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Abstract

Purpose—Major alterations in body composition, such as with obesity and weight loss, have
complex effects on the measurement of bone mineral density (BMD) by dual-energy x-ray
absorptiometry (DXA). The effects of altered body fat on quantitative computed tomography
(QCT) measurements are unknown.

Methods—We scanned a spine phantom by DXA and QCT before and after surrounding with
sequential fat layers (up to 12 kg). In addition, we measured lumbar spine and proximal femur
BMD by DXA and trabecular spine BMD by QCT in 13 adult volunteers before and after a
simulated 7.5 kg increase in body fat.

Results—With the spine phantom, DXA BMD increased linearly with sequential fat layering at
the normal (p<0.01) and osteopenic (p<0.01) levels, but QCT BMD did not change significantly.
In humans, fat layering significantly reduced DXA spine BMD values (mean + SD: —2.2 + 3.7%,
p=0.05) and increased the variability of measurements. In contrast, fat layering increased QCT
spine BMD in humans (mean + SD: 1.5 + 2.5%, p=0.05). Fat layering did not change mean DXA
BMD of the femoral neck or total hip in humans significantly, but measurements became less
precise. Associations between baseline and fat-simulation scans were stronger for QCT of the
spine (r2 = 0.97) than for DXA of the spine (r2 = 0.87), total hip (r2 = 0.80), or femoral neck (r2 =
0.75). Bland-Altman plots revealed that fat-associated errors were greater for DXA spine and hip
BMD than for QCT trabecular spine BMD.

Conclusions—Fat layering introduces error and decreases the reproducibility of DXA BMD
spine and hip measurements in human volunteers. Although overlying fat also affects QCT BMD
measurements, the error is smaller and more uniform than with DXA BMD. Caution must be used
when interpreting BMD changes in humans whose body composition is changing.
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Introduction

The number of women over 60 years old who are overweight or obese is approaching 70%
(1). As obesity becomes increasingly prevalent, it becomes important to obtain accurate
bone mineral density (BMD) measurements in people at all weights and body mass indices
(BMI). Some models of dual-energy x-ray absorptiometry (DXA) scanners can now
accommodate patients up to 450 pounds (Hologic Inc., Waltham, MA). DXA, however, is
subject to various types of scanning artifacts that may adversely affect the measurement of
BMD in the setting of obesity and/or weight change. Although it is known that DXA
precision declines with increasing BMI (2), the impact of weight on the accuracy of BMD
measurements is still unclear.

The effects of body composition on the precision and accuracy of DXA measurements may
cause difficulty in interpreting studies in which subjects experience large changes in weight,
such as after bariatric surgery or in patients with eating disorders. Decreases of 10% in DXA
BMD have been reported in patients undergoing bariatric surgery (3-5). Even moderate
weight loss through dieting can lead to significant changes in BMD (6-9). There may be
physiologic reasons for true bone loss to accompany weight loss, including decreased
mechanical loading of the skeleton and a changing hormonal milieu. Because alterations in
body composition appear to have complex effects on densitometry readings, however, it is
also possible that artifacts of DXA may distort the observed changes in BMD. Studies using
phantom-array simulations of bone density and varying tissue thickness, have predicted that
alterations in body compaosition could lead to errors in BMD measurements as large as 20%
(10).

Quantitative computed tomography (QCT) is another method of measuring bone mineral
density. QCT measures true volumetric bone density, irrespective of bone size. In contrast,
DXA makes measurements in 2 dimensions (“areal” bone density) and requires that
assumptions be made about bone size and soft tissue composition around the bone.
Moreover, with multi-slice helical acquisition, a newer CT technique for measuring BMD,
the precision of QCT measurements is similar to that of DXA (11,12). Importantly, QCT can
accurately distinguish soft tissue compartments while calculating bone density, and software
corrections for beam-hardening theoretically minimize the impact of changes in body
composition outside of the bone.

We sought to determine the effect of fat layering on BMD measurements by DXA in spine
phantoms and in healthy volunteers and to explore whether similar changes occur when
BMD is measured using quantitative computed tomography (QCT).

Materials and Methods

Anthropomorphic phantom

The European Spine (ES) Phantom (QRM, Mohrendorf, Germany) is an anthropomorphic
phantom with three calcium hydroxyapatite vertebral inserts corresponding to densities of 50
mg/cm3 (osteoporotic), 100 mg/cm?3 (osteopenic), and 200 mg/cm?3 (normal) embedded into
tissue-equivalent plastic. Fat layering was performed by filling rectangular plastic bags with
semisolid hydrogenated vegetable oil until the mean thickness was approximately 1”, and
then placing bags circumferentially around the ES phantom (Figure 1a). Each fat layering
level contained 3 kg of homogenous fat material. We scanned the ES phantom by DXA and
QCT at baseline and after surrounding with successive layers of these fat bags (up to 4
layers or 12 kg of the fat material). All scans with the phantom were repeated 3 times at each
fat layering level.
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Adult volunteers

DXA

QCT

Thirteen healthy adult subjects were recruited for this study. All subjects were free from
known metabolic or bone disease, and had BMIs <30 kg/m2. All subjects underwent DXA
and QCT scans of the lumbar spine and proximal femur before and after 7.5 kg of fat bags
were placed circumferentially around the site of interest (Figure 1b, c). For lumbar spine
scans, the inferior margin of the fat layering bags was positioned 1 inch above the iliac crest.
For femoral scans, the superior margin of the fat layering bags was positioned 1 inch below
the iliac crest. The study was approved by the Institutional Review Board of Massachusetts
General Hospital and all subjects provided written informed consent.

DXA scans were performed on a Hologic Discovery A densitometer (Hologic Inc.,
Waltham, MA). Enhanced mode was used during scan acquisition, which involves slower
acquisition of images to improve image quality. Least significant change (LSC) was
calculated as follows: LSC = 1.96 V2 CV, where CV represents the coefficient of variation.
Based on prior measurements, our short-term precision CV for in vivo measurements is
1.6% for the posterior-anterior lumbar spine, 2.4% for the femoral neck, and 1.1% for the
total hip (13), corresponding to an LSC of 4.4%, 6.7%, and 3.0% respectively. Coverage of
the area of interest by fat bags was confirmed during post-processing analysis. Analysis of
lumbar spine scans in human subjects was restricted to L2-L4 due to inconsistent coverage
of L1 by the fat bags.

Trabecular BMD of the lumbar spine was measured by QCT (General Electric LightSpeed
Pro scanner, General Electric Healthcare, Waukesha, WI). Scans were performed with
helical acquisition at settings of 120 kV and 100 mA, with 2.5 mm slice thickness through
L1 and L2 vertebrae. 3D reconstructive analysis was performed using QCT PRO software
version 4.2 (Mindways Software, Inc., Austin, TX). Coverage of the area of interest by fat
bags was confirmed by anterior-posterior and lateral scout scans. The density of trabecular
bone was determined by means of comparison with an internal aqueous KoHPO,4 standard,
and the values obtained for the vertebrae were then averaged. The precision for this
technique is 1.5% (11,12,14), corresponding to an LSC of 4.2%.

Statistical analysis

Results

For analyses involving the anthropomorphic phantom, linear regression was used to
compare change in BMD after sequential fat layering at each of the three vertebral density
levels. For the human studies, pair-wise t-tests were used to evaluate differences in BMD
before and after fat layering. Correlation coefficients were calculated for BMD, and Bland-
Altman plots were used to compare measurement errors before and after fat layering. The
effect of fat layering on the precision of DXA and QCT was determined by calculating the
root mean square coefficient of variation (RMS CV%) of the change in BMD between the
baseline and simulated fat scans (15). All statistical analyses were performed using SAS 9.2
(SAS software Inc., Cary, NC). Data are reported as mean + standard deviation (SD).

Phantom studies

DXA BMD increased linearly with successive fat layers for phantom vertebral densities in
the normal (r2 0.64, p<0.01) and osteopenic range (r2 0.55, p<0.01), but at the osteoporotic
level there were erratic and bidirectional changes in BMD that did not fit a linear trend. Fat
layering also increased the variability of BMD values obtained by QCT but the changes
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were smaller than with phantom measurements by DXA before and after fat layering. No
linear trend was observed at any of the phantom vertebral densities with QCT. Figure 2
shows BMD after fat layering for both DXA and QCT at the normal bone density level,
which most closely approximates the BMD range of the volunteers in our human study. Fat
layering increased DXA BMD values of the spine phantom at levels of 6 kg and above, and
the changes exceeded the estimated LSC for DXA. Fat layering exerted smaller effects on
QCT measurements with no consistent trends, and mean differences were less than the
estimated LSC.

Human studies

The clinical characteristics of the adult volunteers are shown in Table 1. The mean = SD
BMI was 23 + 2 kg/m? and all subjects had bone densities in the normal range. Results for
DXA and QCT BMD measurements after fat layering are shown in Figure 3. Mean lumbar
spine DXA BMD declined by -2.2 + 3.7% (p=0.05, paired t-test) after fat layering. The
correlation (r2) between DXA spine measurements made with and without fat layering was
0.87. Bland-Altman plots revealed a 95% CI of error after fat layering to be —9.8 to +5.3%
(Figure 4). There were no statistically significant differences between mean DXA total hip
and femoral neck measurements with and without fat layering. However, the correlation
between hip measurements made with and without fat layering was somewhat weaker than
for the lumbar spine (r2 = 0.75 for femoral neck DXA; r? = 0.80 for total hip DXA) and the
range of error was greater (95% CI of error: =10.9 to +13.3% for DXA femoral neck; —6.9
to +11.8% for DXA total hip). The precision error (RMS CV%) of the change in DXA BMD
between baseline and simulated fat scans was 3.1% for the posterior-anterior spine, 4.3% for
the femoral neck, and 3.7% for the total hip. There were no consistent effects of fat layering
on DXA-measured bone area or bone mineral content (data not shown).

Fat layering increased QCT measurements of trabecular BMD of the lumbar spine by 1.5 +
2.5% (p = 0.05). The correlation between QCT measurements of spine BMD before and
after fat layering was strong (r2 = 0.97) and the range of error (95% CI 3.4 to +6.4%) was
smaller than for DXA spine. The precision error (RMS CV%) of the change in QCT BMD
between baseline and simulated fat scans was 2.0% at the trabecular spine.

Discussion

In this study, we simulated the effects of increasing body fat on DXA and QCT
measurements by scanning a spine phantom model and normal-weight adult volunteers with
and without layers of fat. Adding fat layers around a spine phantom linearly increased the
measured values for DXA spine BMD, but only minimally altered the measured values for
trabecular spine QCT BMD. In human volunteers, the addition of fat layers reduced mean
DXA spine BMD, did not alter mean DXA hip BMD, and increased mean QCT spine BMD.
Fat layering also caused a wide range of error for both DXA and QCT measurements, but
that effect was greater for DXA measurements. While the addition of fat layering caused
minor deterioration of QCT precision as compared to previous reports (11,12,14), DXA
precision worsened by 1-2 fold as compared to historical controls (13).

The tendency for DXA to be prone to an obesity artifact is likely related to assumptions that
are made regarding fat distribution in overlying soft tissue. DXA is subject to the “two-
component” limitation (10). The three components of bone mineral, fat, and lean soft tissue
have different attenuation coefficients but DXA employs two photon energies and can only
resolve two components at a time. Therefore, DXA makes assumptions about fat:lean tissue
ratios during the calculation of bone density. Non-uniformities in this ratio can occur at
extremes of weight and alterations in this ratio can occur with weight loss. Our fat
simulations, which mimic such alterations and non-uniformities, demonstrate that DXA
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artifacts can have significant consequences in humans, and are not reliably quantified by
simulations in phantoms.

Our data also demonstrate that QCT BMD is less affected than DXA BMD by simulated
increases in body fat. Measurements of BMD using QCT can distinguish compartments of
fat, lean, and bone mass accurately with 3D acquisition and analysis. Furthermore, only the
trabecular component within the central portion of the vertebral bodies is traditionally
analyzed when QCT is used to assess BMD of the lumbar spine, and the edges of this region
are defined by an operator rather than by a computer algorithm. Lastly, QCT scanners make
corrections for beam hardening artifact resulting from surrounding soft tissue, and further
corrections are routinely applied in the analysis stage (Mindways Software, Inc., Austin,
TX). In our studies, these theoretical advantages of QCT bone imaging technique translated
into better reproducibility after fat layering than with DXA measurements.

Although the European Spine phantom is a well-validated tool for quality control and
standardization of spinal bone measurements (16), our fat layering experiments with this
spine phantom did not approximate in vivo results for DXA or QCT spine measurements.
Our healthy volunteers had bone densities in the normal range, and thus are most
comparable to the 200 mg/cc vertebral insert of the spine phantom. Nevertheless, while
DXA BMD after layering was overestimated with the spine phantom, we observed a
systematic underestimation of DXA lumbar spine BMD in our volunteers. Changes in QCT
spine BMD were also somewhat discordant between the phantom and in vivo conditions.
The reasons for this discrepancy are unclear. The phantom is embedded in a homogeneous
material of tissue equivalent plastic, and therefore may not approximate the true complexity
of heterogeneous fat:lean tissue composition that occurs in the human body. It is also
possible that anatomic alterations occur in the positioning of human volunteers after fat
layering (e.g. introducing lumbar lordosis), and that are not present with phantom
simulations. But any alterations would be minor at best and would be unlikely to produce
the large discrepancies that we observed after fat layering. Future studies exploring effects
of fat simulation on DXA measurements should rely on in vivo measurements rather than
phantom measurements.

Our results are similar to previous studies that have investigated the effects of fat simulation
on DXA bone density measurements. Accuracy errors in the range of 5-10% due to fat in
homogeneity have been reported in cadaveric studies using DXA (17-19). Other studies
investigating the effects of fat layering on human volunteers have found changes in BMC
and BMD across all scanner models, types, and years (20-25), but the direction of the
artifact appears to depend on scan manufacturer and model. Similarly, retraction of an
overlying fat panniculus significantly altered femoral BMD measurements in over half of
obese patients (26). To our knowledge, however, this is the first study to compare the effects
of fat layering on measurements of BMD using both DXA and QCT.

These results have important implications for the interpretation of bone density results in
obese patients and in situations where changes in body composition are expected to occur. In
particular, caution must be used when interpreting DXA measurements of BMD in patients
before and after weight loss or weight gain. Reproducibility declined overall, and in some
individuals, BMD changed by more than 10% after fat layering, even when mean errors in
the entire group were either slight or not detected. This finding suggests that, on an
individual basis, it may be difficult to interpret changes in DXA BMD after large changes in
body composition, as the results may be under- or over-estimated. However, analysis of
mean change in DXA BMD may still be reliable at a group level, even though greater
imprecision suggests it will be more difficult to demonstrate that the observed charges are
statistically significant. Future research examining the impact of weight loss might consider
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imaging other skeletal sites that are less affected by weight loss (e.g. peripheral sites) or
utilizing imaging modalities that are less affected by changing body composition, such as
QCT.

There are several important limitations to this study. The number of human volunteers that
we studied was small. It is possible that inclusion of more volunteers would have allowed
detection of significant changes in BMD at the femur, although a rather large number of
subjects would have been needed to be evaluated to overcome the poor reproducibility in
BMD that was induced by fat layering at the femoral sites. To limit radiation exposure in
these healthy volunteers, we did not scan the proximal femur by QCT. Our QCT
measurements at the lumbar spine suggest that lumbar spine QCT is a more stable imaging
modality than DXA during weight change, but we cannot generalize these results to femoral
sites. We studied changes with large amounts of fat material, and therefore our results are
more applicable to populations in which large changes in body composition are expected to
occur. Understanding the effects of large changes in body fat is important, however, given
the high prevalence of obesity (1) and the rapidly increasing number of people who are
undergoing bariatric surgery (27). Of note, other studies have reported similar effects on
DXA with addition of just 1-2 kg of fat (22,25). Additionally, our study only assessed the
impact of adding uniform layers of fat on BMD measurements. Because changes in weight
are accompanied by changes in both fat and lean mass, artifactual alterations in BMD values
could also be related to changes in lean mass. Weight change in humans may also be
accompanied by non-homogenous or non-uniform changes in tissue composition that are not
reflected in this study. Lastly, our study was not designed to assess changes in marrow fat,
which could alter both DXA BMD and QCT BMD in the setting of weight change.
Magnetic resonance imaging (MRI) of the bone marrow could establish whether major
weight change alters fat:cell ratios in bone marrow in future studies.

In summary, our results suggest that increasing the thickness of overlying fat induces
inaccuracies and measurement errors when BMD is assessed using DXA. Although
overlying fat also affects QCT BMD measurements, the error is smaller and more uniform
than with DXA BMD. These findings suggest that caution must be used when interpreting
DXA BMD results of clinical studies in which weight and body composition are changing.
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Figure 1. Fat layering of spine phantom and adult volunteers
(a) Cross-sectional image of European Spine Phantom with 6 kg of fat layering. Posterior-
anterior (b) and cross-sectional (c) images of an adult volunteer with 7.5 kg of fat layering.
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Amount of fat added

Figure 2. Percent Changein Bone Mineral Density of the European Spine Phantom (EUS) by
DXA and QCT After Fat Layering

Fat layering in amounts of 6 kg and above increased the measured DXA BMD values of the
EUS (left panel, grey bars). Fat layering had no significant effect on BMD values of the
EUS measured by QCT (right panel, white bars). Data shown are for the 200 mg/cm?3 insert.
* Indicates that percent change from baseline BMD exceeds LSC.

J Bone Miner Res. Author manuscript; available in PMC 2013 December 16.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Yuetal.

% change in BMD

16

10

Page 11

BMD site

Figure 3. Percent Changein Bone Mineral Density of Human Volunteersby DXA and QCT
After Fat Layering
Fat layering decreased DXA measurements of lumbar spine BMD and increased QCT

measurements of trabecular BMD. Variability of bone density change in both DXA and
QCT measurements was high, but the error was more pronounced for DXA measurements,
especially at the total hip and femoral neck. * Indicates p<0.05 for percent change from
baseline.
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Correlation Graphs
Dotted line represents line of identity

Bland-Altman Plots

Dotted lines represent 95% CI of error
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Figure 4. Correlation Graphs and Bland-Altman Plots After Fat Layeringin Human Volunteers
The correlation after fat layering for DXA measurements of the lumbar spine, femoral neck,
and total hip was weaker than for QCT measurement of the lumbar spine. In addition, the

95% confidence intervals were wider for all DXA measurements than for QCT

measurements.
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Descriptive characteristics of adult volunteers.

Study subjects (N) 13

Men (%) 53.8%
Age (years) 27.6+89
Height (cm) 173.7+8.7
Weight (kg) 71.3+11.0
BMI 234+21
Lumbar spine BMD (g/cm?) 1.115+0.112
Total hip BMD (g/cm?) 1.088 + 0.091
Femoral neck BMD (g/cm?) 0.988 + 0.090
Trabecular spine BMD (mg/cm3) 181+23
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