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Abstract
Accurate and precise techniques that identify the quantity and distribution of adipose tissue in vivo
are critical for investigations of adipose development, obesity, or diabetes. Here, we tested whether
in vivo micro computed tomography (microCT) can be used to provide information on the distribution
of total, subcutaneous and visceral fat volume in the mouse. Ninety C57BL/6J mice (weight range:
15.7 - 46.5 grams) were microCT scanned in vivo at 5 mo of age and subsequently sacrificed. Whole
body fat volume (base of skull to distal tibia) derived from in vivo microCT was significantly
(p<0.001) correlated with the ex vivo tissue weight of discrete perigonadal (R2 = 0.94), and
subcutaneous (R2 = 0.91) fat pads. Restricting the analysis of tissue composition to the abdominal
mid-section between L1 – L5 lumbar vertebrae did not alter the correlations between total adiposity
and explanted fat pad weight. Segmentation allowed for the precise discrimination between visceral
and subcutaneous fat as well as the quantification of adipose tissue within specific anatomical regions.
Both the correlations between visceral fat pad weight and microCT determined visceral fat volume
(R2=0.95, p<0.001) as well as subcutaneous fat pad weight and microCT determined subcutaneous
fat volume (R2=0.91, p<0.001) were excellent. Data from these studies establish in vivo microCT as
a non-invasive, quantitative tool that can provide an in vivo surrogate measure of total, visceral, and
subcutaneous adiposity during longitudinal studies. Compared to current imaging techniques with
similar capabilities, such as microMRI or the combination of DEXA with NMR, it may also be more
cost-effective and offer higher spatial resolutions.
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1. Introduction
The current obesity epidemic has spurred efforts to identify its etiology as well as prophylaxes
and potential treatments for this health crisis. Because the accumulation of fat in different body
compartments carries differential metabolic risks (Kuo et al., 2007), spatial information on the
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distribution of adipose tissue is important. Increased total adiposity across the abdomen
promotes a high risk of metabolic disease (Gesta et al., 2007) and type 2 diabetes (Haffner,
2007) but visceral adipose tissue (VAT) is more closely correlated with obesity-associated
pathologies and complications than either total adipose tissue (TAT) or subcutaneous adipose
tissue (SAT) (Weisberg et al., 2003; Fox et al., 2007). Nevertheless, the quantification of both
VAT and SAT accumulation is also relevant as they have been associated with many metabolic
risk factors including fasting plasma insulin, triglycerides, low-density lipoprotein, or
cholesterol levels (Despres, 2007; Imbeault et al., 1999).

In humans, the use of magnetic resonance imaging (MRI) and computed tomography (CT) to
assess body composition and determine fat content is well established (Chiba et al., 2007;
Maurovich-Horvat et al., 2007). However, the ability to spatially discriminate different types
of adipose tissue in small animal models such as the mouse, the model of choice in obesity and
diabetes research (Brockmann and Bevova, 2002), is limited by most of the current
measurement techniques. The resolution and signal-to-noise ratio required to selectively
quantify adipose tissue depots in mice that weigh as little as ten grams presents a unique
challenge. MicroMRI has been successfully used to phenotype mouse models of obesity
(Calderan et al., 2006), but this technology is not readily available to most researchers. Dual
energy x-ray absorptiometry (DEXA) and quantitative nuclear magnetic resonance (QMR)
based scanning of the whole animal have been used to effectively characterize lean and fat
volume in the mouse, but they do not provide detailed spatial information on fat distribution
(Reed et al., 2007; Taicher et al., 2003).

Over the past ten years, high-resolution micro-computed tomography (microCT) scanners have
become widely available. MicroCT distinguishes itself from other imaging techniques in its
ability to acquire high-resolution images based on the physical density of the tissue. Because
of the much greater density of calcified tissue, this technique has been used extensively in
biomedical research to quantify the morphology and micro-architecture of the skeleton (Muller
et al., 1996; Ruegsegger et al., 1996; Garman et al., 2007). However, microCT also provides
a three-dimensional density map with sufficiently large density gradients (contrast) to
distinguish adipose tissue from other tissues, fluids, and cavities without contrast agents. As
the resolution of in vivo microCT scans can be selected to fall into an isometric voxel range of
approximately ten to two hundred microns, the system can not only measure the total volume
of adipose tissue within an animal, but can also identify and quantify very small volumes of
fat cells residing in discrete deposits. While perhaps not necessary for adipose imaging, the
capability of high-resolution microCT scan confers specificity for describing adipose tissue
that can currently only be obtained by combining DEXA with MRI technology (Garcia et al.,
2006).

The ability to use in vivo microCT imaging to describe altered levels of total fat content based
on low-resolution scans has been recently suggested (Rubin et al., 2007; Bastie et al., 2007).
Herein, we tested whether microCT can provide a surrogate measure of in vivo visceral,
subcutaneous, or total fat pad mass and whether adipose information obtained from the
abdominal region is equivalent to that derived from whole body scans. Data from these studies
establish and validate in vivo microCT as a non-invasive, quantitative tool that provides a
robust, reliable, simple and cost-effective alternative with higher resolution and selectivity than
previous methods to precisely determine total and regional adipose volumes.

2. Materials and Methods
2.1 Experimental Model

All procedures were reviewed and approved by Stony Brook University's Animal Care and
Use Committee (IACUC). Twenty-four female and 66 male C57BL/6J mice were obtained
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from The Jackson Laboratories (Bar Harbor, ME) at 6wk of age, housed in conventional cages,
and given free access to food and water. Of this population, fifty mice received a regular chow
(Lab Diets, RMH 3000, Richmond, IA) diet (12 female, 38 male) or a 45% kcal high-fat (Test
Diets, 58V8, Richmond, IA) diet (12 female, 28 male). At 7wk of age, half of the mice within
each group (regular diet and fat diet, male and female), were subjected to a non-
pharmacological prophylaxis for adiposity (short daily durations of very low-level mechanical
signals applied via vertical whole body oscillations for 12 wk), further amplifying differences
in body composition within the group of mice (Rubin et al., 2007). At 19wk of age, mice were
scanned in vivo by microCT. Animals received a 2wk recovery from the exposure to anesthesia
to facilitate biochemical analyses unrelated to this study. Upon sacrifice, the perigonadal fat
pad (epididymal in male and parametrial in female mice) and a subcutaneous fat pad spanning
the lower back (mesenteric) region were harvested and weighed. The perigonadal fat pad is
regarded as part of the visceral compartment (Gesta et al., 2006). The mesenteric fat pad is
considered subcutaneous, starting at the lesser curvature of the stomach and ending at the
sigmoid colon (Parekh et al., 1998) but is external to the abdominal capsule delineated by the
muscle fascia (Fig. 1).

2.2 In Vivo Scanning
For in vivo scans, mice were anesthetized by 1% isoflurane inhalation and positioned with both
legs fully extended. The entire torso of each mouse was scanned at an isotropic voxel size of
76 microns (45kV, 133μA, 300ms integration time) with a vivaCT 40 scanner (Scanco Inc,
SUI). Selection of the scan energy and voxel size (scanning increment) was based on optimizing
the requirements of scanning time and tissue detail, and to minimize exposure to radiation.
Based on the scan parameters, the estimated radiation exposure is on the order of 190-380 mGy
for each scan (based on values provided by Scanco, SUI). Two-dimensional gray-scale image
slices were reconstructed into a three-dimensional tomography. Density values for soft tissue
were calibrated from a 5-point linear fit line with mixtures in various ratios of two liquids,
ranging from 0.78mg/ml (100% ethanol, Sigma, St. Louis, MO) to 1.26mg/ml (100% glycerol,
J.T. Baker, Phillipsburg, NJ). Density values for bone tissue were calibrated via a commercially
available phantom containing hydroxyapatite rods of different densities (Scanco, SUI). Scans
were reconstructed for either the whole body (base of the skull, as the spinal canal begins to
widen and the distal end of the tibia) or the abdominal region (between the proximal end of L1
and the distal end of L5, Fig. 1). The head and feet were not scanned and/or evaluated because
of the relatively low amount of adiposity in these regions, and to allow for a reduction in scan
time and radiation exposure to the animals. The region of interest (ROI) for each animal was
defined based on skeletal landmarks from the gray-scale images.

2.3 In Silico Evaluation, Total Fat Volume
A custom script written in image processing language (IPL) was used to analyze total fat
volume. Briefly, the algorithm separated the mouse body from the background to provide the
total tissue volume (TV) of the mouse. A Gaussian filter (sigma = 1.5, support = 3.0) was used
to reduce the background noise in the image. A preliminary threshold segmenting fat from
other tissue and background (voids) was determined by ex-vivo microCT imaging of a freshly
harvested fat pad from a C57BL/6J mouse. The harvested fat pad only served to provide a
broad estimate of the threshold, and would not be necessary for future studies using the same
genetic mouse strain. Subsequently, the lower and upper threshold values were adjusted by
selecting only those voxels within a histogram of all grayscale values of a given region of
interest (ROI) that represented either adipose tissue and muscle/internal organs (lean tissue).
This is readily accomplished as the distribution of tissue grayscale values from a microCT scan
is bimodal in nature, with one mode representing adipose tissue voxels and the other mode
representing lean tissue voxels (Fig. 2). For our analyses, we selected regions from an animal
with average body mass in which the tissue composition consisted of approximately 50% fat,
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50% lean volume, and was of sufficient size to ensure that the histogram had sufficient data
points to provide two distinct peaks within the distribution. Thus, thresholds can be set to
selectively visualize fat volume, lean volume, or both. By comparing raw to segmented images,
the selected threshold was visually confirmed for animals on the extremes of low- and high
body mass. These thresholds were fixed thresholds and applied consistently across all animals
and regions of interest.

2.4 Quantification of Visceral and Subcutaneous Fat
For determinations of abdominal adipose volume, a subset of 45 animals was randomly selected
from the total animal population of 90. The total adipose tissue (TAT) volume was first
evaluated, and then further subdivided into compartments. The abdominal muscular wall was
used as the demarcation line to separate visceral adipose tissue (VAT) from subcutaneous
adipose tissue (SAT) (Eguchi et al., 2007). Histologically, the muscle fascia is distinct and easy
to identify (Fig. 1). In microCT density based images of an animal, this muscle layer appears
brighter because of its higher density. To separate the lower density fat compartments on both
sides on either side of the muscle, the fascia can either be traced manually by drawing contour
lines, or detected automatically to increase processing speed and reduce user-variability
(Lublinsky et al., 2007; Buie et al., 2007). The separation of fat regions was performed on
segmented images. Here, the fat compartments in the abdominal region were separated and
quantified using a custom IPL script based on the Canny method for edge detection (Canny,
1986; Lublinsky et al., 2008)

2.5 Statistics
Across all mice (n = 90 for whole body evaluations, n=45 for abdominal evaluations), linear
regressions were used to determine the association between the microCT-determined adipose
volumes and explanted fat pad weights. For the abdominal region of each animal, total adipose
volume in (TAT) was divided into visceral (VAT) or subcutaneous (SAT) adipose volume and
regressed against fat pad weight individually. All data were reported as mean ± standard
deviation, and statistical significance was defined at p<0.05.

3. Results
3.1 Validation of Scan Data

The in vivo microCT scans provided a sufficiently high contrast and signal-to-noise ratio to
identify and isolate adipose tissue throughout the body of the mouse (Fig. 3). As expected, the
degree of adiposity varied greatly across the group of 90 mice. The use of skeletal sites as
anatomical landmarks allowed the precise definition of the region of interest, both for
measurements between different animals as well as for multiple measurements within the same
animal. This was particularly important because we found that adipose and other soft tissues
were poor landmarks because of their variable location due to physiological factors (e.g.,
gastrointestinal status) and variability associated with positioning (e.g., stretching) the animal
in the scanner.

Across the ninety mice, total adipose values of the body (minus head and feet) exhibited a very
strong and positive correlation with the physiologic weight of the discrete visceral and
subcutaneous fat pads that were explanted at sacrifice (2wks after the scans). The coefficient
of determination (R2) for the correlation between the harvested subcutaneous fat pad and
microCT fat volume of the entire body was 0.91 (p<0.001) while the correlation between the
harvested visceral fat pad and whole-body fat volume (R2 = 0.94, p<0.001) was similarly high
(Fig. 4a).
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The length of time required to scan an entire mouse with our scanner at the specified settings
was approximately 40 minutes and, inherently, proportional to the length of each mouse. To
decrease the scan time and the exposure of the animal to anesthesia and radiation, it was
investigated whether similar information on fat volume can be gained by reducing the length
of the region of interest from the whole body to the abdominal area. Selection of this much
smaller abdominal region, encompassing the mid-torso between the L1 and L5 vertebrae,
reduced the scan-time by two thirds, from 35-40 minutes to 12-13 minutes. Whole-body fat
volume was very highly correlated with abdominal fat volume across the 45 mice (R2 = 0.99,
p<0.001, Fig 4b) and, therefore, the R2 values between microCT fat volume and fat pad weight
did not change significantly by restricting the region of interest to the abdominal area (R2 =
0.92 for subcutaneous fat pad and R2 = 0.96 for epididymal fat pad, p<0.001 each).

3.2 Visceral and Subcutaneous Fat Discriminations
To investigate any potentially different relations between the subcutaneous/visceral adipose
tissue compartments and fat pad weights, visceral fat volume was automatically separated from
subcutaneous fat volume by customized algorithms for the abdominal region encompassing
L1 to L5. The weight of the visceral fat pad weight was highly correlated with the microCT
determined VAT volume (R2 =0.95, p<0.001, Fig. 5a). The correlation between the
subcutaneous fat pad weight and the microCT determined SAT volume was equally high (R2

=0.91, p<0.001, Fig. 5b). Further, VAT volume was highly correlated with SAT volume (R2

= 0.98, p<0.001, Fig. 5c), similar to the correlation between visceral fat pad weight and
subcutaneous fat pad weight (R2 =0.95, p<0.001).

4. Discussion
With the high current, and projected, activity in obesity and diabetes related research, the ability
to non-invasively image different types and locations of adipose tissue in small animal models
has become increasingly important. The primary aim of this study was to validate the
methodology of in vivo microCT scanning as a substitute for the ex vivo measurements of fat
pads. Mice used in this study were of the most commonly utilized inbred strain in biomedical
research and displayed differences in body fat volume by an order of magnitude. The very high
correlations between total / subcutaneous / visceral fat volume with the specific subcutaneous
and visceral fat pad weights demonstrated the utility of this technique in providing real time
data on adiposity in the mouse, in a quick, non-invasive manner. That the correlations using
fixed thresholds were consistent across this very diverse sample of mice (body mass, body fat,
diet, gender, and treatment) attests to the robustness of this method. While this study was
performed in mice, it can be readily adapted to any animal model that fits into a microCT
scanner.

All evaluated data for visceral and subcutaneous adipose tissue showed strong correlations to
the weight of the explanted fat pads. However, the perigonadal (visceral) fat correlations were
slightly higher than the mesenteric (subcutaneous) correlations even though the R2 values for
either type of fat were not significantly different from each other. This difference may have
been caused by the location of the isolated mesenteric fat pad which, in contrast to the
perigonadal fat pad, was not entirely within the evaluated abdominal region. Moving the distal
anatomical landmark further distally, may further enhance the coefficient of determination.
The high R2 values for the linear regressions between microCT-calculated fat volumes and fat
pad weights over a large range of data demonstrates the utility of in vivo microCT to determine
differences in body composition between different groups but it is important to note that the
absolute values of the calculated fat volumes were entirely dependent on the region of interest.
As the cross-sectional fat content varies greatly along the longitudinal axis of the mouse torso,
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the regressions cannot be used for future studies to predict the specific weight of visceral or
subcutaneous fat pad weights based on the microCT data.

Our data showed that the information derived from whole-body microCT scans was equivalent
to scans of only the abdominal region between the L1 and L5 vertebrae. In clinical studies,
relatively few (typically one to five) CT slices in the abdominal area between the L2 and L3
vertebra are analyzed to assess adiposity (Kanaley et al., 2007). While this suggests that it may
be possible to further reduce the length of the region of interest in the mouse, it may cause
inaccuracies in the discrimination between visceral and subcutaneous fat, particularly in small
and lean animals, as the total volume of evaluated fat deposits would be greatly decreased.
Regardless, our data demonstrate that the scanning and evaluating of only the mid-torso of a
mouse, encompassing the majority of the intra-abdominal fat, will provide a precise relative
assessment of total, subcutaneous, and visceral adipose tissue.

For our analyses, the calculated SAT value also included the volume of the skin, as the density
of skin is similar to the density of fat (Rins et al., 1991) and is therefore assigned to fat within
the selected threshold values. The full thickness of skin for the C57BL/6J inbred mouse strain
is approximately 120 microns (Kodera et al., 2002). Based on the resolution of the microCT
scans, the skin encompassed up to two voxels in the radial direction and this volume was
included in our reported fat volumes. For the spatial analyses of SAT and VAT, the skin volume
defaulted as part of the subcutaneous compartment (based on location). Because skin voxels
contributed a relatively small and consistent volume to the SAT, no efforts were made to
subtract them either from SAT or TAT. Nevertheless, in very lean mice or in mice with very
little subcutaneous fat, algorithms could be used to adjust SAT volume to exclude the
contribution from skin.

Adipose mass and increased adiposity can alter systemic physiology by changing the endocrine
and metabolic state of the tissue (Weisberg et al., 2003) and the measurement of in vivo fat
volume and adipose burden may be an important surrogate indicator of metabolic health. Thus,
the ability to determine this parameter non-invasively in a live animal will not only provide
longitudinal data without the need to sacrifice the animal, but will also increase the statistical
power by the ability to perform intra-animal comparisons. Our data indicate that in vivo
microCT of small animals can quickly and reliably provide data on adipose volume at spatial
resolutions that are high enough to quantify specific and very small deposits of fat within
animals of varying adiposity.
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Figure 1.
MicroCT scout view of a mouse (top). The abdominal region of interest between the proximal
end of L1 and the distal end of the L5 vertebrae is highlighted. Cross-sectional view though
the proximal and distal landmarks that were used to identify the abdominal region of interest
(bottom). Red arrows indicate the muscle layer that separates visceral from subcutaneous fat.
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Figure 2.
Selection of threshold values for each tissue type to separate fat and bone from other tissues.
(a). Representative regions of interest (ROI) of known composition were selected. Histograms
of the gray-level intensities (x-axis) within these representative ROIs were generated. The top
histogram presents a histogram for a ROI in which only one tissue type (fat) was present. The
relatively homogenous fat tissue is represented by a narrow distribution of gray level intensities
(densities), allowing the selection of an upper and lower thresholds (Th1 and Th2) specific for
fat. For the histogram below, an ROI was selected in which two tissue types - fat and lean tissue
(muscles and/or internal viscera) – were present, causing a bimodal intensity distribution. The
bottom histogram shows a trimodal distribution of density values from a ROI with two tissue
types and background. (b). A reconstructed image from the mid-torso areas was utilized in the
selection of the ROI with known tissue types (top). The enlarged image (bottom) provides an
example for a ROI which yields a bimodal distribution.
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Figure 3.
(a) Reconstructed microCT scan of a mouse in which the skeleton can be readily identified to
define the region of interest. (b). The majority of the adipose tissue in the mouse is localized
in the abdominal region, as the thoracic cavity and legs show lower prevalence of low density
(fat) tissue. (c). To quantify fat volume in these different body compartments, tissues of
different density were segregated and categorized as either fat (yellow) lean mass (red) or bone
(white). (d). Representative images from three different animals with either low, intermediate,
or high adiposity. Subcutaneous fat is shown in gray, visceral fat in red.
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Figure 4.
(a) Total fat volume (from the base of the skull to the distal tibia) determined by in vivo microCT
was highly correlated with both the visceral and subcutaneous tissue weight of the fat pads
harvested at sacrifice (n=90). (b). A scan of the abdominal region reduced the scan time by
two-thirds. Despite the much smaller region, fat volume of the abdomen (spanning between
L1 and L5 vertebrae) was highly correlated with total fat volume of the entire mouse body
(n=45).
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Figure 5.
Evaluation of abdominal adiposity separating visceral adipose tissue (VAT) from subcutaneous
adipose tissue (SAT). For these analyses, data from 45 animals were randomly selected from
the entire population. (a). Visceral adipose tissue volume was highly correlated with the weight
of the visceral (perigonadal) fat pad (p<0.001). (b). Subcutaneous adipose tissue volume was
highly correlated with the weight of the subcutaneous (from the lower back) fat pad (p<0.001).
(c). As the microCT calculated volumes for both fat deposits correlated well with the weights
of the respective fat pads, VAT and SAT area were also correlated to each other (p<0.001).

Luu et al. Page 13

Med Eng Phys. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


