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Summary

Bone microarchitecture is receiving increasing attertian iintho
assessment of the biomechanical properties ¢f bor e. Whilc, it i<
well characterized in normal and patkolcgic human sybjects,
few quantitative data are availablt"in huini n < tal development
In this paper, quantitative pai an et 7s of biune microarchite sture
in developing humgii bong a e rovicwwed from e liizvati re and
supplement{a by ni v data ¥'om the femaoal metaHh rsis >f 'nu-
mar-iciises. Tiivisal 2zies were injaged usiagisynshrotron radi-
atio 29 micr>-CT and_pr¢less=c us ng_customized analysis
m¢ thods. This techniyue provide s < D inodel independent mor-
rliometric psianieters’ anisc'#opy, connectivity and geometry
characoril tic's, asswell 45 information on mineralization.

The morphhmeatric parameters obtained on fetal vertebrae and
iemurs _sviaenced a dense trabecular structure as compared
‘o that of young adults. The histomorphometric and the 3D mi-
cro-CT analysis were consistent to show a significant in-
crease of trabecular bone volume with gestational age. Tra-
becular bone was found isotropic in vertebral bodies and
anisotropic in femoral metaphysis, demonstrating a radial
growth in vertebrae, and a longitudinal spreading out in long
bones such as the femurs. Trabecular thickness in the mature
bone of vertebral body and femoral metaphysis was around
100 pm, which was in agreement with histomorphometric eval-
uation. In the femoral metaphysis, three-dimensional analysis
confirmed the thickening of trabeculae with the distance to
the growth plate, and an estimated rate of thickening around 3
um/day previously obtained in histomorphometry. The 3D net-
work was highly connected, and our new geometrical analysis
technique showed a strong prevalence of rod structure as
compared to the plate structure in cancellous bone.

KEY WORDS: bone microarchitecture, fetus, micro-CT, three-dimensional
imaging, development.

Introduction

Bone microarchitecture is receiving increasing attention in the
assessment of the biomechanical properties of bone. If it is
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well characterized in normal and pathologic human subjects,
few quantitative data are available in human fetal development.
The different stages of bone formation in human embryo have
been extensively described in histological textbooks (1-3). Os-
sification begins as mesenchymal condensations during the
embryonic period. Bone formation is typically classified in in-
tramembranous and endochondral ossification. In intramem-
branous (or dermal) ossification, the mesenchymal tissue is di-
rectly converted into bone, while in endochondral ossification,
the mesenchymal cells differentiate into a cartilage model,
which is later replaced by bone. Intramembranous ossification
concerns flat bones of the skull and face, the mandible and the
clavicle. Endochondral ossification concerns most bone of the
skeleton, and in particular bones of the axial skeleton and long
bones.

Endochondral ossification involves several steps (2):

1) Chondrocytes in the centre of the cartilage madei hybetro
phy. The matrix is reduced to a serieg’of ymains ruis that
spon begin to calcify. After they”ir itic te. matr x hanges, the
enlarged chondrocytes dejenerc.e aild Gisintegrate leaving
¢avities within_cartiage!

2) Blood vesse!s o'ow, in\the perichondrium surrounding the
shdit ¢f the cartiage: The cells in the inner layer of the peri-
chendrium, 2lifierentiate into osteoblasts. The perichondrium
is now a periosteum, and a thin layer of bone is produced
around the shaft of the cartilage.

3) Blood invasion increases by capillaries penetrating in the
space left by the disintegrating chondrocytes. Osteoblasts
begins producing spongy bone. This primary center of ossifi-
cation expands towards both ends of the cartilage model.

4) As the bone enlarges, trabeculae in the center of the shaft
region are resorbed and form a marrow cavity. The bone of
the shaft becomes thicker and the cartilage between each
epiphyses is replaced by shafts of bone. Further growth in-
volves increase in length and diameter.

5) Capillaries and osteoblasts migrate into the epiphyses creat-
ing secondary ossification centers. The epiphyses become
filled with spongy bone. At each metaphysis an epiphyseal
cartilage separates the epiphyses from the diaphysis.

The initial site of bone deposition, called a primary ossification
center, appears in human fetus from the 8th week of gestation
(4). Later on, secondary ossification centers occur for instance
in the epiphyses of long bone. The first bone tissue formed in
the embryo is an immature bone, called woven bone or non-
lamellar bone. Woven bone can be formed very rapidly and
may also be found in adults when bone has been remodeled or
in fracture healing. In this tissue, the collagen fibers of the ma-
trix are arranged irregularly in the form of a meshwork. Woven
bone is gradually converted to lamellar bone. Woven bone may
be recognized from mature bone by appropriate staining in his-
tology.

At the cell levels, osteoblasts and osteoclasts are respectively

responsible for bone deposition or bone removal. Another type

of cells, osteocytes, which are osteoblasts that have been
trapped in bone matrix during tissue production, communicate
through a network of canaliculi and serve as sensors of me-
chanical stimuli within bone tissue. Bone growth involves rapid
changes in shape and in size. The dynamic of bone activity
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may be described by bone modeling or remodeling. The cellu-
lar interactions associated with remodeling cycles follow a se-
quence of four main stages, activation, resorption, reversal and
formation, well described by Parfitt (5). In bone remodeling the
activity of osteoblasts and osteoclasts is coupled, bone resorp-
tion and formation occurring at the same locations on bone
surfaces. After a remodeling cycle, bone mass is preserved in
normal young adult bone and tends to decline with aging. In
contrast, during bone modeling, the activity of osteoblasts and
osteoclasts is not coupled, formation and resorption occurring
on different surfaces (6, 7). In the growing fetus, modeling is
supposed to be the main mechanism governing the rapid
changes in bone mass and structure.

Bone formation involves a number of chemical, cellular and
morphological processes, the investigation of which requires
various techniques at different scales. From a chronologic
point of view, histology using light microscopy has been the
main technique used to describe the different stages in bone
growth and the cellular mechanism involved in bone formation.
Histology with appropriate staining enables the appreciation of
different type of bones (woven bone, lamellar bone, calcified
cartilage...) and examinations at the cell level. The characteri-
zation of the crystalline structure and the chemical composition
of bone tissue requires techniques at the chemical level, such
as x-ray diffraction, electron or infrared microscopy, and in-
frared or NMR spectroscopy. In (8), the ultrastructure of the ini-
tial stages of ossification in human embryos has been studied
by light microscopy and scanning electron microscopy. In long
bones, matrix vesicles were found amongst maturing and hy-
pertrophic chondrocytes already by the 6th week of gestation.
Mineralization of cartilage in long bone started in the formeaf
hydroxyapatite (HAP) crystals within or around the mafiix via<i-
cles. The calcification rate in lumbar vertebraq, in fetutes acec
17-41 weeks has been documented in«G). do vavier moststud-
ies concerning the structural conjpisiiem”and, he maturation Hf
early calcium phosphatesare still invasiiaated and_mosty, in vit
ro or on animal pGGyls (45213):

Nowadayepvaric iefmoc alities of medical j najirg allow'to get
inzight nta” bone formation., Xwayyradiocraphy (14, 15), and
Dual inergy“X-ray Absaofptiomatry (16, ©7), relying on the at-
tenuation propertiestof boiie, weiastsed to sequence the ossifi-
cation cemiars aid evaluatz"bone mineral density. Quantitative
Campu ed Tolnogzaphy (QCT) allowed to study the mineral
density ia,dzveloping vertebral bodies, showing an increase of
oone mineral density with gestational age (18). However due to
x-ray dose limitation, QCT cannot be used to image bone for-
mation in vivo. In contrast, ultrasonic imaging methods which
are non invasive are well adapted to the follow up of fetus de-
velopment in vivo (19-21). The improvement in the quality of
echographic examinations allows to use this technique to con-
trol the normality of fetuses. In particular the length of various
bone may be measured from ultrasound and normal reference
plots of growth are now available (22, 23). Unfortunately, these
techniques do not provide information on bone microarchitec-
ture in vivo.

Quantitative data of bone microarchitecture during develop-
ment are thus limited to ex-vivo analysis on post-mortem bod-
ies and are relatively scarce due to ethical and legal reasons.
Histomorphometry was used to assess trabecular microarchi-
tecture in iliac crest bone to investigate osteopenia in preterm
neonate (24). The development of the femoral metaphysis has
been quantitatively reported in two major papers by the groups
of Salle and Glorieux (25, 26). These data are relatively unique
in the literature and constitute a reference for architectural pa-
rameters in growing human femurs. More recently three-dimen-
sional microtomography (micro-CT) has been used for the
evaluation of trabecular bone microarchitecture in human fetal
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vertebral bodies (27). Micro-CT was recently used to study
vascular invasion during the development of the secondary
centres of ossification in a rabbit model but no quantification
was provided (28).

In the second section, we shall particularly recall the quantifica-
tion of bone microarchitecture based on 3D micro-CT and re-
view the differences with respect to histomorphometry. In the
third section, the results available for the femoral metaphysis
and vertebral body bone microarchitecure will be reported.
New data obtained from 3D quantitative analysis of micro-CT
images on human femurs during gestation will be presented.
Finally, the different results will be summarized and discussed
in a last section.

Investigation of bone microarchitecture
Imaging techniques

The reference technique for the investigation of bone microar-
chitecture has for long been histomorphometry, which consists
in analyzing histological slices. The bone sample has to be em-
bedded in a resina and a slice with a thickness of a few mi-
crometer is cut. This slice is then examined under a light micro-
scope, and processed using specific quantification methods as
described in the next section. However, since the last descaha,
quantification based on x-ray microtomography_(mica-C\)  a¢
considerably increased due to the amazing [rogros:eswacde
by this t2chnique, and the availability*ot ¢onimarcial systems.
Micr& (. T is a high resolutign v2igion/of CT, used in clinical
routine'at the hospitaiy It ariiici| i€ 18..3"measure the attenua-
vemrof x-rays«ii a (ilica (o a vblume) under different angles of
view; #iCn thes€ nizasures are numerically processed to re-
@ansituctia digitzi“image (or volume). Conversely to histomor-
paomitry which requires the cutting of the bone sample to be
arialyzed, micro-CT is a non destructive technique requiring no
special preparation for the sample. In addition, micro-CT may
provide three-dimensional images that are difficult to obtain by
using serial histological slices due to slice deformations or de-
teriorations during cutting. The quantification of bone mor-
phometry may then be directly performed from three-dimen-
sional images, which presents some advantages over bi-di-
mensional analysis, as will be highlighted in the next section.
Though the accuracy of quantitative microarchitecture parame-
ters is strongly related to image quality in terms of spatial reso-
lution and signal to noise ratio. Spatial resolution refers to the
size of the smallest detail that can be observed in the image. It
is admitted that for the analysis of adult human trabecular bone
a spatial resolution of 10-15 ym is sufficient to get accurate
quantification. Spatial resolution is not necessarily equal to the
pixel (picture element) size in the image, although there is of-
ten some confusion in these terms. The signal to noise ratio in
the micro-CT image is another important parameter with re-
spect to the quantification accuracy since a noisy image makes
it difficult the separation of bone from background. However,
this segmentation is crucial since it is the first step of quantifi-
cation and strongly influences the subsequent measurements.
Keeping the same signal to noise ratio when spatial resolution
increases is a technical difficulty to which micro-CT is confront-
ed. A solution to get high signal to noise ratio in limited acquisi-
tion time, is to use x-rays with high photon fluxes. X-rays with
such characteristics may be produced by synchrotron sources,
and synchrotron radiation (SR) micro-CT systems have been
developed in a few synchrotron facilities in the world.

A SR micro-CT system has been developed on beam-line ID19
at the ESRF (European Synchrotron Radiation Facility). The
system provides three-dimensional images with spatial resolu-
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tion between 15 and 0.5 ym, this last resolution being still un-
achieved by micro-CT systems based on standard x-ray
sources. The system has been used for the quantification of
bone microarchitecture in human adults (29), animal models
(30) and human fetal bone (31). A significant advantage of this
system over standard micro-CT is that it enables the simultane-
ous quantification of bone microarchitecture and tissue miner-
alization (32), which is possible thanks to the use of monochro-
matic x-ray beams with sufficient photon fluxes.

Quantification of bone microarchitecture

The nomenclature used for quantifying bone microarchitecture
in trabecular or cortical bone has been standardized in a refer-
ence paper of Parfitt (33). In order to infer three-dimensional
parameters of bone organization from bi-dimensional slices
(provided by histology), geometric assumptions on the organi-
zation of bone have to be hypothesized. Usually the bone net-
work is supposed to be organized in a parallel plate model
(Parfitt’s model) (34). Under this assumption, stereology-de-
rived methods allow estimating a number of morphometric pa-
rameters from two measures: the percentage of trabecular
bone in the sample (Pp) and the normalized number of inter-
sections of bone with a set of regularly spaced parallel test
lines measured for various orientations (PI). The following pa-
rameters may then be calculated: Trabecular Bone Volume
fraction (BV/TV, where TV stands for total bone sample vol-
ume), Bone Surface on Bone Volume ratio (BS/BV), Trabecu-
lar Thickness (Tb.Th), Trabecular Number (Tb.N), and Trabec-
ular Separation (Tb.Sp). These parameters are typically com-
puted by using the MIL (Mean Intercept Length) method,gxhich
was initially proposed for 2D images, and later gesieraiize d ¥al
3D images. In this case, the same relatigasltips «re uszc but
the test lines are considered in theswhele 312 Space (39). Such
a method may be applied fo tiie wantifightion of three-dimen-
sional images provided by mcrc.C T

However thess0icallec”deny 2d architectural/paramuters have
the drawbach totzely orsa geometricai nioa21'0f bahe'structures
which.is obvicusly not comziewyly app ropriate In all situations.
Fcrtunately this mocd=i is rio mire,rizCessary when three-di-
mensional images are availai'e” A direct or model-independent
metheeyrequiring ,no pAdr assumption has been proposed to
calculate_tiabesdiar thickness (36). A theoretical local thick-
hessiis sefined at each point of the volume as the diameter of
‘he maximal sphere including that point. Similarly, all microar-
chitectural parameters may be obtained via model-independent
methods when using 3D images. The parameters are denoted
with a star (for instance Tb.Th*) so as to differentiate them from
their standard homonyms.

We proposed a method for computing the local thickness of 3D
discrete images based on discrete geometry (37). A medial ax-
is of the bone structure, defined as the center of maximal balls,
is derived from the local maxima of a 3D discrete distance
map. The discrete thickness map is then obtained by propagat-
ing the sorted values of the diameter of the maximal balls to
the entire balls. We typically use a 3D Chanfrein distance
which provides a good approximation of the Euclidian distance
(38). This method provides a thickness value at each point of
the bone volume, and thus makes available the distribution of
thickness over the entire volume. Statistical results such as the
histogram of thickness, and the mean, median, and standard
deviation of the distribution are computed.

Three-dimensional images may also be used to get information
on the orientation and anisotropy of the structure, as well as on
the topology of the bone network (37). Orientation and
anisotropy may be obtained from the MIL method by fitting the
points defined by each direction and the normalized number of
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intersections in this direction, by an ellipsoid in 3D space. The
degree of anisotropy (DA) is estimated by the ratio of the
largest to the smallest axis value. The main orientation of the
ellipsoid gives an estimate of the orientation of the structure.
Topologic parameters include the Euler number, used to quan-
tify the connectivity of the network, or other characteristics cal-
culated from skeletons like the number of branches, number of
connections...

Finally, the global geometry of bone structure in term of plate-
like or rod-like model may be estimated globally by the SMI
(Structure Model Index) (39). We recently proposed new geo-
metrical indices based on a local classification of bone struc-
tures to describe more accurately the percentage of plate and
rod volumes (40). The technique is based on an original idea of
making a local topological analysis in the neighborhood of
each point in order to classify the voxels of the bone structure
(40). We used this classification to label four types of points:
boundary, branch, plate and rod points. This initial classifica-
tion is then re-labeled by re-affecting the boundary type which
is not relevant to that of their closest neighbors. After this step,
the 3-classes labeled image is used for counting the percent-
age of branch, plate and rod points in the bone volume, that we
respectively denote NV/BV, PV/BV, and RV/BV.

Quantification of fetal bone microarchitecture in fimuis
and vertebal body

Results from histomorphometry

Belore reporting=miciJarchite ciural“parameters on femurs, we
tecall thasevoutizn «f fenur size during gestation. Femur
lergtas a'.2ifferant gestational ages are relatively well known,
sincethey cae be examined in vivo using obstetrical echogra-
phiv (22, 23). Various formulas relating gestational age from fe-
mur lengths have been proposed and are used to evaluate
gestational age. Among those we report, the predication pro-
posed by Doubilet (23), which reduces the mean errors to less
than 0.6 week in the 14 to 42 weeks period. The relationship
between gestational age (GA) and femur length (L) is based on
logarithmic regression, GA = exp (o + B L ) with o = 2.45132,
and B = 0.016590. The variation of femur length as a function
of the gestational age, obtained by inverting this formula is il-
lustrated in Figure 1. The dots indicate the characteristics of
the femur samples that will be presented in the next section.

We report here quantitative results obtained from the works of

z 70
c 60
= 50
@ 40
30
20
10

0

10 15 20 25 30 35
Gestational Age (weeks)

th

Femur Len

Figure 1 - Evolution of femur length with gestational ages. The dots corre-
spond to the age of femurs examined in section I11.2.
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Salle, Glorieux et al. (25, 26). Histomorphometry was per-
formed on a collection of samples taken in thirty-five fetuses
and newborns with gestational ages ranging between 16 and
41 weeks. Histomorphometric parameters were evaluated from
frontal cuts in femurs, which were divided in several regions of
interest of 0.56 mm?. The data were organized so that parame-
ters could be evaluated as a function of their distance to the
metaphysis growth cartilage junction. Derived histomorphomet-
ric parameters such as recalled in section I.2 were computed.
Parameters of bone formation (osteoid surface, osteoid thick-
ness, osteoid volume), as well as parameters of bone resorp-
tion were also reported. Some parameters from this study use-
ful to the scope of this paper are reproduced in Table I. Os-
teoid thickness and partial bone volume (BV/TV) increased
with gestional age. The increase of BV/TV between 20 and
40%, was due to an increase of the mean trabecular thickness
evaluated to 71 pm in the first period (16-27 weeks) and 93 pm
in the last period of gestation (34-41 weeks). Interestingly there
was a spatial evolution between partial bone volume, trabecu-
lar thickness, trabecular number, and cartilage volume with the
distance to the growth plate. Partial bone volume and trabecu-
lar thickness were found to increase respectively of about 10%
and 100% whereas trabecular number, and cartilage volume
decreased. From the variation of trabecular thickness within
the femoral metaphysis, the authors estimated the dynamics of
trabecular thickening to about 3 pym/day. Indices of bone re-
sorption decreased with gestional age, and were found to de-
crease with the distance from the growth plate. The authors
emphasized that the changes involved for the femoral meta-
physeal cancellous bone development were related to model-

ing.

Table | - Histomorphometric paramet>ars_in izinoiv| metaphysis
(from Salle et al. (25)).

16-.7 weeks  28-32+w :els |\ 34-< 1 veeks
(sestai ol al Age 20.0+34 202207 38.1+£ 2.3
BVITV (%) 24045 322+6.3 33.6+5.1
Tb.Th ()m) 71+ 14 98 +15 93+9
TO.N (/mx) 34104 3.3+£05 3604

Results from 3D micro-CT

Vertebral bodies

Figure 2 - Micro-CT image (voxel size: 10 ym) of cancellous bone in the
vertebral body of a human fetus (GA = 23 weeks). Left: 2D slice (thick-
ness = 10 ym), right: 3D display.
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The only study, to our knowledge, related to the three-dimen-
sional evaluation of bone microarchitecture in fetal bone was
reported in one of our previous works (31). The microarchi-
tecture in vertebral body was evaluated by using 3D SR mi-
cro-CT at the ESRF (European Synchrotron Radiation Facili-
ty). Twenty-two lumbar vertebral bodies from preterm human
stillborns with gestational age ranging between 16 to 26
weeks were studied. Cubic bone samples with a side of 7 and
2 mm were cut, embedded in methylmetacrylate and imaged
using SR micro-CT. The samples were imaged both with a
pixel size on the detector of 10.13 ym and 1.8 ym. The high-
est spatial resolution required to image the samples with a
smaller transverse section (diameter < 2 mm) to avoid local
tomography. The x-ray beam was monochromatic with an en-
ergy of 20 keV.

A 2D slice and a 3D display of the image of a vertebra sample
(23 weeks) at the 10 um scale are illustrated in Figure 2. The
2D slice in Figure 2, left, has a thickness of 10 ym and is simi-
lar to what may be seen in histology textbooks. When ob-
served in three-dimensional space (Figure 2, right), a dense
and isotropic 3D structure, with a peripheral part made of very
thin bone struts, is clearly seen. These bone struts are not well
rendered in these images, and were accurately studied in the
images acquired at higher spatial resolution (voxel size 1.8
um). Figure 3, left, illustrates a slice in the 3D micro-CTg me ge
acquired at the 2 uym scale. On the left side of this €ucticn, (ke
small struts are well resolved, and on the tigl't sian, s cye
lacunae’may be observed in the_borie siructuze. T iese obser-
vations were confirmed by ¢ombaring/che_ ricro-CT image to
an histulogical slice~Forinis Hu|gose“a 8 um-thick section of
2o”sample s slainied Wwitli'solochrome cyanin R and ob-
servecruadel ligiit niicroscopy. The histological image matched
i the, micro-CTagiice is presented in Figure 3 right (magnifica-
tian 2 It shows organic tissue (cartilage) in pink, mineral tis-
sue in blue, and calcified cartilage in light blue. At higher mag-
nification, a high density of irregular osteocyte lacunae gener-
ally related to immature bone was observed. The examination
of the histological slice under polarized light did not exhibit the
presence of lamellar bone.

Quantitative morphologic parameters were then computed
from volumes of interest (VOIs) extracted from the 3D images.
The 10 pm scale was used to quantify the inner region as seen
in the center of Figure 2, and the 2 ym scale for the quantifica-
tion of the peripheral region. The main results are recalled in
Table II. Partial bone volume, BV/TV, ranged between 30%
and 55%, and a significant increase with gestational age was
found. The mean trabecular thickness, in the inner region was
around 100 pm, and no significant variation with aging in 16-26
weeks period was found. In the peripheral region, the bone

Figure 3 - Left: 2D slice of a micro-CT image (voxel size: 1.8 ym) of
cancellous bone in the vertebral body of a human fetus (GA = 19
weeks), right: corresponding histologic section stained with solochrome
cyanin R. The same features may be recognized.
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Table Il - 3D morphometric parameters in vertebral bodies (from Nuzzo et al., 27).

Internal Bone Region

External Bone Region

BV/TV (%) TbTh* (um) TbSp* (um) TbTh* (um) TbSp* (um)
Min/Max 29.8/54 84.2/118.2 155.2 /321.2 9.47/9.82 23.3/29.9
Mean (Std) 40.1 (10.1) 102.3 (11.3) 224.5 (63.8) 9.64 (1.17) 25.8 (3.1)

thickness was around 9 um, corresponding to forming trabecu-
lae. The presence of crystalline form of HAP was also as-
sessed by synchrotron radiation diffraction. The size of crystal
was found to increase significantly with gestational age.
Femoral metaphysis

We present here additional unpublished results obtained on fetal
femoral metaphysis. Three femurs of respective gestational age
(17, 20 and 29 weeks) were obtained from the same fetuses as
discussed in the previous section. They were embedded in
methylmetacrylate and imaged with 3D SR micro-CT at an ener-
gy of 20 keV, and a voxel size of 10 um. The upper limit of each
reconstructed volume was chosen at the frontier between miner-
alized tissue bone and cartilage, the later having little contrast.
Smaller VOlIs avoiding periostal bone, with a total height between
2.5 and 4.5 mm, were selected in the cancellous bone region to
get quantitative parameters of trabecular microarchitecture.

Figure 4 illustrates a 2D transverse slice and a 3D display of
the three femoral images. The 2D slices were taken at{® mina
below the top of the volumes. The 3D displays were niace ar
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the half 3D image to show the core of femurs. The 2D slices
show the anisotropic elliptic shape of the sections perpendicu-
lar to the main direction of the femurs, with a large axis approx-
imately 1,6 times larger than the small axis length. We may al-
so note an increase of this length between 17 and 29 weeks
(2.3 and 4.4 mm, respectively). The 3D displays clearly show
the increase in size of the section as it goes towards the
growth plate. The top of the 3D images corresponds to the car-
tilaginous epiphysis of the femur, which has little contrast in x-
ray attenuation. Close to this region, bone trabeculae are very
small, irregular, and less mineralized. Cancellous bone may
clearly be seen either on the transverse sections as well as in
the 3D rendering. From a visual point of view, trabeculae gp-
pear thinner in the region close to the growth plate.

The periostal region exhibits an irregular micrasti dctuie. T, is
illustrated in Figure 5 showing imaceq s:lected fron the 20-
weeks femur. The image on left Sid¢ shovis a/rarisverse slice
cutlat 8 mm from the topiof {he ferrur, and on the right side, a
3D Wisplay of a.sw@gyc tme b iowhis slice (height 2 mm). Con-
Centric and”parallai boae p.ates surround trabecular bone. This

Figure 4 - 3D micro-CT images (voxel size: 10 um) of microarchitec-
ture in a fetal human femoral metaphysis. From left to right, the ges-
tational ages are 17, 20, 29 weeks. Top: Axial sections were taken
in the mid-shaft, 3 mm below the cartilage junction, Bottom: 3D dis-
plays of the half 3D core volumes.

Clinical Cases in Mineral and Bone Metabolism 2005; 2(2): 150-157
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Table Ill - 3D quantitative parameters measured in the femoral metaphysis of three human fetus (gestational ages 17, 20, 29

weeks) from 3D synchrotron radiation micro-CT images.

Gestational age 17 weeks 20 weeks 29 weeks
BVITV (%) 23.53 22.19 22.28
BS/BV (mm-") 38.73 35.32 34.49
Morphometric parameters ToN 417 3.62 3.76
P P Tb.Sp (um) 158.14 219.87 208.32
Tb.Th (um) 51.64 56.62 57.99
Tb.Th* (um) 70.11 82.28 81.49
Anisotropy parameters DA 202 2.07 2.28
Py P Orientation ZX ZX zX
NV/BV (%) 7.53% 2.15% 2.68%
Geometric parameters PV/BV (%) 29.72% 27.68% 34.50%
RV/BV (%) 62.74% 70.16% 62.82%
Connectivity parameter Euler density (mm-3) -112.52 -54.29 -64.83
Mineralization Mean (g/cm?) 0.827 0.839 0.803
Coefficient of variation (%) 18 17 20

external shell may be interpreted as a primitive compacta
which is described as irregular, multilayered and trabeculated
due to remodeling (1). Note that at this stage the Haversian
system is not yet in place. When looked closely, a large num-
ber of perforations may be seen in trabeculae. The imagps
may also be used to evaluate the local degree of mineralizatica
of bone. Brighter lines, corresponding to minqralizatica froy ts,
may be seen at the center of most haric ctruciurzs. This s il-
lustrated in the left image of Figyre 5, 250 medialiines may k=
observed in most bonesgiices. Clue'to'thasinonochromiicit: ¢°
the x-ray beam,&iic 2D invage ettained in SRymiCro-CT tetie ts
the man.chithe lixets at erwation coefficier ¢ within the sample.
Brighte. osiy levils correspor@”toyhighel mirisral concentra-
{ons, 'ard thuas more antient Ehne. Thuc®ine images indicate
that_siter initial ONe dep isition »50ne expands symmetrically
around thisinitic. deppsitic; and at the same time the mineral
canteni of theiniiai*oone deposition increases. The external
fifigs of wans in the periostal apposition region is in a less min-
eralized state (see Figure 5, left). The mean degree of mineral-
ization of bone and its standard deviation, expressed in g/cm?,
were computed on the entire volumes using the method de-
scribed in (27), and are reported in Table III.

Quantitative analysis was performed on cancellous bone VOlIs
using customized implementations of the different methods de-
scribed. All parameters are summarized in Table Ill. The architec-
tural parameters Tb.N, Tb.Th, Tb.Sp were derived using the 3D
version of the MIL method. The mean derived-trabecular thick-
ness in each sample was found between 52 and 58 ym. The
main trabecular orientation as well as the degree of anisotropy
were also evaluated from the MIL method. All samples were
found to have a strong anisotropy and the main trabecular orien-
tation was in the longitudinal direction. The second and third ori-
entations were mainly equivalent showing some isotropy in the
transverse slices. The discrete thickness map was used to com-
pute the model-independent trabecular thickness Tb.Th* aver-
aged on each VOI, found between 70 and 82 ym.

In addition, since the thickness map is by definition a 3D map
of local thickness, it was possible to evaluate the mean model-
independent thickness on each slice of the VOlIs, and thus to
follow the trabecular thickness as a function of the slice level.
Similarly, the trabecular bone volume BV/TV was tracked in
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each slice. Since the main orientation of the samnletwas'in 'he
longitudinal direction, these evolutions may bz expressed as a
distance to the cartilage junction witli a/step tqual to'the slice
thicknsss, i.e. 10 ym. A prgcisi2tiden'ificaion of the growth
olate is\difficult sinec=y-I a3y, a te//dauni“only displays mineral-
Izad tissue, \We obierded Hn o samples an increase of trabec-
ular berivy voiuwie aind trabecular thickness with the distance to
Qartiloge tunciies™ Figure 6 illustrates these evolution on the
20-wa 2k sample. This quantitative behavior confirms the visual
appearance of trabeculae in 3D displays (see Figure 4) show-
ing the smallest trabeculae close to the cartilage junction. The
changes in trabecular thickness as a function of distance d was
well fitted by a linear regression (R?=0.93, p<0,0001). However
the increase slows slightly down when d is above 4.5 mm. If
the linear regression is limited to the range [2-4.5 mm)], the pre-
diction is improved (R2=0.98, p<0,0001) and given by Tb.Th* =
15.03 d + 24.84. The trabecular thickness and trabecular bone
volume as a function of the slice level are also significantly cor-
related (p<0,0001) but the variation of the trabecular bone vol-
ume shows some irregularities. This is explained by the fact
that, if trabeculae are characterized by a specific thickness at a
given level, the arrangement of bone volume is pseudo-period-
ic and thus bone mass varies from one slice to another.

The connectivity was evaluated by measuring the Euler density
in mm3, i.e. the Euler number normalized by the analyzed VOI.
Large negative numbers indicate a high degree of connectivity.

Figure 5 - 3D microstructure in femoral diaphysis in a human fetus (ges-
tational age: 20 weeks). Left: transverse section showing periostal ap-
position, right: 3D display below this section (height: 2 mm).
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Figure 6 - Evolution of trabecular bone volume and trabecular thickness measured on the 3D image, as a function of distance to cartilage junction (29

Finally, our new geometric method described in section 11.2
was used in order to identify the proportion of plates and rods
in the structure. The results showed a strong prevalence of rod
volume, between 62 and 70% as compared to plate volume
around 30%, in each of the analyzed VOlIs (see Table Ill). The
examination of the local map shows that regions closest to the
growth plate are mainly rodlike.

Discussion

The morphometric parameters obtained on fetal vertebrae and
femurs evidenced a dense trabecular structure as compared to
that of young adults. The histomorphometric analysis of
femoral metaphysis and the 3D micro-CT analysis of.vei abrel
bodies were consistent and showed a significant increace
trabecular bone volume BVTV with gestati na age:
Three-dimensional analysis of anisotropy Of ¢z ncellous bone ir
vertebra and in femoral metabhisii"did not“exhibit the s&¢m> be-
havior at these twq pone aites. Thesisotropy gfmabculer Lone
in vertebral hodi¢'s \'emonstiated a arapth that ex)aads vadial-
ly, winile the aisCzopy of the femdral metaj hysissivas related to
the (rOweth of long boneswhich spieads outlongitudinally.

In/.he: vertebral.hody, saneei ous bone was characterized by an
inner coreymade of trahrecsiae about 100 um in thickness, and
a pgripherl tayer with thinner trabeculae of about 9 ym. The
oeripherél rzgion is supposed to correspond to newly formed
hone siruts which allows the vertebral body to expand radially.
In the inner core, trabecular thickness is of the same order of
magnitude than in adults.

In the femoral sample, the trabecular thickness provided by histo-
morphometry, was around 95 pum from the 28" week of gestation.
In the new data presented here, we found a slightly smaller tra-
becular thickness of about 82 ym in the samples of 20 and 29
weeks. The trabecular thickness given here was averaged on a
whole 3D volume starting close to the growth plate where trabec-
ulae were the thinnest. Thus, the differences are expected to
come mainly from differences in the location of the analyzed re-
gions. The evolution of the trabecular thickness with the distance
to cartilage junction observed from 3D micro-CT data are in
agreement with the previous observation made in histomorphom-
etry (25). Three-dimensional analysis allowed to follow this evolu-
tion with a distance step of 10 um (slice thickness), and the data
were very well fitted by a linear regression. In the 29-week sam-
ple, where the height of cancellous bone region analyzed was 4.5
mm, the trabecular thickness varied between 44 and 100 uym.
The values are thus in the same range than that given in (25).
Note that it is probable that the trabecular thickness reaches a
plateau around 100-150 um at some level (about 10 mm from the
growth plate). By following the same line than in (25) and making
the hypothesis that the growth plate advances at a rate of 0.16
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mm/day, the slope of the linear regression for a distance to the
growth plate between 2 and 4.5 mm, allows to estimate the thick-
ening rate of trabeculae. Our measurements yield a thickening
rate of 15,03 x 0,16 ~ 2,4 ym/day on the 29-week sample, 4
um/day on the 17-week sample and 2.4 um /day on the 20-week
sample, thus a mean value close to the 3 pm/day found in (25). If
our study is very limited in terms of the number of samples, the
estimation of the slope in each sample is quite reliablg sirica th>
distance step was 10 um instead of the largar Eandviidl «(/3C
um) due the method used in histomorahdmé try.

3D /nicro-CT also yielded nex inforfnationian.Lonnectivity and
gexmetry of bone structuie. Conneltivity'was assessed via the
Euler density wifich) averate on tite 3 samples was -77.1/mm?.
Note _thatthis va2iGa,isivery high as compared to that reported
in 'Stldies dealirg with adult bone closest to -5/mm?® (41, 42).
Thus, canseilous fetal bone appears to be highly connected.
Cilanectivity density varies as the opposite of Euler density,
and is increased either with the number of loops and/or with
the perforations in plates. We hypothesize that this very high
connectivity could be partly related to the high degree of vas-
cularization of growing bone, plate perforation offering path-
ways for blood supply. To our knowledge, there are no com-
parative data in the literature concerning connectivity in bone
development. Regarding the geometrical information on bone
structure, a significant prevalence of rodlike trabeculae was
found, which differed from the assumed usual platelike model
of cancellous bone. This finding concerning the geometry of
bone structure perfectly explains the differences in trabecular
thickness estimated using the model assumption (Tb.Th) and
the model independent method (Tb.Th*) as seen in Table 3. In
this situation, the model-based trabecular thickness is typically
underestimated (42). This new method could be used to follow
the geometrical characteristics on cancellous bone at birth and
in growing children, which are not fully elucidated.

Despite morphological information, the quantitative nature of
3D SR micro-CT enabled to estimate the distribution of the de-
gree of mineralization within the 3D bone sample. The mean
degree of mineralization in the examined samples was 0.823
g/cm?®, which is relatively low as compared to normal adults
(27, 43). In addition, the images themselves allows to identify
newly formed versus more ancient bone, typically found in the
medial line of trabecular structure, and reflecting the thickening
of trabeculae by bone apposition.

SR micro-CT is a three-dimensional imaging technique avail-
able at various scales. The 10 ym scale is appropriate for the
accurate quantification of bone microarchitecture, even in fetal
bone. The added value of 3D imaging as compared to histomor-
phometry is the availability of model independent parameters,
anisotropy, connectivity and geometry characteristics. The
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analysis of micro-CT images clearly showed that the typical par-
allel plate model was not appropriate at this stage of formation
since the structure appeared made as a mixture of rods and
plates, with a preponderance of rods. At a 2 um scale, micro-CT
images of femurs enable quantifying very thin struts as those
that appeared in developing fetal vertebral bone. Other informa-
tion such as for instance the analysis of lacunae would also be
possible, but has still not be reported. The very good matching
between micro-CT at 2 ym and histology demonstrates that for
the analysis of mineralized tissue, micro-CT is as reliable as
histology and even more since it avoids any deterioration due to
slicing. However micro-CT only reflects mineralized tissue, carti-
lage may be guessed but with very little contrast, and does not
allow to differentiate woven or lamellar bone.

We have reported a limited number of quantitative microarchi-
tectural data obtained on fetal bones during their development.
More studies are still required to get a better knowledge on the
morphological mechanisms involved in bone growth.
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