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Abstract

Objective—The purpose of this study was to test a newly developed DXA method for abdominal
fat depot quantification in subjects with AN, normal weight, and obesity using CT as a gold
standard.

Design and Methods—135 premenopausal women (overweight/obese: n=89, normal-weight:
n=27, AN: n=19); abdominal visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT),
and total adipose tissue (TAT) areas determined on CT and DXA.

Results—There were strong correlations between DXA and CT measurements of abdominal fat
compartments in all groups with the strongest correlation coefficients in the normal-weight and
overweight/obese groups. Correlations of DXA and CT VAT measurements were strongest in the
obese group and weakest in the AN group. DXA abdominal fat depots were higher in all groups
compared to CT, with the largest % mean difference in the AN group and smallest in the obese
group.

Conclusions—A new DXA technique is able to assess abdominal fat compartments including
VAT in premenopausal women across a large weight spectrum However, DXA measurements of
abdominal fat were higher than CT, and this percent bias was most pronounced in the AN subjects
and decreased with increasing weight, suggesting that this technique may be more useful in obese
individuals.
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Introduction

Visceral adiposity is a major risk factor for the development of the metabolic syndrome and
is associated with insulin resistance, dyslipidemia, and a proinflammatory and
prothrombotic state (1-3). In contrast, lower body obesity (subcutaneous adipose tissue
stored in the gluteofemoral region) is associated with a lower risk of metabolic
complications (4, 5). The increased cardiometabolic risk of visceral fat has been attributed in
part to its higher expression of inflammatory cytokines and elevated portal vein free fatty
acid (FFA) levels (6, 7). Given the increased cardiometabolic risk associated with visceral
adiposity, it is important to accurately determine the amount of visceral fat to identify
individuals at risk for cardiometabolic disease. Several methods exist for the assessment of
body composition, with CT and MRI being considered the gold standard for detailed
assessment of abdominal fat compartments (8, 9). However, cost, radiation exposure and
availability make these methods impractical in the clinical setting or for large research
studies. Dual energy X-ray absorptiometry (DXA) is a technique that can determine whole
body and regional distribution of fat and lean mass (10-12). DXA is widely available,
associated with only a minimal radiation dose, and relatively inexpensive. However, the
ability of DXA to determine abdominal fat compartments is limited. A new DXA method
for assessment of visceral adipose tissue (VAT) has recently been reported and was shown
to perform as well as a clinical read of VAT from a CT scan (13). However, body
composition extremes of obesity and anorexia nervosa (AN) may impact DXA accuracy.
Subjects with AN have a paucity of abdominal fat which can alter the validity of DXA-
derived estimates of abdominal fat, and we have previously shown an increasing bias of
DXA in abdominal fat assessment with increasing weight (14). The purpose of this study
was to test a newly developed DXA method for abdominal fat depot quantification in
subjects across a weight spectrum ranging from obese to AN using CT as a gold standard.

Methods and Procedures

Subjects

The study was approved by the Partners Healthcare Inc. Institutional Review Board and was
Health Insurance Portability and Accountability Act compliant. Written informed consent
was obtained from all subjects prior to the study.

We studied a total of 135 premenopausal women. Of those, 89 were overweight or obese, 27
were of normal weight, and 19 had AN. Obese and normal weight subjects were recruited
from the community through advertisements. AN subjects were referred by eating disorders
care providers or recruited through advertisements. Inclusion criteria for all groups were:
ages 18-45 years and female gender. Exclusion criteria included pregnancy, lactation and
chronic disease, including diabetes mellitus. AN subjects fulfilled all psychiatric Diagnostic
and Statistical Manual IV (DSM-IV) criteria for AN.

Overweight/obese subjects had a BMI of = 25 kg/m? and normal weight subjects had a BMI
> 19 and < 25 kg/m2. Clinical characteristics and CT data have been previously reported on
a subset of the obese and normal weight subjects (14-20).
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Anthropometry

Body weight was measured with a calibrated digital scale to the nearest 0.1 kg. Height was
measured with a wall mounted stadiometer to the nearest 0.1cm in triplicate and averaged.
Body mass index (BMI) was calculated as weight divided by height squared (kg/m?).

Dual-energy X-ray Absorptiometry

Whole body DXA measurements of body composition were performed in all patients using a
Hologic Discovery A (Hologic Inc., Bedford, MA).

Analysis of DXA scans was performed as previously described (13). Briefly, DXA fat
depots were measured in a 5 cm wide region placed across the abdomen just above the iliac
crest at a level that approximately coincided with the 4t lumbar vertebrae, the region of
abdominal fat depot measurements by CT. The software automatically locates the outer and
inner margins of the abdominal wall on both sides of projected DXA image based on fat and
lean mass profiles across the abdomen at the level of the fourth lumbar vertebra. The
software then measures the total fat mass within the abdominal walls, i.e. the visceral region,
a region which contains both subcutaneous and visceral fat. The amount of subcutaneous
adipose tissue (SAT) above and below the visceral region is estimated by measuring the
subcutaneous fat between the skin line and outer abdominal wall on both sides of the image,
and this estimate is subtracted from the total abdominal fat mass (TAT) measured within the
visceral region to yield DXA visceral adipose tissue (VAT) (21, 22).

Computed Tomography

Each subject underwent a single-slice CT scan of the abdomen at the level of the 41 lumbar
vertebrae. Subjects were placed supine in the CT scanner and a lateral and frontal scout
image was obtained to identify the level of L4, which served as landmarks for the single
slice image. Scan parameters were standardized: 144 table height, 80kV, 70 mA, scan time 2
seconds, 1 cm slice thickness, 48 cm field of view.

Images were analyzed by a single trained analyst under the direction and supervision of an
expert reader (MP). Quantification of abdominal fat depots was performed using image
analysis software (SliceOmatic V4.2, TomoVision, Montreal, Quebec, Canada) as
previously described (13). Briefly, thresholding methods were applied to identify adipose
tissue, using a threshold set for —30 to =190 Hounsfield units (HU), then manual delineation,
using tools provided by the software, was used to separate SAT, VAT, and intermuscular
adipose tissue (IMAT). Pixels within the threshold that were not anatomically one of the two
adipose tissue depots were removed. The total abdominal fat area was then calculated as the
sum of abdominal SAT, VAT, and IMAT areas (cm?). The sum of VAT and IMAT was
used to determine CT-VAT for comparison with DXA-VAT. The coefficient of variation for
repeated measurements of the same scan on consecutive days by the same analyst is 1.7%
for SAT, 2.3% for VAT, and 5.9% for IMAT(13) .

Statistical Analysis

Statistical analysis was performed using JMP (version 5.0.1a, SAS Institute, Cary, NC) and
MedCalc (version 9.2.1.0, MedCalc, Mariakerke, Belgium) software. Variables were
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compared using the Student’s t-test. The Tukey-Kramer test was used to adjust for multiple
comparisons. Correlation analysis between VAT, abdominal SAT and TAT determined by
DXA and CT was performed in obese, normal weight, and AN subjects. Correlation analysis
between BMI and abdominal fat compartments was also performed. In order to determine
agreement between the two methods, VAT, abdominal SAT and TAT areas from CT and
DXA were compared using Bland Altman analysis (23).

Clinical characteristics and body composition of study subjects

Subject characteristics and body composition by CT and DXA of the three groups are shown
in Table 1. Study participants ranged from 19 to 45 years, mean age: 32.4+7.7 years and in
BMI from 15.6 to 47.5 kg/m?2, mean BMI 29.4+7.9 kg/m2. AN subjects were younger and
obese subjects were older compared to normal weight subjects. As expected, there was a
significant difference in weight, BMI, and abdominal fat depots between the groups, with
BMI, weight, and abdominal fat being the lowest in AN and the highest in the obese group.

Correlation between DXA and CT body composition parameters

There were strong correlations between DXA and CT measurements of abdominal fat
compartments in the group as a whole and in all three groups separately (Table 2). When
evaluating AN, normal weight, and obese groups, the strongest correlation coefficients were
found in the normal weight and obese groups (Figure 1). Correlations of DXA and CT VAT
measurements were strongest in the obese group (Figure 1).

There were strong correlations between BMI and DXA and CT measurements of abdominal
fat depots in all subjects combined and the overweight/ obese group, whereas there were no
associations between BMI and abdominal fat compartments in the AN group (Table 3).

Agreement between DXA and CT body composition parameters

Agreement between DXA and CT measurements of abdominal fat depots are shown in
Table 4 and Figure 2. DXA abdominal fat depots were higher in all three groups. The %
mean difference between CT and DXA measurements of abdominal fat depots was largest in
the AN group and smallest in the obese group. However, the mean difference in cm? was
largest in the obese group and smallest in the AN group due to larger fat areas in the obese
group. Within the AN group, DXA overestimated VAT compared with CT by 46.8%, SAT
by 60.9%, and TAT by 58.2%, while in the overweight/obese group DXA overestimated
VAT by 23.5%, abdominal SAT by 17.4% and abdominal TAT by 17.7%. However, the
mean difference in cm? between DXA and CT was smallest in the AN group and became
larger with increasing weight (Table 4). In the group as a whole, the %difference between
CT and DXA measurements became smaller with increasing weight. This was also seen
within groups, where there was decreased bias with increasing weight (Figure 2).
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Discussion

Our study showed that a new DXA technique based on changes in gray scale values and
special modeling techniques is able to assess abdominal fat compartments including VAT in
premenopausal women across a weight spectrum ranging from obese to AN, using CT as the
gold standard. We found strong correlations between abdominal fat depots measured by CT
and DXA. Our Bland-Altman agreement analyses showed that DXA abdominal fat depots
were higher in all three groups compared with CT, and this bias was most pronounced in the
AN subjects and decreased with increasing weight. Therefore, this technique may be a
useful research or clinical technique, particularly for overweight and obese individuals, in
whom body composition research is particularly important.

With the increased incidence of obesity and the increased awareness of eating disorders,
simple and reliable methods for assessing body composition are needed. This is particularly
true for overweight and obese populations. Visceral adiposity is a strong risk factor for
cardiovascular disease, insulin resistance, and type 2 diabetes (3, 24). Visceral fat is
morphologically and functionally distinct from subcutaneous fat in that cellularity and FFA
turnover are higher per unit adipose tissue (25, 26). Also, venous output of visceral fat
drains directly into the portal system of the liver, while FFA from subcutaneous fat enter the
systemic circulation (6). In visceral obesity the delivery of FFA to the liver is increased
contributing to hepatic fat accumulation (27), which is strongly associated with insulin
resistance, type 2 diabetes, and hypertriglyceridemia (28). Therefore, simple, non-invasive
methods to accurately determine VAT are important for detection of individuals at risk for
cardiometabolic disease. CT and MRI are considered the gold standard to assess VAT and
have been validated against cadavers (8, 9); however, these techniques are expensive, often
not readily available, and CT involves radiation exposure. DXA is a technique that is widely
available, requires only a minimal radiation dose, and is relatively inexpensive. In a prior
study, we have shown strong correlations between VAT determined by CT and trunk fat
determined by DXA, as a surrogate for VAT. However, in that study, DXA underestimated
trunk fat — a bias that increased with increasing weight (14), suggesting that DXA trunk fat
may not be used as a surrogate for VAT in subjects with obesity. A recent study has
described a fully automated DXA method for quantification of VAT (29). In that study of
men and women over a large age and BMI range, there were strong correlations between
DXA and CT VAT, similar to our study. DXA overestimated VAT by an average of 56 cm?.
In our study, the average difference between DXA and CT VAT in the entire cohort was
much less, at 16.7 cm?.

Several studies have used manually defined subregions on whole body DXA images to
estimate VAT (30-32). In these studies DXA did not perform better than waist
circumference in estimating VAT. As DXA is a two-dimensional technique, defining
subregions on DXA images integrates both VAT and SAT. Therefore, a more sophisticated
technique was developed that uses changes in grey scale levels and specific modeling
techniques to estimate abdominal SAT which can then be subtracted from abdominal TAT
measured directly by DXA to yield VAT. This technique has been shown to perform as well
as a clinical CT for VAT measurement in a large cohort of premenopausal women (13).
However, this technigue has not been tested in cohorts of women with AN and obesity, at
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the extremes of the weight and fat mass spectrum. Therefore, we studied a cohort of
premenopausal women with AN, obesity and normal weight to test this new technique in
these populations. Although there were strong correlations between CT and DXA
measurements of all abdominal fat compartment in all groups, DXA abdominal fat depots
were higher in all three groups compared to CT and this bias increased with decreasing
weight by as much as 60.9% for SAT in the AN group. However, when measuring the mean
difference in cm?, there was an increase in mean difference between the DXA and CT
measurements with increasing weight. The smallest mean difference was found in the AN
group, where the mean difference of VAT between CT and DXA was only —6.9cm2. This
represented a -46.8% difference, as the mean VAT area in the AN group was 14.0+8.7cm2.
Therefore, although the mean difference in absolute numbers was smallest in the AN group,
caution should be used when interpreting these data as AN subjects have a paucity of
abdominal fat and these small numbers represented a relatively large % mean difference. In
addition, the RSME for VAT was largest in the AN group, especially below 40 cm?2, which
may limit the ability of DXA to monitor changes in VAT in this population. Although the
mean difference in cm? was larger in the obese group, the % mean difference decreased with
increasing weight, which makes this technique more useful in the clinical or research setting,
for estimation of cardiometabolic complications from VAT.

A potential reason for the discrepancy between DXA and CT measurements include partial
volume errors on the CT, especially in the AN population with a paucity of visceral fat. In
addition, although the region of interest on the DXA was chosen to correspond closely to the
single slice CT, the DXA region of interest might have included a slightly different area than
the single slice CT.

We found that DXA correlated strong with CT abdominal fat compartments and BMI in the
group as a whole and the overweight/obese group. However, there were no associations
between BMI and abdominal fat in the AN group and only moderately strong correlations in
the normal-weight group. This confirms the inability of BMI to discriminate between
different fat compartments.

Our study had several limitations. First, we only studied premenopausal women. There are
sex and age related differences in DXA measurements, and studies in men, children or the
elderly might yield different results. Second, we studied a smaller number of AN and normal
weight women than obese women. Third, we used single slice CT for evaluating abdominal
fat compartment, which may not correspond to the exact region used by the DXA technique.
However, DXA analysis was performed in a region coinciding with abdominal CT. Fourth,
CT might be an imperfect standard of reference and the accuracy of fat quantification has
not been studied in AN and severely obese subjects. Fifth, we only used single-slice CT of
the abdomen for estimation of abdominal fat compartments, not total abdominal fat.
However, several studies have shown strong correlations between single-slice and whole
body abdominal fat compartments (33, 34).

In conclusion, a new DXA technique is able to determine abdominal fat depots including
VAT in premenopausal women with obesity and AN. It should be noted that the percent
mean difference between CT and DXA decreased with increasing weight, which is
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important as obese women are at highest risk for cardiometabolic complications associated

wi

th VAT. Our data suggest that DXA can be used to assess body composition in

individuals of different weights but may be less accurate when used in extremely low-weight
premenopausal women -- and more accurate in overweight and obese women, in whom
body composition assessment and research are important, given the established link between
visceral adiposity and cardiovascular risk.
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What is already known about this subject?

» Dual energy X-ray absorptiometry (DXA) is a widely available and relatively
inexpensive technique that can determine whole body and regional distribution
of fat and lean mass using only a minimal radiation dose.

»  Visceral adipose tissue (VAT) is a major risk factor for the development of the
metabolic syndrome and cardiovascular disease.

» A new DXA method for assessment of VAT has recently been reported and was
shown to perform as well as a clinical read of VAT from a CT scan .

What does this study add?

e This study tests the new DXA method for quantification of abdominal fat in
subjects with anorexia nervosa (AN) and obesity.

e The new DXA method can be used to quantify abdominal fat depots in women
ranging from AN to morbidly obese.

e The new DXA method is more useful in quantifying abdominal fat depots in
overweight/obese women than in subjects with AN.
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a) All b) AN

c) Normal-weight d) Overweight/obese
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Figure 1.
Correlation analysis between CT and DXA measures of visceral adipose tissue (VAT),

subcutaneous adipose tissue (SAT), and total adipose tissue (TAT) in all subjects (a),
anorexia nervosa (AN) subjects (b), normal weight subjects (c), and overweight/obese
subjects (d). Correlations were strongest in the normal weight and overweight/obese groups.
Thin dashed lines indicate 95% confidence interval. Thick dashed line indicates line of
identity.
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Figure 2.
Bland Altman analysis of CT and DXA derived visceral adipose tissue (VAT), subcutaneous

adipose tissue (SAT), and total adipose tissue (TAT) in all subjects (a), anorexia nervosa
(AN) subjects (b), normal weight subjects (c), and overweight/obese subjects (d). DXA
overestimates VAT in all three groups compared to CT with the error becoming smaller with
increasing weight. This trend is also visible within the groups.
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Clinical characteristics and abdominal fat body composition of study subjects (values are means + SD and

Table 1
range)
AN (n=19) Normal weight ~ Overweight/obese
(n=27) (n=89)
Age (years) 24836 30169 34.8+7.4"
(19.0t033.0)  (190t0450)  (19.0t045.0)
Weight (kg) 49.7¢51 " BL477 90.7+14.8"
(403t060.2)  (4581076.8)  (52.710128.8)
BMI (kg/m?) 17.9+1.4"** 22.0+2.0 34.045.2"
(156t0203)  (18110248)  (25110475)
CTVAT (cm?) 140487 31.8+17.3 107.8+53.7
(2.7 10 36.3) (12310793) (16910 247.6)
DXA VAT (cm?)  20.9+11.2"* 43.4+19.0 128.2+47.4"
(9.8 10 58.5) (18610 88.6) (39,810 250.5)
CTSAT (cm?)  7p.9+37.6" "  189.74865 447.3+1356"
(44.210193.8) (725t0474.6) (199410 790.3)
DXASAT (cm?)  13,3+32.5°  265.7+83.4 523.4+126.0"
(102.3t0231.3) (149210519.0) (2762 t0 828.6)
CTTAT (cm?)  90.9+43.7""*  221.5294.3 555.1+169.4"
(47.1t0230.1) (97.310507.0) (2405 t0 980.0)
DXATAT (cm?)  1572+418"**  309.1+9.2 651.6+157.4
(113.0t0289.8) (176:310585.2) (321 6 t0 980.9)

*
p<0.05, compared to normal weight group (BMI = 19 and < 25 kg/mz)

*%

p<0.05, compared to obese group (BMI = 25 kg/mz)

p-values are adjusted for multiple comparisons using the Tukey-Kramer test

AN: anorexia nervosa
VAT: visceral adipose tissue
SAT: subcutaneous adipose tissue

TAT: total adipose tissue
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Table 2

Regression analysis of abdominal fat compartments derived from CT and DXA

All (n=135)

AN (n=19)

Normal weight
(n=27)

Overweight/obese
(n=89)

VAT

r=0.93 (p<0.0001)
RMSE: 22.2 cm?
95% CI: 0.90 to 0.95

r=0.64 (p=0.0035)
RMSE: 6.9 cm?
95% CI: 0.25 t0 0.85

r=0.73 (p<0.0001)
RMSE: 12.0 cm?
95% CI: 0.49t0 0.87

r=0.88 (p<0.0001)
RMSE: 26.0 cm?
95% CI: 0.82 t0 0.92

SAT

r=0.98 (p<0.0001)
RMSE: 37.9 cm?
95% CI: 0.97 to 0.99

r=0.95 (p<0.0001)
RMSE: 11.6 cm?
95% CI: 0.88 t0 0.98

r=0.97 (p<0.0001)
RMSE: 21.4 cm?
95% CI: 0.93 t0 0.99

r=0.95 (p<0.0001)
RMSE: 44.6 cm?
95% CI1:0.92 to 0.96

TAT

r=0.99 (p<0.0001)
RMSE: 39.6 cm?
95% CI: 0.98 to 0.99

r=0.95 (p<0.0001)
RMSE: 14.7 cm?
95% ClI: 0.86 to 0.98

r=0.98 (p<0.0001)
RMSE: 17.4 cm?
95% CI: 0.96 to 0.99

r=0.96 (p<0.0001)
RMSE: 46.0 cm?
95% Cl1:0.94 to 0.98

AN: anorexia nervosa

VAT: visceral adipose tissue

SAT: subcutaneous adipose tissue

TAT: total adipose tissue

RMSE: root mean square error

Cl: confidence interval
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Regression analysis of BMI and abdominal fat compartments derived from CT and DXA

Table 3

All (n=135)

AN (n=19)

Normal weight
(n=27)

Overweight/obese
(n=89)

CT-VAT

r=0.80 (p<0.0001)

r=—0.04 (p=0.88)

r=0.27 (p=0.18)

r=0.60 (p<0.0001)

DXA-VAT

r=0.86 (p<0.0001)

r=0.04 (p=0.86)

r=0.48 (p=0.01)

r=0.64 (p<0.0001)

CT-SAT

r=0.94 (p<0.0001)

r=0.27 (p=0.26)

r=0.65 (p=0.0002)

r=0.86 (p<0.0001)

DXA-SAT

r=0.94 (P<0.0001)

r=0.12 (p=0.60)

r=0.68 (p<0.0001)

r=0.85 (p<0.0001)

CT-TAT

r=0.99 (p<0.0001)

r=0.23 (p=0.35)

r=0.65 (p=0.0003)

r=0.88 (p<0.0001)

DXA-TAT

r=0.95 (p<0.0001)

r=0.10 (p=0.67)

r=0.69 (p<0.0001)

r=0.87 (p<0.0001)

AN: anorexia nervosa

VAT: visceral adipose tissue

SAT: subcutaneous adipose tissue

TAT: total adipose tissue
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Table 4

Agreement between abdominal fat compartments determined by DXA and CT using Bland Altman analysis.
Values are expressed in % mean difference (95% confidence interval) and in absolute values (cm?) mean

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny
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difference (95% confidence interval).

All (n=135)

AN (n=19)

Normal weight

Overweight/obese

-90.4 (-168.5 to —12.4) cm?

-66.3 (—94.4 to —38.3) cm?

-87.7 (-121.7 to -53.7) cm?

(n=27) (n=89)
VAT | -28.7 (-98.2t0 40.7) % -46.8 (-153.61060.1) % | -33.5 (-108.9 to 42.0) % -23.5 (-77.5 0 30.6) %
-16.7 (-61.1 to 27.6) cm? -6.9 (—24.1t0 10.2) cm? -11.7 (-37.9 to 14.6) cm? -20.4 (~71.1 to 30.3) cm?
SAT | -27.7 (-68.310 13.0) % -60.9 (-98.810-23.1) % | -37.9 (-69.4 t0 -6.3) % -17.4 (-39.4 0 4.5) %
~73.7 (-147.8 t0 0.4) cm? -59.4 (-82.4 to —36.4) cm? | -76.0 (-117.2 to -34.8) cm? | -76.1 (-163.0 to 10.9) cm?
TAT | -27.2(-64.2109.8) % -58.2 (-95.4t0 —20.9) % | -36.7 (-62.1to -11.3) % -17.7 (-36.8t0 1.3) %

-96.4 (~186.7 to —6.2) cm?

AN: anorexia nervosa

VAT: visceral adipose tissue

SAT: subcutaneous adipose tissue

TAT: total adipose tissue
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