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Abstract

Background & Aims—Little is known about the prevalence of nonalcoholic fatty liver disease 

(NAFLD) among severely obese adolescents or factors that determine its development. We 

investigated the prevalence of NAFLD in a multicenter cohort of adolescents undergoing bariatric 

surgery and factors associated with it.

Methods—We enrolled 242 adolescents undergoing bariatric surgery between March 2007 and 

February 2012 at 5 tertiary care centers into a multicenter, prospective observational cohort study. 

Intra-operative core liver biopsies were collected from 165 subjects; 17 were excluded because of 

insufficient liver tissue or use of hepatotoxic medications, so 148 remained in the study (mean age 

16.8±1.6 y old; median body mass index [BMI], 52 kg/m2). Liver tissues were analyzed by 

histology using validated criteria. Hepatic gene expression was analyzed in 67 samples.

Results—NAFLD was present in 59% of this predominantly female (72%), white (68%), non-

Hispanic (91%) cohort. Of subjects with NAFLD, 24% had borderline and 10% had definite 

nonalcoholic steatohepatitis (NASH). Mild fibrosis (≤ stage 2) was observed in 18% of liver 

biopsies and stage 3 in 0.7%, but cirrhosis was not detected. Dyslipidemia was present in 78% of 

subjects, hypertension in 44%, and diabetes in 14%. More severe NAFLD was associated with 

increasing levels of alanine aminotransferase (ALT), fasting glucose level, hypertension (each P<.

01) and white blood cell count (P=.04). Only diabetes was associated with detection of fibrosis 

(odds ratio, 3.56; 95% confidence interval, 1.93–6.56). Microarray analysis associated presence of 

NASH with altered expression of genes that regulate macrophage chemotaxis, cholesterol 

absorption, and fatty acid binding.

Conclusions—More than half of adolescents undergoing bariatric surgery in this cohort had 

NAFLD, yet the prevalence of severe or fibrotic NASH was low. Increasing severity of NAFLD 

was associated with level of ALT and cardio-metabolic risk factors, but not BMI. Based on gene 

expression analysis, borderline and definite NASH were associated with abnormal immune 

function, intestinal cholesterol absorption, and lipid metabolism.
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INTRODUCTION

Severe obesity is highly prevalent among children and adolescents with NAFLD in the 

United States. In large cohort studies of children with biopsy-confirmed NAFLD, reported 

mean BMI ranges from 31 to 34 kg/m2 (standard deviations ~5) in children with mean age 

of approximately 13 years (range 4 to 17 years).1-6

Although consensus is lacking on whether bariatric surgery should be a specific treatment 

for NASH in severely obese patients, it is not contraindicated in patients with non-cirrhotic 

NASH.7 Current adolescent bariatric surgery guidelines include severe NASH as a criterion 

for surgery.8-10 Significantly, adolescents undergoing bariatric surgery are usually ≥ 13 

years old with minimum BMI ≥ 35 kg/m2; mean BMI in surgical cohorts is often in the 50 

kg/m2 range. They are therefore older and substantially more obese than other multicenter 

pediatric cohorts in whom NAFLD prevalence and determinants have been well-

characterized.1-5

The prevalence and severity of NAFLD in severely obese adolescents undergoing bariatric 

surgery is unknown. A single center, retrospective study previously reported a 20% 

prevalence of biopsy-confirmed NASH in 41 adolescents at time of bariatric surgery, but 

was not adequately powered to identify determinants.11 The Teen-Longitudinal Assessment 

of Bariatric Surgery (Teen-LABS) study, a prospective observational longitudinal cohort 

study of 242 adolescents undergoing bariatric surgery at five tertiary care centers in the 

United States, offers the opportunity to determine the biopsy-confirmed prevalence and 

determinants of NAFLD in a larger multicenter cohort of severely obese adolescents.

The primary aims of this prospective observational study were to determine the prevalence 

of biopsy-confirmed NAFLD, NASH and associated fibrosis and identify significant 

characteristics associated with histological severity of NAFLD in severely obese adolescents 

at time of bariatric surgery. Secondarily, we conducted gene expression analyses to elucidate 

biological pathways underlying NAFLD phenotypes in this unique cohort. We hypothesized 

that most participants would have NAFLD and the severity of liver disease would be 

predicted by BMI and cardio-metabolic features.

METHODS

Study population

The Teen-LABS study (NCT00474318) methodology has been previously described in 

detail.12 The observational cohort study enrolled 242 consecutive adolescents, age ≤ 19 

years, undergoing bariatric surgery (March 2007 - February 2012) at five clinical centers in 

the United States: Cincinnati Children’s Hospital Medical Center (Cincinnati, Ohio), 

Nationwide Children’s Hospital (Columbus, Ohio), the University of Pittsburgh Medical 

Center (Pittsburgh, Ohio), Texas Children’s Hospital (Houston, Texas) and the Children’s 

Hospital of Alabama (Birmingham, Alabama). The study was approved by each center's 

Institutional Review Board. Written informed consent or assent, as appropriate for age, was 

obtained from all parents/guardians and adolescents.
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At time of surgery, 165 of the 242 participants had clinical intra-operative core liver biopsies 

performed. Due to the observational study design and lack of published consensus on 

whether intra-operative liver biopsies should be standard of care at time of bariatric surgery, 

the decision to perform a liver biopsy was deferred to the surgical teams at each site. Intra-

operative liver biopsies were standard of care at three sites, but not at the remaining two 

sites. Accordingly, 99% of all biopsies were performed at the three sites where 

intraoperative biopsy was standard of care. Participants with insufficient liver tissue (n=4) or 

taking medications that may cause or treat NASH (n=13) were excluded from analysis. 

None reported alcohol intake >20 gm/day. After exclusions, 148 participants remained.

Preoperative liver testing was not required for participation in the Teen-LABS study. In the 

total cohort, 82.8% (n=199/242) had ALT measured, which did not differ among those with 

(n=136/165) or without liver biopsies (n=63/77), or those in the final analysis cohort 

(n=122/148).

Measures

Preoperative baseline clinical data were collected within 30 days of operation at in-person 

visits by trained study personnel using standardized methodology, as previously described.12 

Age and sex were recorded and race and ethnicity were self-identified by the participant 

and/or parent(s). Height, weight, waist circumference, systolic and diastolic blood pressure 

were measured by trained study personnel using standardized protocols. BMI was calculated 

as weight (kg)/height (m)2. Study personnel followed standard definitions (in Supplemental 

Materials) to determine presence or absence of co-morbid conditions (hypertension, diabetes 

mellitus, dyslipidemia) using medical records, physical exam, participant interview and 

laboratory values. Baseline laboratory measurements performed at a central laboratory 

(Northwest Lipid Metabolism and Diabetes Research Laboratories, Seattle, WA) included 

complete blood cell count, fasting glucose, insulin, total cholesterol, high-density lipoprotein 

(HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglycerides. ALT, 

aspartate aminotransferase (AST) and alkaline phosphatase were abstracted for research use 

from the clinical chart at each site. Homeostatic model assessment-insulin resistance 

(HOMA-IR) was calculated as [glucose (mg/dL) × insulin (μU/mL)] / 405.

Liver histology

Liver biopsies were obtained by core needle technique after induction of anesthesia and 

before performing the bariatric surgery procedure. Location of the needle biopsy (left or 

right lobe) was at the discretion of the surgical team. Some surgical sites obtained biopsies 

from both lobes, submitting one specimen for histological evaluation and the second to 

research repositories. The liver biopsy location and any resulting complications were 

documented on the standard Teen-LABS operative evaluation form completed by the 

surgeon immediately post-operatively. Liver biopsy specimens were stained with 

hematoxylin-eosin and Masson’s trichrome stains, and reviewed and scored centrally by an 

experienced hepatopathologist (DEK) using the validated NASH Clinical Research Network 

scoring system.13 The NAFLD activity score (NAS, range 0-8) was calculated and fibrosis 

staged as detailed in the Supplemental Materials. Liver biopsies were also categorized as 

definite NASH, borderline NASH or NAFLD-not NASH (NAFL) based on the aggregate 
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presence and degree of the individual histologic features of fatty liver disease.14 If there was 

no evidence of abnormal steatosis or injury consistent with NAFLD or NASH, the biopsy 

was designated as “Not-NAFLD.”

Statistical analysis

Categorical variables were presented using frequencies and percentages, while continuous 

variables were presented as means and standard deviations or medians and interquartile 

ranges (IQR). Chi-square, Fisher’s exact, Wilcoxon’s rank sum, and analysis of variance 

(ANOVA) tests were used to compare participant characteristics across liver phenotypes.

Multiple imputation (MI) by fully conditional specification was performed to address 

missing data (2.4% of data values) as outlined in the Supplemental Materials.

A cumulative logit model (SAS Proc Logistic) was used to evaluate predictors of increasing 

liver disease severity, ordinally defined as 1. Not-NAFLD, 2. NAFL (not NASH), 3. 

borderline NASH and 4. definite NASH. Since the outcome has four levels of ordinal 

severity, the model simultaneously evaluates three separate comparisons:

1. Definite NASH |vs| Borderline NASH or NAFL or Not-NAFLD.

2. Definite NASH or Borderline NASH |vs| NAFL or Not-NAFLD.

3. All NAFLD [Definite NASH or Borderline NASH or NAFL] |vs| Not-NAFLD.

The fundamental model assumption was that the odds ratio (OR) estimate for all three 

comparisons was the same; a non-significant p-value confirms no difference in estimates 

between the three comparisons. The final model met the proportional odds assumption (p = 

0.74). Modified poisson regression with robust estimates (SAS Proc GENMOD) was used to 

evaluate predictors of fibrosis.15,16 A cumulative logit model was further used to evaluate 

predictors of increasing liver disease severity among only those with NAFLD, e.g. NAFL 

(not NASH), borderline NASH and definite NASH and a modified poisson regression with 

robust estimates was used to evaluate predictors of having any NAFLD (all subgroups 

combined) versus Not-NAFLD. SAS Proc MiAnalyze was used to generate all estimates 

from the multiply imputed data. All aforementioned descriptive and clinical variables were 

considered for inclusion in the final models. In the models, ALT elevation was defined as 

normal (<22 U/L for females, <26 U/L for males), mild (22-39 U/L for females, 26-39 U/L 

for males) and high (≥ 40 U/L), based on population-derived upper limits (≥26 U/L for 

adolescent males and ≥22 U/L for females) and a more typical clinical laboratory upper limit 

(≥ 40 U/L).17 Fasting plasma glucose levels were categorized as: <100 mg/dL (normal), 

100-125 mg/dL (impaired), and ≥126 mg/dL (abnormal, consistent with diabetes).

Sensitivity and specificity values were calculated to evaluate the use of ALT values in 

identifying histologically-confirmed NAFLD (NAFL, borderline and definite NASH 

combined) or definite NASH alone. Calculations were done using the 122 participants with 

measured ALT values (no imputed values). Two ALT thresholds were analyzed: the 

population-derived upper limit (≥26 U/L for adolescent males and ≥22 U/L for females) and 

a typical clinical laboratory upper limit (≥ 40 U/L).17 Sensitivity was defined as the 

percentage of participants whose ALT values exceeded the above thresholds, among those 
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with NAFLD or NASH. Specificity was defined as the percentage of participants whose 

ALT levels were below the thresholds described above, among those without NAFLD or 

NASH. Reported p-values are two-sided and considered statistically significant at ≤0.05.

Characterization of Hepatic Gene Expression

Relative hepatic gene expression was measured using the Human Exon 1.0 ST v1 Array in a 

subset of 67 participants from the analysis cohort with extra liver tissue available for 

microarray analyses (detailed in Supplementary Materials). The distribution of liver 

phenotype in this convenience sample was: 51% (n=34) Not-NAFLD, 39% (n=26) NAFL, 

7% (n=5) borderline NASH and 3% (n=2) definite NASH. All analysis was performed in 

GeneSpring version 12.6.1.

Using an ANOVA, we generated a list of 8648 genes exhibiting differential regulation 

(ANOVA p<0.05) between Not-NAFLD, NAFL, borderline NASH and definite NASH. 

Among these genes, we identified those with > 1.5 fold change (FC) in the following 

comparisons:

1. NAFL vs. Not-NAFLD

2. Borderline NASH vs. Not-NAFLD

3. Definite NASH vs. Not-NAFLD

4. Borderline NASH vs. Definite NASH

Further, we intersected gene sets from the above comparisons to determine the following 

gene signatures: 1) genes shared between definite NASH and borderline NASH compared to 

Not-NAFLD; 2) genes specific to definite NASH compared to Not-NAFLD; and 3) genes 

specific to borderline NASH compared to Not-NAFLD. Each of these gene sets was 

submitted to an unbiased ontological analysis through ToppGene to identify meaningful 

enriched biological processes and pathways, using well established, previously described 

methods.18

RESULTS

Clinical and liver disease characteristics

A flow chart of the study cohort is shown in Figure 1. The 165 participants who had intra-

operative liver biopsies were slightly younger than the 77 who did not undergo biopsies 

(p<0.01), had slightly higher BMI (p<0.01) and higher prevalence of dyslipidemia (p=0.02) 

[Supplemental Table 1]. Core needle liver biopsies were obtained from the right lobe in 

27%, from the left lobe in 40%, and from both lobes in 33% of subjects. No complications 

occurred. There were no clinical differences between the final analysis cohort (n=148) and 

the 17 participants excluded. Table 1 presents the clinical characteristics of the analysis 

cohort. Mean age was 16.8 years and median BMI was 51.6 kg/m2. The majority of the 

cohort was female, white and non-Hispanic. Forty-four percent had hypertension, 14% 

diabetes and 78% dyslipidemia.
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Figure 2 shows the prevalence and distribution of liver disease phenotypes. NAFLD was 

common among the cohort (58.8%). Of those with NAFLD, 34.5% had borderline or 

definite NASH (20% of the analysis cohort) [Panel 2A]. However, only 6% of the cohort 

had definite NASH. The borderline zone 1 pattern, most prevalent among pre-adolescent 

children, was rare in this cohort. Most participants with borderline NASH showed a zone 3 

distribution of injury. Fibrosis was mild: 81% had none, while 18% had stage 1 or 2 fibrosis 

[Panel 2B]. Only 1 participant had stage 3 fibrosis and none had cirrhosis.

As shown in Table 1, ALT, AST, glucose, and triglycerides increased with ordinal severity 

of liver disease. The proportion of males also increased with increasing liver disease severity 

(p=0.02). Because candidates for bariatric surgery are often encouraged to lose weight pre-

operatively and significant weight loss could influence NAFLD histology due to rapid 

reduction of steatosis, we analyzed pre-operative weight loss to determine if it differed by 

liver disease phenotype. Overall, 11.5% of the analysis cohort lost significant pre-operative 

weight (>5% of initial weight), but prevalence did not differ significantly among liver 

disease categories (p=0.47) [Table 1].

Independent risk factors for liver disease severity and fibrosis

After adjustment, increasing ALT, fasting glucose (both p<0.01), WBC (p=0.02), and 

hypertension (p=0.02) were associated with greater ordinal severity of liver disease [Table 
2]. The only significant predictor of fibrosis (p=0.03) was presence of diabetes, as shown in 

Table 3.

Among those with NAFLD (excluding Not-NAFLD from the model), only presence of 

diabetes (p<0.01) was associated with having more severe liver disease (Supplemental 
Table 2). Increasing ALT was the only predictor (p<0.01) of having any degree of NAFLD 

(combining NAFL, borderline and definite NASH together) vs. Not-NAFLD (Supplemental 
Table 3).

Utility of ALT in identifying NASH

Using population-derived norms (≥22 U/L for females,≥26 U/L for males), abnormal ALT 

was present in 71.8% of the population, with 82% sensitivity and 35% specificity for 

identifying definite NASH, and 81% sensitivity and 48% specificity for identifying NAFLD. 

Applying a more common clinical threshold of ≥ 40 U/L, 19.7% of the cohort had abnormal 

ALT with 75 % sensitivity and 84% specificity for identifying definite NASH, and 28% 

sensitivity and 92% specificity for identifying NAFLD in this cohort.

Hepatic Gene Expression Profiles

We found a single gene was differentially up-regulated (FC >1.5) when comparing NAFL to 

Not-NAFLD (CYP7A1; FC = 2.08, ANOVA p-value= 0.0003). This suggests that biological 

differences between these groups are minimal, or that a consistent genomic signature does 

not adhere to the histological groupings of bland steatosis vs. histologically normal-

appearing liver in the setting of severe obesity. In contrast, 78 genes in the comparison of 

borderline NASH vs. Not-NAFLD and 105 genes in the comparison of definite NASH vs 

Not-NAFLD, had FC >1.5, as shown in Figure 3, Panel A. Of these genes, there were 19 
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up-regulated genes and 10 down-regulated genes in common between these two gene sets. 

We also observed gene signatures specific to borderline NASH (39 up- and 10 down-

regulated genes) and definite NASH (57 up- and 19 down-regulated genes; Figure 3, Panel 
A) Comparing borderline NASH to definite NASH confirmed a unique genetic signature, 

generating 163 genes with FC >1.5 (73 up- and 90 down-regulated genes). Supplemental 
Table 4 lists the top differentially expressed genes identified by these comparisons (top 15 

up- and 15 down-regulated genes in each comparison), including their attributed functions 

and relative fold changes.

Unbiased ontological analysis of the shared genomic signatures of definite NASH and 

borderline NASH revealed relevant common pathways/processes (Figure 3, Panel B). In 

particular, we found enriched up-regulation of macrophage chemotaxis (p<0.0001) and 

elevated chemokine-related ontologies (p=0.04). Additionally, we saw dysregulation of 

genes involved in intestinal cholesterol absorption (p<0.0001), fatty acid binding (p=0.01) 

and high-density lipoproteins (p=0.04), as well as significantly depressed glutathione 

conjugation (p=0.01).

Comparing definite NASH to borderline NASH revealed enriched up-regulation of genes 

involved in extracellular matrix organization and collagen binding (both p<0.0001), 

carbohydrate transport (p<0.001), and immune response (p=0.02). Additionally, we 

observed down-regulation of genes involved in protein targeting (p<0.0001), lipid and 

glutathione metabolism (both p<0.001), and immune function (p=0.03; Figure 3, Panels C 

and D). Specific genes identified in these biological processes/pathways are shown in 

Supplemental Table 5.

DISCUSSION

Our prospective multi-center study found that 59% of severely obese adolescents in our 

cohort had NAFLD, with 14% having borderline and 6% definite NASH at time of bariatric 

surgery. Among those with NASH, advanced fibrotic NASH was uncommon. Our multi-site 

findings confirm an initial single center report (N=41 adolescents) of a 20% prevalence of 

mild to moderate grade NASH11 but further advances the literature by elucidating the 

clinical predictors associated with NASH in this larger cohort of severely obese adolescents 

undergoing bariatric surgery. Specifically, the odds of having more severe NAFLD were 

associated with presence of hypertension, increasing ALT and glucose levels, and WBC. 

Diabetes was the only predictor of fibrosis. Further, an analysis of hepatic gene expression 

uncovered relevant common and distinct genomic signatures in borderline and definite 

NASH, but minimal difference between NAFL and normal-appearing liver.

Increasing ALT was associated with the increasing odds of having more severe NAFLD in 

this cohort: for ALT ≥ 40 U/L, the odds ratio was 6.7 (95% CI: 2.5, 17.8). However, many 

adolescents with NAFLD, including those with borderline NASH, had ALT levels within 

the normal or mildly elevated range, with only 28% sensitivity of ALT ≥40 U/L for 

detection of NAFLD. Our findings therefore support routine histological assessment with 

intraoperative liver biopsy, regardless of pre-operative ALT elevation. Because both short 

and long-term outcomes of NAFLD after bariatric surgery remain unknown in adolescents, 
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it is important to identify and stage this condition at time of surgery, so that these patients 

can be followed long-term for persistence or worsening of liver disease. This is particularly 

important as new pharmacotherapy options for NASH are actively being investigated in 

clinical trials and additional treatment options may emerge for adolescents who exhibit 

persistent disease in adulthood. An intra-operative liver biopsy at time of surgery adds 

minimal additional operative time, allows for adequate tissue sampling under direct vision 

and minimizes procedural risk.19

Consistent with our other identified determinants of more severe NAFLD in this cohort, 

various measures of abnormal glucose homeostasis (impaired fasting glucose and diabetes) 

have been reported to be risk factors for more histologically advanced NASH in other 

pediatric and adult cohorts.1,2,20 Hypertension is also very common among children with 

biopsy-confirmed NAFLD and associated with more severe steatosis.4 Elevated WBC count, 

a marker of inflammation and atherosclerosis, has been associated with sonographic 

evidence of hepatic steatosis in adults but to our knowledge not previously reported to be 

associated with histological severity of pediatric NAFLD.21

In contrast, NAFLD presence and severity was not significantly associated with BMI in this 

cohort, suggesting that increasing weight is not a key driver for NAFLD risk in this range of 

severe obesity. The prevalence of definite NASH was also lower than we anticipated in this 

severely obese cohort, given the higher prevalence of cardiometabolic risk factors typically 

associated with NASH in less obese pediatric cohorts. Several factors may contribute to this 

observation. First, this is an adolescent cohort and more severe NASH is associated with 

advancing age.22 Thus, the adolescent with NASH may be presenting for bariatric surgery 

before progression to more active NASH or significant fibrosis has occurred. However, 

younger, less obese pediatric cohorts with biopsy-confirmed NAFLD do have greater 

proportions with stage 3 and 4 fibrosis (8%-14%). Therefore, young age alone cannot 

completely account for the lack of more advanced histology.2,23 Notably, biological 

pathways linked to fibrogenesis were already strongly associated with definite NASH in our 

analysis. Specifically, several genes recently identified and validated as predictive of severe 

fibrotic NAFLD in adults were significantly up-regulated in adolescent definite NASH 

(denoted by asterisk in Figure 3D).24

Selection and/or referral bias may also contribute to the low prevalence of severe NAFLD in 

this cohort. Uncertainty exists about the role of bariatric surgery in treating NASH, which 

could lead to low referral rates of adolescents with more severe fibrotic NASH. Also, the 

majority of severely obese adolescents who currently undergo bariatric surgery are female, 

white and non-Hispanic, whereas male and Hispanic patients predominate in other cohorts 

of children with biopsy-confirmed NAFLD and NASH.1,3,5 In the general pediatric 

population, estimated NAFLD prevalence is 10% and NASH 3% based on a large autopsy 

study.25 Fatty liver was present in 38% of the obese subjects in that study, compared with 

59% in our severely obese cohort. Yet, significant fibrosis (bridging or cirrhosis) in our 

bariatric cohort was virtually absent (0.7%), compared with a 9% prevalence in the autopsy 

study. Type 2 diabetes is a known risk factor for fibrotic NASH, but prevalence was not 

reported in the autopsy series.20 Notably, the 13% prevalence of diabetes in our cohort, 

though lower than reported in adult cohorts with NAFLD, was higher than the 2.4% to 8% 
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prevalence of diabetes in three other large pediatric cohorts who had much higher 

prevalence of stage 3 or 4 fibrosis (8% to 20%).2,5,23

Interestingly, fibrosis among adults undergoing bariatric surgery is also relatively mild, 

despite a reported 25-55% prevalence of NASH.26,27 In a recent analysis of 693 liver 

biopsies performed in the multicenter Longitudinal Assessment of Bariatric Surgery study in 

adults (also scored by our study pathologist), 233 subjects (34%) had borderline (17%) or 

definite NASH (16%).28 However, fibrosis was mild with the majority (>82-90%) having ≤ 

stage 2 fibrosis and a minority (~5%) having bridging fibrosis or cirrhosis.26-28 Given that 

advanced fibrotic NASH is not very prevalent among adults undergoing bariatric surgery, 

some have hypothesized that there may be biological factors unique to severe obesity that 

protect against developing fibrotic NASH. There is currently little empirical evidence to 

support this hypothesis. Some studies have suggested that increased subcutaneous fat, 

particularly in those with the most visceral adipose tissue, is associated with a lower risk of 

impaired glucose metabolism and dyslipidemia independent of abdominal fat.29,30 However, 

it is not clear if fat depots differ significantly in distribution or metabolic activity among the 

severely obese. Further, the genetics of severe obesity have not yet been adequately studied 

to determine whether there may be associated genetic polymorphisms that could influence 

severity of associated comorbidities.

Prior hepatic gene expression studies in two non-bariatric pediatric cohorts with NAFLD/

NASH (n=11 to 17 patients) have highlighted enrichment of pathways involved in lipid 

metabolism as well as alcohol metabolism, presumably endogenously produced by intestinal 

microbiota.31,32 Larger studies in adults with fibrotic NASH have identified differentially 

expressed genes that are linked to fibrogenesis, mitochondrial function, oxidative stress, 

lipid and glucose metabolism, cell adhesion and immune function.24,33-35 We likewise 

found enrichment of pathways and processes involved in fibrogenesis, lipid and 

carbohydrate metabolism, chemotaxis, cell adhesion and immune function. We also noted a 

striking down-regulation of glutathione metabolism as NAFLD severity increased; 

cysteamine bitartrate which increases endogenous glutathione is currently being tested as a 

treatment for pediatric NAFLD (NCT01529268). Other notable findings in our cohort 

included the enrichment of pathways linked to abnormal intestinal cholesterol absorption 

and bile acid physiology. Although only one gene, CYP7A1, was differentially expressed in 

bland steatosis (NAFL) versus histologically normal-appearing liver in severely obese 

adolescents, this gene encodes a P450 cytochrome enzyme that catalyzes the first reaction 

and rate-limiting step in the conversion of cholesterol to bile acids and is the major site of 

regulation of bile acid synthesis. Altered bile acid physiology has been implicated in the 

development of NASH and bile acid analogues have recently been proven to improve 

histology of NASH in clinical trials.36 Further, bariatric surgery favorably changes bile acid 

profiles in both animal models and human cohorts.37,38 Recently, the bile acid receptor FXR 

was found to be critical for the weight and metabolic improvement seen after bariatric 

surgery.39 Therefore, this may be a key mechanism by which bariatric surgery leads to the 

significant improvements in NASH reported in adults.

Importantly, due to the smaller than anticipated number of subjects with borderline and 

definite NASH in our bariatric cohort, our genomic signature results must be viewed as pilot 
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in nature and hypothesis generating. Nevertheless, these findings underscore the need for 

further validation in severely obese cohorts with greater representation of definite NASH 

and more significant fibrosis. Further, because our normal liver controls were derived from 

severely obese adolescents, they are unlikely to reflect hepatic gene expression in normal 

non-obese adolescents. Future studies should ideally include controls from less obese (BMI 

85th to 97th percentile) and normal weight (BMI < 85th percentile) adolescents in order to 

elucidate whether there are potential protective biological factors contributing to milder 

NAFLD among the severely obese.

Our study has several key strengths including a large multicenter cohort, rigorous 

standardized, prospective data collection of well-characterized clinical characteristics, and 

histological confirmation of liver disease by a central pathologist with extensive expertise in 

evaluating NAFLD. Participants taking medications that can cause or treat NASH were 

excluded and no participants reported excess alcohol intake. Finally, additional liver tissue 

was available in a subset of participants enabling pilot gene expression analyses to elucidate 

biological pathways underlying borderline and definite NASH in this unique cohort.

Because our study was observational, liver biopsies and ALT were not obtained in every 

participant in Teen-LABS. However, the only statistically significant differences in those 

not biopsied were a slightly lower rate of dyslipidemia, marginally older age, and minimally 

lower BMI, which are unlikely to be clinically significant. Further, the biopsy site varied 

between right and left lobe. NAFLD histological severity can be non-uniform, raising the 

potential for misclassification of liver disease status and severity within individuals.40 

However, minimal variability has been reported between right and left lobe liver biopsies for 

NAS ≥ 5 and fibrosis in Potential sampling error of liver biopsy affects any study which 

relies on this current gold standard for diagnosis and staging of NAFLD.40 The variable 

biopsy practices among the surgical sites in our study do however underscore the current 

lack of consensus about whether and how to assess for NAFLD in patients undergoing 

bariatric surgery. Finally, our observational study was not able to systematically rule out 

more rare causes of steatohepatitis including hepatitis C and Wilson disease. However, 

histological analysis did not reveal overt signs of viral hepatitis. Further, only 24 participants 

had a baseline ALT ≥ 40 U/L. We will follow those participants prospectively to determine 

if ALT normalizes post-operatively.

In summary, we found that while NAFLD was common, advanced NASH was rare in this 

multicenter cohort of severely obese adolescents undergoing bariatric surgery. BMI did not 

predict NAFLD severity, highlighting that severe obesity is not the key driver in this 

population. ALT and cardiometabolic risk factors were associated with NAFLD severity, but 

the prevalence of NASH was lower than anticipated given the high rate of cardiometabolic 

risk factors. Selection and/or referral bias may have played a role, due in part to the current 

demographics of adolescents undergoing surgery and in part to uncertainty regarding 

outcomes of NASH after bariatric surgery. Whether there are potential protective biological 

factors unique to severe obesity requires further study. We are following a subset of 

adolescent participants in Teen-LABS longitudinally to determine long-term ALT change 

and histologic outcome of NASH, but it will also be critical to conduct prospective 
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controlled studies in severely obese adolescents with more advanced NASH to guide 

practitioners and patients on optimal treatment for NASH in the most severely obese.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow of Teen-LABS study participants excluded from and retained in final analysis cohort.
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Figure 2. 
Panel A: Distribution of NAFLD and NASH, including subtypes of borderline NASH. Panel 

B: Prevalence and distribution of fibrosis in the cohort. Stage 1 fibrosis was most frequent, 

predominantly stage 1c (periportal only), followed by stage 1a (mild zone 3 only) and stage 

1b (moderate zone 3 only). Stage 2 (mild/moderate zone 3 and periportal fibrosis) and stage 

3 (bridging) were rare. No participants had stage 4 (cirrhosis).
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Figure 3. 
Panel A: Venn diagram of genes differentially regulated between definite NASH and Not-

NAFLD, and borderline NASH and Not-NAFLD. Section numbers inside red squares 

indicate gene sets shared between definite and borderline NASH that were used to generate 

the ontological network in Panel B. Ontological enrichments associated with gene lists built 

through comparison of definite NASH to borderline NASH are presented in Panel C. 

Relative expression values of genes associated with the ontologies in Panel C underwent 

hierarchical clustering to generate heatmaps in Panel D. Asterisks denote genes previously 

reported to be associated with severe fibrotic NASH in adults.24
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Table 1

Demographic and Clinical Characteristics by Liver Disease Classification.

Characteristics
Total

(N=148)
Not NAFLD

(n=61)

NAFL
(not NASH)

(n=57)

Borderline
NASH
(n=21)

Definite
NASH
(n=9)

Overall
p-value

Demographics

Female, n (%) 106 (71.6%) 49 (80.3%) 42 (73.7%) 10 (47.6%) 5 (55.6%) 0.02

Mean age at surgery, years ± SD 16.8 ± 1.55 16.6 ± 1.62 17.0 ± 1.50 17.2 ± 1.54 16.4 ± 1.36 0.30

White race, n (%) 101 (68.2%) 38 (62.3%) 43 (75.4%) 14 (66.7%) 6 (66.7%) 0.50

Hispanic ethnicity, n (%) 13 (8.8%) 5 (8.2%) 5 (8.8%) 2 (9.5%) 1 (11.1%) 0.97

BMI in kg/m2, median (IQR) 51.6 (46.3, 60.5) 49.8 (45.8,
56.1)

53.5 (46.9,
62.9)

55.3 (50.1,
63.0)

52.9 (46.0,
55.4) 0.10

Pre-op weight loss >5%, n (%) 17 (11.5%) 10 (16.4%) 5 (8.8%) 2 (9.5%) 0 (0.0%) 0.47

Histology

Fibrosis stage (score) <0.01

 None (0) 120 (81.1%) 57 (93.4%) 50 (87.7%) 12 (57.1%) 1 (11.1%)

 Mild zone 3 only (1a) 6 (4.1%) 0 (0%) 1 (1.8%) 2 (9.5%) 3 (33.3%)

 Moderate zone 3 only (1b) 4 (2.7%) 0 (0%) 1 (1.8%) 1 (4.8%) 2 (22.2%)

 Periportal only (1c) 13 (8.8%) 4 (6.6%) 4 (7.0%) 5 (23.8%) 0 (0.0%)

 Mild/moderate zone 3 and
  periportal (2) 4 (2.7%) 0 (0%) 1 (1.8%) 1 (4.8%) 2 (22.2%)

 Bridging (3) 1 (0.7%) 0 (0%) 0 (0%) 0 (0%) 1 (11.1%)

 Cirrhosis (4) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Fibrosis score, mean ± SD 0.23 ± 0.52 0.07 ± 0.25 0.14 ± 0.40 0.48 ± 0.60 1.33 ± 0.87 <0.01

NAS score, mean ± SD 1.8 ± 1.48 0.59 ± 0.53 2.1 ± 0.72 3.0 ± 1.20 5.1 ± 1.76 <0.01

Biopsy length (mm), median (IQR)* 10.0 (7,13) 9.0 (8,12) 9.5 (7,14) 13.0 (8,18) 11.0 (9,12) 0.14

Lab Values, median (IQR)

ALT, U/L (n=122) 27.0 (19, 38) 22.5 (17, 31) 27.0 (23, 38) 30.0 (23, 38) 63.5 (40.5,
106) <0.01

AST, U/L (n=122) 32.0 (24, 42) 28.0 (22, 40) 32.0 (23, 40) 37.0 (27, 46) 49.5 (33,
107.5) <0.01

Alkaline phosphatase, U/L (n=120) 92.5 (74, 113) 99.5 (80, 114) 97.0 (69,
113)

86.0 (65,
102)

91.5 (75.5,
138.5) 0.56

Fasting Glucose, mg/dL 94.0 (87, 103) 91.0 (85, 101) 96.0 (87,
101)

96.0 (93,
103)

135 (122,
150) <0.01

Fasting Insulin, mU/mL (n=144) 25.2 (15.3, 37.5) 24.0 (12.4,
31.9)

25.8 (16.9,
42.5)

26.8 (17.0,
32.3)

41.9 (33,
73.6) 0.11

HOMA-IR (n=144) 5.9 (3.7, 9.6) 5.4 (2.8, 7.1) 6.9 (4.2,
10.0) 5.8 (4.0, 8.4) 12.4 (9.6,

21.1) 0.03

Triglycerides, mg/dL 113.0 (82, 163) 103.0 (77, 134) 121.0 (90,
173)

139.0 (88,
215)

142 (109,
197) 0.01

LDL cholesterol, mg/dL 87.0 (72, 108) 88.0 (71, 106) 87.0 (74,
119)

92.0 (74,
107) 83.0 (71,92) 0.66

HDL cholesterol, mg/dL 36.0 (32, 41) 37.0 (32, 40) 33.0 (30, 40) 37.0 (33, 44) 40.0 (38, 45) 0.07

Total cholesterol, mg/dL 153.5 (134.5,
175.5)

150.0 (130,
163)

154.0 (136,
185)

160.0 (142,
182)

155.0 (153,
158) 0.52

Albumin (g/dl) (n=142) 4.2 (4.0, 4.4) 4.2 (4.0, 4.4) 4.3 (4.2, 4.4) 4.2 (4.0, 4.4) 4.4 (4.3, 4.6) 0.13

Gastroenterology. Author manuscript; available in PMC 2016 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Xanthakos et al. Page 19

Characteristics
Total

(N=148)
Not NAFLD

(n=61)

NAFL
(not NASH)

(n=57)

Borderline
NASH
(n=21)

Definite
NASH
(n=9)

Overall
p-value

White blood cell count (k/ul)
  (n=143) 8.3 (6.9, 10.2) 8.1 (6.5, 10.0) 8.3 (6.9,

10.0)
8.6 (6.4,

10.5)
10.0 (9.2,

10.7) 0.30

Comorbidities

Diabetes, n (%) 20 (13.5%) 4 (6.6%) 5 (8.8%) 5 (23.8%) 6 (66.7%) <0.01

Dyslipidemia, n (%) 116 (78.4%) 44 (72.1%) 47 (82.5%) 17 (81.0%) 8 (88.9%) 0.53

Hypertension, n (%) 65 (43.9%) 19 (31.2%) 26 (45.6%) 13 (61.9%) 7 (77.8%) 0.01

*
n=1 missing.
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Table 2

Crude and Adjusted Odds Ratios of Categorical NAFLD by Characteristic

Characteristic Unadjusted Adjusted

(Groups) OR (95% CI) p-value OR (95% CI) p-value

Sex <.01

 Female 1.00

 Male 2.56 (1.31, 5.02)

Age Categories (yrs) 0.48

 13 – 15 1.00

 16 – 17 1.41 (0.69, 2.89)

 18 + 1.59 (0.72, 3.51)

Race 0.38

 White 1.00

 Black/Other 0.75 (0.39, 1.43)

BMI (kg/m2) 1.03 (1.00, 1.06) 0.07

ALT Elevation <.01 <.01

 Normal 1.00 1.00

 Mild 2.43 (1.11, 5.34) 3.41 (1.43, 8.13)

 High 6.30 (2.42, 16.41) 6.66 (2.50, 17.76)

ALK Linear (p=0.09),
Quadratic (p=0.08)

Glucose (mg/dL) <.01 <.01

 < 100 1.00 1.00

 100 – 125 1.43 (0.68, 2.99) 1.48 (0.68, 3.23)

 ≥ 126 7.76 (2.85, 21.11) 8.10 (2.73, 23.88)

HOMA-IR 1.08 (1.01, 1.15) 0.03

Triglycerides 1.01 (1.00, 1.01) <.01

Albumin 1.54 (0.55, 4.38) 0.41

White Blood Cell 1.11 (0.99, 1.24) 0.08 1.17 (1.02, 1.34) 0.02

Diabetes <.01

 No 1.00

 Yes 6.77 (2.72, 16.89)

Hypertension <.01 0.02

 No 1.00 1.00

 Yes 2.77 (1.48, 5.15) 2.28 (1.16, 4.45)
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Table 3

Crude and Adjusted Prevalence Ratios for Presence of Fibrosis

Characteristic Unadjusted Adjusted

(Groups) PR (95% CI) P-Value PR (95% CI) P-Value

Sex 0.06

 Female 1.00

 Male 1.89 (0.98, 3.65)

Age Categories (yrs) 0.64

 13-15 1.00

 16-17 1.69 (0.71, 4.07)

 18+ 1.46 (0.55, 3.86)

Race 0.97

 White 1.00

 Black/Other 1.02 (0.46, 2.25)

BMI (kg/m2) 1.01 (0.98, 1.05) 0.36

ALT Elevation 0.02 0.08

 Low 1.00 1.00

 Mild 0.99 (0.33, 2.97) 0.99 (0.33, 2.96)

 High 3.19 (1.16, 8.77) 2.41 (0.84, 6.98)

ALK 1.00 (0.99, 1.01) 0.76

Glucose (mg/dL) 0.08

 <100 1.00

 100-125 1.22 (0.46, 3.19)

 > 126 3.21 (1.34, 7.70)

HOMA-IR 1.03 (0.98, 1.08) 0.26

Triglycerides 1.00 (1.00, 1.01) 0.05

Albumin 0.63 (0.18, 2.15) 0.46

White Blood Cell 1.03 (0.90, 1.19) 0.65

Diabetes <.01 0.03

 No 1.00 1.00

 Yes 3.56 (1.93, 6.56) 2.56 (1.10, 5.96)

Hypertension 0.26

 No 1.00

 Yes 1.47 (0.76, 2.87)
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