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Abstract
Visceral adipose tissue (VAT) is associated with abnormal cardiovascular and metabolic profiles.
Total VAT volume of the abdominal compartment by MRI is the gold standard measurement for
VAT but is costly and time consuming. Prior studies suggest VAT area on a single slice MR
image may serve as a surrogate for total VAT volume but it is unknown if this relationship is
maintained in overweight and obese males and females.

Untreated sleep apnea subjects enrolled into the Icelandic Sleep Apnea Cohort underwent
abdominal MRI. VAT area and subcutaneous adipose tissue (SAT) area at the L2-L3 and L4-L5
interspaces and total VAT and SAT volumes were determined by manual examination using
image analysis software.

N=539 males and N=129 females with mean ages of 54.1 and 58.8 years and mean body mass
index of 32.2 kg/m2 and 33.7 kg/m2, respectively, were studied. Mean total VAT volume was 40%
smaller and mean total subcutaneous adipose tissue (SAT) was 25% larger among females
compared to males. The correlation with VAT volume was significantly larger for L2-L3 VAT
area (r=0.96) compared to L4-L5 VAT area (r=0.83). The difference in correlation coefficients
was statistically significant (non-parametric bootstrap p<0.001 with 95% CI for the difference
from 0.11 to 0.15. VAT area at L2-L3 was also significantly better correlated with VAT volume
than traditional anthropometric variables. Linear regression analyses demonstrated that L2-L3 area
alone was sufficient for predicting total VAT volume and that the nature of the linear association
was maintained across all levels of obesity and in both genders.
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INTRODUCTION
Obesity is a growing epidemic, currently affecting more than 1/3 of adults in the U.S.1–3 The
rise in the percentage of individuals with morbid obesity i.e., those with a body mass index
(BMI) above 40 kg/m2, is especially concerning.3 Adverse outcomes linked to obesity
include metabolic syndrome, cardiovascular disease and obstructive sleep apnea.4 Not all
adipose tissue is anatomically or metabolically equivalent. Visceral adipose tissue (VAT) is
thought to confer the greatest risk for these diseases as well as for all-cause mortality5–13

through its role as an active endocrine adipose tissue bed that secretes both free fatty acids
and adipokines.14–16. Anthropometric measures such as waist circumference are indirect
measures of abdominal adipose tissue deposition and do not distinguish VAT from
subcutaneous adipose tissue (SAT)17. Total VAT volume of the entire abdominal
compartment has been considered a gold standard.18–22 Computerized tomography (CT) and
magnetic resonance imaging (MRI) have been used to assess total VAT; but CT results in
exposure to ionizing radiation. MRI assessment is equally accurate23–25 and avoids ionizing
radiation. However, it is costly and time consuming. Prior studies have investigated VAT
area on a single MR image taken through the abdomen and have concluded that such areas
are highly correlated with total VAT volume of the abdominal compartment.18, 26–30 The
single image used in these analyses has typically been taken through the abdomen at the
level of the L4-L518, 30 or the L2-L3 lumbar vertebral interspaces.27, 28 Adipose distribution
is currently not well understood in the very obese and may differ significantly from the non-
obese. There remains significant controversy as to whether VAT area from a single axial
MRI is an adequate surrogate of total VAT volume among the obese.31 While the effects of
gender in determining adipose distribution have been well described, it is unclear if gender
differences persist in obese individuals or if gender differences can be reproduced using only
a single slice. Moreover, the question of which single axial MRI (L2-L3 or L4-L5) best
reflects the total underlying VAT volume remains unknown.32, 33

This study characterizes the distribution of adipose tissue in male and female subjects from
the Icelandic Sleep Apnea Cohort (ISAC), a cohort that is approximately evenly split into
those with BMI <30 kg/m2, those with BMI between 30 and 35 kg/m2, and those with BMI
>35 kg/m2. Single axial MR images taken at the level of the L4-L5 interspace and the L2-L3
interspace were compared with total overall abdominal VAT volume. The primary a priori
hypothesis for this study was that a single MR image performed at one of these anatomic
locations (L2-L3 or L4-L5 lumbar vertebral interspaces) would be highly correlated with
total VAT volume across all levels of obesity and for both genders.

METHODS
The study was approved by the National Bioethics Committee (VSN: 02-078-V1-7) and
Data Protection Authority of Iceland and the University of Pennsylvania Institutional
Review Board. Recruitment of subjects and enrollment in the protocol was undertaken by
personnel at Landspitali University Hospital in Reykjavik, Iceland.

Study participants
Patients diagnosed with OSA in Iceland and referred for CPAP treatment to the Landspitali
University Hospital in Reykjavik from September 2005 - December 2009 where invited to
join the study. Over 90% of eligible and approached subjects agreed to participate. They are
part of the Icelandic Sleep Apnea Cohort (ISAC) study.

Prior to starting CPAP, all subjects underwent a detailed assessment, including
anthropometric measurements, complete medical history, administration of health related
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quality of life and other questionnaires, and MRI. All assessments and MR imaging was
performed at Landspitali University Hospital in Reykjavik, Iceland.

The Icelandic Sleep Apnea cohort consists of N=826 patients. However, MRI was not
performed for N=113 (85 due to claustrophobia, 5 due to presence of a pacemaker, 5 due to
other metallic objects, 7 because they were too obese, and 11 for other reasons). The
percentages of male subjects was nearly identical (81%) among those with (577 of 713) or
without (92 of 113) MRI. The mean (SD) ages among those with and without MRI were
similar, 54.7 (10.6) versus 52.5 (10.5), although the mean difference was statistically
significant (t-test p=0.04). In contrast, mean (SD) BMI was substantially lower, although
still very high, among those with MRI compared to those without; 32.8 (5.1) kg/m2 vs 38.0
(7.1) kg/m2. Mean (SD) BMI was 47.3 (4.6) with range 40.8 to 53.2 among the 7 subjects
excluded for being too obese and was elevated among 85 subjects excluded due to
claustrophobia (mean 37.4 kg/m2). Those excluded for metallic objects or for a pacemaker
had mean values similar to those not excluded (34.3 kg/m2 and 33.2 kg/m2, respectively.
Among the 713 remaining subjects, 6 subjects were missing all MRI variables of interest for
this study. There were 39 additional patients (32 males and 7 females) with area data but no
volumetric data. Since the focus of this study is on the volumetric measures, these 39
patients were also excluded reducing the final evaluable cohort to N=668 patients including
539 males (81%) and 129 female (19%).

MRI Methods
Subjects underwent MRI of the abdomen using a 1.5T scanner (Siemens Avanto, Germany)
with a body coil. Axial, coronal and sagittal images were acquired with an MR gradient echo
pulse sequence. The abdominal compartment was defined as extending from the superior
aspect of the xiphoid process to the most inferior slice depicting the L5-S1 interspace. MR
images were obtained in 1 cm contiguous intervals (slice thickness of 1 cm) throughout the
abdominal compartment. Analysis of the abdominal MR images was performed in the Sleep
Imaging Center at the University of Pennsylvania. Using image and volumetric analysis
software (Amira 4.1.2, Visage Imaging Inc., San Diego, CA), each slice of the abdominal
MRI scan was manually examined. AMIRA has been used previously for volumetric image
analysis. 34 Automated thresholding and manual segmentation by the region growing tool
were used to segment SAT and VAT volumes from other abdominal anatomy by pixel
valuation. Anatomical landmarks were identified and adipose tissue beds were labeled and
segmented into either SAT and VAT areas. Inter-muscular adipose tissue was included in
VAT analysis. Figure 1 depicts a sample image taken from a subject at the level of the L2-
L3 and L4-L5 interspace with the VAT area segmented. The adipose areas from each slice
were then summed across the entire abdominal compartment and total SAT and VAT
volumes were calculated (see Figures 2 and 3). All MR image analysis was performed by
one of two trained technologists, supervised by a physician (RS). The single images at the
L2-L3 and L4-L5 interspaces were chosen a priori for comparison with the total VAT
volume based upon prior literature, which has historically used these image locations as a
surrogate for total VAT volume.18, 21, 26, 27, 29–32, 35

Statistical Methods
The primary variable for this study was visceral adipose tissue (VAT) area determined
through single axial MR images taken at the level of the L2-L3 as well as L4-L5 interspaces
(cm2). Total abdominal VAT volume in milliliters as measured by MRI was considered the
gold standard reference. Prior to analyses to address the primary hypotheses, measurement
reliability was assessed using intraclass correlation coefficients (ICC). Four trained raters
determined VAT (and SAT) volume, L2-L3 area and L4-L5 area for MRI’s obtained from
10 randomly selected subjects on two separate occasions approximately one week apart. A
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random effects analysis of variance (ANOVA) was used to partition total variance into its
variance components including among subjects, among raters, subjects by rater interaction,
and residual error. The ICC is intended to estimate the proportion of total variance
attributable to biological differences among subjects in fat quantity as opposed to various
sources of error variance.

Total VAT volume, L2-L3 VAT area, and L4-L5 VAT area were summarized overall and
compared by gender through the use of standard effect sizes with 95% confidence intervals
(CI) and Wilcoxon rank sum tests. Standardized effect sizes (ES) for gender differences
were computed as the gender mean difference divided by within gender pooled standard
deviation. ES is an index of the magnitude of group mean differences that can be compared
among measures with varying units. A value of 0.5 corresponds to a gender mean difference
equal to one-half of one standard deviation. The width of a 95% CI reflects statistical
precision of the estimator while the bounds indicate the magnitudes of gender difference
statistically consistent with the data observed in this study. The same set of comparisons
were made for total subcutaneous adipose tissue (SAT), L2-L3 SAT area, L4-L5 SAT area,
and the SAT to VAT ratios. These analyses were performed to determine which, if any, of
the two area measurements were able to reliably reflect expected gender differences and so
provide support for the validity of the area measurements.

The primary analysis was based on comparing the magnitudes of the correlations between
VAT volume and the two single slice areas at L2-L3 and L4-L5. Slice measures and the
volume measures were all obtained within the same individual. Therefore, the comparisons
between correlation coefficients were made on the basis of bootstrap re-sampling methods36

that accounted for the correlation structure present in the data. These methods were used to
determine the statistical significance of the difference as well as non-parametric 95%
confidence intervals (CI) for the difference in correlation coefficients. These comparisons
were performed initially using data from all subjects. In order to evaluate whether the
strength of the linear association was maintained across levels of obesity and for both
genders, analyses were stratified by gender and obesity category. Finally, multiple linear
regression was used to assess the incremental predictive value of adding other variables to
the model including the other VAT area, BMI, gender, age, and waist circumference. All
statistical analysis was performed using SAS version 9.2.

RESULTS
Description of sample

Baseline characteristics of the cohort are shown in Table 1. The study cohort consisted of
N=539 males with mean age (SD) of 54.1 (10.5) and N=129 females with mean (SD) age
58.8 (9.1) with an overall range across both genders from 21 to 83 years. The gender
difference in mean age was significant(Wilcoxon rank sum p<0.0001). Mean (SD) body
mass index (BMI) values among males and female were 32.2 (4.6) kg/m2 and 33.8 (6.0) kg/
m2 with overall range from 20.0 to 51.2 (p=0.01). Among male subjects, 35.8% had a BMI
<30 kg/m2, 37.7% had BMI 30–<35 kg/m2 and 26.5% had a BMI ≥35 kg/m2. In
comparison, among female subjects 28.7%, 30.2%, and 41.1%had BMI <30 kg/m2, BMI
30–<35 kg/m2 and ≥35 kg/m2, respectively. The distributions of BMI categories
significantly differed between genders (non-parametric p=0.006). Similarly, there were
significant gender differences in neck circumference (p<0.0001) and waist circumference
(p<0.0001). The mean (SD) neck circumference among males and females were 43.1 (3.0)
cm and 38.4 (3.0) cm, respectively. The mean (SD) waist circumference among males and
females were 112.3 (12.0) cm and 106.3 (13.6) cm, respectively. Neck circumference had
the largest gender effect size with ES=1.60 (95% 1.39 to 1.81). About 73% of subjects had
an apnea-hypopnea index (AHI) of 30 events per hour or greater, a level often considered
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severe; 24% had AHI between 15 and 30 events per hour, a level often considered moderate.
Males and females had comparable sleep apnea severity (data not shown).

Rater reliability (technical measurement error)
Intraclass correlation coefficients(ICC) for VAT volume, L2-L3 VAT area, and L4-L5 VAT
area were 0.992, 0.985, and 0.987, respectively. The same values for SAT were 0.991,
0.995, and 0.995, respectively. All values are extremely large indicating essentially
ignorable technical variability arising from differences among raters or from rater by subject
interaction.

Description of Adiposity
Table 2 provides a summary of adipose tissue characteristics overall and by gender. Data are
presented as mean (SD) and range along with standardized effect size and non-parametric
test for gender differences. Among N=539 males, mean (SD) total VAT volume was 5583
(2056) mL with range from 365 to 13527. In contrast, among females the mean (SD) was
3345 (1467) with range 390 to 8450 or 40% smaller. This gender difference in means was
highly statistically significant (Wilcoxon rank sum p<0.0001) and was associated with a
very large standardized effect size (ES=1.14, 95% CI 0.94 to 1.35). Figures 2 and 3 illustrate
increased VAT in men compared to BMI matched women.

Table 2 reveals that the magnitude of gender differences is maintained for L2-L3 VAT area
(ES=1.06, 95% CI 0.86 to 1.26; p<0.0001). The mean (SD) L2-L3 for males and females
were 265 (97) cm2 and 167 (73) cm2, respectively, about 37% smaller in females. In
contrast, the effect size for gender differences in visceral abdominal tissue decreases by
about 50% when assessed by L4-L5 VAT area. The mean (SD) VAT area at L4-L5 for
males and females were 211 (88) cm2 and 168 (72) cm2, respectively, only about 20%
smaller. Thus, the gender difference is maintained using L2-L3, but attenuated using L4-L5.

Opposite gender findings were observed for total subcutaneous adipose tissue (SAT). Mean
(SD) total SAT volume in men was 7592 (3143), while it was 25% larger among women
with mean (SD) equal to 9494 (3812) mL (p<0.0001). The standardized gender difference
was ES = −0.58 (95% CI −0.77 to −0.39). The effect size for gender differences in SAT was
larger for both L2-L3 (ES = −0.95) and L4-L5 (ES = −0.66) than for volume.

Table 2 also includes a similar gender comparison for the ratio of SAT to VAT. The gender
differences are extremely large with mean (SD) values equal to 1.45 (0.60) and 3.10 (1.15),
respectively, among males and females, resulting in an extremely large (in absolute value)
effect size equal of −2.25 (95% CI −2.48 to −2.02). The large effect size in the SAT to VAT
ratio is reasonably maintained by the L2-L3 area with ES=−1.92 (95% CI −2.14 to −1.71),
but it is again not maintained using the L4-L5 area, falling by about 50% to ES=−1.03 (95%
CI −1.22 to −0.83). Thus, in general, gender differences are more reliably reproduced using
the L2-L3 area compared to the L4-L5 area.

Slice Areas as a Predictor of Volume Across Obesity Categories
An important goal of our study was to determine whether the relationship between the
amount of fat in a given single image and total VAT volume varied depending on the degree
of obesity. Figures 2 and 3 demonstrate progressively more visceral abdominal fat (cross-
sectional area and volume) in representative male and female subjects with increasing BMI
categories. The large sample size and large range of obesity in the ISAC cohort permitted a
stratified correlation analysis. The results of these analyses are presented in Table 3 which
lists Pearson correlation coefficients for the linear relationships between the two candidate
single slice area predictors and the reference VAT volume in both genders with different
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degrees of obesity. Spearman rank correlations were very similar in magnitude and so only
Pearson correlations are presented. For comparison purposes, Table 3 also provides
correlations between VAT volume with waist and neck circumferences, hip ratio and BMI.

The correlation with VAT volume was similar for waist circumference (r=0.72, p<0.0001,
N=668), neck circumference (r=0.69, p<0.0001), and for waist to hip ratio (r=0.69,
p<0.0001) while being a bit smaller for BMI (r=0.52, p<0.0001). However, BMI
associations were much stronger when assessed within each gender separately with r=0.65
and r=0.63 for males and females, respectively.

The correlation between VAT volume and VAT area determined from the L2-L3 slice was
extremely large (r=0.96, p<0.001). The correlation between VAT volume and VAT area
determined from the L4-L5 slice was also large, but clinically and statistically significantly
smaller compared to the L2-L3 slice (r=0.83, p<0.001). The statistical significance of this
difference in correlations was evaluated using a robust non-parametric bootstrapping
method. A 95% confidence interval for the correlation difference based on 1000 bootstrap
simulations was 0.106 to 0.149, with p<0.001. The small width of this interval reflects
substantial statistical precision in the estimated (within subject) difference in correlations of
0.13.

We then investigated whether the superior predictive association between L2-L3 area and
VAT volume relative to predictions based on L4-L5 area was homogeneous across gender
and obesity. In general, all of the correlations with VAT volume reported in Table 3 are
larger for the L2-L3 slice compared to the L4-L5 slice to highly statistically significant
levels (p<0.002) with the exception of the comparisons involving the women stratified by
BMI category. These comparison had more modest levels of statistical significance (p<0.05)
due to the smaller sample sizes.

Among all females the difference between correlations using the L2-L3 and L4-L5 areas,
while statistically significant, was numerically smaller. The difference in correlations among
females was 0.048(95% CI 0.021 to 0.086). In contrast, the difference in correlations among
males was 0.118(95% CI 0.094 to 0.144). Since the lower bound for males exceeds the
upper bound for females it can be concluded that the reduction in correlations is
significantly larger among males than females.

Figure 4 graphically illustrates the stronger linear associations observed for L2-L3 VAT area
(top panel) compared to L4-L5 VAT area (bottom panel). The stronger association is seen in
the ‘tighter scatter’ of points around an expected value that is well represented by a linear
association between VAT volume and L2-L3 VAT area. In contrast, although the bottom
panel is also reflective of an approximately linear association, the scatter around expected
values based on this linear association is wider and more variable compared with predictions
based on L2-L3 VAT area. The next section summarizes linear regression analyses that
more precisely demonstrate that the nature of the linear association between L2-L3 VAT
area and VAT volume is homogeneous among gender and obesity strata.

Multiple linear regression analysis
Multiple linear regression was used to explore whether the predictions of total VAT from
L2-L3 VAT area could be improved 1) by adding L4-L% area; 2) by allowing the nature of
the linear associations between area and volume to vary across the six BMI by gender strata;
or 3) by incorporating other relevant information such as waist circumference and higher
ordered terms. As Table 3 demonstrates, the overall correlation between L2-L3 VAT area
and VAT volume is r=0.96 implying that 92% (R-square=0.92) of the variance in VAT
volume is explainable by the L2-L3 VAT area alone.
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The estimated regression equation based on L2-L3 VAT area was: E[volume] = 106.1 +
20.5 (SE=0.24) times L2-L3 area (root MSE = 617, R-square=0.917). Adding L4-L5 area to
this simple linear regression only increases R-square marginally from 0.917 to 0.926. While
statistically significant (p<0.0001), the improvement in predictive value is minimal. In this
two-variable model, the squared partial correlations for L2-L3 VAT area and L4-L5 VAR
area are 76% and 10%, respectively. Simultaneously, adding waist circumference, BMI,
gender, neck circumference, age, and the square of L2-L3 VAT area squared changed R-
square negligibly (from 0.917 to 0.929) indicating that taking these factors into account as
main effects would also not substantially improve predictive value.

We then examined whether the nature of the linear relationship changed as a function of
gender or obesity. To this end, the directions and magnitudes of least squares simple linear
regression slopes were compared among strata defined by these variables. Formal
significance testing was done by adding appropriately constructed interaction terms to a
main effects model including all covariates.

The slope of the simple linear regression of VAT volume on L2-L3 VAT area across all
subjects was 20.5 (SE=0.24). For males and females separately these slopes were similar,
i.e., 20.2 (SE=0.28) and 19.1 (0.59), respectively. Among the three obesity categories, these
slopes were also similar, i.e., 19.6 (0.39) for BMI<30 kg/m2, 20.0 (0.47) for BMI 30–35 kg/
m2, and 20.7 (0.52) for BMI >=35 kg/m2, respectively. Among the 6 strata defined
simultaneously by gender and obesity category, slope (SE) for males across these obesity
categories were 19.1 (0.47), 19.4 (0.58), and 19.5 (0.70); and for females these values were
20.7 (1.17), 15.9 (1.16), and 20.0 (1.20). Among males, the slopes were nearly identical
across all 3 categories of BMI. Among females, the middle obesity category had a slope that
was somewhat attenuated compared to the others and the interaction of BMI category and
L2-L3 was statistically significant (F(2,123)=4.0, p=0.02). An explanation for this finding
was not identified. When obesity strata by L2-L3 VAT area interaction was added to a
multiple linear regression model that initially included L2-L3 VAT area and all covariates,
R-square only increased from 0.929 to 0.931. Therefore, accounting for heterogeneity
among strata did not increase the amount of VAT volume variance explained by the model
despite its statistical significance among females.

DISCUSSION
Our study is the largest to date examining an obese cohort (with a large range of body mass
indices) using complete MR imaging of the abdominal compartment in order to investigate
the utility of using a single axial MR image as a surrogate for the total VAT volume.
Compared to known normative values for adipose tissue volumes from prior published
studies (see Frayn for review),37 the normal range for VAT volume is 2000 to 4000 mL in
males and 1500 to 2000 mL in females, across races in healthy relatively non-obese
individuals (BMI <30 kg/m2). Similarly, the normal range for subcutaneous adipose tissue
(SAT) is 3000 to 5000 mL in males and 3000 to 6000 mL in females. Both in males and
females in our study, the observed mean values displayed in Table 2 are above the
maximum of these reported ranges, consistent with our study population’s obesity. Based on
all of these analyses, it is concluded that the predictive value of L2-L3 VAT area for VAT
volume is excellent for either clinical or research purposes, and that the underlying
predictive relationship is stable across genders and levels of obesity. Furthermore, the
predictive value of the L2-L3 VAT area is superior to that of L4-L5 area.

Our results demonstrate that a single axial MR image of the abdomen can capture almost all
of the variance in total VAT volume across all degrees of obesity in both men and women.
This relationship is demonstrated even in the most obese subjects (with BMI >35 kg/m2), in
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whom very little about this relationship was known previously. Moreover, single MR
images performed much better in capturing the variance of total VAT than anthropometric
variables such as BMI and neck and waist circumference in both men and women, across all
degrees of obesity. However, we have found a significant difference as to which single slice
image is better in serving as a surrogate for the total VAT volume. The VAT area at the L2-
L3 interspace is significantly better correlated with total VAT volume as compared with the
single image at L4-L5 (p<0.001), based on a robust bootstrap approach designed to account
for the lack of independence between the correlations being compared. These findings are in
contrast with earlier work, which utilized the L4-L5 interspace as a surrogate for total VAT
volume.18, 19, 30, 35, 38 We find that even in the most obese subjects, the L2-L3 interspace is
superior to the L4-L5 interspace in capturing more of the variance in the total VAT volume.
This confirms the findings of Shen28 and Demerath27, who both found that single slice
images more cranial than L4-L5, specifically at or near the L2-L3 interspace, were a better
approximation of the total VAT volume. However, both these studies were conducted
primarily in thinner subjects (with mean BMI of approximately 27 kg/m2 for both studies).

In our cohort VAT assessments based on L2-L3 VAT area predicted total VAT volume
extremely well; and considerably better than L4-L5 VAT area. Furthermore, the linear
association between L2-L3 VAT area and VAT volume is well maintained over all BMI
strata in both genders. The magnitudes of the correlations between L4-L5 VAT area and
VAT volume were roughly halfway between those for the L2-L3 VAT area and simple waist
circumference measurements. We have also found that that the linear association between
L2-L3 VAT area and total VAT volume is similar for males and females. In contrast, the
reduction in the correlation between VAT volume and slice area using L4-L5 instead of L2-
L3 was especially large for males (reduction in r of 0.118, 95% CI 0.094 to 0.144). In
contrast, the estimated reduction in the correlation among females was only 0.048 (95%
0.021 to 0.086). The ratio of subcutaneous adipose tissue to visceral tissue was computed
within gender. The ratios of SAT volume to VAT volume has been found to be
approximately 1 in males and 2–3 in females.37 The ratios of VAT to SAT volumes in the
ISAC cohort in the males and females were close to these values. The ratios in males and
females were also similar when based on the L2-L3 VAT and L2-L3 SAT areas. However,
especially, among men, the ratio of SAT to VAT is distorted when based on L4-L5 VAT
and SAT area (ratio = 1.82).

It is interesting to speculate on why the L2-L3 slice is more representative of VAT in men as
compared to women. One possible explanation is that men carry more of their abdominal
VAT higher in the abdomen (toward L2-L3) whereas women carry more of their abdominal
VAT lower in the abdomen (toward L4-L5), thus making the L2-L3 slice more
representative total VAT in men compared to women. Such differences in the anatomical
distribution of VAT over the abdomen in men and women have been published
previously.30

As hypothesized, waist circumference did not perform as well as VAT area in predicting
VAT volume, even in women. This contradicts findings of some authors which note
equivalency of anthropometric measures as compared with abdominal imaging methods.39

This is an important finding since direct measurement of VAT may indeed be superior to
anthropometric measures in prediction of key cardiovascular and metabolic outcomes, as
shown by Fox, et al, using the Framingham cohort data.5

There are several key strengths of our study. It is a large, well powered study that utilized
statistically robust methods of comparing differences in correlation. In addition, this is the
largest cohort published to date to address this question in a cohort that incudes morbidly
obese individuals. Among those with BMI ≥35 kg/m2, there were 193 subjects with a mean
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BMI of 38.6 kg/m2. Our MRI protocol included complete imaging of the entire abdominal
cavity and very precise and highly reproducible calculations of VAT and SAT areas and
volumes. We also directly compared single axial MR slices at two distinct anatomic
locations that were defined a priori. Previous protocols27, 28 were more exploratory in nature
and did not define a priori which anatomic slice levels they would be directly comparing.
Other methods for measuring abdominal fat (dual energy absorptimetry – DXA scanning)
are unable to differentiate between subcutaneous and visceral abdominal fat.40

Nonetheless, our study also had some limitations, including its cross-sectional nature. These
measurements were taken at a single time point and therefore the effects of time and weight
change cannot be assessed. In addition, while we had a large number of subjects, only 19%
(N=129) were women. This is due to the parent study being directed at the study of
obstructive sleep apnea, a disease with a higher prevalence in males. However, despite this
lower percentage of women, the difference in correlation with VAT between L2-L3 vs. L4-
L5 remained statistically significant in women. That the study is only in subjects with
obstructive sleep apnea may also be an issue when one considers its generalizability. Our
study cohort consisted of subjects recruited in Iceland, which is a relatively homogenous
population of European descent. Therefore, effects of race and ethnicity could not be
assessed in detail. In our study, the superior aspect of the xiphoid process was used to
determine the superior aspect of visceral abdominal fat. This is in contrast to using the dome
of the liver which has been a standard landmark for use in determining the superior aspect of
visceral abdominal fat. We chose to use the xiphoid process because the liver is a soft tissue
border which can change based on the amount of fat in the liver or fluid overload. In
contrast, the superior aspect of the xiphoid process is a bony landmark that is not be
influenced by fat or congestion of the liver. In a randomly selected sample of 20 subjects (10
M, 10 F) from this study, the mean (SD) percent difference in VAT computed using the
dome of the liver instead of the xiphoid process was 1.4% (SD=1.8%). Almost all of the
adipose tissue found between these slices was epicardial fat. Thus, we do not find large
differences in VAT based on using the dome of the liver or superior aspect of the xiphoid
process as the superior boundary in this study population. Our measure of VAT included
intermuscular fat deposition (IMAT). Although IMAT is potentially of large volume when
assessing whole body intermuscular fat, it does not appear to contribute greatly to VAT
restricted to the abdomen. In the sample randomly selected sample of 20 subjects, IMAT
represented, on average, only 3.6% (SD=2.5%) of abdominal VAT. Finally, the study
sample is not representative of all overweight and obese individuals. Because central
adiposity is a risk factor for apnea, it is likely that our sample had higher VAT and/or SAT
relative to total body fat than would be the case in an unselected group of overweight and
obese individuals of similar BMI. Thus our results are not generalizable to all obese
individuals.

CONCLUSION
In this large cohort of subjects that included many overweight and obese individuals, it was
found that VAT area based on a single axial MR image is highly correlated with VAT
volume across all levels of obesity and in both genders and is an accurate surrogate for the
total VAT volume. Of the two axial images used in our comparisons, VAT area at L2-L3
was significantly better correlated with total VAT volume and explained a greater amount of
the total variance compared to L4-L5. The linear association between VAT volume and L2-
L3 VAT area was preserved across all levels of obesity and in both males and females.
Future cohort studies that intend to utilize VAT area as a surrogate for the total VAT volume
should use an axial MR image at the level of L2-L3.
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Figure 1.
Axial MR images taken at the level of L2–L3 and L4–L5 interspaces, with VAT identified
in yellow and SAT in blue. K = kidney, L = liver, I = intestine, D = disc (vertebral).
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Figure 2.
Top panel – three dimensional reconstructions of abdominal fat in three women in the
different BMI strata (BMI < 30 kg/m2, BMI between 30 kg/m2 and 35 kg/m2 and BMI > 35
kg/m2) VAT identified in yellow and SAT in blue. Note that there is more VAT and SAT as
the BMI categories increase. In the bottom panels axial MR images at the level of L2–L3
and L4–L5 interspaces are depicted in the three different BMI categories. Note again that
there is more VAT and SAT as the BMI categories increase.
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Figure 3.
Top panel – three dimensional reconstructions of abdominal fat in three men in the different
BMI strata (BMI < 30 kg/m2, BMI between 30 kg/m2 and 35 kg/m2 and BMI > 35 kg/m2)
VAT identified in yellow and SAT in blue. Note that there is more VAT and SAT as the
BMI categories increase. In the bottom panels axial MR images at the level of L2–L3 and
L4–L5 interspaces are depicted in the three different BMI categories. Note again that there is
more VAT and SAT as the BMI categories increase.
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Figure 4.
Top frame. Scatter plot of abdominal visceral adipose tissue (VAT) volume (mL) versus
L2–L3 visceral adipose tissue (VAT) area(cm2) in males and females. Bottom frame. Scatter
plot of abdominal visceral adipose tissue (VAT) volume (mL) versus L4–L5 visceral
adipose tissue (VAT) area(cm2) in males and females.
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Table 3

Pearson Correlations of VAT Volume with L2-L3 and L4-L5 VAT Area and Common Anthropomorphic
Measures For All Subjects and by Gender and BMI Category

Predictors All (N=668) Males (N=539) Females (N=129)

L2-L3 VAT Area

 All 0.96*** 0.95*** 0.94***

 BMI <30 kg/m2 0.96*** 0.95*** 0.95**

 BMI 30–35 kg/m2 0.94*** 0.92*** 0.91*

 BMI ≥35 kg/m2 0.94*** 0.92*** 0.92**

L4-L5 VAT Area

 All 0.83 0.83 0.90

 BMI <30 0.79 0.78 0.84

 BMI 30–<35 0.76 0.75 0.82

 BMI ≥35 0.79 0.77 0.87

Waist Circumference

 All 0.72 0.72 0.75

 BMI <30 kg/m2 0.64 0.59 0.44

 BMI 30–<35 kg/m2 0.57 0.42 0.55

 BMI ≥35 kg/m2 0.67 0.56 0.73

Neck Circumference

 All 0.69 0.60 0.68

 BMI <30 kg/m2 0.55 0.39 0.19

 BMI 30–<35 kg/m2 0.59 0.36 0.50

 BMI ≥35 kg/m2 0.62 0.32 0.62

Waist to Hip Ratio

 All 0.69 0.62 0.54

 BMI <30 kg/m2 0.63 0.55 0.34

 BMI 30–<35 kg/m2 0.61 0.43 0.62

 BMI ≥35 kg/m2 0.67 0.46 0.48

BMI

 All 0.52 0.65 0.63

An asterisk indicates that the correlation with VAT volume is significantly larger for L2-L3 VAT area compared to L4-L5 area (*** p<0.001, **
p<0.01, * p<0.05) based on a robust bootstrap re-sampling based test that accounted for repeated measures.
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