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Background: Little is still known concerning subcutaneous
adipose tissue and cellulite, and controversial questions are
still under discussion.
Aims: Magnetic resonance imaging and spectroscopy were
used to address two unresolved questions relating to the
anatomy and physiology of subcutaneous adipose tissue.
Methods: Using high spatial resolution magnetic resonance
imaging we characterized the topography of the dermohypodermal junction, and the three-dimensional architecture
of the subcutaneous fibrous septae. Using proton spectroscopy, we measured water and lipid fractions within a fat
lobule, and T1 and T2 values of the detected compounds. All
these data were analysed according to sex and presence of
cellulite.
Results: MR imaging quantified deeper indentations of adipose tissue into the dermis, and evidenced for the first time a
great increase in the thickness of the inner fat layer in women
with cellulite. Moreover, 3D reconstruction of the fibrous septae network showed a higher percentage of septae in a
direction perpendicular to the skin surface in women with

T

he traditional view of subcutaneous adipose tissue relates to its functions of
mechanical support and thermal insulation.
Recent times have seen a growing interest in the
role of adipose tissue distribution and composition in relation to health and disease (1, 2).
Studies on the physiology and anatomy of adipose tissue usually follow two approaches,
namely in vitro studies of isolated adipocyte or
alternatively in vivo studies with non-invasive or
minimally-invasive functional methods (3±5).
Magnetic resonance (MR) imaging is recognized as a reliable technique for measuring
adipose volume according to body site (6, 7), and
for differentiating visceral adipose tissue from
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cellulite; but our study also depicted the tortuous aspect of
this network. MR proton spectroscopy could not show any
differences related to sex or presence of cellulite concerning
T1 and T2 relaxation times of the detected compounds within a
fat lobule, neither the unsaturated lipid fraction, the saturated
lipid fraction, nor the water fraction.
Conclusions: Magnetic resonance imaging showed that the
3D architecture of fibrous septae couldn't be modelled simply
as perpendicular planes for women and tilted planes at 458 for
men. MR spectroscopy did not confirm the hypothesis of
increased water content in the adipose tissue of women
with cellulite as suggested by others, except if such water
would be located in the connective septae.
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subcutaneous adipose tissue (8, 9). Beyond the
medical interest in characterizing diseased adipose tissue (10±12), MR imaging has proved useful
in advancing knowledge in nutrition science (6,
13), in plastic surgery (14), and in cosmetology (15).
Preliminary studies performed with MR spectroscopy had already evidenced some new information about lipid composition in normal (16±20),
and diseased adipose tissues (21, 22).
The current concept of the anatomy of adipose
tissue derives from the histologic studies of NuÈrnberger, and MuÈller (23), who analysed adipose
samples of normal men, normal women, and
women with cellulite. They reported deep adipose
indentations into the dermis in women, but not in

In vivo MRI and MRS of Subcutaneous Adipose Tissue

men. They also described modifications of the
architecture of the fibrous septae, mainly orientated perpendicular to the skin surface in women
and with a criss-cross pattern for men (23). Microanatomical description of cellulite was recently
critically revisited by Pierard et al. (24). Using
in vivo high frequency ultrasound imaging, our
group (25), and others (26, 27), had confirmed a
more undulated dermo-hypodermal interface in
women with cellulite. Up till now, there has been
no in vivo imaging method for visualizing the 3D
architecture of the fibrous septae network. Adipose physiology of cellulite has been suggested to
be related to lymphovascular disorders (28), but to
our knowledge this has not been confirmed by
others (27, 29).
In the present study we utilized MR imaging
and spectroscopy to clarify these controversial
issues concerning the anatomy and physiology of
adipose tissue according to sex and presence of
cellulite.

Materials and Methods
Subjects

Sixty-seven healthy volunteers participated in the
study, which was approved by the hospital ethics
committee. The subjects were recruited by a medical expert according to the following main inclusion criteria: age range: 18±45 years, body mass
index (BMI): 17±27, constant weight during last
year, women with a regular menstrual cycle, and
between 0 and 10 days post menstruation at the
date of the experiment.
The study site was the upper dorsal thigh. This
site, was given privilege to ensure a close contact
with the add-on device, i.e. lowering undesired
motion artifacts during MR acquisition. The
volunteers were divided into three groups by an

experienced medical doctor: women with no visible cellulite even after compression at the study
site (n  21, age  23.5 + 3.4, BMI  18.04 + 0.65),
women with a clear visible cellulite with and
without compression (n  23, age  33.6 + 8.1,
BMI  25.78 + 1.42), and normal men (n  23,
age  33.1 + 6.6, BMI  23.1 + 1.43).

Materials

High resolution MR imaging and spectroscopy
were performed on a 1.5 T whole-body MR system
(General Electric, Milwaukee, USA) equipped with
a home-built add-on device comprising a highintensity surface gradient coil and a small surface
radiofrequency coil allowing spatial resolution in
the antero-posterior direction of 70 mm (30).

Imaging protocol

Two-dimensional (2D) axial images (Spin echo
sequence, repetition time (TR)  500 ms, echo
time (TE)  17 ms, field-of-view (FOV)  240 
240 mm2 (Fig. 1a), and 18  50 mm2 (Fig. 1b), slice
thickness  3 mm, acquisition time (Tacq)  2 min
20 s) were first acquired from which the thickness
of subcutaneous adipose tissue was measured.
On images with an in-depth resolution of 70 mm,
the Camper's fascia was clearly defined and
allowed us to differentiate superficial adipose
layer from deep adipose layer. A series of 60
axial images was then acquired (3D gradient
echo sequence, TR  100 ms, TE  11 ms, flip
angle 408, FOV  18  50 mm2, slice thickness  0.5 mm, Tacq  12 min). With such thin
slices (Fig. 1c), the 3D architecture of fibrous network could be analysed within a volume of
20  20  20 mm3.

Spectroscopy protocol

A series of three contiguous axial images (voxel
size  70  390  3000 mm3) was first obtained

Fig. 1. Magnetic Resonance images of adipose tissue. (a) Hypodermis of the whole thigh. Hypodermis appears hyperintense. The dermis is not
visible at this spatial resolution; (b) High spatial resolution 2D image, 3 mm thick, of hypodermis on the dorsal side of the thigh of a woman with
cellulite. With a resolution of 70 mm in depth of the skin, Camper's fascia separates the adipose tissue in two layers. Deep adipose indentations
into the dermis are clearly visualized. Fibrous septae appear as hypointense thin structures. (c) Two contiguous thin images from a series of 64
images. A slice thickness of 0.5 mm offers an optimal contrast between fat lobules and fibrous septae allowing the 3D reconstruction of the fibrous
network architecture.

119

Querleux et al.

with a classical spin echo sequence (TR  1 s,
TE  30 ms, Tacq  2min.) visualization of fibrous
septae as hyposignal structures allowed the operator to determine graphically a volume of interest
(VOI) of typically 2  5  6 mm3 within a fat lobule
(Fig. 2). A control image of the VOI was obtained
with a stimulated echo acquisition method
(TR  500 ms, mixing time (TM)  13.7 ms, TE  30
(ms) in order to check the absence of signals outside the selected VOI. Finally localized proton
spectra were recorded (Fig. 2).
After manual shimming, a series of waterunsuppressed spectra (TR  1520 ms, 2500 Hz
spectral width and 2048 data points) was thus
acquired with the same sequence only varying
TM (TM  13.7, 45, 100, 200, and 500 ms) for T1
measurement, and only varying TE (TE  30, 40,
50, 75, 100, and 150 ms) for T2 measurement.

Image processing
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The thickness of the superficial and deep adipose
layers was measured with WIMA software
(CNRS-UMR 7623, Paris, France). 3D series were
processed with matlab language (The Mathworks,
Natick, USA), and dedicated 3D image processing
algorithms developed with Tivoli routines (ENSTTSI, Paris, France). Finally 3D reconstructions were
visualized on a workstation equipped with 3D

Fig. 2. In vivo proton MR spectrum in a fat lobule. Water resonance as well as 8 different lipid resonances are clearly resolved. The
volume of interest is graphically selected by the operator within a fat
lobule in order to avoid water-rich structures such as fibrous septae.

Voxtool software (General Electric, Milwaukee,
USA).

Spectra analysis

Spectra were first processed with SAGE/IDL software (General Electric, Milwaukee, USA) by applying an exponential filter, which produced a line
broadening of 5 Hz, by zero filling to 4096 data
points, and manual phasing after Fourier transform. No baseline correction was used. Then, T1
and T2 values were computed by fitting signal
amplitudes according to relation 1:
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where T1i and T2i are relaxation times of resonance
i, Ni(H) is a function of the mobile proton density,
and k, a function of the instrument's receiver gain.
Water content and the different lipid fractions
were estimated using the advanced time domain
signal-processing package MRUI (MRUI V96.3,
EU Network program: CHRX-CT94-0432).

Statistics

Data were analysed with SPSS statistical software
(SPSS, Chicago, USA). All results were expressed
as mean + standard deviation. Sex was studied
by anova between normal women and men.
Cellulite-related effects were evaluated by comparing women with cellulite to women with no
cellulite. P-values < 0.05 were considered to be
significant.

Results
Anatomical characterization of SAT

Table 1 shows the thickness values of the skin and
adipose layers. Women with cellulite are characterized by a thicker dermis compared to normal
women (P < 0.01), but no sex-related effects have
been observed. Women with cellulite have

TABLE 1. Mean values of skin and adipose layer thickness according to sex and presence of cellulite
Dermal thickness (mm)

Women with
cellulite (n  21)
Women without
cellulite (n  20)
Men (n  23)
a

Standard deviation
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1

i

Subcutaneous adipose tissue thickness (mm)
Superficial layer

Deep layer

Total

1.87 + 0.39a

8.41 + 1.61

24.81 + 4.90

34.02 + 5.42

1.58 + 0.21

4.03 + 1.26

4.31 + 1.82

8.34 + 2.44

1.71 + 0.24

2.77 + 1.63

3.87 + 1.70

6.64 + 3.16
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Fig. 3. New characteristic marker of cellulite. MR imaging shows
that women with cellulite have a much greater increase in the
thickness of the deep inner adipose layer compared to normal
women or men.

thickened adipose layers compared to normal
women or men (P  0.0001).
Furthermore, the increase is much greater in the
inner adipose layer than the superficial layer for
women with cellulite (Fig. 3).
3D SAT anatomy was obtained after image processing of the 3D MR images. Figure 4 shows the
3D topography of the interface between dermis
and adipose tissue for one subject of the three
groups after semiautomatic image processing segmentation of the skin and the two different adipose layers. The mean height of adipose
indentations into dermis are quantified by calculating an index of irregularity, RT according to
relation 2:
RT 

SurfDermo hypodermal junction
 100
SurfRefrence plane

2

where SurfDermo-hypodermal junction represents the
number of pixels of the dermo±hypodermal interface, and SurfReference_plane the number of pixels of
the scanned plane.
For the three groups, RT mean values are presented in Table 2. It is significantly higher for
women with cellulite (P < 0.05).

The second step aimed at describing the 3D
architecture of the fibrous septae within the subcutaneous tissue. Figure 5 shows typical images
for individuals of the 3 groups. After segmentation, only fibrous septae are visualized. Camper's
fascia is clearly seen as a thin plane structure more
or less parallel to the skin surface. Other septae
were detected as thin pillar-like structures, and
three principal orientations were calculated: perpendicular, parallel to the skin surface, and tilted
at about 458 (Fig. 6). Women with cellulite have a
higher percentage of perpendicular fibrous septae
than normal women (P < 0.001) or men (P < 0.01).
For the other two directions, according to presence of cellulite, women with cellulite are characterized by a smaller percentage of septae parallel
to the skin (P < 0.001) and a higher percentage at
458 (P < 0.001). According to sex, there are no differences in these 2 directions.

Physiological characterization of SAT

Mean T1 and T2 values within a fat lobule, calculated from 1H spectra, are listed in Table 3. None
of these intrinsic physiological parameters of
the adipose tissue are significantly different
according to sex and presence of cellulite (Fig. 7).
Finally, we calculated, for the three groups the
total fraction of saturated lipids (85.3 + 5.9), unsaturated lipids (3.7 + 2.3), and water (4.7 + 5.6).
There was no difference between the 3 groups,
except according to sex there was a slight increase
(P < 0.05) in unsaturated lipid fraction for normal
women.

Discussion
Magnetic Resonance characterization of living
tissues can be obtained not only from anatomic
cross-section images but also by determining intrinsic MR parameters such as T1 and T2 relaxation
times and proton density, as well as performing

Fig. 4. Visualization of the 3D topography at the interface between dermis and subcutaneous tissue. (a) Woman with cellulite; (b) Normal
woman; (c) Man. Deep adipose indentations into the dermis are a characteristic marker of cellulite.
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TABLE 2. Mean values of the index of irregularity of the 3D topography at
the dermo±hypodermal interface according to sex and presence of cellulite.
This index quantifies the mean height of adipose indentations into dermis
(A.U. Arbitrary units)

TABLE 3. Mean values of the relaxation times T1 and T2 of lipids and water
in adipose tissue

Index of irregularity (A.U)
Women with cellulite (n  16)
Women without cellulite (n  17)
Men (n  20)

2.29 + 0.32a
2.08 + 0.12
1.91 + 0.24

a

Standard deviation

Metabolite

T1 (ms)

T2 (ms)

Lipid1: CH  CH
Lipid2: 1- & 3-CH2-glyc
Lipid3:  CH-CH2-H 
Lipid4: -CH2-CH2-CO
Lipid5: -CH2  CH-CH2Lipid6: -(CH2)nLipid7: -CH3
Water: H-O-H

290 + 55a
164 + 25
272 + 60
169 + 35
213 + 35
219 + 30
366 + 71
169 + 61

47 + 7
30 + 10
49 + 15
50 + 12
46 + 17
82 + 11
92 + 30
30 + 9

a

Standard deviation calculated from 62 subjects

90

Fig. 5. Visualization of the 3D architecture of fibrous septae in
subcutaneous adipose tissue. (a) Woman with cellulite; (b) Normal
woman; c: Man.
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localized spectroscopy in order to yield quantitative information about various metabolites.

Anatomical characterization of SAT

Magnetic Resonance imaging is a very efficient
tool for measuring not only the thickness of skin
and hypodermis but also the surface and volume
of hypodermis. Our results confirmed an increase
in skin thickness (unpublished data obtained with
high frequency ultrasound) in women with cellulite, as well as the presence of deep indentations of
adipose tissue into the skin as previously shown
by high frequency ultrasound (26, 27), and by
histology (23). High spatial resolution MR imaging enabled us to detect for the first time
Camper's fascia, formerly demonstrated by histology (31), as well as to measure independently
the superficial and deep adipose layers within the
hypodermis. A thicker deep adipose layer is a
notable marker of cellulite.
The 3D architecture of fibrous septae revealed
that Camper's fascia was a thin plane structure
`parallel' to the skin surface. Vertical septae
appeared as pillar-like structures in contradiction
with straight planes proposed on diagrams by
NuÈrnberger et al. On a first hand, histological
pictures from planes parallel to the skin surface
(unpublished personal data) revealed thin fibrous
septae of 30±70 mm in thickness. On a second
hand, a recent upgrading of the gradient coils of
our MR imaging system, allowed us to acquire, for

122

Directions tilted at 45o
to the skin +/− 30o

Directions parallel
o
to the skin +/− 15

Fig. 6. Structured patterns of the fibrous septae network according
to sex and presence of cellulite. Our quantitative findings gives
more evidence about the heterogeneity in the directions of the septae,
and highly suggest that modelizing the 3D architecture of fibrous
septae as a perpendicular pattern in women whereas tilted at 458 in
men would be an over simplification.

the first time, high spatial resolution MR images of
the subcutaneous adipose tissue of an ex vivo
sample, in a plane parallel to the skin surface. Figure 8 (FOV  20  20 mm2, resolution:
78  78 mm2, slice thickness  300 mm) clearly
depicts a more randomly organized pattern of
the fibrous network along with the presence of
localized thickened septae. This probably corresponds to the detected structures on 3D images.
Although fine details of the network remain undetected, our findings, however, allow quantification of the main directions of this fibrous network.
For women with cellulite, we found a higher percentage of septae perpendicular to the skin surface
and a smaller percentage parallel to the surface. In
some aspects, our results are in agreement with
those of NuÈrnberger, but this present work gives
more evidence about the heterogeneity in the directions of the septae. These findings highly suggest that modelizing the 3D architecture of the
fibrous septae network as a perpendicular pattern
in women whereas criss-cross in men would be an
over simplification.
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Fig. 7. Mean values of the relaxation times T1 and T2 of lipids and water in adipose tissue according to sex and presence of cellulite. There are no
differences among all the subjects.

Fig. 8. High spatial resolution (voxel size  78  78  300 mm3)
2D MR image of the fibrous septae network in a plane parallel to the
skin surface. The thin tortuous hypointense structures represent
fibrous septae. Thickened areas are visible and probably correspond
to those visible on the 3D reconstructions.

Physiological characterization of SAT

Changes in the physiology of the subcutaneous
tissue in relation to sex and presence of cellulite
are still a matter of controversy. We first evaluated
relaxation times of the different chemical compounds detected by proton spectroscopy, which
reflect the dynamic aspect of biologic systems. T1
and T2 values of lipid compounds were consistent
with those previously reported (16). The measurement of short T1 and T2 values for water showed
that the content was low along with a restricted
motion. No difference according to sex or cellulite
was found. Data for the unsaturated lipid fraction,
saturated lipid fraction, and water fraction were
similar for the three groups, except for a slight
inexplicable increase in the unsaturated lipid fraction for normal women compared to men. There
have been reports that some differences had been
measured according to dietary restrictions (32),
and body sites (33), but our findings are in good
agreement with other studies where there were no

differences in saturated and unsaturated fatty
acids in normal adipose tissue (27, 33). For our 67
subjects regardless of sex and presence of cellulite,
subcutaneous adipose tissue contains about 7.4%
of water, and 92.6% of lipids distributed as 7.3% of
unsaturated lipids and 85.3% of saturated lipids.
Our MR findings did not confirm the hypothesis of an increase in water content of subcutaneous adipose tissue in case of cellulite as suggested
by some authors (28), except if excess water
was located in the connective septae as our
measurements were strictly limited within a fat
lobule. Unfortunately, this hypothesis should be
extremly difficult to confirm by an MR study as in
vivo MR spectroscopy has not enough sensitivity
to acquire a localized spectrum within a single
connective septum.
In conclusion, high resolution MR imaging and
localized spectroscopy allowed us to go a step
further in the knowledge of in vivo subcutaneous
adipose tissue anatomy and physiology. Our
results on healthy subjects can serve as reference
data for the characterization of diseased conditions as well as sub-clinical alterations of adipose
tissue. Concerning the specificity of cellulite, MR
imaging revealed some modifications of adipose
tissue anatomy, but MR spectroscopy did not
detect any physiological modification.
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