs those with less
than 80% adherence.

Follow-up Visits

Visits were scheduled 4 weeks and 12
weeks after randomization and every 12
weeks thereafter through 96 weeks of
treatment. Another visit 24 weeks af-
ter treatment cessation (120 weeks post-
randomization) was performed to as-
sess durability of response and further
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safety evaluation. The final patient fol-
low-up was March 2010. Each visit
through the end of treatment in-
cluded taking a standardized medical
history; serum collection; and record-
ing interim safety-related events, ad-
herence, and pill counts. Any serious
adverse events identified from sponta-
neous reports that were deemed unex-
pected and related were sent to the data
coordinating center and NIDDK within
7 days of the event becoming known
to the clinic staff. Urine pregnancy tests
were performed for female partici-
pants of child-bearing potential at each
visit. At baseline and 96-week end-of-
treatment visits, patients underwent an-
thropometric assessments of weight,
height, waist and hip circumference, tri-
ceps skin fold, and Tanner stage; labo-
ratory evaluations, including fasting in-
sulin and serum glucose, ALT, aspartate
aminotransferase (AST), alkaline phos-
phatase, total bilirubin, �-tocopherol,
�-glutamyltransferase (GGT), choles-
terol, and triglycerides; body compo-
sition assessment with dual-energy
x-ray absorptiometry (DXA); and a Pe-
diatric Quality of Life Inventory (ver-
sion 4.0) (physical health functioning
and psychosocial health summary),
completed by both the child and the
parent or guardian. At 96 weeks, a per-
cutaneous liver biopsy was performed
immediately after treatment was ended.
At weeks 48, 96, and 120, the follow-
ing assessments were added if not al-
ready included: physical activity, liver
symptom, pediatric quality of life, and
nutrition questionnaires; hemoglo-
bin, hematocrit, white blood cell, and
platelet counts; fasting lipids; homeo-
statis model assessment of insulin re-
sistance (HOMA-IR); serum glucose;
glucose tolerance testing with insulin;
C-peptide; free fatty acids; leptin; and
C-reactive protein. Sociodemographic
variables, including race and ethnicity
with categorization similar to the 2010
US Census, were reported by the pa-
tient or the patient’s parent or guard-
ian at baseline. These data were
collected to test for subgroup effects
because NASH varies by race and
ethnicity.

Primary and Secondary Outcomes
and Primary Analysis
The primary outcome was sustained re-
duction in ALT level, defined as 50%
or less of the baseline level or 40 U/L
or less at each visit from 48 to 96 weeks
of treatment. The primary analysis was
intention to treat with all patients ana-
lyzed according to assigned treat-
ment. Patients missing a 96-week ALT
measurement were imputed as not
achieving a sustained reduction. Dif-
ferences between groups were ana-
lyzed using the Mantel-Haenszel �2 test
stratified by clinic.

There were no planned subgroup
analyses; however, post hoc subgroup
analyses were done to explore whether
the overall primary outcome results dif-
fered in particular groups of patients.
Logistic regression models were used
for the subgroup analyses and in-
cluded terms for treatment group, sub-
group, and the interaction of treat-
ment group and subgroup. The
interaction terms represent potential
subgroup differences in treatment ef-
fects and were considered statistically
significant if the interaction P� .01. The
subgroups evaluated were sex, age, race,
Hispanic ethnicity, Tanner stage, el-
evated ALT, presence of NASH, body
mass index (BMI) (calculated as weight
in kilograms divided by height in me-
ters squared), weight, vitamin E lev-
els, and adherence.

To explore the emergence of any
time-related patterns of response to
treatment, means and 95% confidence
intervals (CIs) for changes relative to
baseline in ALT, AST, alkaline phos-
phatase, weight, BMI z score, and
HOMA-IR were plotted vs time from
randomization until end of treatment
at 96 weeks and until 24 weeks after
treatment (at 120 weeks). Mean and
95% CIs for changes from baseline in
ALT were compared at 24, 48, 72, and
96 weeks using analysis-of-covariance
(ANCOVA) models for ALT at each
time point related to treatment group
and the baseline ALT measure. Changes
in liver histology scores from the base-
line biopsy to the end-of-treatment bi-
opsy were compared using either a �2

test for binary outcomes related to im-
provement in histology or an ANCOVA
model for changes in scores. ANCOVA
models were also used to compare
changes from baseline to the end of
treatment in serum biochemistry tests;
lipids; metabolic measures; and quality-
of-life scores reported by child and
parent/guardian. Frequencies of ad-
verse events were compared across the
treatment groups using Fisher exact
test.

Secondary outcome measures were
assessed using change from baseline to
week 96 and included the following:
those with NASH and borderline NASH
improving to “not NASH”; NAFLD ac-
tivity score; individual histological
scores, including hepatocellular bal-
looning, fibrosis, steatosis, and lobu-
lar inflammation; health-related qual-
ity of life; anthropometric variables;
insulin resistance and serum lipid pro-
files; and levels of AST, GGT, and al-
kaline phosphatase. Secondary out-
come measures were assessed for
completers and were analyzed using
ANCOVA adjusting for the baseline
measure of the outcome for continu-
ous measures, �2 tests for unordered
categorical measures, and Cochran �2

tests for trend for ordered categorical
measures. P values were nominal and
not adjusted for multiple compari-
sons or multiple looks. Analyses were
performed using SAS version 9.2 (SAS
Institute, Cary, North Carolina) and
Stata version 11.1 (StataCorp, College
Station, Texas).

Although improvement in histology
is a more desirable primary outcome
measure than improvement in ALT,
lack of any prior histology-based
NAFLD trials in children precluded
sample size calculations for adequate
power. The intended sample size was
180 patients with equal allocation to
the 3 treatment groups, which was
calculated to provide 90% power with
a 2-sided type I error of .025 (because
of the 2 planned comparisons) and an
estimated response rate of 50% vs
20% in sustained reduction in ALT
level between the active treatment
groups and placebo, respectively. The
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expected response rate of 50% for
metformin was estimated using pilot
data from a 48-week metformin
study, the same response rate was
assumed for vitamin E, and the
response rate of 20% in the placebo
group was consensus estimate from
the investigators. The study was
planned to stop at a fixed calendar
time (September 2007) because of
budgeting and drug supply logistics,
so the achieved sample size was 173
(96% of target), which corresponds
to 88% power rather than 90%.

RESULTS
Study Patients

Patient screening, enrollment, and
retention by treatment group are
detailed in FIGURE 1. One hundred
seventy-three patients were random-
ized to receive vitamin E (n = 58),
metformin (n = 57), or placebo
(n = 58). Ages ranged from 8 to 17
years (mean, 13.1 years), and the
majority were male (81%) and His-
panic (61%). Most patients were
peripubertal, obese, and insulin resis-
tant. Baseline characteristics were

similar for all 3 treatment groups
with respect to demographics ,
anthropometrics, quality-of-life
assessments, pertinent laboratory
data, and liver histology (TABLE 1).

Primary Outcome

Eighty-seven percent of patients
completed 96 weeks of treatment and
had end-of-study clinical parameters
and l iver biopsy obta ined. Al l
enrolled patients were included in
analysis of the primary outcome, sus-
tained reduction in ALT level. The
attainment of sustained reduction in
ALT level was similar to placebo (10/
58; 17%; 95% CI, 9% to 29%) in both
the vitamin E (15/58; 26%; 95% CI,
15% to 39%; P=.26) and metformin
treatment groups (9/57; 16%; 95%
CI, 7% to 28%; P = .83) (TABLE 2).
The mean change in ALT level from
baseline to 96 weeks was −35.2 U/L
(95% CI, −56.9 to −13.5) in the pla-
cebo group vs −48.3 U/L (95% CI,
−66.8 to −29.8) in the vitamin E
group (P= .07) and −41.7 U/L (95%
CI, −62.9 to −20.5) in the metformin
group (P=.40).

Although 100% (70/70) of patients
at the largest clinic had complete data
at the end of treatment vs 78% (80/
103) at the other clinics, sensitivity
analysis by completer status showed
results consistent with the negative
primary outcome findings for vitamin
E and metformin (eTable 1, available at
http://www.jama.com). Subgroup analy-
ses evaluating sex, age, race, Hispanic
ethnicity, Tanner stage, degree of ALT
elevation, presence of NASH, BMI,
weight, vitamin E level, and adherence
to medications were also consistent with
negative primary outcome findings for
vitamin E and metformin (eTable 1).
Change in ALT level at 24, 48, 72, and
96 weeks (Table 2 and FIGURE 2)
showed a significant difference be-
tween those treated with vitamin E and
placebo at week 24 (at week 48, P=.04),
but this difference diminished at weeks
72 and 96, primarily because of con-
tinued reductions in ALT levels in the
placebo group.

Secondary Outcomes
Histology. Among the 121 patients
who had either NASH or borderline
NASH at baseline, the resolution of
NASH was significantly greater in
children treated with vitamin E than
with placebo (58%; 95% CI, 42% to
73%; 25/43; vs 28%; 95% CI, 15% to
45%; 11/39; P=.006). This was mainly
attributable to significant improve-
ment in hepatocellular ballooning by
vitamin E treatment (change in mean
score, −0.5; 95% CI, −0.8 to −0.3, vs
�0.1; 95% CI, −0.2 to 0.3; P=.006).
Forty-four percent of patients taking
vitamin E (95% CI, 30% to 59%;
22/50) had improvement in hepato-
cellular ballooning compared with
21% taking placebo (95% CI, 11% to
36%; 10/47; P=.02). Vitamin E treat-
ment also significantly improved
NAFLD activity score (change in
mean score, −1.8; 95% CI, −2.4 to
−1.2, vs −0.7; 95% CI, −1.3 to −0.2;
P=.02). However, vitamin E did not
have significant effects on steatosis,
inflammation, or fibrosis as individual
components. Forty-four percent of
patients treated with metformin (95%

Figure 1. CONSORT Flow Diagram of TONIC Trial Participants

58 Included in analysis of primary
outcome

58 Included in analysis of primary
outcome

57 Included in analysis of primary
outcome

229 Patients assessed for eligibility

58 Randomized to receive vitamin E
58 Received vitamin E
0 Did not receive vitamin E

58 Randomized to receive placebo
58 Received placebo
0 Did not receive placebo

57 Randomized to receive metformin
56 Received metformin
1 Did not receive metformin

(patient could not swallow pills)

50 Underwent baseline and end-of-
study ALT measurements

8 Missing ALT at 96 wk imputed
as no reduction
3 Declined to participate
2 Lost to follow-up
2 Withdrew from study
1 Death

49 Underwent baseline and end-of-
study ALT measurements

9 Missing ALT at 96 wk imputed
as no reduction
3 Declined to participate
1 Lost to follow-up
4 Withdrew from study
1 Too ill

51 Underwent baseline and end-of-
study ALT measurements

6 Missing ALT at 96 wk imputed
as no reduction
4 Declined to participate
1 Lost to follow-up
1 Withdrew from study

173 Randomized

56 Excluded
51 Did not meet inclusion criteria

3 Declined to participate
2 Other reasons

41 Serum ALT ≤60 U/L
3 Did not meet histological criteria
4 Did not meet other criteria
3 Could not swallow pills

All patients were evaluated on an intention-to-treat basis. ALT indicates alanine aminotransferase.
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CI, 30% to 59%; 22/50) had improve-
ment in hepatocellular ballooning
compared with 21% of patients

treated with placebo (95% CI, 11% to
36%; 10/47; P=.02). No other signifi-
cant improvement was found in those

treated with metformin compared
with placebo regarding steatosis,
inflammation, change in NAFLD

Table 1. Baseline Characteristics by Treatment Group

Mean (SD)a

Vitamin E (n = 58) Metformin (n = 57) Placebo (n = 58) Total (N = 173)
Age, y 13.4 (2.3) 13.1 (2.4) 12.9 (2.6) 13.1 (2.4)
Female sex, No. (%) 11 (19.0) 10 (17.5) 12 (20.7) 33 (19.1)
Hispanic ethnicity, No. (%) 36 (62.1) 31 (54.4) 39 (67.2) 106 (61.3)
Race, No. (%)

American Indian or Alaska Native 7 (12.1) 6 (10.5) 10 (17.2) 23 (13.3)
Asian 1 (1.7) 2 (3.5) 0 3 (1.7)
Black or African American 3 (5.2) 1 (1.8) 0 4 (2.3)
Native Hawaiian or other Pacific Islander 0 0 1 (1.7) 1 (0.6)
White 40 (69.0) 43 (75.4) 45 (77.6) 128 (74.0)
�2 Races 1 (1.7) 1 (1.8) 0 2 (1.2)
Refusal/not stated 6 (10.3) 4 (7.0) 2 (3.4) 12 (6.9)

Self-reported QOL scoreb

Physical health 78 (17) 77 (18) 76 (21) 77 (19)
Psychosocial health 70 (19) 71 (16) 68 (19) 70 (18)

Parent/guardian-reported QOL scoreb

Physical health 66 (23) 64 (23) 65 (24) 65 (23)
Psychosocial health 64 (18) 62 (19) 61 (21) 62 (19)

Serum biochemistry tests
AST, U/L 70 (37) 69 (45) 74 (42) 71 (41)
ALT, U/L 121 (65) 121 (68) 126 (62) 123 (65)
GGT, U/L 50 (25) 52 (51) 50 (32) 51 (37)
Alkaline phosphatase, U/L 220 (94) 237 (99) 229 (93) 228 (95)
Total bilirubin, mg/dL 0.68 (0.33) 0.64 (0.25) 0.63 (0.32) 0.65 (0.30)
�-Tocopherol, mg/L 9.5 (4.9) 8.4 (2.7) 9.3 (4.8) 9.1 (4.3)

Lipids
Triglycerides, mg/dL 154 (107) 151 (103) 153 (92) 153 (100)
Total cholesterol, mg/dL 179 (42) 174 (45) 176 (35) 176 (40)
HDL, mg/dL 37 (9) 38 (7) 38 (10) 38 (9)
LDL, mg/dL 114 (34) 105 (30) 108 (27) 109 (30)

Metabolic characteristics
HOMA-IR, mg/dL � µU/mL/405 8.6 (7.8) 7.9 (5.4) 11.0 (17.6) 9.2 (11.6)
Fasting serum glucose, mg/dL 87 (8) 90 (10) 90 (9) 89 (9)
Weight, kg 91 (28) 88 (23) 86 (24) 88 (25)
Waist circumference, cm 108 (18) 104 (13) 105 (12) 105 (15)
BMIc 34 (7) 34 (5) 33 (6) 34 (6)
BMI z score 2.33 (0.34) 2.35 (0.30) 2.35 (0.26) 2.35 (0.30)
Body composition, % total fatd 44 (6) 44 (7) 43 (7) 43 (6)
Tanner stagee 2.6 (1.5) 2.6 (1.4) 2.5 (1.5) 2.6 (1.4)

Liver histology
Fibrosis stage 1.2 (1.0) 1.3 (1.0) 1.2 (1.0) 1.2 (1.0)
Definite NASH, No. (%) 27 (46.6) 24 (42.1) 22 (37.9) 73 (42.2)
Steatosis score 2.3 (0.8) 2.1 (0.8) 2.1 (0.8) 2.2 (0.8)
Lobular inflammation score 1.6 (0.6) 1.6 (0.6) 1.7 (0.6) 1.6 (0.6)
Ballooning degeneration score 1.0 (0.8) 0.8 (0.8) 0.8 (0.8) 0.8 (0.8)
NAFLD activity score 4.8 (1.6) 4.5 (1.2) 4.6 (1.3) 4.6 (1.4)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; GGT, �-glutamyltransferase; HDL, high-density lipoprotein cholesterol;
HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein cholesterol; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steato-
hepatitis; QOL, quality of life.

SI conversion factors: To convert AST, ALT, GGT, and alkaline phosphatase to µkat/L, multiply by 0.0167; to convert total bilirubin to µmol/L, multiply by 17.104; to convert �-
tocopherol to µmol/L, multiply by 23.22; to convert triglycerides to mmol/L, multiply by 0.0113; to convert total, HDL, and LDL cholesterol to mmol/L, multiply by 0.0259; and to
convert glucose to mmol/L, multiply by 0.0555.

aExcept where otherwise noted.
bPediatric Quality of Life Inventory (version 4.0) scores were recoded to range from 0 to 100, with increasing scores indicating better quality of life.
cCalculated as weight in kilograms divided by height in meters squared.
dThree patients, 1 assigned to each group, were too obese to be assessed. Their values were imputed with the 95th percentile value.
eTanner stage was defined using genital stage for boys and breast stage for girls.
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activity score, or resolution of NASH
(TABLE 3).

Serum Biochemistry Tests. All 3
groups demonstrated a decrease in

ALT, AST, GGT, and alkaline phospha-
tase levels over 96 weeks of treatment,
but no decrease was significant com-
paring baseline and week-96 vitamin E

or metformin and placebo (TABLE 4
and Figure 2). Serum triglyceride
levels increased, and levels of total
cholesterol, low-density lipoprotein

Table 2. Primary Outcome: Sustained Reduction in ALT Level by Treatment Group

Vitamin E
(n = 58)

Metformin
(n = 57)

Placebo
(n = 58)

P Valuea

Vitamin E
vs Placebo

Metformin
vs Placebo

Sustained reduction in ALT level, No. (%) [95% CI]b 15 (26) [15 to 39] 9 (16) [7 to 28] 10 (17) [9 to 29] .26 .83

Relative efficacy vs placebo, % (95% CI)c 50 (−36 to 206) −9 (−149 to 109)

Change in ALT level from baseline, mean (95% CI), U/Ld

Week 24 −49.2 (−64.4 to −33.9) −3.0 (−21.1 to 15.0) −24.5 (−43.0 to −5.9) .005 .09

Week 48 −44.5 (−60.3 to −28.7) −11.7 (−45.3 to 22.0) −25.0 (−43.7 to −6.4) .04 .52

Week 72 −44.2 (−65.9 to −22.5) −20.5 (−59.8 to 18.8) −36.4 (−57.1 to −15.8) .29 .51

Week 96 −48.3 (−66.8 to −29.8) −41.7 (−62.9 to −20.5) −35.2 (−56.9 to −13.5) .07 .40

Abbreviations: ALT, alanine aminotransferase; CI, confidence interval.
aBased on �2 test for binary outcomes or analysis-of-covariance model regressing change from baseline on treatment group and baseline value of the outcome for continuous outcomes.
bSustained reduction defined as ALT 	40 U/L or 	0.5�baseline ALT level at 48-, 60-, 72-, 84-, and 96-week visits. Primary outcome was imputed as no sustained reduction if data

were missing either at week 96 or at all 4 visits from week 48 to week 84; numbers imputed were 8, 6, and 9 for the vitamin E, metformin, and placebo groups, respectively.
cRelative efficacy vs placebo=(1−relative risk)�100.
dNumber of patients with complete data was similar across treatment groups at each follow-up visit and ranged from 45 to 52.

Figure 2. Changes in Secondary Outcome During Treatment and Follow-up
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Values for those completing each visit are expressed as changes relative to baseline over time from randomization until end of treatment. The number of patients at
each visit within each treatment group was nearly constant with a mean of 49 and range of 44 to 53. Error bars indicate 95% confidence intervals.
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cholesterol, and high-density lipopro-
tein cholesterol decreased among all
groups. These changes were not statis-
tically significant between either the
vitamin E or metformin groups vs pla-
cebo. Similarly, no significant differ-
ences between groups were evident
in fasting serum glucose levels or
HOMA-IR changes (Table 4 and
Figure 2).

Anthropometric Variables. The over-
all mean increase in weight, BMI, and
waist circumference per patient were
12.6 kg (95% CI, 11.0 to 14.3), 1.8
(95% CI, 1.3 to 2.2), and 5.1 cm (95%
CI, 3.6 to 6.5) during treatment, re-
spectively, despite recommended stan-
dard of care on diet and exercise. Al-
though weight gain was slightly less in
those patients receiving metformin,
there were no significant differences be-
tween week 96 and baseline compar-
ing vitamin E or metformin with pla-
cebo (Table 4 and Figure 2). BMI z score
also decreased minimally in the pa-
tients treated with metformin, but re-
mained essentially unchanged through-
out the study across all treatment
groups. Truncal fat values, measured by
DXA, decreased slightly in all groups
but showed no significant differences
between groups. There were uniform in-
creases over 96 weeks in physician-
documented Tanner stage (Table 4).

Quality of Life and Safety. There
were improvements in all groups (�4.0
points) in self-reported physical and
psychosocial parameters that may be of
clinical consequence (Table 4), but
there were no statistically significant
differences in changes for physical or
emotional functioning in quality of
life comparing treatment groups for
self-reported and parent/guardian-
reported surveys.

Differences between treatment groups
in terms of frequency or severity of ad-
verse events were not significant (eTable
2). Particularly, no changes were evi-
dent comparing development of diabe-
tes, change in BMI, elevations in ALT
level 2-fold or greater from baseline, or
need for hospitalization or surgery
(eTable 2). Four children (1 receiving vi-
tamin E, 2 receiving metformin, 1 re-
ceiving placebo) had life-threatening or
disabling depression or mood alter-
ation, and 1 in the vitamin E treatment
group committed suicide. Five children
receiving placebo, 1 receiving metfor-
min, and none receiving vitamin E de-
veloped diabetes. No complications re-
sulted from percutaneous liver biopsies.

COMMENT
To our knowledge, this is the first mul-
ticenter randomized controlled trial for
evaluating treatment of pediatric

NAFLD and the only trial evaluating
treatment of any pediatric liver dis-
ease using a designated histologic out-
come. Trials in adults with NASH have
used changes in liver histology as pri-
mary outcomes primarily because al-
ternative noninvasive biomarkers lack
validation. For this trial, sample size de-
termination would have required ex-
trapolation from adult data if histol-
ogy were chosen as the primary end
point. However, children exhibit dif-
ferences from adults in key histologic
features such as frequent portal inflam-
mation and fibrosis but less frequent he-
patocellular ballooning injury, lobu-
lar inflammation, and perisinusoidal
fibrosis.8 There are also likely to be dif-
ferences in etiopathogenesis and natu-
ral history based on early penetrance,
pubertal changes, and relative or com-
plete lack of ethanol intake. Thus, the
primary end point was selected based
on prior pediatric experience using re-
duction in ALT level.14,15 ALT level is
significantly associated with NAFLD ac-
tivity score and fibrosis stage in chil-
dren, albeit insufficiently predictive for
individual purposes of diagnosis, stag-
ing, or grading.11 Sustained reduction
in ALT level was selected as the pri-
mary end point while recognizing that
analyses of changes in histological fea-
tures were essential.

Table 3. Change From Baseline to End of Treatment in Liver Histology by Treatment Group

Vitamin E
(n = 50)

Metformin
(n = 50)

Placebo
(n = 47)

P Valuea

Vitamin E
vs Placebo

Metformin
vs Placebo

Fibrosis score
No. (%) improved [95% CI] 18 (37) [23 to 52] 22 (44) [30 to 59] 19 (40) [26 to 56] .71 .72
Mean change (95% CI) −0.3 (−0.6 to 0.0) −0.4 (−0.7 to −0.0) −0.2 (−0.6 to 0.1) .48 .60

Steatosis score
No. (%) improved [95% CI] 27 (54) [39 to 68] 26 (52) [37 to 66] 19 (40) [26 to 56] .18 .25
Mean change (95% CI) −0.8 (−1.1 to −0.5) −0.6 (−0.9 to −0.2) −0.4 (−0.8 to −0.1) .24 .50

Lobular inflammation score
No. (%) improved [95% CI] 22 (44) [30 to 59] 23 (46) [32 to 61] 20 (43) [28 to 59] .89 .73
Mean change (95% CI) −0.4 (−0.6 to −0.2) −0.3 (−0.5 to −0.0) −0.3 (−0.6 to −0.1) .14 .97

Ballooning degeneration score
No. (%) improved [95% CI] 22 (44) [30 to 59] 22 (44) [30 to 59] 10 (21) [11 to 36] .02 .02
Mean change (95% CI) −0.5 (−0.8 to −0.3) −0.3 (−0.6 to −0.0) 0.1 (−0.2 to 0.3) .006 .04

Change in NAFLD activity score, mean (95% CI) −1.8 (−2.4 to −1.2) −1.1 (−1.7 to −0.5) −0.7 (−1.3 to −0.2) .02 .25
Resolution of NASH, No. (%) [95% CI]b 25 (58) [42 to 73] 16 (41) [26 to 58] 11 (28) [15 to 45] .006 .23

Abbreviations: CI, confidence interval; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis.
aP values derived from either �2 test for binary outcomes or analysis-of-covariance model regressing change from baseline to 96 weeks on treatment group and baseline value of the

outcome for continuous outcomes.
bDefined as number of patients with no NASH at week 96 among patients with borderline or definite NASH at baseline. Excludes 7, 11, and 8 patients with no NASH at baseline in vitamin

E, metformin, and placebo groups, respectively.
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A significant change in the pre-
defined primary outcome in this trial was
not achieved, although the reductions in
ALT levels markedly differed between
those receiving vitamin E and placebo
through week 48. This difference dimin-
ished over subsequent visits, primarily
due to continued improvement in ALT
level in the placebo group. The percent-
age and extent of ALT reduction over the
initial 24 weeks mimics that found in a
previously reported randomized con-
trolled trial (PIVENS) using the same vi-
tamin E dose in adults with NASH.18 The
improvement in ALT level over a longer
interval in the placebo group may be due

to the frequency of reinforced adher-
ence to diet and exercise recommenda-
tions, increased motivation associated
with study participation, or advancing
puberty. Sensitivity analyses showed re-
sults did not vary based on age, body
weight, or BMI, indicating that results
were unrelated to dose effects.

Children treated with vitamin E dem-
onstrated significant improvements in
terms of resolution of NASH in those
with NASH or borderline NASH at base-
line compared with placebo. There were
also significant improvements in hepa-
tocellular ballooning and NAFLD activ-
ity score. Improvements in the histo-

logic features are interrelated to a certain
extent, as the diagnosis of NASH typi-
cally requires the presence of balloon-
ing, and the NAFLD activity score uses
ballooning as 1 of the 3 scored compo-
nents.7 Ballooning is a major distinguish-
ing feature of NASH, conferring a greater
risk of disease progression in longitudi-
nal studies, and therefore, a significant
decrease in the severity of ballooning is
a clinically important finding. This fea-
ture reflects injury to the cytoskeleton
and associates with other signs of cellu-
lar injury, including increased Mallory
bodies and increased fragments of cyto-
keratin 18.19 Apparently, as reported pre-

Table 4. Change From Baseline to End of Treatment in Serum Biochemistry Test Results, Lipid Levels, Metabolic Characteristics, and Quality of
Life by Treatment Group

Mean (95% CI) P Valuea

Vitamin E
(n = 50)

Metformin
(n = 51)

Placebo
(n = 49)

Vitamin E
vs Placebo

Metformin
vs Placebo

Change in self-reported QOLb

Physical health 7.6 (2.7 to 12.5) 5.4 (0.8 to 10.0) 5.4 (−0.7 to 11.5) .08 .63

Psychosocial health 6.0 (1.4 to 10.6) 4.0 (−0.4 to 8.4) 5.6 (−0.0 to 11.2) .15 .96

Change in parent/guardian-reported QOLb

Physical health 1.5 (−7.9 to 11.0) 4.1 (−3.8 to 12.0) 4.8 (−1.5 to 11.0) .96 .87

Psychosocial health 4.3 (−1.6 to 10.1) 1.9 (−4.0 to 7.8) 6.1 (0.1 to 12.2) .48 .39

Change in serum biochemistry tests
ALT, U/L −48.3 (−66.8 to −29.8) −41.7 (−62.9 to −20.5) −35.2 (−56.9 to −13.5) .07 .40

AST, U/L −22.8 (−33.3 to −12.3) −21.5 (−34.6 to −8.4) −20.4 (−32.7 to −8.0) .32 .29

GGT, U/L −7.4 (−33.3 to −12.3) −14.3 (−24.9 to −3.7) −4.4 (−11.6 to 2.8) .37 .09

Alkaline phosphatase, U/L −49.2 (−68.5 to −29.9) −70.0 (−91.2 to −48.8) −50.2 (−66.7 to −33.6) .92 .20

Total bilirubin, mg/dL 0.05 (−0.05 to 0.15) 0.03 (−0.05 to 0.10) 0.12 (0.04 to 0.20) .38 .11

�-Tocopherol, mg/L 9.4 (6.2 to 12.6) −0.5 (−1.1 to 0.2) −0.9 (−2.1 to 0.4) �.001 .44

Changes in lipids
Triglycerides, mg/dL 35.2 (9.8 to 60.6) 2.1 (−21.3 to 25.5) 18.9 (1.3 to 36.5) .30 .24

Total cholesterol, mg/dL −2.5 (−10.6 to 5.7) −6.7 (−14.7 to 1.3) −7.5 (−15.2 to 0.3) .29 .96

HDL, mg/dL −3.7 (−5.3 to −2.2) −0.8 (−2.6 to 1.0) −2.6 (−4.6 to −0.6) .09 .25

LDL, mg/dL −5.2 (−13.0 to 2.6) −6.1 (−11.9 to −0.3) −6.2 (−13.2 to 0.7) .48 .93

Change in metabolic characteristics
HOMA-IR, mg/dL � µU/mL/405 0.6 (−2.7 to 3.9) −0.0 (−1.9 to 1.8) −1.4 (−8.3 to 5.6) .71 .42

Fasting serum glucose, mg/dL 1.1 (−2.6 to 4.7) −1.0 (−4.3 to 2.2) 4.2 (−2.7 to 11.2) .10 .14

Weight, kg 13.3 (10.2 to 16.4) 12.0 (9.3 to 14.6) 12.7 (9.7 to 15.6) .65 .78

Waist circumference, cm 5.7 (3.5 to 7.9) 3.9 (1.7 to 6.2) 5.6 (2.5 to 8.6) .81 .50

BMIc 2.1 (1.2 to 3.0) 1.3 (0.6 to 2.0) 1.9 (1.1 to 2.7) .77 .25

BMI z score −0.03 (−0.11 to 0.06) −0.06 (−0.13 to 0.00) −0.01 (−0.08 to 0.06) .78 .25

Body composition, % total fatd −1.1 (−2.6 to 0.4) −2.4 (−3.6 to −1.2) −1.9 (−3.5 to −0.3) .43 .67

Tanner stage 1.3 (1.0 to 1.6) 1.3 (1.0 to 1.7) 1.2 (1.0 to 1.5) .79 .33
Abbreviations: ALT, alanine aminotransferase; AST aspartate aminotransferase; BMI, body mass index; CI, confidence interval; GGT, �-glutamyltransferase; HDL, high-density

lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein cholesterol; NAFLD, nonalcoholic fatty liver disease; NASH,
nonalcoholic steatohepatitis; QOL, quality of life.

SI conversion factors: To convert AST, ALT, GGT, and alkaline phosphatase to µkat/L, multiply by 0.0167; to convert total bilirubin to µmol/L, multiply by 17.104; to convert �-
tocopherol to µmol/L, multiply by 23.22; to convert triglycerides to mmol/L, multiply by 0.0113; to convert total, HDL, and LDL cholesterol to mmol/L, multiply by 0.0259; and to
convert glucose to mmol/L, multiply by 0.0555.

aP values derived from analysis-of-covariance model regressing change from baseline to 96 weeks on treatment group and baseline value of the outcome.
bPediatric Quality of Life Inventory (version 4.0) scores were recoded to range from 0 to 100 with increasing scores indicating better quality of life.
cCalculated as weight in kilograms divided by height in meters squared.
dTwo patients assigned to vitamin E and 1 patient assigned to metformin were too obese to be assessed at week 96. Their values at 96 weeks were imputed with the 95th per-

centile value at baseline.
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viously, serum ALT level is too variable
a measure to reflect changes in histol-
ogy of the magnitude achieved in this
trial.11 There were no significant changes
in fibrosis, degreeof inflammation,or ste-
atosis independent of the clinical cen-
ter. The improvements in resolution of
NASH and hepatocellular ballooning
mirror the results found in the PIVENS
trial, which evaluated the same formu-
lation, dose, and duration of treatment
with vitamin E in adults with NASH.18

Unlike the PIVENS trial, this trial did not
demonstrate significant comparative im-
provement in lobular inflammation or
steatosis found with vitamin E treat-
ment. Study differences may have arisen
because of differences between PIVENS
and TONIC inclusion criteria and the
lesser number of patients assigned to
each treatment in TONIC. Another ex-
planation for differences between
PIVENS and TONIC histology out-
comes could be attributable to differ-
ences between children and adults in
terms of distribution and severity of fat
and inflammation,8 or potential differ-
ences in etiopathogenesis between the
predominantly white adults in PIVENS18

and Hispanic children in TONIC.
Other than hepatocellular balloon-

ing, metformin did not result in any sig-
nificant histological improvements com-
pared with placebo over 96 weeks. Given
that metformin is known to improve in-
sulin sensitivity,20 it is possible the met-
formin dose was inadequate, adherence
was poor, or both. Choice of dose was
based on a prior pilot trial showing im-
provement in insulin sensitivity, liver fat
fraction, and ALT level in children with
biopsy-proven NAFLD.14 The need for
overencapsulation required to make a
matching placebo and concerns over
children’s capabilities to consume large
pills precluded consideration of larger
doses. For those taking metformin, ad-
herence may have been diminished be-
cause of adverse effects, which can in-
clude dose-dependent nausea, vomiting,
and diarrhea.

Some patients in the placebo group
demonstrated improvements in par-
ticular histologic features at week 96 in
comparison with baseline. Histologic

features, including steatosis, lobular in-
flammation, and fibrosis, improved
among placebo-group patients, but he-
patocellular ballooning improved less
often. Although resolution of NASH in
the placebo group was significantly less
frequent than in those treated with vi-
tamin E, resolution in some suggests
that changes associated with study par-
ticipation, including adoption of life-
style advice, could be beneficial. Inten-
sive therapeutic lifestyle interventions
involving diet, exercise, and behav-
ioral modification have been shown to
improve NASH histology in adult ran-
domized controlled trials.12

No adverse events were attributable to
treatment. Retention of research pa-
tients and early termination of study pa-
tients by study physicians were similar
betweenall3groups.However, this study
was not designed to evaluate potential in-
frequent adverse effects such as in-
creased risk of bleeding with vitamin E.
Although 5 children in the placebo group
and none in the vitamin E group devel-
oped diabetes, this difference was not sta-
tistically significant. No evidence exists
that vitamin E prevents development of
insulin-resistant diabetes. There were no
treatment-related changes in serum lipid
levels, body size, or body composition.

Limitations of this study include the
possibility of a false-negative primary
outcome due to underenrollment from
the prespecified target sample size.
However, the enrollment was only 7 pa-
tients short of the target (173/180);
thus, full enrollment would not have
substantially increased power. Enroll-
ing children with NAFLD but not re-
quiring NASH may have limited the
amount of improvement that could be
achieved with treatment. Also, inclu-
sion criteria required persistent eleva-
tion of serum ALT, so conclusions can-
not be made about treatment efficacy
in children who have NASH with lesser
elevations. Third, children with cirrho-
sis or diabetes were excluded, so po-
tential benefit or harm in treating these
groups was not assessed. Fourth, no at-
tempt was made to combine vitamin E
and metformin to determine if there
could be increased benefit from dual

therapy. Last, the secondary outcome
analyses were based on completers
rather than intention to treat.

In summary, this double-blind, pla-
cebo-controlled, randomized trial of
metformin or vitamin E for the treat-
ment of NAFLD in children without
diabetes or cirrhosis had a negative pri-
mary outcome. The data suggest that
children treated with vitamin E who
had biopsy-proven NASH or border-
line NASH had significant improve-
ment in secondary histologic out-
comes with vitamin E. Those children
who showed an improvement over pla-
cebo were those with initial hepatocel-
lular ballooning degeneration. How-
ever, risk of biopsy might outweigh the
benefits of therapy, so development of
noninvasive markers for identifica-
tion and monitoring of those who may
benefit is desirable. Lifestyle modifica-
tion is warranted for all children with
NAFLD. The role of treatment with vi-
tamin E in those who have a biopsy
demonstrating borderline or definite
NASH remains to be determined.
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