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Abstract

There are several techniques used to measure body composition in experimental models including
dual energy x-ray absorptiometry (DEXA) and quantitative magnetic resonance (QMR). DEXA/
QMR data have been compared in mice, but have not been compared previously in rats. The goal
of this study was to compare DEXA and QMR data in rats. We used rats that varied by sex, diet,
and age, in addition we compared dissected samples containing subcutaneous (pelt) or visceral fat
(carcass). The data means were compared by focusing on the differences between DEXA/QMR
data using a series of scatter plots without assuming that either method is more accurate as
suggested by Bland and Altman. DEXA/QMR data did not agree sufficiently in carcass or pelt FM
or in pelt LBM. The variation observed within these groups suggests that DEXA and QMR
measurements are not comparable. Carcass LBM in young rats did yield comparable data once the
data for middle-aged rats was removed. The variation in our data may be a result of different direct
and indirect measures that DEXA and QMR technologies use to quantify FM and LBM. DEXA
measures FM and estimates fat-free mass. In contrast, QMR uses separate equations of magnetic
resonance to measure FM, LBM, total body water and free water. We found that QMR
overestimated body mass in our middle-aged rats, and this increased the variation between
methods. Our goal was to evaluate the precision of DEXA/QMR data in rats to determine if they
agree sufficiently to allow direct comparison of data between methods. However DEXA and QMR
did not yield the same estimates of FM or LBM for the majority of our samples.
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1. Introduction

Obesity is a rising concern, affecting approximately 30% of United States adults [1,2]. By
some estimates, rates of overweight and obesity are expected to reach 86% by 2030 [3].
Body mass index (BMI) [4] and waist-to-hip ratio are two common ways to assess obesity
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[5]. Waist-to-hip ratio is based on the relative distribution of fat, categorizing body shape as
gynoid or android. When fat is centralized in the abdominal region, risks for chronic
diseases increase [6,7], including the risks for heart disease, stroke, type-2 diabetes, elevated
blood pressure and plasma cholesterol, angina and respiratory problems [8].

While BMI and waist-to-hip ratio are useful for clinical assessment of obesity, more precise
assessments of body composition, especially measures of lean body mass (LBM) and fat
mass (FM), are important in clinical and research settings. There are several technologies
used to measure body composition such as dual energy x-ray absorptiometry (DEXA) and
magnetic resonance imaging (MRI), also called quantitative magnetic resonance (QMR).
Body composition scanning using DEXA directly measures fat-free mass (FFM), but FM
data is derived or indirectly measured. QMR uses differences in the nuclear magnetic
resonance of hydrogen atoms and hydrogen density to directly measure FM, LBM, total
body water and free water (fluids outside of tissue, e.g. urine and blood) [9]. In addition,
LBM and FM are used to calculate other metabolic measures like energy expenditure,
increasing the importance of accuracy and precision in body composition data [10].

Proximate analysis or carcass composition analysis (CCA) was used before DEXA and
QMR became available. Studies comparing CCA to DEXA and QMR verified the newer
methods in mice and rats (Table 1). However, DEXA/QMR has only been compared in
mice, but the two scanning methods have not been compared in rats. Without a direct
comparison of DEXA/QMR in rats it is not possible to know whether the methods give
similar results, or if DEXA/QMR data sufficiently agree to allow comparisons between
studies using DEXA or QMR. Because the methods have different strengths and the body
mass of the animals affects the accuracy of the results [9], one purpose of the current study
was to compare DEXA/QMR data in rats. While there are a few studies that report DEXA/
QMR in rats, these studies did not compare the methods, the authors used these methods to
measure FM and distribution [11] or bone density [12-14].

QMR is affected by tissue hydration and animal size [9], so we included a heterogeneous
group of rats to test some of the limits of DEXA/QMR comparisons for FM and LBM. The
rats in this study were male and female Long-Evans rats that were young or middle-aged
(retired breeders) and were fed a low-fat (LF) or high-fat (HF) diet. Our goals were to 1)
evaluate the precision of DEXA/QMR data, 2) determine if DEXA/QMR data agree
sufficiently to allow direct comparisons of data using either method. We hypothesized that
data obtained from DEXA or QMR would measure LBM and FM precisely such that studies
using them would reliably report body composition. We were less sure that the data would
be in agreement given the differences in DEXA/QMR technologies.

2. Materials and Methods

2.1 Animal care

Rats from three ongoing experiments in the lab were used for this project. We used age-
matched male and female (3 month old) and retired breeder (~1 year old at the time of
sacrifice) Long-Evans rats obtained from Harlan Labs (Indianapolis, IN). Upon arrival they
were given 1 week to acclimate to the facility before entering sex-specific colony rooms
where they were singly housed in plastic tub cages with wood shaving cage fill. Rooms were
temperature (22 £ 2 °C) and humidity controlled and kept on a 12:12 light/dark cycle (lights
on at 0400 h). Rats had free access to food and water and were fed a LF diet (17% fat and
3.1 kcal/g, Harlan Teklad #7012; Indianapolis, IN), a phytoestrogen-free LF diet (11% fat
and 3.1 kcal/g, Harlan Teklad #7014; Indianapolis, IN) or a HF diet (40% fat and 4.54 kcal/
g, Research Diets #D03082706; New Brunswick, NJ) depending on the experimental design.
The HF diet contains butter as the fat source and was selected to match the high intake of
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animal-derived fat in the US diet. Rats fed the HF diet were in experiments that lasted 24 h,
72 h, or 30 d. We used a total of 132 rats, including 58 intact females, 43 males, and 31
ovariectomized (OVX) rats (14 OVX + estradiol (E2) and 17 OV X + vehicle (V)). Diet
comparisons included 72 rats fed the HF diet further divided by length of time 24 h (n=13),
72 h (n =19), or 30 d (n=40). The remaining 60 rats were fed one of the LF diets. Age-
matched males and females were middle-aged (retired breeders, n=40) or young (3 months
old, n=92). Following euthanasia the rats were exsanguinated and dissected. Rats were
dissected so that the skin and subcutaneous fat (pelt) are removed using the muscles of the
trunk and appendages as a boundary for the remaining carcass as previously described [15].
The pelt contains the subcutaneous fat and the carcass contains the visceral fat. The pelt and
carcass for each rat were stored in separate Ziploc bags and stored at -80 °C until the
experiments were completed. The University of North Carolina at Greensboro Institutional
Animal Care and Use Committee approved all protocols for these experiments.

2.2 DEXA calibration and measurement

DEXA measurement was performed at the University of North Carolina Greensboro using a
GE Lunar Prodigy Advanced System (GE Healthcare; Milwaukee, WI) and the data were
analyzed by Encore 2007 Small Animal software (version 11.20.068). The system was
calibrated according to manufacturer's instructions prior to the start of the experiment.
Additionally, daily calibration was made and included a scan of pure coconut oil in a Ziploc
bag that was 100% fat and an empty Ziploc bag as a negative control. This was an important
test since al the samples were stored in Ziploc bags. Lastly, a previously measured carcass
was scanned during calibration to determine if there was measurement variance on different
days. The carcass scanned at the beginning of each day gave the same results indicating that
the day of measurement did not affect the data.

All samples were stored at -80 °C until the experiment was completed. Frozen samples were
transferred in small batches to a lab refrigerator (4 °C) for a week and then allowed to come
to room temperature on the day scheduled for DEXA measurement. The batches were
determined by the amount of time reserved for DEXA analysis each week and all samples
were run by Paula Cooney who is a trained DEXA technician. Each sample was laid flat on
the surface of the DEXA table. The carcass was positioned so that the appendages were
pointed in four corners and the tail laid in a u-shape ending near the right arm. The skull was
placed in its approximate position. The pelt was laid in a single layer with the fur-side facing
the table and the fat layer facing the beam. DEXA measurements were taken in duplicate
and no significant variance between measurements was observed. Upon completion of the
scan, the samples were returned to a -80 °C freezer until all DEXA data were collected.

2.3 QMR calibration and measurement

Arrangements were made with the Woods/Seeley lab to provide the QMR analysis. Frozen
samples were sent to Cincinnati in two shipments; the first contained the middle-aged rats
and the young male and intact female rats, the second shipment contained the young OVX =
E2 rats. Shipment procedures included taking samples from the -80 freezer and placing them
directly into ThermoSafe shipping containers with 2” Styrofoam walls calibrated to hold
temperature for 48 h. The containers were packed with dry ice above and below the samples
and shipped overnight to the University of Cincinnati Obesity Research Center.

QMR measurement was performed using an EMR014 model machine from Echo Medical
Systems (EchoMRI technology; Houston, TX). Samples were analyzed using
EchoMRI2004_1.1 software from the manufacturer. The specialized rat model can measure
rats weighing as much as 1000 g. Prior to each session the QMR was calibrated with
calibration tubes provided by EchoMRI. Upon arrival the samples were brought to room
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temperature and duplicate measures were taken for each sample. The protocol at the Obesity
Research Center involves taking a 3" measure if the first two differ by more than 10%.
None of the samples required a 3'd measure.

2.4 Data analysis

Data analyses were performed using SPSS (version 17.0) and are presented as means with
corresponding SEM so that the data can be compared directly for each methods by
experimental groups. Using analysis to compare two methods [16,17], the difference
between the DEXA-QMR data were plotted against the mean of the two methods (DEXA
+QMR/2) in scatter plots. For the final scatter plot with little variation, standard deviation
for the mean differences was obtained in addition to Pearson correlation coefficient.
Significance was set at p < 0.05.

3. Results

3.1 Comparison of DEXA and QMR in Long-Evans rats

Using analysis to compare two methods [16,17], the difference between the DEXA-QMR
data were plotted against the mean of the two methods (DEXA+QMR/2) in a scatter plot to
determine whether the results center around zero. If the DEXA/QMR data were comparable,
the differences would be small, center around the zero line, and be equally above and below
it (Figure 1). DEXA/QMR data did not agree sufficiently in carcass and pelt FM (Figures
1A and B) or for pelt LBM (Figure 1D). The variation observed within these groups
suggests that DEXA and QMR measurements are not comparable. Within the carcass LBM
(Figure 1C), most points were centered around the zero line, however there was a small
cluster of outliers. Looking at the raw data, the outliers contained all of the middle-aged rats.
Removal of middle-aged rats from the data set reduced the variation seen in the scatter plot
(Figure 2).

3.2 Comparison of carcass LBM in young male and female rats

Once the middle-aged rats were removed from the data set, the low variation between
measurements observed in the carcass LBM suggests that DEXA/QMR data are comparable
in young rats (Figure 2). This is supported further by the mean of the differences (-0.63 £
1.41) and standard deviation of 13.29. Additionally, the Pearson's correlation coefficient of
-0.05 between the pair differences and means was not significant (p = 0.66).

4. Discussion

We report for the first time a comparison of QMR/DEXA methods for body composition in
rats. Our study compared body composition data in subgroups of rats by sex, diet, and age,
in addition to, comparisons for subcutaneous and visceral fat (Table 2). The scanning
techniques were compared by focusing on the differences between DEXA/QMR data using
a series of scatter plots (Figure 1) without assuming that either method is more accurate
[16,17]. DEXA/QMR data did not agree sufficiently in carcass and pelt FM (Figures 1A and
B) or for pelt LBM (Figure 1D). The variation observed within these groups suggests that
DEXA and QMR measurements are not comparable.

Carcass LBM in young rats did yield comparable data once the data for aged rats was
removed. One difference in the middle-aged rats was that the middle-aged males were the
largest rats, with several weighing more than 700 g, and this could be beyond the detection
accuracy for DEXA and/or QMR. Body mass wasn't the only limitation in our comparison,
middle-aged females weighing only 20-30% more than young females, had different values
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for FM and LBM as well. This indicates that studies using aged rats may not be comparable
across methods.

DEXA and QMR quantify different aspects of the body. DEXA measures FM and gives an
estimate that the rest is FFM. However, QMR uses separate equations of magnetic resonance
to measure four entities FM, LBM, total body water and free water. We found that QMR
overestimated body mass in our aged rats, i.e., when FM and LBM weights were added,
total body mass was overestimated by 200 g. This resulted in a large difference between
mean pairs which added to the variation between DEXA/QMR (Table 2, Figure 1). Perhaps
the direct measures of water explain why QMR data is affected by hydration as reported by
Nixon and colleagues [9]. DEXA/QMR calculations were more variable in our middle-aged
rats and it is possible that hydration differs in aged rats; however we did not measure
hydration independently of the QMR data. The effects of age on hydration and how this may
alter QMR data will require further investigation.

It is important to emphasize that DEXA and QMR did not yield the same estimates of FM or
LBM for the majority of our samples (Table 2). Although this may be a result of the
different conceptual estimates in DEXA/QMR, they both measure or estimate FM and FFM
or LBM. What is puzzling is that these estimates should be measures for similar body
depots, yet our data demonstrate clear differences. This differs from what was reported when
DEXA/QMR were compared in mice. Tinsley and Taicher compared DEXA/QMR in mice
and the correlation between the two methods was high, allowing them to conclude that QMR
was a more precise method for mice [18,19].

CCA was the gold standard for measuring body composition in rodent models before the
QMR/DEXA technologies were developed. Thus each was compared initially to CCA to
determine if they would be as accurate in research protocols. Studies that compared either
scan to CCA in mice described over estimation of FM by DEXA [20] or QMR [21] (Table
1). Yet studies in rats comparing DEXA or QMR to CCA reported that QMR is more precise
than CCA [9], and that DEXA is a more precise method than CCA for animals with a body
mass greater than 200 g [22,23]. It is difficult to interpret our data given these findings.

DEXA and QMR were validated in rats as methods that provide precise body composition
data when compared to CCA; however our data comparing DEXA/QMR in rats
demonstrates that these scanning techniques give results that differ. Additionally, DEXA/
QMR comparisons can be made in mice. Our data may represent a limitation in this
comparison and perhaps indicate that comparisons are valid in the body mass range of mice
(25-35 @), but this is lost in higher body mass ranges for rats (250-700 g). This hypothesis
needs to be tested in future experiments.

It is possible that the pelt represents a low limit of detection for DEXA and/or QMR since
this is skin with a layer of fat that is much smaller than the carcass. There should be very
little LBM in the pelt, since all of the body muscles, bone and water would be in the carcass.
As a result the variability in FM and LBM data may be a reflection of lower limits of
detection. This is demonstrated in the variability of the scatter plots for pelt FM and LBM
(Figures 1 B and D), DEXA consistently gave higher FM data and lower LBM than QMR.
Additionally the CV data for pelts represents the data with the highest variability within
methods providing the only percentages over 1.0 or 2.0 (Table 3).

DEXA and QMR data have not been previously compared in rats. This is an important
experimental gap since measurements are affects by animal size. In the present study DEXA
and QMR resulted in different estimates of FM and LBM in rats. FM data varied greatly
between the two methods, while LBM was sufficiently similar to compare in young rats.
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This means that meta-analysis of body composition studies cannot compare data between
methods.

It is possible that future studies will reveal a better way to report data from DEXA and QMR
that provides data that more accurately represent FM and LBM. It is possible that future
studies will reveal a better way to report data from DEXA and QMR that provides data that
more accurately represent FM and LBM. Previous studies have concluded that there are
optimal body mass ranges for DEXA and QMR, thus it is possible that our data provide
clues to upper and lower limits for these optimal ranges. If the optimal range is identified for
DEXA and QMR, this would provide researchers with a tool to select the best method for
their experimental models.
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Figure 1. Variation of DEXA and QMR Data

Using analysis to compare two methods (Bland and Altman, 1986; Dallal, 2000), the
difference between the DEXA-QMR data were plotted against the mean of the two methods
(DEXA+QMR/2) to determine whether the results center around zero. If the DEXA/QMR
data were comparable, the differences would be small, center around the zero line, and be
equally above and below it. The results in figures 1 A, B, and D are not centered at zero,
indicating a large variation between DEXA/QMR data. Additionally, figures A and B only
have points above the zero line indicating that the y-axis, DEXA- QMR is always positive.
Therefore our DEXA data were consistently higher for carcass and pelt FM than the QMR
data. Conversely, figure 1D only has negative values indicating that our QMR data were
consistently higher for pelt LBM than the DEXA data. Most of the data in figure C, carcass
LBM, centered near the zero line, but there were outliers with large variation. We examined
our data set and discovered that the outliers were middle-aged rats. To check whether the
data for young rats agreed sufficiently between the two methods, the data for the middle-
aged rats was removed and a new graph for carcass LBM in young rats was done (see Figure
2).

Rats were dissected so that the skin and subcutaneous fat (pelt) are removed using the
muscles of the trunk and appendages as a boundary for the remaining carcass. This allows
visceral and subcutaneous fat to be measured separately. The pelt contains the subcutaneous
fat and the carcass contains the visceral fat.

Abbreviations: dual x-ray absorptiometry (DEXA); quantitative magnetic resonance (QMR);
fat mass (FM); lean body mass (LBM).
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Figure 2. Variation of DEXA and QMR Data: Carcass LBM

Analysis to compare DEXA/QMR data in the carcass LBM of young rats was done after
figure 1C revealed large variations in the data for middle-aged rats. This reduced the amount
of variation observed and suggests that DEXA and QMR are comparable methods to
measure carcass LBM in young rats. The carcass contains the body muscles, organs, bones
and visceral fat without the skin and subcutaneous fat.

Rats were dissected so that the skin and subcutaneous fat (pelt) are removed using the
muscles of the trunk and appendages as boundaries for the remaining carcass. This allows
visceral and subcutaneous fat to be measured separately. The pelt contains the subcutaneous
fat and the carcass contains the visceral fat.

Abbreviations: dual x-ray absorptiometry (DEXA); quantitative magnetic resonance (QMR).
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