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Abstract

Background/Objective—Puberty is a period defined by large changes in adipose tissue 

accumulation and distribution, however longitudinal patterns of ectopic fat development have not 

been shown. We have previously shown significant declines in beta-cell function (BCF) across 

puberty and hypothesize that accumulation of ectopic fat deposition, particularly hepatic fat, will 

predict this fall.

Subject/Methods—We conducted a longitudinal study and examined 2-year change in 

abdominal fat distribution and type 2 diabetes risk markers in 76 Hispanic children and young 

adults (16.1 ±0.5 years, 66% obese, 52% male, 51% post-pubertal). Subcutaneous abdominal 

adipose tissue (SAAT), visceral adipose tissue (VAT), hepatic fat fraction (HFF) and pancreatic fat 

fraction (PFF) were measured by 3-Tesla MRI, and markers of type 2 diabetes risk were collected 

at fasting and during an oral glucose tolerance test (OGTT).

Results—Baseline pubertal status significantly moderated 2-year change in ectopic fat 

deposition, such that VAT, HFF and PFF increased in individuals during late and post-pubertal 

growth whereas children earlier in their pubertal development decreased ectopic accumulation and 

had less VAT accumulation (VAT: pTanner*time =0.044, 0.31±0.08L vs. 0.03±0.10L; HFF: 

pTanner*time=0.007, 1.34±0.87% vs. −2.61±1.11%; PFF: pTanner*time<0.001, 1.61±0.39% vs. 

−0.96±0.50%). Independent of pubertal status, two-year increase in HFF and VAT significantly 

associated with a decline in BCF (β=−1.04, p=0.038; β=−1.81, p=0.020) and metabolic function, 

while accumulation of SAAT significantly associated with BCF (β=1.36, p=0.012) and metabolic 

improvement. HFF accumulation was the only depot to significantly predict clinical markers of 

type 2 diabetes risk, fasting glucose and HbA1c, and circulating free fatty acid levels (β=1.00, 

p=0.034; β=1.00, p=0.015; β=01.01, p=0.024).
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Conclusions—The accumulation of SAAT defends against type 2 diabetes risk and potentially 

ectopic fat accumulation. Intra-abdominal VAT and HFF accumulation both associate with 

metabolic decline and BCF, while HFF predicts an even greater number of metabolic risk features.

Introduction

Adipose tissue expansion is a normal part of childhood development, and involves a period 

of accelerated growth during puberty 
1,2. This pubertal growth is defined by changes in 

regional body fat distribution and body composition, with changes in subcutaneous fat 

depots well characterized 
3–5

. However there is limited data on the development of the 

specific intra-abdominal depots and liver fat that are most closely tied with type 2 diabetes 

and metabolic dysfunction 
6–12

. The impact of these pubertal changes in body fat 

distribution are important for understanding the pathophysiology leading to development of 

type 2 diabetes during puberty.

The development of type 2 diabetes arises from the progression of insulin resistance and the 

subsequent inability of beta-cells to adequately compensate through increased insulin 

secretion 
13

. We have previously shown that beta-cell compensation declines across 

puberty 
10,14

. Although the exact factors contributing to this decline are unknown, we 

hypothesize that pubertal increases in intra-abdominal fat and/or liver fat might contribute to 

these findings. In this regard, it has also been hypothesized that increases in visceral and 

ectopic fat stem from an inability of subcutaneous fat to increase in size and thus contributes 

to spillover of triglycerides to other undesirable sites for storage, such as the visceral depot, 

or accumulation in non-adipose tissue sites such as the liver or pancreas 
15,16

. However, 

there is a lack of human data to support this concept. We have previously shown that intra-

abdominal fat associates with BCF decline 
11

, but have not been able to investigate 

longitudinal effects of liver or pancreatic accumulation before this analysis. Furthermore, 

there is mixed evidence on which intra-abdominal depot is central to metabolic dysfunction, 

with recent cross-sectional studies supporting hepatic over visceral deposition 
17–21

. 

Longitudinal studies examining simultaneous changes in multiple fat depots and risk for 

diabetes are needed in order to confirm that hepatic deposition is primary in metabolic 

decline.

Therefore, the primary purpose of this paper is to investigate the patterns of 2-year change in 

abdominal fat accumulation in a cohort of Hispanic children and young adults, and to test 

how change in specific depots predicts change in metabolic outcomes. First, we 

hypothesized that there would be “saturation” of subcutaneous adipose tissue storage 

capacity during pubertal growth, driving deposition of fat into ectopic depots, and that this 

will be moderated by baseline pubertal or obesity status. Second, we hypothesized that 

change in ectopic fat, primarily hepatic, would predict 2-year change in metabolic 

parameters, confirming the primary role of liver fat deposition in the pathophysiology of 

obesity.
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Materials and Methods

Participants

Data were collected from the longitudinal cohort project, Study of Latino Adolescents at 

Risk (SOLAR) conducted at the University of Southern California (USC) and some data 

from this study has been previously reported 
11,22,23

. Participants for the current analysis 

included a subset of 76 patients who had complete measures of subcutaneous abdominal 

adipose tissue (SAAT), visceral adipose tissue (VAT), hepatic fat fraction (HFF) and 

pancreatic fat fraction (PFF) for 2 consecutive visits that were on average 2 years apart 

(range 1.40–2.54yrs, median 1.97yrs). The 76 participants were all of Hispanic descent, 

(defined by parental/self-report of Hispanic descent for self, parents, and grandparents), and 

included normal weight, overweight and obese (11/15/50, respective frequency- categorized 

by body mass index) male and female participants, ranging in age from 10–23 years. This is 

the first analysis for this study to examine 2-year change in abdominal fat depots SAAT, 

VAT, HFF and PFF and their predictive effect on metabolic outcomes. Prior to testing, 

informed written consent/assent was obtained from the participant and parents, and the USC 

Institutional Review Board approved this study.

Adiposity and Metabolic Measures

At each of the two study visits, the following measures were collected. Height and weight 

were collected in duplicate and obesity status using by body mass index (BMI) was 

determined based on the age of the participant. Participants 8–18 years of age were 

categorized based on BMI percentile for age and sex according to the Centers for Disease 

Control and Prevention (CDC) guidelines. Categories included normal weight (≥5–85th 

percentile), overweight (≥85–95th percentile) and obese (≥95th percentile). For participants 

>18 years of age, adult BMI categories were used. Total body fat mass (TFM) was assessed 

by dual-energy X-ray absorptiometry (Hologic QDR 4500W; Hologic, Bedord, MA). All 

participants underwent multibreath-hold, 3-D whole-abdomen magnetic resonance imaging 

(MRI) scanning on a General Electric 3-Tesla magnet (Excite HD; GE Healthcare, 

Waukesha, Wisconsin) equipped with an 8-channel abdominal coil array to measure 

abdominal fat distribution and ectopic fat accumulation as previously described
12

. The MRI 

pulse sequence consisted of a chemical-shift technique known as IDEAL (GE Healthcare), 

and generated separate water and fat datasets of the anatomy on a voxel-wise basis. After 

MRI data acquisition, SAAT and VAT quantity (measured in liters), and HFF and PFF 

percentage (quantified as the percentage of fat found within the organ tissue) were measured 

by a single analyst using the commercial semiautomated software tool SliceOmatic 

(TomoVision, Inc., Montreal, Québec, Canada). This approach has been described in detail 

in literature and has been validated against other modalities 
24–27

.

A full medical history and physical exam where pubertal stage was determined 
28

 was 

conducted at the Clinical Trials Unit (CTU) at the USC University Hospital as previously 

reported 
22

. Blood was collected at fasting and 15, 30, 45, 60, and 120 minutes during an 

oral glucose tolerance test (OGTT) (1.75 g oral glucose solution/kg body weight, maximum 

75 g). Glucose was assayed using a Yellow Springs Instruments analyzer (YSI Inc., Yellow 

Springs, Ohio) using the glucose oxidase method. Insulin was assayed using an ELISA 
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immunoassay (EMD Millipore, Billercia, MA: intra-assay coefficient of variation 4.6–7.6% 

and inter-assay coefficient of variation 9.1–11.4%). An in vitro enzymatic colormetric 

method assay was used for the quantitative determination of FFA (Wako NEFA-HR (2) 

series Wako Diagnostics, USA: minimum detectable level ~0.0014 mmol/L). Glucose, 

insulin, and FFA values from the 2-hour OGTT were used to calculate glucose, insulin, and 

FFA area under the curve (AUC), in addition to the Insulin Sensitivity Index (ISI, aka the 

Matsuda Index), the Insulinogenic Index (IGI) (indicator of insulin secretion), and an 

indicator of beta-cell function (BCF; product of the ISI*IGI), with formulas adjusted for 15, 

30, 45, 60 and 120 minute OGTT collection 
29,30

.

Statistical Analysis

Examination of changes in abdominal fat depots over 2-year period and 
interaction with baseline obesity status and Tanner stage—Linear mixed effects 

regression models, using repeated measures, were used to analyze the changes in abdominal 

fat depots across a 2-year period. The repeated measurements of abdominal depots, SAAT, 

VAT, HFF and PFF, were tested for change over time and if that level of change over time 

was influenced by baseline pubertal stage and/or obesity status by examination of interaction 

terms (Tanner*time, obesity*time). Baseline pubertal stage was categorized at baseline as 

either early (Tanner Stages 2–3) or advanced sexual maturity (Tanners 4–5). This split was 

based on our previous findings that beta-cell compensation changed after Tanner stage 3 
14

. 

Baseline weight status was categorized as normal, overweight or obese at baseline using 

BMI categories. In addition, the role of sex was examined as a covariate and if sex 

influenced how the depots changed over time (time*sex).

Changes in abdominal depots influence on metabolic parameters—Linear 

mixed effects regression models, using repeated measures, were also used to analyze how 

the baseline and changes in abdominal fat depots associated with metabolic parameters. In 

all models, the repeated measurements of metabolic parameters (fasting glucose, insulin and 

FFA; hemoglobin A1c (HbA1c); 2-hr OGTT glucose, insulin and FFA AUC; 2-hr OGTT 

glucose; ISI, IGI and BCF) were the dependent variable and the abdominal fat depots were 

the primary predictors. A priori covariates included baseline pubertal stage, age, sex, TFM 

and change in TFM. TFM, SAAT, VAT, HFF, and PFF were treated as time-varying 

covariates and were modeled as baseline (TFMBaseline, SAATBaseline, VATBaseline, 

HFFBaseline, PFFBaseline,) and change-from-baseline (ΔTFM, ΔSAAT, ΔVAT, ΔHFF, ΔPFF). 

All abdominal depots were tested in a single model to examine which best predicted change 

in the metabolic parameters. The baseline estimate represents a standard cross-sectional 

estimate of the association between x and y at baseline. Change-from-baseline is a 

longitudinal estimate that is not confounded by genetic make-up or other unmeasured time-

invariant covariates, and is interpreted as the association between a change in x from 

baseline and the concomitant change in y over the same period 
31

. Metabolic parameters 

were natural log transformed to meet model assumptions and back-transformed βs are 

reported. Since all abdominal fat depot and FFA variables were examined as continuous 

variables, when significant change-from-baseline relationships were found, post-hoc 

comparisons across time at high (+1SD) levels of fat depot or FFA change were performed 

in order to display the effect on metabolic parameters (% relative change).
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All models were run using proc mixed, repeated measures in SAS 9.3. Since there were only 

2 repeated measures (2 time points of MRI and metabolic measurement), the models were 

linear and a compound symmetry covariance structure was used. Statistical significance was 

set to P<0.05, and descriptive data are reported as mean ± standard error of the mean (SEM).

Results

The baseline characteristics of the 76 participants are reported in Table 1. Sixty-six percent 

of the participants were obese and 52% were male. The average age at baseline was 16.1 

±0.5 years and 51% of participants were post-pubertal (Tanner stage 5). On average the 

SAAT depot made up approximately 20% of the fat mass in our population 

([6.1L(SAAT)*0.905kg/L (density of adipose tissue
32

)]/27.7kg(TFM)).

Patterns of two-year change in abdominal fat depots

For the group as a whole, SAAT (+0.60±0.35 L) and VAT (+0.20±0.11 L) significantly 

increased over the 2-year period (p=0.004, p=0.010, respectively). However, as shown in 

Figure 1, there was a significantly greater increase in VAT in those with a baseline Tanner 

stage >3 (pTanner*time = 0.044, 0.31±0.08L vs. 0.03±0.10L). There were no significant time-

related changes in HFF or PFF, yet, there was a pattern of change that significantly differed 

by baseline pubertal status and time (pTanner*time = 0.007 for HFF, pTanner*time < 0.001 for 

PFF; Figure 1). Specifically, there was a decrease in HFF (−2.61±1.11%) and PFF 

(−0.96±0.50%) in those with baseline Tanner stage ≤3, relative to an increase in HFF 

(1.34±0.87%) and PFF (1.61±0.39%) in those with more advanced pubertal stage (baseline 

Tanner stage>3). Adjusting for time between scans and sex did not alter these findings (data 

not shown), however these findings were not independent of age. Although controlling for 

sex did not change any of these findings, there was an interaction with time in the prediction 

of SAAT. Specifically, in girls there was a significantly greater increase in SAAT over the 2-

year period relative to boys (psex*time =0.049; 0.98±0.29L vs. 0.17±0.28L;).

Associations between abdominal fat depots at baseline and type 2 diabetes risk factors

Glucose, Insulin and FFA—VAT and HFF at baseline were the only fat depots to 

significantly associate with any glucose measure. VATBaseline and HFFBaseline were both 

significantly associated with higher glucose AUC (β= 1.09, p=0.022; β= 1.01, p=0.004); 

however only VATBaseline was positively associated with fasting glucose (β= 1.05, p=0.019) 

and only HFFBaseline was positively associated with HbA1c (β= 1.00, p=0.045). 

Furthermore, HFFBaseline and PFFBaseline positively associated with FFA AUC (β= 1.01, 

p=0.036; β= 1.03, p=0.034). SAAT was the only depot at baseline to significantly associate 

with any insulin measure, such that SAATBaseline was significantly associated with higher 

insulin AUC (β= 1.18, p=0.001). However PFFBaseline was associated with a trend of higher 

fasting insulin (β= 1.06, p=0.093). No baseline depot significantly associated with 2-hr 

OGTT glucose or fasting FFA.

Insulin sensitivity, secretion, and beta-cell function—Higher SAATBaseline was 

significantly associated with lower insulin sensitivity (ISI- β= −1.11, p=0.027), but was 

positively associated with insulin secretion (IGI- β= 1.19, p=0.003). HFFBaseline was the 
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only baseline value to significantly associate with BCF, such that higher baseline HFF 

associated with lower BCF (β= −1.04, p=0.043), and HFFBaseline was associated with a trend 

for lower insulin sensitivity (β= −1.03, p=0.054).

Associations between two-year changes in abdominal fat depots and type 2 diabetes risk 
factors (Table 2 and Figure 2)

Glucose, Insulin and FFA—As shown in Table 2, of the four abdominal depots 

measured, only ΔHFF significantly associated with the 2-year change in fasting glucose and 

HbA1c. Specifically, a 1-SD increase in HFF was associated with a 1.2% increase in fasting 

glucose (β= 1.00, p=0.034) and a 0.9% increase in HbA1c (β= 1.00, p=0.015) (Figure 2). 

ΔSAAT, ΔVAT and ΔHFF were significantly associated with 2-year change in glucose AUC, 

following opposite patterns for subcutaneous versus intra-abdominal deposition. A 1-SD 

increase in SAAT was significantly associated with a 15.0% decrease in glucose AUC (β= 

−1.09, p=0.002) and a 1-SD increase in VAT and HFF was significantly associated with a 

9.8% and 4.0% increase in glucose AUC (β= 1.15, p=0.015 and β= 1.01, p=0.001). ΔPFF 

showed no significant association with any glucose measure, and no depot change 

significantly associated with 2-hr OGTT glucose.

HFF was the only depot to associate with a FFA measure, such that ΔHFF significantly 

associated with a 2-year increase in FFA AUC (β= 01.01, p=0.024). Accordingly, a 1-SD 

increase in HFF was significantly associated with a 3.8% increase in FFA AUC (β= 01.01, 

p=0.024). No depot change significantly related to insulin measures; however an increase in 

ΔPFF and ΔSAAT was associated with a trend in 2-year increase in fasting insulin (β= 1.06, 

p=0.078; β= 1.18, p=0.087),

Insulin sensitivity, secretion, and beta-cell function—Changes in abdominal fat 

depots were not significantly associated with 2-year changes in insulin sensitivity (ISI); 

however ΔSAAT and ΔVAT were significantly associated with 2-year change in insulin 

secretion (IGI) in opposite directions. Namely, a 1-SD increase in SAAT was significantly 

associated with a 55.6% increase in IGI (β= 1.37, p=0.002), and a 1-SD increase in VAT was 

significantly associated with a 38.8% decrease in IGI (β= −1.74, p=0.007) (Table 2 and 

Figure 2). ΔSAAT, ΔVAT, and ΔHFF were significantly associated with 2-year change in 

BCF (product of insulin sensitivity and insulin secretion). Specifically, a 1-SD increase in 

SAAT was significantly associated with a 44.5% increase in BCF (β= 1.36, p=0.012) 

whereas an increase in VAT and HFF was significantly associated with a 35.6% and 10.5% 

respective decrease in BCF (β= −1.81, p=0.020; β= −1.04, p=0.038). The overall summary 

of the significant relationships between change in fat depots and 2-year change in metabolic 

risk measures are displayed in Figure 2.

Discussion

In the present longitudinal study, we found that over a 2-year period children earlier in their 

pubertal development defended against VAT, HFF and PFF accumulation, whereas youth 

with a more advanced pubertal stage at baseline had significantly greater accumulation of 

ectopic fat. Demonstrating the harmful effects of ectopic fat accumulation on risk for type 2 

diabetes, we found that increases in hepatic and visceral fat predicted metabolic decline, 
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while the accumulation of subcutaneous fat predicted metabolic improvement/protection 

over 2 years. Finally, supporting previous work by our group 
17

, this is the first longitudinal 

study to show that HFF, more than VAT, predicted a greater number of markers for type 2 

diabetes risk; however VAT and SAAT had stronger effects on BCF and were the only 

significant predictors of insulin secretion.

This is the first study to show a pubertal divergence in longitudinal ectopic fat accumulation. 

Over the 2 years, there was no overall increase in HFF and PFF in our population of 

Hispanic children and young adults; however when separated by baseline pubertal 

development, there was greater accumulation of VAT, HFF and PFF in participants with 

advanced pubertal stage at baseline, versus a decrease in HFF and PFF in those with earlier 

pubertal stage at baseline. These findings support our hypothesis that a “saturation” of 

adipose tissue expansion occurs with later stages of pubertal development, thereby leading to 

fat deposition into ectopic depots. It is unknown exactly what causes the shift of 

accumulation from SAAT to ectopic depots. It is unlikely that the relatively small amount of 

adipose tissue that accumulates in ectopic regions could not be accommodated by the large 

SAAT depot that makes up approximately 20% of the fat mass in our population, and rather 

other signals may be dictating site specific deposition. The pattern of abdominal fat changes 

over time was not affected by baseline obesity status as expected, supporting the idea that 

signals other than total adiposity may dictate fat deposition patterning. Rosenbaum et al. 

have shown that SAAT in pre-pubertal children is less responsive to basal lipolysis and more 

responsive to anti-lipolytic signals compared to adults, potentially allowing for the increased 

SAAT expansion and lack of HFF and PFF development seen in our study 
33

. Additionally, 

studies in genetically modified mice have shown that extracellular matrix collagen VI 

development is the signal that restricts adipocyte hypertrophy, which leads to failed adipose 

expansion and metabolic dysfunction 
34

. The lipolytic capacity and extracellular matrix 

development of adipose tissue may be developmentally programmed and these observations 

potentially explain the hypothesis that following puberty, children are less able to expand 

their SAAT depot and defend against ectopic deposition. Adipose tissue extra-cellular matrix 

development and expandability should be studied across the pubertal development, as 

natural signals to prevent or reverse failed adipose expansion could be discovered.

We next examined whether changes in these fat depots were associated with 2-year change 

in type 2 diabetes risk and as hypothesized, found significant associations between increased 

hepatic fat and increases in metabolic risk for type 2 diabetes. The strength of this data lies 

in the repeated measurement, and the ability to simultaneously test whether changes in 

multiple hypothesized fat depots were independently associated with decline in metabolic 

health. Baseline levels of SAAT, VAT, HFF and PFF are highly correlated and while 

previous cross-sectional analysis have attempted to account for this using matching 

strategies 
17–19

, the effect of each depot type can more accurately be assessed using 

longitudinal change which is less biased by collinearity. This longitudinal study confirms the 

cross-sectional work suggesting that hepatic fat accumulation is central to metabolic decline. 

As hypothesized, the accumulation of hepatic fat over a two-year period predicted BCF and 

was the only fat depot to significantly predict clinical markers of type 2 diabetes, fasting 

glucose and HbA1c, and to predict FFA in response to an oral glucose load (FFA AUC). The 

liver is primarily responsible for endogenous glucose production and also plays a role in 

Gyllenhammer et al. Page 7

Int J Obes (Lond). Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fatty acid disposal 
35,36

. Our data indicate that the paracrine activity of increasing hepatic fat 

impairs this process, supporting that hepatic fat has a greater effect on glycemic control than 

visceral fat or other adipose depots 
37

, and plays a role in circulating FFA levels, thought to 

be a key mechanism linking obesity to insulin resistance, beta-cell failure and transition to 

type 2 diabetes 
36

.

While our data suggests that hepatic fat accumulation is important, changes in visceral and 

subcutaneous fat also associated with key metabolic outcomes and with even greater 

strength. Change in HFF, SAAT and VAT all significantly and independently predicted BCF, 

arguably the most important risk factor for transition to type 2 diabetes 
38

. However, our 

analyses showed that change in VAT and SAAT depot had 4 and 5 times the effect on BCF 

compared to HFF (−41.4% and +53.6% vs. −10.8%), and had 2 and 4 times the effect on 

glucose AUC compared to HFF (+9.8% and −15.6% vs +4%). Furthermore, 2-year change 

in VAT and SAT were the only depots significantly associated with insulin secretion in 

response to a glucose challenge (−38.8% and +55.6%). While the causal benefit of SAAT 

expandability have been described 
15,34,39

, the causal role of VAT accumulation in metabolic 

decline is in question
40

. It has been proposed that VAT has a greater impact on metabolic 

health through the release of FFA acids and more directly impacts liver functioning through 

the portal vein, however our data showed no significant relationship between change in VAT 

and any of the FFA measures. It has been shown that the surgical removal of the omentum (a 

component of VAT) does not improve metabolic health 
40

, therefore accumulation of VAT is 

part of the picture of transition to type 2 diabetes, but in of itself seems insufficient to cause 

disease. Our data demonstrates strong associations due to change in VAT and SAAT, and 

therefore longitudinal accumulation of VAT rather than SAAT may be an overall indication 

of adipose organ dysfunction that has independent effects on BCF and metabolic health 

other than leading to ectopic spillover. Future studies should examine if adipose features, 

such as levels of adipose inflammation or adipokine release, could predict such patterns of 

longitudinal change. Additionally, it has previously been questioned whether hepatic and 

visceral fat accumulation are symptoms of insulin resistance and thus simply co-associate 

with metabolic dysfunction, or whether they play an independent causal role in insulin 

resistance and other features of metabolic decline (glycemic control, beta-cell function). We 

included baseline and change in insulin sensitivity in all of our models to test this hypothesis 

and all of the reported relationships were unchanged (data not reported). This novel data 

separates the detrimental effect of hepatic and visceral accumulation from simply symptoms 

of insulin resistance and furthers the case of a causal role in metabolic decline.

The longitudinal nature of this study provides strong evidence for fat depot accumulation 

leading to changes in metabolic health, however causality still cannot be assumed. The 

analysis of change variables provides associations free of confound from baseline 

characteristics, such as gender or genetic make-up, but other unmeasured time-varying 

factors may be important. This is the first study to assess longitudinal change in ectopic 

depot (HFF and PFF) accumulation patterns in youth and the effect on metabolic function. 

While there were significant relationships with clinical markers, 1-SD change in HFF lead to 

limited relative change in metabolic outcomes. The effect may be greater if the observation 

time was greater than the 2-years of this study, or if other features of hepatic function were 

assessed beyond simple fat accumulation, such as recently identified hepatokines, 
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particularly fetuin-A 
41,42

. Hepatokine signaling in fatty liver may be central to metabolic 

dysfunction, and future studies should assess hepatokine signaling in addition to other 

features of hepatic function over time in parallel with changes in fat accumulation to better 

understand these relationships. In addition, we did not find any significant associations 

between changes in fat depots and insulin sensitivity as expected, despite associations with 

baseline SAAT and HFF. This could indicate an unmeasured baseline variable as the 

underlying driver of the association between fat deposition and insulin resistance, such as 

sex hormone signaling, which would be relevant in our primarily adolescent population
43

.

In conclusion, this is the first longitudinal study to show that early pubertal development is 

associated with accumulation of SAAT and stability of HFF and PFF, whereas in later 

pubertal stage (after Tanner 3), there is significant accumulation of VAT, HFF and PFF. 

Independent of pubertal development, 2-year changes in HFF, VAT and SAAT associated 

with increased risk for type 2 diabetes, and importantly beta-cell dysfunction. While intra-

abdominal fat accumulation predicted metabolic decline, the expansion of subcutaneous 

adipose tissue was metabolically protective.
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Figure 1. Two-year change in abdominal fat depots by Tanner stage
a. SAAT accumulation does not significantly differ by Tanner stage b. There is a significant 

difference in VAT change by baseline Tanner stage, with a greater increase in participants 

with Tanner>3 (ptanner*time = 0.044) c. There is a significant difference in HFF change by 

baseline Tanner stage, with a decrease in HFF in participants with Tanner ≤3 and an increase 

in participants with Tanner>3 (ptanner*time = 0.007) d. There is a significant difference in 

PFF change by baseline Tanner stage, with a decrease in PFF in participants with Tanner≤3 

and an increase in participants with Tanner>3 (ptanner*time < 0.001). SAAT= subcutaneous 

abdominal adipose tissue, VAT= visceral adipose tissue, HFF= hepatic fat fraction, PFF= 

pancreatic fat fraction
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Figure 2. Change in fat depot predicting 2-year change in risk for type 2 diabetes
These lines represent how a 1-SD increase in each fat depot predicts a % change in risk for 

type 2 diabetes. Relationships that are beneficial to risk for type 2 diabetes have green 

arrows, while relationships that are detrimental to risk for type 2 diabetes have red arrows. 

All displayed relationships are significant (p<0.05) and are adjusted for baseline SAAT, 

VAT, HFF, PFF, tanner, age, sex, total fat and change in total fat, and change in other 

respective fat depots (SAAT, VAT, HFF, PFF). SAAT= subcutaneous abdominal adipose 

tissue, VAT= visceral adipose tissue, HFF= hepatic fat fraction, PFF= pancreatic fat fraction, 

BCF= beta-cell function, IGI= insulinogenic index (insulin secretion), AUC= area under the 

curve, FFA= free fatty acid
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Table 1

Baseline Characteristics (n=76)

Variable Frequency

Obesity status (normal/overweight/obese) (11/15/50)

Sex (M/F) (40/36)

Tanner stage (2/3/4/5) (34/5/7/40)

Mean ± SEM

Age (yrs) 16.1 ± 0.5

Height (cm) 160.3 ± 1.5

Weight (kg) 79.6 ± 2.8

BMI (kg/m2) 30.5 ± 0.8

BMI%ile* 93.6 ± 1.2

Total fat mass (kg) 27.7 ± 1.3

SAT (L) 6.1 ± 0.4

VAT (L) 1.6 ± 0.1

HFF (%) 6.5 ± 0.7

PFF (%) 4.6 ± 0.3

Fasting glucose (mg/dL) 90.2 ± 0.8

2-h glucose (mg/dL) 121.2 ± 2.3

Glucose AUCOGTT (mg/dL x min) 260.3 ± 3.5

HbA1c (%) 5.5 ± 0.0

Fasting Insulin (μU/mL) 8.3 ± 0.6

Insulin AUCOGTT (μU/mL x min) 234.0 ± 17.8

Mastuda Index (ISI) 4.1 ± 0.3

Insulinogenic Index (IGI) 3.1 ± 0.3

Disposition Index (ISI* IGI) 10.6 ± 1.0

Fasting FFA (mmol/L) 0.62 ± 0.02

FFA AUCOGTT (mmol/L x min) 0.66 ± 0.02

*
For participants ≤18 yrs.

BMI= body mass index, SAT= subcutaneous abdominal adipose tissue, VAT= visceral adipose tissue, HFF= hepatic fat fraction, PFF= pancreatic 
fat fraction, AUC= area under the curve, OGTT= oral glucose tolerance test, ISI= insulin sensitivity index, IGI= insulinogenic index, FFA= free 
fatty acid
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