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ABSTRACT:
Microarchitecture of trabecular bone is a very important component of bone quality in osteoporosis
HAL author manuscript

and a determinant of vertebral fracture in men with low bone mineral density (BMD). In contrast to
women, male osteoporosis is, in most cases, secondary. The relationships between microarchitecture
and different risk factors have never been evaluated in men. 152 men with low BMD at the lumbar
spine or hip (BMD, T-score < -2.5) were included in this study. Risk factors were: age, BMI, alcohol
intake, corticosteroid therapy, hypogonadism, chronic diseases. Transiliac bone biopsies were obtained
and histomorphometry was done on an image analyzer; the following parameters were measured:

inserm-00259385, version 1

cortical thickness (Ct.Th), trabecular bone volume (BV/TV), trabecular thickness (Tb.Th), separation
(Tb.Sp) and number (Tb.N), Interconnectivity Index (ICI), Star Volume of the bone marrow, and strut
analysis with Node and Free-end count. The 50 men with 2 risk factors had a lower BMD, lower Ct.Th
and a significant higher Star volume than those with one factor or idiopathic osteoporosis. The 26 men
with at least 3 risk factors, had a lower BMD, a reduction of BV/TV and Ct.Th and a marked
disorganization of the trabecular network (increased Tb.Sp, ICI, Star volume and Free-end to Free-end
struts). The prevalence of vertebral fractures was higher in these patients. When the main risk factor
was considered, a marked decrease in trabecular bone connectivity was observed in hypogonadic men.
In osteoporotic men, higher the number of risk factors, lower the connectivity of trabecular network
and higher the vertebral fracture risk.
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INTRODUCTION
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Osteoporosis is now defined as a disease characterized by low bone mass and microarchitectural
deterioration of bone tissue, leading to enhanced bone fragility and a consequent increase in fracture
risk (Anonymous, 1993). Several epidemiologic studies have shown than about 20 to 25 percent of hip
fractures occurred in men and it has been estimated, in the USA, that the lifetime risk of hip fracture
was about 6 percent, and the risk of vertebral fracture was about 5 to 8 percent in 50- year-old white
men (Melton et al., 1992). As a result of a higher prevalence of concomitant disease, the mortality
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associated with hip fractures in elderly men is at least twice as great in women (Kellie and Brody,
1990; Melton et al., 1992).
In men, some densitometric studies demonstrate that the risk of fragility fractures increases as bone
mineral density (BMD) declines (Gardsell et al., 1990; Nguyen et al., 1996; Aoyagi et al., 2000).
However there is a considerable overlap in BMD measurements between controls and fractured
patients and it has been suggested that BMD alone does not explain the fracture risk (Legrand et al.,
1999). The microarchitecture of trabecular bone is an important component of what is now termed
“bone quality” (Felsenberg and Boonen, 2005). We have extensively developed new algorithms for
image analysers that can be used to measure trabecular microarchitecture on histological bone sections
(Chappard et al., 1999; Chappard et al., 2001). In a previous study, we have found, by logistic
regression analysis, that several microarchitectural descriptors were significant predictors of vertebral
fractures. In other words, histomorphometry indicated that trabecular bone connectivity is an
independent determinant of vertebral fracture and can be used to determine the fracture risk in clinical
studies (Legrand et al., 2000).
However, in contrast to women, male osteoporosis is, in most cases, secondary. Causes such as
prolonged corticosteroid therapy, alcohol abuse, hypogonadism and gastrointestinal disorders are now
clearly recognized. The impact of a low Body Mass Index (BMI), cigarette smoking, hypercalciuria
and thyrotoxicosis is more controversial but they seem to constitute real risk factors of bone loss
(Orwoll and Klein, 1995; Seeman, 2002). The main problem to study the histological impact of these
factors is that most osteoporotic men have several conditions (e.g. alcohol abuse and smoking and
hypogonadism) which contribute together to bone loss (Orwoll and Klein, 1995). To our knowledge,
the relationships between the trabecular microarchitecture and the different risk factors have never
been evaluated in men. Furthermore, only few studies have analyzed bone remodelling. They suggest
that bone formation is reduced in men with alcoholic osteoporosis (De Vernejoul et al., 1983;
3

Chappard et al., 1991), hypercalciuria (Zerwekh et al., 1992), corticosteroid therapy (Weinstein et al.,
1998; Dalle Carbonare et al., 2001) or primary osteoporosis (Jackson et al., 1987; Francis et al., 1989).
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Bone resorption is more difficult to assess, but seems to be increased in hypogonadism-induced
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MATERIAL AND METHODS

osteoporosis (Jackson et al., 1987).
The aim of the present study was to evaluate the relationships between trabecular bone
microarchitecture (evaluated on transiliac bone biopsy) and the number of etiologic factors for
osteoporosis and vertebral fractures in men with a low BMD.

Patients
Three hundred and fifty-five men were referred in our unit (by their general practitioner or
rheumatologist) in order to measure BMD because they had risk factors for osteoporosis, apparent
osteopenia or vertebral fractures on X-ray films. After clinical and biological evaluation, patients with
malignant tumours, multiple myeloma, mastocytosis, hyperparathyroidism, severe renal failure or
treated for osteoporosis, were not included in this study.
One hundred and fifty two men with significant reduction in bone mineral density (BMD more than 2.5
SD below the normal value for young adults on the spine or the hip) gave informed consent. They were
included in a transversal but prospective study to examine the relationships between (a) the
microarchitectural changes of trabecular bone, (b) the spine and hip BMD, (c) the clinical risk factors
for osteoporosis, (d) the presence of vertebral fractures. Ages ranged from 19 to 79 years (mean 52.6
years).

Assessment of aetiology and risk factors for bone loss
An extensive medical history (especially alcohol and medication use) and physical examination were
obtained for each subject. Serum levels of calcium, phosphate, alkaline phosphatase, gamma glutamyltransferase, testosterone, LH, 25-OH vitamin D, parathyroid hormone and thyroid hormones were
measured. Urinary excretion of calcium and phosphate was also measured. Finally, the risk factors
were checked:
-

Age and Body Mass Index: age > 65 years or BMI< 19 kg/m2 were considered as risk factors for
bone loss

-

Tobacco smoking: at least 15 cigarettes per day for at least 10 years
4
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-

Alcohol abuse: alcohol intake more than 80 g per day for at least 10 years

-

Use of corticosteroids: at least 7.5 mg of prednisone (or equivalent) per day for at least 1 year

-

Hypogonadism: repeated low serum testosterone and confirmation by dynamic tests

-

Chronic disease associated with bone loss: gastrointestinal disorders, liver or lung disease,
hypercalciuria, hyperthyroidism.

Bone Densitometry
We measured BMD (areal density in g/cm2) with a dual energy X-ray absorptiometer (DXA) operating
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in fan beam mode (Hologic QDR 2000, Hologic Inc. Waltham, MA, USA). Quality control scans were
performed daily, using anthropomorphometric spine phantom supplied by the manufacturer; long-term
coefficient of variation (<2 years) was 0.40%. Lumbar BMD was assessed from L2 to L4 in posteroanterior incidence and fractured vertebrae were excluded from analysis. At upper left femur, total hip
BMD was taken into account.

Radiographic Assessment
Anteroposterior and lateral spinal X-ray films were performed at the time of the bone biopsy. They
were analyzed independently by two trained investigators who were unaware of the patient status. A
patient was classified as having a vertebral fracture if both readers independently found a definite
fracture. He was classified as normal if both readers independently found that the films were normal.
When the readers disagreed, the films were reviewed in conference between both investigators.
Vertebral fracture was defined as a reduction of at least 20 percent in the anterior, middle or posterior
vertebral height with the following criteria: (a) in anterior wedge deformity, ratio of anterior/ posterior
height < 80% (b) in concavity deformity, ratio of middle/posterior height < 80% (c) in compression
deformity, ratio of posterior height/posterior height of the adjacent vertebra < 80%.

Bone Biopsies
Transiliac bone biopsies were obtained under local anaesthesia with a trephine having a 7 mm internal
diameter (Model LHEA, Commeca-Commed, Beaucouzé, France), 2 cm below the iliac crest and 2 cm
behind the antero-superior iliac spine. Specimens were fixed in an alcohol based fluid and were
embedded undecalcified in methylmethacrylate. For each patient, six undecalcified non serial sections
(7 µm thick, separated by 100 µm) were cut dry on a heavy duty microtome, parallel to the axis of the
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bone core. All biopsies were complete and unbroken (i.e., with two cortices and no artefactual
disruption of the trabecular network). Sections were stained with a modified Goldner’s trichrome.
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Histomorphometric analysis
The histomorphometric analysis was done on a Leica Quantimet Q570 image analyzer (Leica France,
Rueil Malmaison, France) as previously reported (Chappard et al., 1996; Chappard et al., 1999). In that
way, basic histomorphometric measurements can be obtained. Cortical thickness (Ct.Th) is the mean of
external + internal cortical thickness, expressed in μm. Trabecular bone volume (BV/TV) is the

inserm-00259385, version 1

amount of trabecular bone within the cancellous space (expressed in %). BV/TV is derived from
measurements of bone area (B.Ar) and cancellous tissue area (T.Ar) and expressed as:
BV/TV = 100 * B.Ar/T.Ar
In addition, four stereological methods were used in order to appreciate the spatial distribution of
trabeculae and their connectivity.

1) Trabecular thickness, number and separation.
The following trabecular characteristics: mean thickness of the trabeculae (Tb.Th, in μm), trabecular
number (Tb.N, in /mm) and mean separation between trabeculae (Tb.Sp, in µm) were derived from
measurements of trabecular perimeter (B.Pm) and B.Ar according to Parfitt's formulae (Parfitt et al.,
1983). All these parameters are based on the assumption that trabecular bone has a microarchitecture
made of parallel plates connected by transverse rods.

6

2) Inter Connectivity Index of marrow spaces (ICI)
The connectivity of the marrow cavities was measured by skeletonization of their profiles on binary
HAL author manuscript

images. Skeletonization is a process of peeling off a pattern as many pixels as possible, without
affecting the general shape of the pattern. It reduces foreground regions to a skeletal remnant that
preserves the extent and connectivity of the original region while throwing away most of the original
foreground pixels; however, the skeleton often contains insignificant branches that are removed by a
pruning algorithm. On the pruned skeleton, the total number of nodes, node-to-node branches, node-tofree end branches were determined (Fig. 1A). Also, the number of “trees” was obtained, a tree being
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the structure composed of interconnected node(s) with node-to-node and/or node-to-free end
branch(es). The InterConnectivity Index of the bone marrow cavities combines these parameters as
previously shown {Chappard, 1999 #11}. The higher the level of connectivity of the marrow cavities,
the higher the fragmentation of the bone trabecular network.

3) Characterization of the trabecular network.
The binary images of the trabeculae were skeletonized and pruned with the same algorithms as
described for ICI determination (Mellish et al., 1991; Croucher et al., 1996; Chappard et al., 1999). On
the skeleton, nodes (N), free-end (F) and the various types of trabeculae were measured: Node-to-Node
struts (NN) and Free-end-to-Free-end struts (FF) (Fig. 1B). Measurements of strut lengths were
expressed as a percentage of the total strut length (TSL).

4) Star volume of the bone marrow
The star volume of the marrow space was determined according to the chord length distribution
method described for porous glasses or cements (Levitz and Tchoubar, 1992). As previously described
by our group, this method is faster and more adapted to image analyzer than the original manual
technique proposed by Vesterby (Vesterby, 1993). A series of grids of parallel lines (with angles from
π to 2π), was used to explore the marrow cavities ((Fig. 2). The cubed length of each over imposed
chord l 3o was measured and the star volume was defined as:
V*m.space = π/3 * l3o

ICI and other last parameters are measured independently of B.Ar and T.Ar without assumption about
the “plate and rod” model hypothesis.
7

Statistical analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS release
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10.1, Spss Inc, Chicago). All results are expressed as mean ± one standard deviation. The nominal
significance level was set at 0.05. Correlations were searched between parameters: linear correction
analysis used Pearson’s r based on the model y = ax + b where y is the dependent variable and x the
predictor variable. Comparison between subgroups of men for BMD measurements, histological
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parameters and vertebral fracture prevalence were tested by multivariate analysis of variance
(MANOVA) with post-hoc Scheffé’s test. For comparing the effect of microarchitectural parameters
with the number of risk fractures and the number of fractures, variables were standardized by
subtracting the mean, then dividing by the standard deviation. "Standardization" is a special case of
transformation since transformed variables have no units; it is used to compare variables that are
originally measured in different units.
RESULTS
Clinical, biological and radiographic evaluation

Among the 152 men, 28 (18.4%) were older than 65 years, 11 (7.2%) had a BMI < 19 kg/m2, 35 (23%)
took corticosteroids, 28 (18.4%) had an alcohol abuse, 70 (46.1%) were smoking. Clinical and
biological tests showed a hypogonadism in 14 men (9.2%), an additional chronic disease associated
with bone loss in 46 men (30.3%).
Most osteoporotic men had several pathological factors which might have, together, contributed to
bone loss. So, the patients were divided according to the number of risk factors per patient:
-

28 men had no risk factors (idiopathic osteoporosis and age< 65 years and BMI >19 kg/m2 ),

-

48 had a sole risk factor (e.g. hypogonadism or corticosteroid therapy),

-

50 men had two risk factors (e.g. hypogonadism and alcohol abuse)

-

26 patients had at least 3 risk factors (e.g. hypogonadism and alcohol abuse and corticosteroid
therapy).

Anteroposterior and lateral spinal radiographs evidenced at least one vertebral crush fracture in 84
patients and none in the remaining 68 others. Among fractured patients, 25 patients had only one
vertebral fracture while 45 men had 2 to 4 fractures. Fourteen patients had severe osteoporosis with 5
to 10 vertebral fractures.
8

Relationships between BMD, microarchitectural parameters and aetiology of osteoporosis
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The histological findings were examined taking into account the main aetiology of bone loss in
patients. Most osteoporotic men had several pathological factors which could together contribute to
bone loss but we have the opportunity to compare the BMD and the microarchitectural parameters in 4
particular subgroups of patients:
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-

28 men with strictly idiopathic osteoporosis,

-

30 men with corticosteroid therapy as the sole risk factor,

-

21 were heavy drinkers,

-

11 men with hypogonadism as the sole risk factor.

As seen in Table I, spine BMD was quite similar among groups but hip BMD was lower in
corticosteroid, alcohol or hypogonadism-induced osteoporotic patients. Histomorphometric analysis
showed that corticosteroid-induced osteoporosis was characterized by a lower Tb.Th. However, there
was no significant difference between men with primary OP and men with corticosteroid -induced
osteoporosis for any connectivity parameter.
In contrast, a significant decrease in trabecular bone connectivity was noted in men with
hypogonadism: Tb.Sp, ICI, Free-end to Free-end struts and V*m.space were significantly higher whereas
Tb.N and Node to Node struts were lower in these patients.

Relationships between BMD, microarchitectural parameters and number of risk factors for bone
loss per patient

As seen in Table II, the 50 men with 2 risk factors had a lower hip BMD, a lower Ct.Th and a
significant higher V*m.space which indicate a decrease in trabecular connectivity. Furthermore the 26
men, with at least 3 risk factors, had a lower hip BMD, a reduction of both BV/TV and Ct.Th and a
marked disorganisation of the trabecular network with an increase in Tb.Sp, ICI, V*m.space and Free-end
to Free-end struts. The prevalence of vertebral fractures was higher in these patients. In the same way,
regression analysis showed a significant relationship between the risk factors number per patient and
total hip BMD (r= -0.38, p=0.01), ICI (r = 0.19, p=0.02), Free-end to Free-end struts (r = 0.21, p=0.01)
and V*m.space (r = 0.23, p=0.005). Hip BMD was found correlated with BV/TV (r =0.20, p=0.02) and
architectural parameters such as ICI (r = - 0.32, p=0.001), V*m.space (r =-0.22, p =0.02) and FFS
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(r = -0.24, p= 0.07). Microarchitectural deterioration increased with the number of risk factors as seen
on Figure 4 after standardization of variables.
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DISCUSSION

In the present study, the relationships between BMD, trabecular bone microarchitecture and risk
factors for bone loss were examined in a large cohort of men suffering from osteoporosis. As
previously shown by others, clinical and biological tests revealed that osteoporosis was associated, in
77% of these men, with risk factors or medical conditions which could explain bone loss (Nguyen et
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al., 1996). Furthermore, taking account into an age over 65 years and a low BMI (<19 kg/m2) as risk
factors, only 18.4% of men can be classified as suffering from idiopathic osteoporosis. Despite a
similar lumbar BMD, the vertebral fracture prevalence was significantly lower in men with idiopathic
osteoporosis, suggesting some differences in bone quality between idiopathic and secondary
osteoporosis.
In this large cohort, trabecular bone microarchitecture was explored according to the main aetiology of
bone loss. Corticosteroids are known to depress bone formation by a direct effect on osteoblasts and by
promoting apoptosis of osteocytes and osteoblasts (Weinstein et al., 1998; Weinstein and Manolagas,
2005). The total amount of bone replaced in each remodelling cycle is reduced by about 30 % (Dalle
Carbonare et al., 2001) leading to progressive thinning of plates (Chappard et al., 2007). This can
explain the lower Tb.Th observed in the 30 men undergoing corticosteroid therapy, without alcohol
abuse or biological hypogonadism. In addition, a marked alteration of in the connectivity of trabecular
bone was observed in patients with hypogonadism. This was also found to be associated with an
elevated number of fractures per patient. The significant reduction in trabecular node number and the
concordant increase in Free-end to Free-end struts, V*m.space and ICI indicate that trabecular
microarchitecture was strongly altered in these men when compared with the idiopathic osteoporosis
subgroup. These results agree with animal studies in rats which have shown that orchidectomy
significantly altered connectivity parameters only after 2 weeks while differences in BMD appeared
only after 16 weeks (Libouban et al., 2002). The rapid increase in osteoclast number and the higher
bone remodelling occuring after sex hormone deprivation explain this marked loss of trabecular
connectivity. This is in accordance with the higher incidence of fragility fractures in men with
hypogonadism, especially in androgen deprivation therapy for prostate cancer (Oefelein et al., 2001).
It is likely that an analysis taking account of the accumulation of risk factors (per patient) is more
appropriated in men with osteoporosis. In a number of animal studies, an association of factors has
10

been proposed to obtain a severe bone loss in the rat. Castration has be associated with
hemichordotomy (Okumura et al., 1991), sciatic neurectomy (Iwamoto et al., 2002; Iwamoto et al.,
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2003), gastrectomy (Surve et al., 2001), local paralysis with botulinum toxin (Blouin et al., 2007) or
corticosteroid treatment or a low calcium diet (Lill et al., 2002). In all these reports, bone loss was
more pronounced when two factors were combined than when a single factor was used.
Recently, clinical research has been focused on the respective role of bone mass and bone quality in
the pathogenesis of osteoporotic fractures. Despite the clear relationship between low BMD and
fracture risk, there is a considerable overlap in BMD measurements between controls and fracture
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patients. In addition, several studies show that, even after adjustment for BMD, a history of previous
vertebral fracture increases considerably the fracture risk in men and women (Ross et al., 1991).
Furthermore, antiresorptive therapies, such as raloxifene or bisphosphonates, reduce the vertebral
fracture risk by nearly 50% whereas BMD increases by only 3 to 10%. So BMD increase explained
only 4 to 25% of the reduction in fracture risk (Faulkner, 2000). These findings contribute to
demonstrate that bone density has limitations as a surrogate for bone strength and fracture risk.
Compelling evidence indicates that bone tissue quality influences fracture risk. Bone quality depends
on many factors including the architecture of cortical bone, the degree of mineralization, the quality of
collagen and non collagen proteins, the bone turnover rate, the mean degree of mineralization of the
matrix and microarchitectural changes with trabecular bone connectivity (Felsenberg and Boonen,
2005). The importance of trabecular disorganization has been stressed by several modelling studies: a
small number of perforations can considerably reduce the mechanical resistance (Silva and Gibson,
1997) and plate perforation is now recognized to have a considerable effect on bone strength (Liu et
al., 2006). Furthermore, several groups have shown that the relationships between microarchitecture
and bone mass were not linear, due to the fractal nature of the trabecular network (Chappard et al.,
2001; Thomsen et al., 2002). Finally, the main influence of trabecular microarchitecture in the
pathogenesis of vertebral or hip fractures has been recently underlined by several authors. Oleksik et
al., have investigated bone microarchitecture in transiliac biopsy specimens from 88 post menopausal
osteoporotic women (Oleksik et al., 2000). The 26 women with at least one vertebral fracture, had a
lower cortical thickness and significantly altered strut parameters. In the same way, we have
previously shown that trabecular bone connectivity is a major and independent determinant of
vertebral fracture in men with osteoporosis (Legrand et al., 2000). Recently, Ciarelli et al., have
examined the 3D architecture of trabecular bone in patients with a hip fracture; they found that
fractured patients had a more anisotropic structure with fewer transverse trabecular rods to the load
11

axis (Ciarelli et al., 2000). At the present time, despite the exciting progress in imaging bone
microarchitecture such as MRI or peripheral computerized tomography, bone quality can not be
HAL author manuscript

measured with non invasive methods in routine clinical practice due to the cost of these equipments. In
the same way, the use of microcomputed tomography, which is now extensively popularized, does not
provide sufficiently confident measurements in 3D. This method overestimates the microarchitectural
descriptors because the algorithms used in 3D are influenced by the shape of the measured objects
(Chappard et al., 2005; Chappard et al., 2007). Evaluation of bone microarchitecture by 2D
histomorphometry remains actually a method of choice in the diagnosis of metabolic and malignant
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bone diseases.

The results of this study show a clear relationship between clinical risk factors for osteoporosis and
BMD, as previously shown in the young (Lofthus et al., 2006). In addition, our results strongly suggest
that relationships exist between the number of clinical risk factors and trabecular microarchitecture
alterations. Dividing the patients in four subgroups according the number of risk factors, a gradual and
pathological increase in V*m.space , ICI and Free end to Free-end struts were observed. In the men with at
least 3 clinical risk factors for bone loss, a reduction in femoral BMD and also a marked decrease in
trabecular connectivity were observed. These findings were associated with higher vertebral fracture
prevalence and a significant increase in the fracture number. To assess fracture risk and to take
decisions about therapy is difficult in men. Despite the concordance between our results and those of
animal studies, relationships between microarchitectural parameters and the main aetiology of
osteoporosis have to be analysed cautiously. The number of men was low in the subgroups,
particularly for men with hypogonadism. In addition, chronic disease associated with corticosteroid
therapy (e.g. asthma) could play a role in the pathogenesis of bone loss. In the same way, a part of
these patients were smoking and a possible interaction of this risk factor interacts with alcohol,
steroids or hypogonadism cannot be excluded. Notwithstanding these limitations, the results of this
study strongly suggest that in men with low BMD, higher the number of clinical risks factors, lower
the connectivity of trabecular network and probably higher the vertebral fracture risk.

12

ACKNOWLEDGMENTS
HAL author manuscript

Authors thanks Mrs. Nadine Gaborit and Guénaëlle Brossard for their excellent histotechnological work

and Mrs. Laurence Bourdais for secretarial assistance. The NEMO working group (Network in
Europe on Male Osteoporosis) of the EC is thanked for providing help to this study. This study
was conducted with grants from INSERM PRO-A.

inserm-00259385, version 1

13

REFERENCES

Anonymous. 1993. Consensus development conference. Prophylaxis and treatment of osteoporosis.
HAL author manuscript

Am J Med 94:646-650.
Aoyagi K, Ross PD, Hayashi T, Okano K, Moji K, Sasayama H, Yahata Y, Takemoto T. 2000.
Calcaneus bone mineral density is lower among men and women with lower physical
performance. Calcif Tissue Int 67:106-110.
Blouin S, Gallois Y, Moreau MF, Baslé MF, Chappard D. 2007. Disuse and orchidectomy have

inserm-00259385, version 1

additional effects on bone loss in the aged male rat. Osteoporos Int 18:85-92.
Chappard D, Josselin N, Rougé-Maillard C, Legrand E, Baslé MF, Audran M. 2007. Bone
microarchitecture in males with corticosteroid induced osteoporosis. Osteoporos Int 18:487494.
Chappard D, Legrand E, Baslé MF, Fromont P, Racineux JL, Rebel A, Audran M. 1996. Altered
trabecular architecture induced by corticosteroids: a bone histomorphometric study. J Bone
Miner Res 11: 676-685.
Chappard D, Legrand E, Haettich B, Chalès G, Auvinet B, Eschard JP, Hamelin JP, Baslé MF, Audran
M. 2001. Fractal dimension of trabecular bone: comparison of three histomorphometric
computed techniques for measuring the architectural two-dimensional complexity. J Pathol
195:515-521.
Chappard D, Legrand E, Pascaretti C, Audran M, Baslé MF. 1999. Comparison of eight
histomophometric methods for measuring trabecular bone architecture by image analysis on
histological sections. Microsc Res Tech 45:303-312.
Chappard D, Plantard B, Petitjean M, Alexandre C, Riffat G. 1991. Alcoholic cirrhosis and
osteoporosis in man: a light and scanning electron microscopic study. J Stud Alcohol 52:269274.
Chappard D, Retailleau-Gaborit N, Legrand E, Baslé MF, Audran M. 2005. Comparison insight bone
measurements by histomorphometry and microCT. J Bone Miner Res 20:1177-1184.
Ciarelli TE, Fyhrie DP, Schaffler MB, Goldstein SA. 2000. Variations in three-dimensional cancellous
bone architecture of the proximal femur in female hip fractures and in controls. J Bone Miner
Res 15:32-40.
Croucher PI, Garrahan NJ, Compston JE. 1996. Assessment of cancellous bone structure: comparison
of strut analysis, trabecular bone pattern factor, and marrow space star volume. J Bone Miner
Res 11: 955-961.
14

Dalle Carbonare L, Arlot ME, Chavassieux PM, Roux JP, Portero NR, Meunier PJ. 2001. Comparison
of trabecular bone microarchitecture and remodeling in glucocorticoid-induced and
HAL author manuscript

postmenopausal osteoporosis. J Bone Miner Res 16:97-103.
De Vernejoul MC, Bielakoff J, Herve M, Gueris J, Hott M, Modrowski D, Kuntz D, Miravet L,
Ryckewaert A. 1983. Evidence for defective osteoblastic function. A role for alcohol and
tobacco consumption in osteoporosis in middle aged men. Clin Orthop 179:107-115.
Faulkner KG. 2000. Bone matters: are density increases necessary to reduce fracture risk? J Bone
Miner Res 15:183-187.

inserm-00259385, version 1

Felsenberg D, Boonen S. 2005. The bone quality framework: determinants of bone strength and their
interrelationships, and implications for osteoporosis management. Clin Ther 27:1-11.
Francis RM, Peacock M, Marshall DH, Horsman A, Aaron JE. 1989. Spinal osteoporosis in men. Bone
Miner 5:347-357.
Gardsell P, Johnell O, Nilsson BE. 1990. The predictive value of forearm bone mineral content
measurements in men. Bone 11:229-232.
Iwamoto J, Takeda T, Katsumata T, Tanaka T, Ichimura S, Toyama Y. 2002. Effect of etidronate on
bone in orchidectomized and sciatic neurectomized adult rats. Bone 30:360-367.
Iwamoto J, Yeh JK, Takeda T. 2003. Effect of vitamin K2 on cortical and cancellous bones in
orchidectomized and/or sciatic neurectomized rats. J Bone Miner Res 18:776-783.
Jackson JA, Kleerekoper M, Parfitt AM, Rao DS, Villanueva AR, Frame B. 1987. Bone
histomorphometry in hypogonadal and eugonadal men with spinal osteoporosis. J Clin
Endocrinol Metab 65:53-58.
Kellie SE, Brody JA. 1990. Sex-specific and race-specific hip fracture rates. Am J Public Health
80:326-328.
Legrand E, Chappard D, Pascaretti C, Duquenne M, Krebs S, Simon Y, Rhomer V, Baslé MF, Audran
M. 2000. Trabecular bone microarchitecture, bone mineral density and vertebral fractures in
male osteoporosis. J Bone Miner Res 15:13-19.
Legrand E, Chappard D, Pascaretti C, Duquenne M, Rondeau C, Simon Y, Rohmer V, Basle MF,
Audran M. 1999. Bone mineral density and vertebral fractures in men. Osteoporos Int 10:265270.
Levitz P, Tchoubar D. 1992. Disordered porous solids: from chord distributions to small angle
scattering. J Phys - France 2:771-790.

15

Libouban H, Moreau MF, Legrand E, Audran M, Basle MF, Chappard D. 2002. Comparison of
histomorphometric descriptors of bone architecture with dual-energy X-ray absorptiometry for
HAL author manuscript

assessing bone loss in the orchidectomized rat. Osteoporos Int 13:422-428.
Lill CA, Fluegel AK, Schneider E. 2002. Effect of ovariectomy, malnutrition and glucocorticoid
application on bone properties in sheep: a pilot study. Osteoporos Int 13:480-486.
Liu XS, Sajda P, Saha PK, Wehrli FW, Guo XE. 2006. Quantification of the roles of trabecular
microarchitecture and trabecular type in determining the elastic modulus of human trabecular
bone. J Bone Miner Res 21:1608-1617.

inserm-00259385, version 1

Lofthus CM, Osnes EK, Meyer HE, Kristiansen IS, Nordsletten L, Falch JA. 2006. Young patients
with hip fracture: a population-based study of bone mass and risk factors for osteoporosis.
Osteoporos Int 17:1666-1672.
Mellish RW, Ferguson-Pell MW, Cochran GV, Lindsay R, Dempster DW. 1991. A new manual
method for assessing two-dimensional cancellous bone structure: comparison between iliac
crest and lumbar vertebra. J Bone Miner Res 6:689-696.
Melton LJ, 3rd, Chrischilles EA, Cooper C, Lane AW, Riggs BL. 1992. Perspective. How many
women have osteoporosis? J Bone Miner Res 7:1005-1010.
Nguyen TV, Eisman JA, Kelly PJ, Sambrook PN. 1996. Risk factors for osteoporotic fractures in
elderly men. Am J Epidemiol 144:255-263.
Oefelein MG, Ricchuiti V, Conrad W, Seftel A, Bodner D, Goldman H, Resnick M. 2001. Skeletal
fracture associated with androgen suppression induced osteoporosis: the clinical incidence and
risk factors for patients with prostate cancer. J Urol 166:1724-1728.
Okumura H, Yamamuro T, Kasai R, Iwashita Y, Ikeda T. 1991. Immobilization combined with
ovariectomy and effect of active vitamin D3 analogues in the rat. Cells Mater 1:125-130.
Oleksik A, Ott SM, Vedi S, Bravenboer N, Compston J, Lips P. 2000. Bone structure in patients with
low bone mineral density with or without vertebral fractures. J Bone Miner Res 15:1368-1375.
Orwoll ES, Klein RF. 1995. Osteoporosis in men. Endocr Rev 16:87-116.
Parfitt AM, Matthews CHE, Villanueva AR, Kleerekoper M, Frame B, Rao DS. 1983. Relationships
between surface, volume and thickness of iliac trabecular bone in aging and in osteoporosis.
Implications for the microanatomic and cellular mechanisms of bone loss. J Clin Invest
72:1396-1409.
Ross PD, Davis JW, Epstein RS, Wasnich RD. 1991. Pre-existing fractures and bone mass predict
vertebral fracture incidence in women. Ann Intern Med 114:919-923.
16

Seeman E. 2002. Pathogenesis of bone fragility in women and men. Lancet 359:1841-1850.
Silva MJ, Gibson LJ. 1997. Modeling the mechanical behavior of vertebral trabecular bone: effects of
HAL author manuscript

age-related changes in microstructure. Bone 21:191-199.
Surve VV, Andersson N, Alatalo S, Lehto-Axtelius D, Halleen J, Vaananen K, Hakanson R. 2001.
Does combined gastrectomy and ovariectomy induce greater osteopenia in young female rats
than gastrectomy alone? Calcif Tissue Int 69:274-280.
Thomsen JS, Ebbesen EN, Mosekilde L. 2002. Static histomorphometry of human iliac crest and
vertebral trabecular bone: a comparative study. Bone 30:267-274.

inserm-00259385, version 1

Vesterby A. 1993. Star volume in bone research: a histomorphometric analysis of trabecular bone
structure using vertical sections. Anat Rec 235:325-334.
Weinstein RS, Jilka RL, Parfitt AM, Manolagas SC. 1998. Inhibition of osteoblastogenesis and
promotion of apoptosis of osteoblasts and osteocytes by glucocorticoids. Potential mechanisms
of their deleterious effects on bone. J Clin Invest 102:274-282.
Weinstein RS, Manolagas SC. 2005. Apoptosis in glucocorticosteroid-induced bone disease. Curr
Opin Endocrinol Diabetes 12:219-223.
Zerwekh JE, Sakhaee K, Breslau NA, Gottschalk F, Pak CY. 1992. Impaired bone formation in male
idiopathic osteoporosis: further reduction in the presence of concomitant hypercalciuria.
Osteoporos Int 2:128-134.

17

Table I: Comparison between patients with primary OP, corticosteroid-induced OP, alcohol-induced OP and
hypogonadism tested by multivariate analysis of variance for age, BMI, BMD and histological parameters.
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Primary OP
(n = 28)

Corticosteroid
therapy (n = 30)

Alcohol abuse
(n = 21)

Hypogonadism
(n = 11)

Age (years)

46.1 ± 12.6

49.9 ± 14.2

50.2 ± 11.6

60.6 ± 14.5

BMI (kg/m2)

24.4 ± 2.6

23.4 ± 3.1

25.3 ± 5.4

26.1 ± 3.7

Spine BMD (g/cm2)

0.74 ± 0.09

0.72 ± 0.12

0.74 ± 0.08

0.71 ± 0.09

Hip BMD (g/cm2)

0.85 ± 0.08

0.77 ± 0.19

0.74 ± 0.11

% of fractured men

39.2

46.0

68.1

Number of fractures per
patient

0.7

1.3

Clinical characteristics

a

2.1

aa

a

0.73 ± 0.09
78.3

a

2.3

a

a

aa

a

a

Histomorphometric parameters
Ct.Th (µm)

869 ± 227

802 ± 437

835 ± 257

699 ± 209

BV/TV (%)

13.9 ± 3.5

11.8 ± 4.7

13.9 ± 5.8

11.1 ± 5.2

Tb.Th (µm)

106 ± 29

83 ± 24

Tb.N (/µm)

aa

109 ± 34

bb
b

b

108 ± 34

aa bc

1.34 ± 0.26

1.44 ± 0.49

1.20 ± 0.27

Tb.Sp (µm)

669 ± 158

699 ± 318

767 ± 251

928 ± 224

ICI

2.5 ± 1.1

3.0 ± 2.3

3.4 ± 3.1

5.1 ± 3.6

Star Volume (mm3)

14.6 ± 8.1

21.2 ± 20.2

21.2 ± 17.5

26.6 ± 14.6

FF/TSL (%)

16.9 ± 10.4

21.3 ± 13.6

19.9 ± 14.9

33.6 ± 19.3

NN/TSL (%)

23.0 ± 9.7

28.1 ± 17.3

23.7 ± 15.0

14.4 ± 10.1

a

1.01 ± 0.21

a

aa b

aa b
ab

a a bc
aa bc

aa

p < 0.05, p < 0.01 versus primary OP
b
bb
p< 0.05, p < 0.01 versus corticosteroid therapy
c
p < 0.05 versus alcohol abuse
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Table II Comparison between patients with 0 to at least 3 risk factors (RF) for bone loss, tested by multivariate
analysis of variance for BMD, histological parameters and vertebral fracture prevalence.
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No risk factor (RF)
(n = 28)

One RF
(n = 48)

Two RF
(n = 50)

At least 3 RF
(n = 26)

Clinical characteristics

inserm-00259385, version 1

Spine BMD (g/cm2)

0.74 ± 0.09

0.72 ± 0.08

0.71 ± 0.09

0.72 ± 0.09

Hip BMD (g/cm2)

0.85 ± 0.08

0.81 ± 0.10

0.74 ± 0.13**

0.70 ± 0.13**

% of fractured men

39.2

64.5*

48

69**

Number of fractures
per patient

0.75

1.6*

1.76*

1.88**

Histomorphometric parameters
Ct.Th (µm)

869 ± 227

727 ± 214*

785 ± 358*

770 ± 301*

BV/TV (%)

13.9 ± 3.5

13.0 ± 4.2

13.2 ± 5.4

11.0 ± 3.7**

Tb.Th (µm)

105 ± 29

105 ± 28

99 ± 31

97 ± 38

Tb.N (/µm)

1.34 ± 0.26

1.23 ± 0.30

1.32 ± 0.43

1.19 ± 0.38

Tb.Sp (µm)

669 ± 158

763 ± 247

736 ± 286

825 ± 279*

ICI

2.5 ± 1.1

3.3 ± 3.0

3.0 ± 2.6

4.2 ± 2.9**

Star Volume (mm3)

14.6 ± 8.1

19.3 ± 16.5

19.9 ± 11.8*

24.0 ± 20.2*

FF/TSL (%)

16.9 ± 10.4

21.4 ± 14.6

19.5 ± 14.9

26.9 ± 13.8*

NN/TSL (%)

23.0 ± 9.7

22.3 ± 9.8

27.3 ± 18.1

20.6 ± 11.3

*

p < 0.05,

**

p < 0.01 versus men without risk factors
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Legends of Figures:
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Figure 1:

Measurement of trabecular microarchitecture on digitized histological section from a
patient with male osteoporosis. A) the interconnectivity index is determined after
skeletonization of marrow spaces (cortical and trabecular bone are in grey). The z
represent the nodes on the skeletons. B) strut analysis after allows the identification of
the different types of struts. The  represent the nodes on the skeleton of the trabeculae.

inserm-00259385, version 1

Figure 2:

Measurement of trabecular microarchitecture on a digitized histological section from a
patient with male osteoporosis by the star volume method based on the overimposition of
grids (A: 60°, B: 120°) on the marrow spaces.

Figure 3:

Low magnification (x 6) of bone biopsies from patients with male osteoporosis,
undecalcified bone section, Goldner's trichrome. The combined effects of risk factors is
illustrated. A) idiopathic male osteoporosis, B) one risk factor, C) 2 risk factors, D) 3 risk
factors.

Figure 4:

Additional effects of risk factors on the microarchitectural deterioration of trabecular
bone and number of fractures. Results are obtained after standardization of parameters.
ICI and star volume of marrow spaces increase when trabeculae become perforated. On
the contrary, Tb.N decreases when trabeculae are perforated by osteoclasts.
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Grid with a 60° orientation

B

Grid with a 120° orientation

Figure 2
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A Idiopathic osteoporosis

B one risk factor

C

two risk factors

D three risk factors

Figure 3
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