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Abstract The accurate estimation of the number and size
of cells provides relevant information on the kinetics of
growth and the physiological status of a given tissue or
organ. Here, we present Adiposoft, a fully automated open-
source software for the analysis of white adipose tissue cel-
lularity in histological sections. First, we describe the sequence
of image analysis routines implemented by the program.
Then, we evaluate our software by comparing it with other
adipose tissue quantification methods, namely, with the
manual analysis of cells in histological sections (used as gold
standard) and with the automated analysis of cells in suspen-
sion, the most commonly used method. Our results show
significant concordance between Adiposoft and the other
two methods. We also demonstrate the ability of the pro-
posed method to distinguish the cellular composition of
three different rat fat depots. Moreover, we found high cor-
relation and low disagreement between Adiposoft and the
manual delineation of cells.li We conclude that Adipo-
soft provides accurate results while considerably reducing
the amount of time and effort required for the analysis.—
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Obesity is a disease associated with increased white
adipose cellular mass, caused either by increased number
of adipocytes (hyperplasia) or by adipocyte enlargement
due to cytoplasmic lipid accumulation (hypertrophy).
Therefore, the quantification of the amount and size of adi-
pocytes in animal models is critical to properly characterize
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the differential response of individuals to dietary treat-
ments (1), to test the efficacy of different food ingredients
and bioactive compounds in models of diet-induced obesity,
and to relate changes in cellularity with pathophysiological
processes affected by obesity, such as oxidative stress, insulin
resistance, and lipidemias (2-4). In summary, determin-
ing what causes the change in tissue cellularity, along with
the specific location of the growth of adipose tissue, is es-
sential to study the mechanisms driving obesity and meta-
bolic diseases in animal models.

Noninvasive imaging techniques, such as magnetic reso-
nance imaging or X-ray computed tomography, are com-
monly used for the quantification of white adipose tissue
mass in vivo. Unfortunately, these techniques do not pro-
vide information about adipose cellularity and thus are
unable to distinguish between hyperplasia- and hypertrophy-
driven obesity. For that purpose, several high-resolution
ex vivo techniques exist, such as the analysis of cells in sus-
pension, adipocyte fractionation, flow cytometry, and the
histological analysis of cellularity in stained sections using
optical or electron microscopy.

Among all these methods, the analysis of cells in suspen-
sion is the most used technique, and some automated
image analysis tools have been developed for the quanti-
fication of these samples (5, 6). Unfortunately though, the
preparation of cells in suspension is complex because it
requires the isolation of cells using collagenase. Moreover,
the required tissue disaggregation causes loss of the micro-
scopic histopathological context.

The microscopic analysis of adipocyte cellularity in
hematoxylin and eosin (H&E)-stained histological sections
provides a reasonable cost-benefit ratio compared with the
other methods. In this type of analysis, histological images
are captured using a wide-field optical microscope, printed
or screened, and then manually analyzed to count the
number and measure the diameter of every cell. From the

Abbreviations: H&E, hematoxylin and eosin; MAD, mean of the
distribution of adipocyte diameters; MD, mean diameter; MES, mesen-
teric; RP, retroperitoneal; SC, subcutaneous.
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diameter, the average adipocyte volume and lipid content
can be mathematically derived (7, 8). Although manual
delineation is considered the most accurate method, it is
extremely time consuming and cannot be used in practice,
except as a gold standard to validate other methods. To
simplify the otherwise time-consuming analysis of these
histological samples, semi-automated computer tools can
be used, such as the one proposed by Chen etal (9) based
on two independent, proprietary software packages, which
reduce, but do not eliminate, human interaction.

In this article, we present and validate Adiposoft, open-
source software that provides fast and accurate quantitative
measurements of adipose tissue cellularity in histological
sections. The validation is done by comparing the software
with the manual analysis of histological samples and with
the analysis of cells in suspension. The three methods
are compared in terms of speed, sample preparation,
and imaging burden, as well as by the accuracy of the analysis
in different fat tissue depots.

MATERIALS AND METHODS

Animal work

Six male Wistar rats (weight 337.9 + 14 g) were euthanized,
and tissue blocks were extracted from three fat depots: retroperi-
toneal (RP), located in the abdominal cavity behind the perito-
neum; mesenteric (MES), from the double layer of peritoneum
that suspends the jejunum and ileum from the posterior wall of
the abdomen; and subcutaneous (SC). Fat areas were identified,
manually separated, and excised to avoid mixing white fat from
different depots (10, 11). Tissue blocks from all depots were
labeled either for histology or for the analysis of cells in suspen-
sion. All animal handling was done following both national and
institutional guidelines of the Animal Care and Use Committee
of the University of Navarra.

Sample preparation and imaging

Sample preparation for histological analysis using Adiposoft
and manual validation. Tissues were fixed in paraformalde-
hyde and embedded in paraffin. Two 4 pm sections per block
were then stained with H&E and imaged at 20x (Plan-Neofluar
objective with 0.50 NA) magnification with an Axiolmager.M1
microscope (Zeiss, Germany). A total of 1,078 high-resolution
images were acquired for the analysis. All images were stored in
uncompressed 24-bit color TIFF format.

Sample preparation for the analysis based on cells in suspen-
ston. White fat areas were cut into small pieces. Fach fragment
was digested at 37°C with collagenase I (2.5 mg ml™h (Worthington
Biochemical, Lakewood, NJ) in Krebs-Ringer bicarbonate buffer
(KRBA) containing albumin (3.5 g 100 ml_l) and glucose (6 mM)
at 7.4 pH. We used 2 ml of digestion solution per gram of adipose
tissue. After 30 min of incubation under continuous vigorous
shaking (60 cycles min "), fat cells were filtered through a nylon
mesh (400 pm) and washed three times with KRBA to eliminate
the stroma-vascular fraction and collagenase. The filtered fat
cells were diluted 1:1 in KRBA and loaded in a neubauer cham-
ber. A total of 738 brightfield, wide-field images were captured
using a CKX31 Compact inverted microscope equipped with
a 40x magnification objective lens and a C5060WZ Olympus
compact camera. All images were stored as JPG files.
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Analysis

Automated analysis of histological sections using Adipo-
soft. The sequence of image analysis steps automatically imple-
mented by Adiposoft is shown in Fig. 1. This sequence was
executed in batch mode on the entire set of images stored in
a predefined directory. Briefly, each input color image (Fig. 1A)
is split into its three-color channels. The red channel (Fig. 1B) is
binarized using Otsu’s automatic thresholding method (12) that
extracts the bright fat areas from dark cell nuclei and membranes
(Fig. 1C). Because cells often merge in areas that contain thin
cellular walls, we detect the cell boundaries in those regions
using a morphological filter. Namely, we apply a morphological
Opening followed by a Median filter (13) to remove small objects
and reinforce cell boundaries (Fig. 1D). Next, we apply a seeded
Watershed algorithm (14, 15) to the filtered image using as seeds
the peaks of the distance transform of the previously computed
image (Fig. 1E). Next, we use a logical AND operation to com-
bine the result of the Watershed (Fig. 1F) with the output of
the initial thresholding (Fig. 1C), thus reinforcing the cellular
boundaries and forcing the separation of clustered adipocytes
(Fig. 1G). Objects touching the image borders are deleted
(Fig. 1H). The remaining objects are measured (number, size,
and Feret diameter), and those with a diameter below a pre-
defined threshold (25 pwm) are removed from the image (Fig. 11I).
All the objects left in the image are then labeled according to
their sizes (Fig. 1]), and the output data is stored in an Excel file.
From the diameters, the mean fat-cell volume and lipid con-
tent are derived mathematically using the method described in
Bourgeois et al. (16).

Manual analysts of histological sections. The set of histological
images was also manually analyzed. The method used is not com-
pletely manual, but it requires intensive user interaction: First, all
the adipocytes were manually seeded using Image]’s multipoint
selection (17). Then the adipocytes were automatically separated
using the Watershed transform plugin. Interactive tools were
used, whenever necessary, to correct inaccurate results. The adi-
pocyte area, Feret diameter, and number were measured.

Automatic analysis of cells in suspension. The images of cells
in suspension were analyzed using a set of simple image analysis
and measurement routines available in Image]. First, each image
is split into its three-color components, and the green channel is
binarized using Image]’s embedded automated threshold. Then
the area, diameter, and number of cells are calculated. Fig. 2
shows an image with cells in suspension and the output of the
segmentation algorithm.

Software platform and availability. Adiposoft was entirely
developed in MATLAB v.7.11 (MathWorks, Natick, MA) using
the DIPIib v2.2 C Image Processing library (18) under Linux OS
Fedora 14. To run Adiposoft, these or subsequent versions of
MATLAB and DIPIib for any OS are required. We also migrated
Adiposoft to JAVA and packaged it as an open-source Image]
(17) plugin. Both versions of Adiposoft (MATLAB-based and
Java-based), together with instructions for installation and setup
are available at http://sw.wikkii.com/wiki/Adiposoft. The plu-
gins used to manually analyze the histological samples and to
process the cells in suspension are available at the same site.

Statistical analysis

Three-sided comparison of Adiposoft, manual, and suspen-
sion. To validate Adiposoft, we compared the result [mean of
the distribution of adipocyte diameters (MAD)] obtained using



Adiposoft (described above) with our manually computed gold
standard (described above) and with the analysis of cells in sus-
pension (described above). To this end, we used samples from
three different depots: MES, RP, and SC. Because there were three
different analysis methods, the comparison was based on three
cell populations. The cells analyzed by Adiposoft and manually
were exactly the same, whereas the cells analyzed in suspension
were different, although the cells were extracted from the same
region and animal. We analyzed a total of 54 tissue samples, orga-
nized into nine depot method groups.

The statistical differences between the nine groups were ana-
lyzed using two-way ANOVA, with one dependent variable (MAD)
and two independent variables (depot and method). ANOVA
detects whether there are significant differences between groups

Fig. 1. Sequence of image analysis operations per-
formed with Adiposoft. A: Initial image. B: 8-bits red
channel. C: Binarized version of the red channel. D:
Result of the morphological Opening of (C). E: Dis-
tance transform of (D). F: Watershed of (D)using as
seed the maxima of the distance transform (E). G:
AND operation between (C) and (F). H: Deletion of
objects touching the edges of the image. I: Deletion
of small objects. J: Final labeled image.

for the two independent variables, as well as for their interaction
(depot*method). A level of probability P < 0.05 was used for
statistically significant results, and P < 0.01 for very statistically
significant results. For all statistical tests, SPSS v15.0 was used
(SPSS, San Diego, CA).

Direct comparison of Adiposoft with the manual method. To
compare the accuracy of Adiposoft with the manual method, we
calculated the Pearson correlation between the per-image aver-
age adipocyte diameter on 250 images from all rats and depots.
Then, we built a Bland and Altman plot, which graphically dis-
played the agreement and bias between both methods by plot-
ting the per-image difference between the average diameter
calculated using both methods. The plot indicates agreement if
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Fig. 2. (Top) Original image cells in suspension. (Bottom) Seg-
mentation result.

more than 95% of the data lies within two standard deviations
of the average value. Additionally, we estimated the confidence
interval with the interimage standard deviation error. For the
statistical tests, we used SPSS v15.0 (SPSS, San Diego, CA) and
the open-source statistical software package R (Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

Three-sided comparison of Adiposoft, manual, and
suspension methods

The dependent variable MAD was normally distributed
for the groups formed by the combination of depot and
method, as assessed by the Shapiro-Wilk test (all P> 0.05).
There was also homogeneity of variance between groups
as assessed by Levene’s test for equality of error variances
(0.438).

The two-way ANOVA test (manual versus Adiposoft ver-
sus suspension) with the three different depots (MES, RP,
SC) gave the expected results: 7) we found no interaction
between the depot and the method used to analyze the
size of the adipocytes (P=0.566); i) for a given depot, the
election of method did not produce significantly different
measurements (P=0.278); and i) when we used the same
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method, we found significant differences between depots
(P<0.001).

We then used a simple main effect analysis of MAD to
confirm that the MAD of a given depot is not significantly
different when analyzed with different methods (for MES,
P=0.413; for RP, P=0.163; and for SC, P= 0.984). Also,
using this type of analysis, we were able to see very statisti-
cally significant differences between depots (P < 0.001)
when using the three methods separately.

Finally, the Tukey posthoc test showed that adipocytes
of the RP depot were significantly larger, which is a well-
known feature, than those from MES and SC depots for all
three methods used. This can be observed in Fig. 3, which
represents the plot of results.

Direct comparison between Adiposoft and manual
analysis

We found high positive correlation between the per-
image average adipocyte diameter provided by Adiposoft
and the manual methods (Pearson correlation = 0.856,
with 95% confidence interval, low = 0.73 and high = 0.83).

Fig. 4A shows the dispersion of the per-image average
diameter as measured by the Adiposoft and manual meth-
ods. Fig. 4B shows the Bland and Altman plot that displays
the agreement between methods. The middle line corre-
sponds to the existing bias, which in our case is very low
(0.17 pm). The limits of agreement are shown as dashed
lines. A value above the upper limit (+3.82 pm) or below
the lower limit (—3.82 pm) has 95% likelihood of repre-
senting a real difference between the quantification ob-
tained using the two methods. The calculated intra-image
variability is 0.159 + 0.345.

Regarding time consumption, Adiposoft can analyze
40 fields in less than 5 min in a regular computer without
any user intervention, whereas a manual operator, depend-
ing on the skills, could use an average of 5 min per image.
Therefore, Adiposoft is between one and two orders of
magnitude faster than the average manual operator.

DISCUSSION

In this article, we have presented Adiposoft, fully au-
tomated open-source software for the quantification of
adipocyte cellularity in histological sections. We have
described the sequence of image analysis routines imple-
mented by the program and have compared the perfor-
mance of the software with our gold standard of manually
segmenting the cells and with the analysis of cells in sus-
pension. The comparison was based on the frequency
size distribution of adipose cells in three different rat fat
depots.

Our results show significant concordance between Adi-
posoft and the other two methods, along with the expected
ability to distinguish the cellular composition of all three
different rat fat depots. Furthermore, we found high cor-
relation and low disagreement between Adiposoft and the
manual delineation of cells. In terms of time consump-
tion, Adiposoft is between one and two orders of magni-
tude faster than the manual method.
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Fig. 3. Plot of Tukey posthoc test results for two-way ANOVA tests
for the mean diameter.

Therefore, Adiposoft provides similarly accurate results
while being less time and effort consuming than the other
two methods. Namely, Adiposoft requires a single click
to analyze a whole set of images. This is significantly more
effortless than manually segmenting the cells, which in
its less effort consuming version requires manually plant-
ing a seed inside all the cells of each image and manu-
ally correcting inaccurate results. Adiposoft works with
standard histological sections, whereas the analysis of
cells in suspension requires collagenase digestion of the
adipose tissue sample, adipocyte filtration and washes,
and subsequent microscopic measurement of the diame-
ter (19). The disadvantages of this method include the
need to extract and separate the adipocytes, which can
easily break and divide during the process (thus altering
the results), and the need for qualified staff to perform
this protocol. Furthermore, in animal models with diet-
induced obesity, hypertrophic adipocytes are more sus-
ceptible to breaking by treatment with collagenase. In
summary, the automated analysis of histological sections
by Adiposoft provides similar results to the analysis of
cells in suspension, with the added value that the results
are obtained without losing contextual histological in-
formation. The results should be more accurate in cases
with dietinduced obesity due to the problems associated
with the preparation protocol.

A reasonable concern about the method used to evalu-
ate Adiposoft stems from the fact that we used collage-
nase digestion to create the cell suspensions to evaluate
our software. This procedure is usually problematic when
handling large adipocytes, as they tend to break apart
and coalesce into fat droplets (20). Distinguishing these
fat droplets from intact fat cells is not an easy task on
unstained samples. Perilipin immune staining is commonly
used to distinguish between intact adipocytes and lipid
droplets. Our samples were not stained with Perilipin,
which allowed for a small statistical error. However, fresh
tissue from healthy normal rats was treated by highly
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Fig. 4. (Top) Plot showing the agreement between the average
diameters calculated using Adiposoft or the manual method. The
plot is based on the analysis of 250 images. The line shows the lin-
ear regression with the 95% confidence interval. (Bottom) Bland
Altman plot of diameter measures.

experienced staff, thus minimizing the rupture of adipo-
cytes and consequent coalescence into fat droplets.

Two limitations of Adiposoft are the relatively time-
consuming task of acquiring the images and the analysis of
nonfatty tissue and low-quality images.

To address the first issue, to automate the microscopy
acquisition of the samples, we have implemented a Meta-
morph macro (Molecular Devices). (The macro is available
at http://sw.wikkii.com/wiki/Adiposoft.) The macro first ac-
quires the entire tissue section at low magnification (1.25x in
Fig. 5). Then, the areas occupied by the tissue are detected.
Finally, a predefined number of high-resolution, randomly
located images are acquired at high magnification (20x, at
the squares overlayed in Fig. 5). To that end, the system auto-
matically focuses each field of view and then applies a
white balance and shadow correction on every acquired
image. The high-magnification images are then automati-
cally analyzed by Adiposoft as described in Materials and
Methods.

Regarding the analysis of nonfatty tissue, the tissue de-
pots used were fairly homogenous, mostly containing only
fatty cells. Therefore, most high-resolution images contain
only adipocytes. However, it is true that sometimes high-
resolution images may contain areas with background
because the images were taken at the periphery of the tis-
sue or in areas of the tissue containing fissures. Sometimes
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Fig. 5. Sample H&E-stained tissue section acquired at low magni-
fication (1.25x). The squares indicate the positions and the size of
some random high-resolution (20x) acquisitions.

there might also appear blood vessels or connective tissue
structures. In those cases, our software is able to remove
those parts from the images, based on the intensity, size,
and shape of the structures that they form. In summary,
very rarely is one of those nonfatty structures confused
with a cell, and when it does happen, the effect of this er-
ror on the final result of the analysis, based on hundreds
or thousands of cells, is meaningless.

Related to this last issue, during the preparation of his-
tological sections, adipocytes can break, thus complicating
the segmentation of the cells. Low-quality images with
many broken adipocytes can be discarded; alternatively,
Adiposoft can be run in semi-automatic mode. In this
mode, the user can manually intervene in some of the
steps shown in Fig. 1. Namely, the results can be edited by
deleting false positives, dividing adipocytes clusters, or re-
storing incorrectly deleted regions. This option was not
used in the evaluation of Adiposoft presented above, which
was based on the fully automated mode. Furthermore, our
data show that the diameter of adipocytes in the histologi-
cal sections is on average smaller than in freshly isolated
adipocytes (cells in suspension). This result is reasonable
because the fixation procedure produces approximately a
20% tissue volume reduction. This issue must be taken
into account when using the absolute size values provided
by Adiposoft, but it is not a significant problem when com-
paring different adipose depots or treatment groups, as
they are all equally affected by this effect.

In summary, Adiposoft provides a good cost-benefit
solution to the problem of analyzing adipose cellularity.
Adiposoft automates the analysis of histological adipose
tissue samples faster and independently of the user, thus
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providing more objective results than the existing software
and manually based methods.Hl
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