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Abstract

Objective: To determine if, similar to adults, children and adolescents demonstrate a threshold of 

total percent body fat (%BF) above which the slope of visceral adipose tissue (VAT) rises.

Methods: This cross-sectional study included 557 youth, ages 8–18 years old, with a wide range 

of body mass index (BMI) values. Dual X-ray absorptiometry (DXA) was used to determine body 

composition (including VAT), and fasting blood was collected for measurement of lipids, glucose, 

insulin, and biomarkers. Segmented linear regression analysis identified the threshold for %BF 

unadjusted and adjusting for Tanner stage. Linear regression with robust variance estimation 

compared associations of risk factors and thresholds.

Results: Thresholds of %BF were identified by sex (males=33%, females=38%), age (<12 

years=34%, ≥12 years=30%), and race (White/non-Hispanic=31%, all other races/Hispanic=38%) 

above which the slope of VAT was significantly steeper (all p<0.001). The percentage of total 

body fat stored as VAT was higher above vs. below these thresholds (all p<0.001). Above 

threshold, but not below it, VAT was associated with triglycerides/HDL ratio, insulin, adiponectin, 

and blood pressure.
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Conclusions: The thresholds should be confirmed in longitudinal studies and may be useful in 

identifying youth at increased cardiometabolic risk in need of close clinical monitoring and/or 

intensive intervention to reduce excess adiposity.
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Introduction

Visceral adipose tissue (VAT) is a highly metabolically-active fat depot thought to be a 

primary driver of cardiometabolic risk factors such as hypertension, dyslipidemia, insulin 

resistance, inflammation, and oxidative stress in children and adolescents.1–3 In contrast, 

subcutaneous adipose tissue has been shown to be protective,4–6 suggesting that the ratio of 

these fat depots may in large part influence cardiometabolic health. In line with this 

theoretical construct, we previously reported sex-specific %BF thresholds in adults, above 

which there was a significant change in the slope of the relationship between VAT and total 

adiposity.7,8 Specifically, individuals above these thresholds had higher levels of VAT and a 

higher ratio of visceral/subcutaneous fat compared to those below the thresholds. Moreover, 

VAT was more highly correlated with cardiometabolic risk factors among individuals above 

vs. below the thresholds.8

A relevant hypothesis has suggested that subcutaneous fat depots may have a limited 

capacity for expansion such that additional fat accumulation exceeding a specific threshold 

may be associated with “spillover” into other ectopic depots including the visceral region.
9–11 In this scenario, constraints on subcutaneous fat expandability in the presence of weight 

gain would be biologically disadvantageous and potentially accelerate the development of 

cardiometabolic risk factors. Though some studies have reported non-linear associations of 

BMI and waist circumference with VAT in children and adolescents,12,13 this “threshold 

hypothesis” has been incompletely investigated in the pediatric population, especially in 

youth with high levels of BMI consistent with severe obesity. However, the impetus to do so 

is supported by our previous observations showing that youth with VAT at or above the 

cohort mean had stronger associations of VAT with cardiometabolic risk factors compared to 

those below.14 The existence of such thresholds may have clinical significance in terms of 

screening and weight management practices, and may provide insight into appropriate 

weight loss goals for pediatric patients with adiposity levels above the cut-points.

Therefore, the purpose of this study was to determine if %BF thresholds exist in children 

and adolescents at which the slope of VAT significantly increases. Additionally, we sought to 

characterize the associations of VAT with cardiometabolic risk factors, adipokines, 

inflammation, and oxidative stress above and below the thresholds, if identified. We 

hypothesized that, similar to adults, children and adolescents would demonstrate %BF 

thresholds above which the slope of VAT would be steeper and levels of VAT much higher 

and more strongly associated with cardiometabolic risk factors.
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Methods

Study Design and Participants

This cross-sectional study included children and adolescents ages 8 to <18 years old with a 

wide range of BMI values recruited from the greater Minneapolis and St. Paul, Minnesota 

area. For this analysis, data were combined from four different studies that utilized identical 

data collection methods and techniques: 1) a cross-sectional study evaluating cardiovascular 

health;15 2) baseline data from participants in a trial of topiramate for weight loss;16 3) 

baseline data from participants in an ongoing trial of exenatide for weight loss; and 4) 

baseline data from participants in an ongoing trial of financial incentives for weight loss. 

Participants were categorized according to BMI as having normal weight (<85th BMI 

percentile), overweight (85th percentile to <95th BMI percentile), class I obesity (≥95th BMI 

percentile to <120% of the 95th BMI percentile), class II severe obesity (≥120% of the 95th 

BMI percentile to <140% of the 95th BMI percentile), or class III severe obesity (≥140% of 

the 95th BMI percentile).17,18 The respective study protocols were approved by the 

University of Minnesota Institutional Review Board, and consent/assent was obtained from 

parents or guardians/participants.

Measurement of Clinical Variables

All testing was performed in the morning after participants had been fasting for a minimum 

of 12 hours. Pubertal development stage (Tanner stages 1–5) was determined by a 

pediatrician or a trained registered nurse. Height and weight were determined with 

participants wearing light clothes and without shoes using a wall-mounted stadiometer and 

an electronic scale, respectively. BMI was calculated as the body weight in kilograms 

divided by the height in meters squared. BMI-percentiles were determined using age- and 

gender-based definitions from the United States Centers for Disease Control and Prevention. 

Seated blood pressure was obtained after five minutes of quiet rest, on the right arm using an 

automatic sphygmomanometer and appropriately-fitted cuff. Three measurements were 

taken and the average of the final two was used. Blood was drawn for measurement of lipids, 

glucose, and insulin using standard procedures (analyzed by the Fairview Diagnostics 

Laboratories, Fairview-University Medical Center, Minneapolis, MN, USA, a Center for 

Disease Control and Prevention certified laboratory). On a subset of participants (N=336), 

high molecular weight (HMW) adiponectin (R&D Systems, Minneapolis, MN), C-reactive 

protein (CRP) (Alpco, Salem, NH), and oxidized LDL cholesterol (Mercodia, Uppsala, 

Sweden) were measured by ELISA in the University of Minnesota Cytokine Reference 

Laboratory (Clinical Laboratory Improvement Amendments licensed).

Body Composition and VAT Quantification

Total body composition was measured using DXA (iDXA, General Electric Medical 

Systems, Madison, WI, USA) and analyzed using its enCore™ software (platform version 

16.2). Participants were scanned using standard imaging and positioning protocols while 

fasted >12 hours. Estimates of abdominal visceral and subcutaneous fat were obtained using 

the method described previously.19 Briefly, the DXA estimation method was developed by 

modeling the two similar regions of interest, DXA and computed tomography (CT) 

measured VAT volumes. In adults, the method showed strong association with CT for males 
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(r2=0.949) and females (r2=0.957), respectively; and the 95% confidence interval mean 

difference was −96.0 to −16.3 cm3.19 The Bland-Altman bias was +67cm3 for females and 

+43 cm3 in males.19 Our group has demonstrated a high degree of correlation between 

single-slice measures of VAT assessed by CT and DXA in children and adolescents.20 DXA-

derived visceral fat was strongly associated with cardiometabolic risk factors (to a level 

similar to that of CT-measured VAT), offering evidence supporting the clinical validity of the 

DXA method for quantify visceral fat in youth.20 All scans were reviewed by the same 

technician.

Statistical Analysis

Descriptive characteristics were calculated using the mean (SD) or N (%) within each BMI 

category for continuous and categorical variables, respectively. The relationship between 

%BF and VAT within sex and additionally by age group (8 to <12 years old, 12 to <18 years 

old) and race/ethnicity classification (White/non-Hispanic, all other races/Hispanic) was 

evaluated with segmented linear regression without additional covariates in the first model 

(model 1) and adjusted for Tanner stage in the second model (model 2) to identify a potential 

change in slope indicating a threshold/cut-point for a shift in VAT accumulation with 

increasing adiposity that may be associated with metabolic health status. Davies’ test was 

used to test if the slopes above and below the breakpoint were significantly different. The 

same analysis was performed using multiples of the 95th BMI percentile (instead of %BF) to 

explore whether thresholds could be identified with a more clinically-relevant metric. 

Percent VAT (%VAT) and the ratio of VAT to subcutaneous fat (VAT/SC ratio) in individuals 

above versus below threshold were compared using generalized estimated equations (GEE) 

with independence working correlation structure and robust variance estimation for 

confidence intervals and p-values. We present associations of %VAT with cardiometabolic 

risk factors as outcomes in individuals above vs. below threshold using an interaction of 

%VAT and an indicator for the given threshold, and their interaction. %VAT was used in the 

models with cardiometabolic risk factors to control for total fat mass differences without 

introducing multicollinearity between total fat mass and VAT mass in individuals above 

threshold. All analyses were conducted in R v3.5.1.

Results

Participant Characteristics

A total of 557 participants (mean age 13.8±2.7 years old; 260 (46.7%) males, 297 (53.3%) 

females) were included in this study. As expected, levels of body fat were higher and 

cardiometabolic risk factors were more adverse with increasing BMI category (Table 1).

Identification of Visceral Fat Breakpoint

Figure 1 shows the relationship between %BF and VAT in males (panel A) and females 

(panel B). Table 2 shows results of the segmented regression analysis identifying the various 

breakpoints for %BF and multiple of the 95th BMI percentile on VAT. Thresholds of %BF 

were identified by sex (males = 32.6%, females = 37.5%), age (<12 years = 34.0%, ≥12 

years = 29.6%), and race (white/non-Hispanic = 30.9%, all other races/Hispanic = 37.7%). 

The slopes of the relationship between %BF and VAT below and above the breakpoints were 
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significantly different by sex, age grouping, and race/ethnicity with steeper slopes above vs. 

below the respective breakpoints. Among males, for every 1% unit-difference in %BF above 

threshold, VAT was higher by 93.1 grams. Among females, for every 1% unit-difference in 

%BF above threshold, VAT was higher by 75.8 grams. Breakpoints for multiples of the 95th 

BMI percentile were observed at approximately 0.91 in males (equating to values between 

the 87th to 90th BMI percentile), approximately 0.90 in females (equating to the values 

between the 87th and 90th BMI percentile), approximately 0.83 in younger children 

(equating to values between the 70th and 80th BMI percentile), and approximately 0.85 in 

older children (equating to values between the 79th and 86th BMI percentile). The slopes of 

the relationship between multiples of the 95th BMI percentile and VAT below and above the 

breakpoints were significantly different by sex, age grouping, and race/ethnicity with steeper 

slopes above vs. below the respective breakpoints.

Association of Visceral Fat with Cardiometabolic Risk Factors Above and Below the 
Threshold

Table 3 shows the relationships of %VAT with cardiometabolic risk factors above and below 

the various %BF thresholds for males and females. %VAT was significantly associated with 

most cardiometabolic risk factors among individuals above threshold, but was not associated 

with risk factors among individuals below threshold. With few exceptions, these 

relationships were consistent across the other subgroups (by age and race/ethnicity) using 

the %BF threshold and the multiple of the 95th BMI percentile thresholds (data not shown).

Discussion

In this study we identified breakpoints in %BF above which levels of VAT appeared to 

exponentially increase in children and adolescents. To our knowledge, this is one of the first 

reports of the existence of such thresholds in the pediatric population, yet it is important to 

note that similar thresholds have been reported in adults, with an almost identical cut-point 

in women vs. girls but a lower cut-point in men vs. boys.7,8 Initial observations of potential 

non-linear relationships of BMI12 and waist circumference13 with VAT in children and 

adolescents have been previously reported. Our results are in agreement with these studies 

and extend the findings within the context of a much larger sample with a wider range of 

BMI/adiposity levels and a higher proportion of participants within the severe obesity 

category. Based on these findings, we hypothesize that children and adolescents may 

experience different patterns of body fat deposition, depending upon age, sex, and race, 

when a certain threshold of total body adiposity is reached. Below these %BF thresholds, 

levels of VAT appeared to be extremely low, reflecting a healthier pattern of body fat 

distribution. Though speculative owing to the cross-sectional nature of our study, the 

threshold hypothesis is supported by evidence from over-feeding studies conducted in adults, 

which have demonstrated that increases in VAT are associated with dysfunctional 

subcutaneous adipose tissue expandability.9,21 Though not directly addressed in the current 

study and requiring further investigation, it seems reasonable to speculate that a possible 

physiological explanation for our observation is that the subcutaneous fat depot may have an 

upper limit of expansion, and when exceeded, additional fat storage is preferentially shunted 

to the visceral region.
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The thresholds observed in our study, particularly the cut-points identified by BMI 

percentile, may be useful in the clinical setting to aid in risk stratification. Indeed, these 

thresholds may help identify children and adolescents most likely to experience steep 

increases in VAT levels with linear weight gain and consequently develop an adverse 

cardiometabolic risk factor profile. Interestingly, we found that all of the various breakpoints 

(by sex and age) fell within BMI percentile ranges below the current classification of obesity 

(≥95th BMI percentile). Although our findings in isolation do not lend to challenging the 

widely-accepted 95th BMI percentile cutoff for obesity, our results suggest that the inflection 

point associated with worsening of the cardiometabolic risk factor profile may fall below the 

obesity cut-point. Perhaps even youth below the 95th BMI percentile should be monitored 

closely for continued weight gain and development of cardiometabolic risk factors.

In the context of the current study, cardiometabolic risk factors were much more strongly 

associated with VAT among individuals above vs. below the respective thresholds, 

underscoring the primary role of visceral fat in driving cardiometabolic risk as early as the 

first two decades of life. These results may also explain why pediatric studies have been 

somewhat mixed in terms of the relative strength of associations of total body fat, 

subcutaneous fat, and VAT with cardiometabolic risk factors.1,3,14,20,22,23 In fact, the 

composition of a particular sample of participants, in terms of the percentages of individuals 

above and below threshold, may be the primary factor driving these relationships. The 

current data suggest that the range and distribution of adiposity level of the cohort studied 

may influence the relative strength of these relationships such that samples with higher mean 

%BF will demonstrate higher correlations of VAT with cardiometabolic risk factors since a 

higher percentage will be above the threshold.

The strengths of this study include the large sample size, inclusion of participants with a 

wide range of BMI values (normal weight to severe obesity), and the use of reliable and 

standardized methods for measuring body composition and cardiometabolic risk factors. 

Limitations include the relative lack of racial diversity, which somewhat hampered our 

ability to investigate differences in body fat distribution relationships across several race 

categories, the potential risk of sample bias owing to the combining of multiple study 

cohorts, and the fact that our measurement of visceral fat was based on DXA, rather than 

magnetic resonance imaging or CT - traditionally considered the gold-standard methods. 

Despite being labeled by some as only able to measure trunk fat, the iDXA technology can 

estimate visceral fat; however, the evidence base supporting its use is less-established as 

compared to magnetic resonance imaging or CT. However, it should be noted that the DXA-

derived visceral fat method has been validated in adults and evidence points to its validity in 

children and adolescents.20 Finally, and perhaps most importantly, the study was cross-

sectional in nature. Therefore, our findings should be viewed as hypothesis-generating and 

will need to be confirmed in future longitudinal studies that are designed to track temporal 

changes in body fat deposition patterns and associations with alterations in cardiometabolic 

risk and ideally clinical endpoints.

In conclusion, this study identified evidence of breakpoints in %BF above which levels of 

VAT appear to steeply rise in children and adolescents suggesting that VAT accumulation is 

not linear throughout the body fat and BMI continuum. Moreover, we identified a number of 
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cardiometabolic risk factors that were elevated only among individuals above threshold, as 

well as observed that cardiometabolic risk factors were only associated with VAT above the 

breakpoints. Although these findings should be considered preliminary, the results raise the 

possibility of the existence of a total body fat threshold at which metabolic health diverges 

into the unhealthy realm primarily driven by an increase in relative VAT deposition favoring 

adipocyte dysfunction. We hypothesize that subcutaneous fat depots exhibit inherent 

biological limitations in their ability to expand (i.e., a ceiling effect) and when this threshold 

is exceeded, additional storage of fat begins to be preferentially stored in the visceral region 

ultimately leading to metabolic and cardiovascular decompensation. Additional studies will 

be needed to further investigate this hypothesis as well as characterize the 

pathophysiological mechanisms associated with altered patterns of fat deposition. Greater 

insight into this potentially important phenomenon may help guide clinical screening, 

monitoring, and prevention practices for obesity-associated co-morbidities and inform 

decisions about optimal timing and intensity of obesity treatments during childhood and 

adolescence.
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What is already known about this subject?

• Visceral adipose tissue (VAT) is a primary driver of increased cardiometabolic 

risk.

• In adults, sex-specific thresholds of total percent body fat (%BF) have been 

identified above which levels of VAT steeply increase; whether similar 

thresholds exist in children and adolescents remains unclear.

What does your study add?

• We identified sex-specific %BF thresholds at which VAT levels appear to 

steeply increase in children and adolescents.

• Cardiometabolic risk factors, adipokines, and inflammation were more 

closely associated with VAT above vs. below the threshold, suggesting these 

cut-points may have clinical utility in identifying individuals at increased 

cardiometabolic risk and in need of more intensive intervention.
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Figure 1. 
Sex-specific percent body fat thresholds for visceral fat mass in males (a) and females (b).
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Table 1.

Demographic, anthropometric, and clinical characteristics by BMI category.

Values presented are mean (sd) or N (%) where indicated.

Covariate
Normal Weight Overweight Class I Obesity Class II Obesity Class III Obesity

(N=142) (N=29) (N=80) (N=169) (N=137)

Male 80 (56.3%) 13 (44.8%) 34 (42.5%) 64 (37.9%) 69 (50.4%)

Race:

 American Indian/Alaskan Native 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (1.2%) 1 (0.7%)

 Asian 1 (0.7%) 1 (3.4%) 2 (2.5%) 3 (1.8%) 1 (0.7%)

 African American/Black 12 (8.5%) 3 (10.3%) 8 (10.0%) 10 (5.9%) 22 (16.1%)

 Hawaiian/Pacific Islander 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (0.7%)

 Multiple Races Selected 6 (4.2%) 2 (6.9%) 9 (11.2%) 14 (8.3%) 19 (13.9%)

 Other 2 (1.4%) 0 (0.0%) 2 (2.5%) 1 (0.6%) 1 (0.7%)

 Caucasian/White 121 (85.2%) 23 (79.3%) 59 (73.8%) 139 (82.2%) 92 (67.2%)

Hispanic 8 (5.6%)2 2 (6.9%) 10 (12.5%) 23 (13.6%)2 17 (12.4%)3

White, Non-Hispanic 116 (81.7%) 21 (72.4%) 51 (63.8%) 123 (72.8%) 79 (57.7%)

Tanner Stage:

 1 54 (38.0%) 5 (17.2%) 22 (27.5%) 12 (7.1%) 4 (2.9%)

 2–4 67 (47.2%) 16 (55.2%) 41 (51.2%) 68 (40.2%) 67 (48.9%)

 5 12 (8.5%)9 7 (24.1%)1 14 (17.5%)3 89 (52.7%) 61 (44.5%)5

Age >12 Years 81 (57.0%) 20 (69.0%) 45 (56.2%) 144 (85.2%) 126 (92.0%)

Age (years) 12.5 (2.57) 13.3 (2.61) 12.6 (2.74) 14.7 (2.45) 14.8 (2.2)

Height (cm) 153 (15.0) 159 (12.3) 156 (14.1) 165 (11.3) 169 (10.6)

Weight (kg) 44.4 (13.4) 61.5 (13.2) 69.5 (18.3) 97.4 (18.2) 124 (23.3)

BMI (kg/m2) 18.4 (2.47) 24.0 (2.22) 28.1 (3.77) 35.3 (3.63) 43.3 (5.29)

BMI Percentile 48.0 (23.0) 90.7 (3.13) 97.5 (0.94) 99.0 (0.27) 99.6 (0.18)

Percentage of 95th BMI Percentile 73.7 (6.74) 92.9 (4.58) 112 (5.82) 130 (5.55) 160 (16.5)

Trunk Fat (kg) 3.92 (2.03) 8.92 (3.56) 13.4 (4.56) 22.5 (5.22)5 32.1 (7.59)9

Total Fat (kg) 10.7 (4.11) 20.0 (5.6) 28.5 (8.53) 43.9 (9.65)6 61.3 (12.8)11

Total Tissue Fat (%) 25.2 (5.95) 34.5 (7.56) 42.3 (5.31) 47.2 (4.96)5 51.1 (4.15)9

Visceral Fat Mass (g) 80 (47) 250 (238) 486 (270)2 1041 (467)36 1729 (683)31

Visceral Fat (%) 0.84 (0.53)2 1.14 (0.81) 1.66 (0.68)2 2.39 (0.9)38 2.8 (0.81)33

VAT/SC Ratio 0.01 (0.01)2 0.01 (0.01) 0.02 (0.01)2 0.02 (0.01)38 0.03 (0.01)33

Glucose (mg/dL) 77.3 (9.0)3 79.9 (9.7) 80.7 (8.94)1 78.7 (10.4)5 79.8 (8.52)4

Insulin (mU/L) 4.24 (2.79)3 7.73 (4.98)1 10.8 (6.18)3 18.2 (11.4)9 24.6 (14.5)6

HDL Cholesterol (mg/dL) 59.8 (14.4)3 51.0 (14.7) 47.3 (11.1)1 43.8 (11.6)5 40.5 (8.48)4

Triglycerides (mg/dL) 71.2 (27.8)4 97.5 (41.8) 115 (55.2)1 118 (59.7)5 122 (48.4)4

Triglycerides/HDL Ratio 1.29 (0.68)4 2.13 (1.2) 2.7 (1.84)1 2.98 (1.9)5 3.24 (1.71)4

LDL Cholesterol (mg/dL) 80.5 (23.2)3 90.5 (23.6) 95.7 (23.9)1 93.1 (30.0)6 94.2 (26.8)4

Total Cholesterol (mg/dL) 154 (26.7)3 161 (26.7) 166 (28.0)1 160 (32.2)5 159 (31.3)4

Oxidized LDL (U/l) 41.6 (19.5)10 47.8 (22.7)1 56.0 (35.0)8 64.8 (42.5)111 59.8 (30.7)91
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Covariate
Normal Weight Overweight Class I Obesity Class II Obesity Class III Obesity

(N=142) (N=29) (N=80) (N=169) (N=137)

HMW Adiponectin (μg/mL) 5.5 (3.5)10 4.2 (2.6)1 3.4 (2.0)8 2.5 (1.3)111 2.3 (1.8)91

CRP (mg/L) 1.5 (3.2)10 4.4 (9.1)1 7.4 (10.7)8 7.6 (9.0)111 12.0 (9.9)91

SBP (mmHg) 106 (9.62) 110 (9.11) 114 (11.3) 119 (10.5)1 126 (11.1)2

SBP Percentile 44.6 (24.7) 51.3 (27.7) 64.6 (25.6) 68.4 (26.4)1 79.8 (20.8)2

DBP (mmHg) 56.7 (8.61) 58.6 (6.85) 58.8 (8.96) 65.5 (8.31)1 69.3 (9.14)2

DBP Percentile 32.1 (21.1) 32.6 (19.4) 37.1 (22.3) 49.9 (23.1)1 59.0 (24.7)2

Superscripts denote number missing observation, BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; HDL: high 
density lipoprotein; LDL: low density lipoprotein; VAT/SC: visceral adipose tissue/subcutaneous fat
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