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Abstract
Bone homeostasis is influenced by the bone marrow adipose tissue (BMAT). BMAT distribution varies from one anatomi-
cal location in the skeleton to another. We developed an advanced microfocus computed tomography imaging and analysis 
protocol that allows accurate alignment of both the BMAT distribution and bone micro-architecture as well as calculation 
of the distance of the BMAT adipocytes from the bone surface. Using this protocol, we detected a different spatial BMAT 
distribution between the rat tibia and mandible: in the proximal metaphysis of the tibia a large amount of BMAT (~ 20% of 
the total BMAT) was located close to the bone surface (< 20 µm), whereas in the alveolar ridge ~ 30% of the total BMAT was 
located between 40 and 60 µm from the bone surface. In the alveolar ridge of rats, the trabecular bone volume was 48.3% 
higher compared to the proximal metaphysis of the tibia (p < 0.0001) and the percentage of adiposity determined to the rela-
tive marrow volume was lower (1.5%) compared to the proximal metaphysis of the tibia (9%, p = 0.0002). Interestingly, in 
the tibia a negative correlation was found between the percentage of adiposity in the total volume and the trabecular thick-
ness (r =− 0.74, p = 0.037). The present study highlights that in comparison to tibial proximal metaphysis, the mandibular 
bone exhibits a massive trabecular network and a low BMAT content with almost no contact with the bone surface. These 
findings are of great interest because of the importance of the fat–bone interaction and its potential relevance to several 
resorptive bone diseases.

Keywords  Rats · Jaw bone · Osmium staining · Bone structure · Micro-computed tomography imaging · Adipocytes

Introduction

Through the last decades, adipose tissues have revealed their 
diversity regarding their cellular composition, anatomical 
location and physiopathological properties [1, 2]. Among 
the fat depots, bone marrow adipose tissue (BMAT) emerges 
as a distinct fat depot regarding the size, distribution and 
metabolic function of the marrow adipocytes [3–5]. The 
presence of this adipose tissue and its normal age-related 
conversion in the bone marrow was a long-standing knowl-
edge thanks to histomorphometry and magnetic resonance 
imaging (MRI) but has been surprisingly disregarded in the 
craniofacial skeleton. Distribution of the BMAT in the skel-
eton is a tightly regulated process with skeletal site specifici-
ties [6–8].

Recently, in rodents, BMAT content and composition 
have been reported to be differently distributed between 
the distal and the proximal metaphysis in the tibia. But the 
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status of the mandible is still not clear. In the jaws, two 
functional areas characterized by a high bone remodeling 
activity have been identified in rats: the alveolar ridge and 
the condyle [9]. Yamada et al. established that the con-
version of hematopoietic to fatty marrow in young sub-
jects occurs first in the mandibular corpus followed by 
the ramus and finally the condyle [10]. The BMAT con-
tent within the alveolar ridge remains to be elucidated on 
adults and the influence of the teeth on the alveolar ridge 
BMAT content have not been evaluated to date. Lack of 
knowledge regarding the BMAT location and composi-
tion in the craniofacial skeleton particularly in presence 
or absence of the teeth impairs our understanding of not 
only bone homeostasis during aging but also a broad range 
of pathological conditions including periodontal diseases.

Although BMAT origin, development and function are 
still being determined, its importance in bone–fat inter-
actions remains of high clinical interest [11–13]. From 
clinical findings, marrow fat composition also plays a role 
in skeletal homeostasis [14–16]. Recent studies in both 
human and animal models indicate a relationship between 
the amount of BMAT and several bone diseases [17–19]. 
BMAT is also involved in the regulation of hematopoiesis 
[20] and modified during aging [21]. Through aging, an 
increase of BMAT content was observed and appears to 
be inversely correlated to decrease trabecular bone volume 
in iliac crest [22]. The bone remodeling activity seems 
to be modulated by the local bone marrow microenviron-
ment adjacent to bone surface [23, 24]. Consistent with 
the importance of paracrine signaling of BMAT, in vitro 
co-culture studies from our lab by Clabaut et al. suggest 
that adipocytes may affect bone cells fate by promoting 
trans-differentiation (or re-programming) of osteogenic 
cells [25]. Li et al. reported also histomorphometric data 
in vertebrae and concluded that skeletal sites with high 
yellow marrow fat content, such as caudal vertebrae or 
distal tibiae, did not induce cancellous bone osteopenia 
[26]. Given this variability, to understand bone–fat interac-
tions, the relationship between bone and BMAT proxim-
ity deserves careful consideration especially among bone 
sites.

The anatomical dissemination and the difficulties to 
access BMAT still hamper our understanding of the relative 
involvement of BMAT in health and diseases. The aim of the 
present study was to develop an original microCT imaging 
and analysis protocol that combines two registered microCT 
scans of the same sample from which both the micro-archi-
tecture and the BMAT content (using osmium tetroxide 
staining) can be calculated. This novel protocol allowed to 
establish the BMAT status of both the mandibular alveolar 
ridge and condyle compared with the tibial metaphysis in a 
rat model. Moreover, and uniquely, it allowed to investigate 
the distance between BMAT and trabecular bone surface.

Materials and Methods

Animal Procedures

Six-month-old female Sprague–dawley rats (n = 9) with a 
homogeneous weight of 361 g (± 18 g, SD) were provided 
by Janvier Lab (Laval, France). The provider reports that the 
rats were free of known viral, bacterial and parasitic patho-
gens, in accordance with the approval obtained by the Vet-
erinary Department of the French Ministry of Agriculture 
(Approval No. B 53-103-02). All experiments on animals 
were carried out in an accredited animal facility (Authori-
zation No. B5935010) at the University of Lille under the 
approval of the Animal Ethic Committee and in accordance 
with the directive 2010/63/EU and the “Principles of Labo-
ratory Animal Care” recommended by the National Society 
for Biomedical Research in France. Rats (n = 3/cage) were 
housed in type 4 cages filled with Lignocel® (hygiene ani-
mal bedding) enriched with horizontal tubes for climbing 
under controlled conditions at 22 ± 2 °C on a 12 h light/12 h 
dark cycle with lights on from 7.00 a.m. to 7.00 p.m. They 
were fed ad libitum (free access to tap water and standard 
chow diet). Rats were euthanized by exsanguinations under 
anesthesia at 6 months. At killing, right hemi-mandibles and 
tibias were harvested, immediately fixed for 48 h in 10% 
neutral-buffered formalin and stored in phosphate buffered 
saline prior to further analyses.

MicroCT Image Acquisition and Reconstruction: 
Scan 1

To assess simultaneously the bone micro-architecture and 
the BMAT content, the trabecular area was investigated 
in three skeletal locations: (i) the intra-radicular tooth-
bearing (alveolar) bone of the first molar, (ii) the central 
area of the mandibular condyle in the mandibles and (iii) 
the secondary spongiosa of the tibial metaphysis (Fig. 1).

All bone samples were scanned a first time (i.e. 
SCAN1) to allow analysis of the trabecular bone morpho-
metric parameters. Specimens (mandibles and tibiae) were 
placed in a plastic sample holder and were scanned using 
a Skyscan 1172 microCT device (Bruker MicroCT, Kon-
tich, Belgium). The software suite provided by the manu-
facturer was used for image acquisition, reconstruction, 
analysis and 3D visualization (Skyscan 1172©, NRecon©, 
Dataviewer, CTAn©, CTVox™).

Scan settings were as follows: isotropic voxel size 
10 µm3, 80 kVp, 100 µA, Al–Cu filter, 2400 ms integra-
tion time, 0.5° rotation step over 180°.

For the reconstruction (NRecon©), the following set-
tings were applied to clearly distinguish the mineralized 
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compartment of the bone from the bone marrow: Gauss-
ian smoothing, ring artifact reduction 6, beam hardening 
correction 50%.

Osmium Tetroxide Staining Protocol

After these first acquisitions, samples were prepared for 
BMAT analysis. Thus, all the bone samples were decalcified 
under controlled slow oscillations in 4% formic acid/10% 
NBF (1:1), pH 7.4, for 4 days. Once demineralized, they 
were rinsed in distilled water. Each decalcified bone was 
then stained in the fume hood for 48 h in a 45 ml stain-
ing solution that was composed of a 1% osmium tetroxide 
solution stabilized in a 2.5% dichromate potassium solution 
at room temperature. Then, the bones were washed, in the 
same tube, by removing the staining solution and soaking 
the stained bones in 45 ml of PBS for 3 h at room tempera-
ture. This washing step was repeated twice and the last wash 
was left in the hood overnight. Osmium stained bones were 
then moved to a fresh set of 50 ml falcon tubes containing 
45 ml of PBS each and were stored at + 4 °C until microCT 
acquisition.

MicroCT Image Acquisition and Reconstruction: 
Scan 2

After osmium tetroxide staining, the decalcified and stained 
bone samples were scanned a second time (i.e. SCAN2) to 
allow analysis of the BMAT.

Samples were scanned using the same acquisition settings 
as for the first scan.

For the reconstruction of the SCAN2 datasets, the follow-
ing settings were applied to reveal osmium-stained BMAT: 
Gaussian smoothing, ring artifact reduction 3, beam harden-
ing correction 30%.

Image Datasets Alignment (SCAN1 and SCAN2 
Registration)

The SCAN1 and SCAN2 datasets were rotated to obtain the 
same orientation, which was specific for each skeletal loca-
tion (the longitudinal axis of the proximal metaphysis in the 
tibia and the mandibular condyle and the first molar in the 
alveolar ridge for the mandible, see Fig. 1). Then, the reori-
ented datasets of each sample (SCAN1 as reference, SCAN2 
as target) were manually registered using Dataviewer 

Fig. 1   Global approach to 
co-investigate the trabecular 
bone micro-architecture and the 
BMAT in the mandible (alveo-
lar and condylar bone) and in 
the tibia. a Shadow projections 
showing the volume of interest. 
b Cross-sections illustrating 
the trabecular ROI and the cor-
responding cross-section after 
binarization of the trabecular 
network. c Registration of 
SCAN1 and SCAN2 datasets. 
d 3D rendering of the trabecu-
lar bone network (white) and 
BMAT (yellow) within the ROI. 
(Color figure online)
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software (v. 1.5.2.4) following these critical steps: (i) co-
registration of the global outlines; (ii) adjustment of the 
enamel of the rodent incisor (in case of the alveolar ridge) 
and (iii) progressive adjustment of the trabecular network 
and bone marrow space using the profile scale diagram and 
different angles of view (Fig. 1).

Determination of the Regions of Interest (ROI)

After registration, regions of interest (ROI) were drawn in 
the SCAN1 datasets that delineated the trabecular area of 
the samples using CTAn. For the alveolar ridge, ROIs were 
selected as the intra-radicular bone of the first molar from 
the furcation to the apex roots, as adapted from the protocol 
of Du et al. (modification: oval shape instead of a circular 
one) [27]. In the condyle, the ROI was selected according 
to the method described by Jiao et al. as a rectangle shape 
(1 mm length, 0.5 mm height) in the central compartment 
(Fig. 1) [28]. In the proximal tibia, 200 cross-sections (2 mm 
height) were selected 1.5 mm under the growth plate and 
the trabecular area was isolated from the cortical area by a 
semi-automated protocol in CTAn© [29].

MicroCT Image analysis: trabecular Bone 
Micro‑architecture

In these ROIs of the SCAN 1 datasets, a one-level Otsu’s 
method was used to determine the threshold between the 
mineralized tissue and the bone marrow compartment (and 
vice versa) [30], and the following bone microstructural 
parameters, reflecting the morphology of the trabecular 
network for each skeletal location, were measured using 
CTAn©: percent bone volume (BV/TV, %), percent mar-
row volume (Ma.V/TV, %), trabecular bone surface/volume 
ratio (BS/TV, mm−1), trabecular number (Tb.N, mm−1), tra-
becular thickness (Tb.Th, mm), trabecular separation (Tb.
Sp, mm) and trabecular pattern factor (Tb.Pf, mm−1).

MicroCT Image analysis: BMAT Content 
and Distribution

For quantification of the BMAT content, each defined ROI 
of the SCANS 1 datasets was re-used on the co-registered 
SCAN2 dataset to determine the BMAT content in the same 
area as where the bone micro-architecture was assessed. For 
the mandibular bone, a fixed threshold value (between 110 
and 255 Gyscale levels) was used for both skeletal locations. 
In the tibia, the BMAT was segmented using a multilevel 
Otsu algorithm (3 levels). The following BMAT parameters 
were measured for each skeletal location: percentage of 
adipocyte volume in the total volume of the ROI (Ad.V/
TV, %) and, in an original way, the ratio adipocyte volume/
marrow volume (Ad.V/Ma.V, %) which constitute a novel 

3D parameter. To assess the spatial distribution profile of 
BMAT in relation to the bone surface, a customized step-
wise process (i.e. task list) was created in CTAn© to plot the 
percentage of adiposity versus the distance from the trabecu-
lar bone surface. This task list combines, after uploading the 
segmented osmium stained BMAT from the SCAN2 datasets 
as the image and the binarized trabecular network of the 
SCAN1 datasets as ROI,

1.	 one-level Otsu thresholding,
2.	 morphological operation: 20 µm 3D dilatation step (2 

pixels),
3.	 saving images,
4.	 3D morphological analysis to determine the percentage 

of adiposity in this volume.

Based on the trabecular separation parameter, these four 
tasks have been repeated seven times to cover the entire mar-
row cavity.

Statistical Analyses

All statistical methods were performed with SAS software 
package, release 9.4 (SAS Institute, Cary, NC). Data are 
presented as mean ± standard deviation (SD). Normality of 
distributions was assessed graphically and using the Shap-
iro–Wilk test.

Comparison between the three skeletal locations was 
made using a linear mixed model to take into account the 
correlation between the repeated measures within subjects 
(one measure per location) by including a random subject 
effect. Post-hoc pairwise comparisons between skeletal loca-
tions were performed. Residuals of the model were checked.

Relationship between trabecular bone micro-architecture 
and BMAT content was assessed using a linear mixed model 
to take into account the correlation between the repeated 
measures within subjects. This model included interaction 
term between the location and the distance of trabecular 
bone surface. If significant interaction was observed, dif-
ference between each site was assessed at each distance of 
trabecular bone surface using linear contrasts.

Correlation between variables was examined among each 
site by a Spearman’s rank correlation coefficient. Statistical 
significance for all above tests was set at p < 0.05.

Results

Our novel microCT imaging and analysis protocol allowed 
accurate and simultaneous characterization of the trabecular 
bone micro-architecture and the BMAT content and spatial 
distribution within the same anatomical location (Fig. 1). 
Three skeletal sites (alveolar ridge, condyle and proximal 
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tibia) in rats have been investigated by this approach in the 
present study.

Trabecular Bone Micro‑architecture

Micro-architectural differences were found between the three 
skeletal locations (Fig. 2). More specifically, BV.TV was 
48.3% higher in the alveolar ridge and 58.2% higher in the 
condyle compared to tibial metaphysis. Tb.N was 20.9% 
higher in the alveolar ridge and 24.1% higher in the condyle 
compared to the tibial metaphysis, and this was associated 
with an increased mean trabecular thickness of 38.5% in 
the alveolar ridge and 46.7% in the condyle compared to 
tibia. Tb.Sp was similar for the alveolar ridge and the tibial 
metaphysis, whereas the condyle exhibited a mean trabecu-
lar separation that was 81.8% higher than that of the tibial 
metaphysis. Tb.Pf was negative in the alveolar ridge and in 
the condyle while it was found to be positive in the tibia. BS/
TV was found to be ~ 40% inferior in the alveolar ridge and 
the condyle in comparison with tibial metaphysis.

BMAT Content

BMAT content in relation to the trabecular bone was 
obtained using our novel microCT imaging and analysis 
protocol as shown in Fig. 1d. The alveolar ridge showed a 
Ma.V/TV ratio that was 77.5% lower than that of the tibial 
metaphysis. The condyle exhibited an even higher difference 
compared to the tibial metaphysis (− 185%, p < 0.0001). No 
BMAT was observed in the condyle (Fig. 3). In the tibial 
metaphysis, the percentage of adipocyte volume was higher 
compared to the alveolar ridge both when determined rela-
tive to the total volume (6% vs 0.5%, p < 0.0001) as to the 
marrow volume (9% vs 1.5%, p = 0.0002).

Correlation and Spatial Relationship Between 
the Trabecular Bone and the BMAT

A negative correlation was found in the tibia between the 
adipose volume/total volume ratio and the trabecular thick-
ness (r = − 0.74, p = 0.037). For the two other skeletal loca-
tions, no significant correlations were found between the 

Fig. 2   Trabecular morphometric parameters (histograms) and rep-
resentative 2D binarized sagittal cross-sections showing trabecular 
bone (white) and marrow cavities (black) in the three skeletal loca-
tions: BV/TV trabecular bone volume/total volume ratio (%), Tb.N 

trabecular number (mm−1), Tb.Th trabecular thickness (mm), Tb.
Sp trabecular separation (mm), Tb.Pf trabecular pattern factor 
(mm−1), BS/TV bone surface/total volume ratio (mm−1); **p < 0.01, 
***p < 0.0001
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bone micro-architecture and the BMAT content. Our novel 
microCT imaging and analysis protocol uniquely allowed 
to assess the spatial relationship between the bone and the 
BMAT. No assessment of this spatial relationship was possi-
ble for the condyle, since there was no BMAT present in this 
location. In both the other skeletal locations, i.e. the alveolar 
ridge and the tibial metaphysis, it was seen that 50% of the 
adipocyte volume was located at a mean distance of 40 µm 
from the trabecular bone surface (Fig. 4a). Interestingly, in 
the tibial metaphysis there were more adipocytes located 
close to the trabecular surface (~ 25% located at 20 µm; 
Fig. 4b) than in the alveolar ridge (~ 30% located between 

40 and 60 µm; Fig. 4b). Significant differences were found 
until 60 µm.

Discussion

The rat model is considered as a suitable model for assess-
ing the bone micro-architecture for many applications [31, 
32]. The choice of the age is, however, crucial as the impact 
of skeletal maturation could impair the results. Rats experi-
ence a natural permanent skeletal growth until 6 months of 
age [33–35]. Therefore, 6 months is often reported in the 

Fig. 3   Bone marrow adipose properties (histograms) and representa-
tive co-localisation of trabecular bone (white) and marrow adiposity 
(yellow) in 2D horizontal cross-sections after registration in the three 
skeletal locations: Ma.V/TV marrow volume/total volume ratio (%), 

Ad.V/TV adipose volume/total volume ratio (%), Ad.V/Ma.V adipose 
volume/marrow volume ratio (%); **p < 0.001, ***p < 0.0001. (Color 
figure online)

Fig. 4   Spatial relationship between the trabecular bone surface and 
the BMAT. a Cumulative percent of the BMAT in function of the dis-
tance to the trabecular bone surface. b Distribution histogram of the 
BMAT content in the alveolar ridge and the tibial metaphysis in func-
tion of the distance to the trabecular bone surface. c Representative 

image illustrating the novel approach of progressive dilatation of the 
trabecular bone network used as ROI to quantify the mean distance 
separating bone from adipose depots (color code), the white repre-
senting the bone trabeculae without any dilatation of the ROI. (Color 
figure online)
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recent literature as an accurate period to investigate bone 
or bone marrow changes so as to avoid any confounding 
factors due to growth or senescence. Since also the BMAT 
content is age-related, the age is an important aspect that has 
been taken into account in the present study, which assesses 
both the BMAT and the bone micro-architecture. Therefore, 
6-month-old rats have been selected for our study.

The present data showed skeletal location-related differ-
ences in the bone micro-architecture.

Indeed, a much denser bone micro-architecture was 
observed in the mandible (> 50% in trabecular bone volume, 
> 20% in trabecular number, > 40% in trabecular thickness) 
compared to the tibial metaphysis. In addition, the nega-
tive trabecular pattern factor values indicate a more con-
nected trabecular lattice and a prevalence of enclosed cavi-
ties with concave surfaces in the mandible while positive 
value indicates a more disconnected trabecular structure in 
the tibial metaphysis. BS/TV parameter, representing the 
specific surface, have been described as a good predictor 
of bone loss [36]. The higher value in the tibial metaphy-
sis may explain its more sensitive response to bone loss in 
comparison to the jaws. Bone loss was found to be enhanced 
preferentially within limb in ovariectomized (OVX) animals 
studies. In normal protein diet–fed animals, OVX led to a 
reduction of BV/TV of 4.9% in the mandible but 82% in 
the tibia (p < 0.001) [37]. Elovic et al. reported that in the 
mandible of adult rats (~ 4 months), OVX led to a 15 and 
28% increase in failure load and stiffness, respectively, but 
no change in bone area fraction or bone mineral density. In 
older rats (~ 6 months), OVX led to an 8% decrease in bone 
area fraction, but no change in failure load, stiffness, or bone 
mineral density of the mandible [38, 39]. In human, clinical 
situations of bone loss such as osteoporosis, the relationship 
between mandibular alteration and prediction of osteoporo-
tic fracture is controversial and of low sensitivity [40, 41]. 
These site-skeletal differences could be in part explained 
by the masticatory activity, resulting in cyclic loads on the 
mandibular teeth-bearing bone compared to the long bones 
in animals [42, 43]. A higher bone turnover rate has also 
been reported in the jaws [9, 44].

The amount of trabecular bone was the highest in the 
condyle, with a mean trabecular volume of about 75%, fol-
lowed by the alveolar ridge (61.5%) and finally the tibial 
metaphysis (32%). This higher bone volume in the condyle is 
associated with a higher mean trabecular density and thick-
ness and a mean inter-trabecular distance that is twice less 
compared to the tibia or the alveolar ridge. These results are 
consistent with those of Choi et al., who reported a denser 
microstructure in the condyle according to the presence or 
the absence of teeth in posterior sectors [45, 46]. Bresin 
et al. suggested that the continuously erupting incisor in the 
rat, which occupies a large part of the mandibular body, may 
also play a role in the micro-architecture of the teeth-bearing 

area [47]. However, in the present study, the ROI in which 
the bone micro-architecture was analyzed was chosen in a 
distant area from the incisor (inter-radicular bone of the first 
molar).

In terms of bone micro-architecture, the reported find-
ings are in accordance with previous studies that focused on 
skeletal specificities [37], but they provide for the first time 
new information on the spatial distribution of BMAT in the 
mandible of mature rats. Using our novel microCT approach, 
we detected a different spatial BMAT distribution between 
the rat tibia and mandible: in the proximal metaphysis of the 
tibia a large amount of BMAT (~ 20% of the total BMAT) 
was located close to the bone surface (< 20 µm), whereas 
in the alveolar ridge ~ 30% of the total BMAT was located 
between 40 and 60 µm from the bone surface. Interestingly, 
in the tibia a negative correlation was found between the per-
centage of adiposity in the total volume and the trabecular 
thickness (r = − 0.74, p = 0.037). No BMAT was observed 
in the condyle of the 6-month-old female rats. This is in 
correspondence with the human study of Yamada et al., in 
which later marrow adipose conversion is described in the 
condyle compared to the mandibular body [10].

Quantification of BMAT in animals (mainly mice) was 
first estimated by counting lipidic droplet cells on 2D histo-
logical sections. However, it was time-consuming, resource 
intensive and most of all inconsistent between laboratories 
as it may miss changes in 3D BMAT content. More recently, 
BMAT volume and heterogeneity was assessed by 3D 
approaches using microCT imaging to better understand the 
BMAT development, function and implication in bone dis-
eases and treatment [21, 22]. However, the available studies 
present several limitations in the characterization of BMAT 
in relation to the bone surface and structure (i.e. no possible 
measurement of BMAT content regarding to the marrow 
volume, no determination of the spatial distribution of the 
BMAT and no quantification of both bone micro-architec-
ture and BMAT within the same region of interest). To our 
best knowledge, this is the first study to allow an accurate 
characterization of both the BMAT distribution and bone 
micro-architecture (after image datasets alignment) as well 
as calculation of the distance of the BMAT adipocytes from 
the bone surface. Taken together, the results of the present 
study report that mandibular bone has a denser bone micro-
architecture compared to the tibial metaphysis, a lower bone 
marrow volume and a BMAT content located at distance 
from the trabecular bone surface.

Conclusion

Investigating and understanding the relationship between 
BMAT and bone quality has emerged as an exciting area of 
research. As pointed out by other groups, one should take 
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into account the fat content in the marrow when assessing 
bone integrity as it may affect bone microstructure [48, 
49]. BMAT has turned to be a heterogeneous fat depot 
whose adipocytes diverge in their phenotype and their 
response to stimuli according to their location in bone 
and its marrow environment [3]. With the help of a novel 
method aligning the bone and the BMAT in 3D, the pre-
sent study establishes the BMAT content and distribution 
in alveolar and condyle sites of rat mandible. These results 
are crucial to have a better understanding of mandibular 
specific response during various physiopathological events 
that should be investigated with rat model.
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