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Abstract. In an analysis of the 3D architecture of cancel-
lous bone, two-dimensional techniques are of limited val-
ue. A simple technique employing stereophotographs of
whole sections of lumbar vertebrate made possible a de-
tailed description of the 3D structure of the normal
fourth lumbar vertebral body and its changes with ageing
and osteoporosis. Parallax measurements were used to
calculate the real lengths of horizontal trabeculae. The
bone presented a continuous spectrum of microstructure,
from a honeycomb of tubes, to plates and braces and,
finally, fragile rods. A distinct pattern was produced in
osteoporotic samples by the removal of horizontal and
selected vertical trabeculae followed by a thickening of
the remaining vertical trabeculae in the peripheral re-
gions. Very long, thin horizontal trabeculac were formed
in all three zones (superior, middle and inferior) during
this process. The observation of porotic architecture in
intact specimens points to the inadequacy of the clinical
criterion of the occurrence of a fracture in judging the
osteoporotic state.
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Introduction

Age-related loss of vertebral cancellous bone leads to
spinal osteoporosis and crush fractures (Lindahl and
Lindgren 1962; Arnold et al. 1966; Atkinson 1967 ; Dun-
nill et al. 1967; Arnold 1973; Cann et al. 1985; Mosek-
ilde et al. 1987). However, the loss of strength of verte-
brae is proportionately greater than loss of osseous tis-
sue (Bell et al. 1967), because the biomechanical compe-
tence of cancellous bone is dependent not only on the
absolute amount of bone present, but also on the cancel-
lous microstructure (Galante et al. 1970; Pugh et al.
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1973; Kleerckoper et al. 1985; Mosekilde et al. 1987;
Jensen et al. 1990).

Two-dimensional ““histomorphometric™ descriptions
of cancellous bone architecture in vertebral bodies and
iliac crest biopsies have included measurements such as
mean trabecular width, area, trabecular separation and
interconnectedness (Wakamatsu and Sissons 1969; Gar-
rahan et al. 1986; Aaron et al. 1987; Bergot et al. 1987,
1988; Compston et al. 1987; Birkenhager-Frenkel et al.
1988; Bergot et al. 1988 ; Cosman et al. 1992) and trabec-
ular bone pattern factor (Hahn et al. 1992).

Vesterby et al. (1989) described a stereological param-
eter for bone structure (the star volume) which provides
an index of the connectedness of the marrow space: star
volume increases with age in both lumbar vertebrae and
iliac crest (Vesterby 1990). A medium-resolution com-
puted tomographic technique for the direct examination
of 3D bone structure in vitro was described by Feldkamp
et al. (1989). A correct procedure for estimating connec-
tivity, which must involve the reconstruction of the en-
tire bone, has been given by Odgaard and Gundersen
(1993).

Key contributions describing the architecture of the
cancellous bone of the vertebral bodies were made by
Arnold (1968, 1970), Amstutz and Sissons (1969), White-
house et al. (1971), Schmorl and Junghans (1975), Singh
(1978), and Parfitt et al. (1983). Arnold (1968, 1970)
studied the macroscopic structure of vertebral cancellous
bone using 2- to 3-mm-thick sagittal and horizontal sec-
tions of vertebral bodies. He described regional varia-
tions of cancellous bone in normal sections, and changes
that occur during the process of ageing. Parfitt et al.
(1983) demonstrated that age-related bone loss occurs
principally by a process that removes entire structural
elements of bone. He proposed that the process of re-
moval is initiated by perforation of trabecular plates:
progressive enlargement of perforations leads to the con-
version of plates to rods.

Delling and co-workers investigated sagittal sections
of whole spines, using techniques which permitted a
combined two- and three-dimensional histomorphomet-
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rical analysis (Delling 1989; Hahn et al. 1989, 1992;
Pompesius-Kempa et al. 1989; Vogel et al. 1989). While
confirming previous reports of the role of perforations
and loss of horizontal trabeculae during age-related bone
loss, they found that the bone volume depends heavily
on the number of plates, whereas there is no correlation,
or even an inverse relation, between bone volume and
the number of rods. Using an index of intertrabecular
connectedness (trabecular bone pattern factor: TBPf)
they reported a correlation between bone volume and
trabecular connectedness.

Vertebrae develop by endochondral ossification of
cartilaginous models. It is generally believed that bony
elements are laid down around invading blood vessels:
these elements are later remodelled, depending on the
functional need and the mechanical forces that they are
subjected to, into those seen in the adult vertebrae. It
is not clear to what extent these bony elements that first
develop are maintained into adult life, and how far they
influence the adult structure. Vascularization of the ver-
tebrae changes with age (Ratcliffe 1982, 1986).

In illustrating the structural changes in cancellous
bone, it is easy to provide images at a relatively high
magnification showing a very small amount of bone tis-
sue taken out of context. One small field of view might
show a small amount of bone tissue per unit volume
and normal continuity of structure in an otherwise ob-
viously osteoporotic individual. Another might show a
rather open structure in small regions of an otherwise
dense cancellous bone structure. Hence there is a need
for an imaging technique which is unprejudiced by tissue
sampling and selection.

The findings we report here are part of a larger study
in which we explored several different methods, scanning
electron microscopy (SEM) included, to provide a broad
view of the changes which can best be assessed in detail
by SEM methods. Although SEM has substantial advan-
tages in resolution and depth of field over conventional
light optical methods, it has disadvantages. Convention-
al SEM specimens have to be dry and pumped down
to a high vacuum and usually have to have a continuous
conductive coat applied to them, though the aim of the
prevention of charging is often not achieved in practice
(Whitehouse et al. 1971; Mosekilde 1990). In addition,
most SEMs will not provide a tolerably distortion-free
image of the entire field of view of an intact section
through an adult human lumbar vertebral body. In the
present article, we consider the use of a simple optical
means to provide a contextual image of the entire bone
sample.

Materials and methods

The fourth lumbar vertebral body was removed at post mortem
from 36 adult subjects (18 male, 18 female, age range 30-91 years).
Three female subjects and one male had suffered fractures and
were confirmed osteoporotics. Samples were defleshed and stored
immediately in 70% ethanol.

Plane parallel sections 4 mm in thickness were cut using a
water-cooled low speed diamond saw (Buehler Isomet). For sawing,
the lumbar vertebral bodies were clamped by means of a device
with several screws which held the bone firmly in regions well

away from the regions to be sectioned, without providing a crush-
ing force to the bone as a whole. A local penetration was used
to grip the cortex of the bone. The regime did not break trabeculae,
but cut through them. Sections were cut in the median (1J) plane
(i.e. that of the diagram in Fig. 1) and the para-sagittal plane,
with some horizontal (AB, CD and EF in Fig. 1) and coronal
(GH in Fig. 1) sections for comparison.

To remove marrow and soft tissues, the 4-mm sections were
treated at 37° C with 2% hydrogen peroxide (15 times dilution
of fresh stock concentrate) for 24 h, cleaned with a jet of water,
defatted for a few hours in chloroform/methanol, and air dried.

When examined under a stereo-binocular microscope, the 3D
structure of these samples could be clearly discerned, but only
a small area of bone was in the field of view, and the depth of
focus was insufficient. The following procedure was therefore used
to produce stereo-macro-photographs.

Samples were mounted on an adjustable tilting stage with the
tilt axis in the mid-line of the sample, then, with an 80-mm macro
lens for an Olympus OM?2 35-mm camera, stereophotographs were
produced with a preset tilt angle difference of 10° between pairs.
A very small aperture (F22) was used to increase the depth of
field. Prints of 165 mm x 115 mm were examined under a Hilger
and Watts SB180 mirror stereoscope with parallax measuring facili-
ty (Martin 1966). The 3D structure of the whole section could
be viewed and the whole thickness of the section was in focus.
In addition to the observation of 3D structure of trabecular bone
in different regions, different groups of trabeculae (e.g. vertical
and horizontal) could be identified and counted at a convenient
scale. Vertical trabeculae were counted from the anterior to posteri-
or border at superior, middle and inferior levels (AB, CD, EF
Fig. 1). Horizontal trabeculae were counted in the coronal plane
(GH Fig. 1). The biconcavity indices of the vertebral bodies used
during the study were also calculated by dividing the mid-vertical
height of each section by its anterior vertical height.

The relationship between height difference and parallax could
be simply found by measuring the parallax for features at the front
and at the back of sections of measured thickness. Height differ-
ences between pairs of points in the two photographs could be
determined from their parallaxes, and, combined with measure-
ments of X,Y co-ordinates, the real size of any elements could
be calculated. The lengths of unobscured horizontal trabeculae
were determined in the superior, middle, and inferior regions of
selécted young, old and osteoporotic samples, irrespective of their
orientation in the horizontal plane.

The rotation of the component images of the sterco-pairs is
determined by the requirements for stereo-viewing in each case
and not by any standard anatomical convention. Millimetric grids
indicate magnification
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Fig. 1. A drawing of a mid-sagittal (1J) section of a fourth lumbar
vertebral body showing the planes in which horizontal (4B, CD,
EF) and coronal (GH) slices were prepared
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Results
General structure

Most of the bone is organized as a honeycomb of contin-
uous plates which surround mainly tubular (soft-tissue-
filled) spaces that are oriented predominantly in the lon-
gitudinal axis of the bone.

The spaces are smaller in the upper and lower thirds
of the body than they are in the middle third. They
have some continuity with other spaces in all directions,
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Fig. 2. Preparation of
fourth lumbar vertebral
body from 31-year-old
male subject; mid-sagittal
(median, 1J) section, supe-
rior to left

Fig. 3. Coronal (GH) sec-
tion through midpoint of
the vertebral body of 30-
year-old female subject;
superior to left

but there is little patent transparency in a cleaned, mac-
erated 4-mm section of young mature adult bone viewed
in any vertical plane, either sagittal (1J) or coronal GH
(Figs. 2, 3, 8, 9). In contrast, horizontal (transverse) sec-
tions (AB, CD, EF in Fig. 1) at any level show a great
deal of openness in a 4-mm section thickness, indicating
that the tubular spaces of the honeycomb run for dis-
tances greater than 4 mm.

The sizes of the space in the honeycomb and the ap-
parent continuity of the space differ at the different lev-
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Fig. 4. Horizontal (CD)
section through the middle
zone, vertebral body of 30-
year-old female subject.
Note two canals for blood
vessels directed centrally
and posteriorly from later-
al walls; posterior to left

Fig. 5. Horizontal (AB)
section through the superi-
or zone of the same verte-
bral body as Fig. 4; poste-
rior to left

Fig. 6. Mid-sagittal (medi-
an, 1J) section of vertebral
body of 50-year-old male
subject. Note that double
vertebral end plates are
present at the superior end
of the section; posterior to
right
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Fig. 7. Mid-sagittal (medi-
an, 1J) section through
vertebral body of 64-year-
old male subject. The defi-
ciency at the posterior side
represents the point of
entry of basivertebral ves-
sels. A canal for a large
vessel can also be seen tra-
versing the middle zone;
posterior to right

Fig. 8. Coronal (GH) sec-

tion through the most an-
terior part of the vertebral
body of 30-year-old female
subject; superior to left

Fig. 9. Coronal (GH) sec-
tion through the posterior-
most part of the vertebral
body of 30-year-old female
subject. The central hole
bounded by plates repre-
sents the portal of entry of
the basivertebral vessels;
superior to left
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Fig. 10. Parasagittal (paral-
lel to LJ) section through
vertebral body of 69-year-
old male subject; superior
to left, anterior top

Fig. 11. Mid-sagittal (medi-
an, 1J) section through
vertebral body of 71-year-
old male subject; anterior
to left

Fig. 12. Mid-sagittal (medi-
an, 17) section of vertebral
body of 89-year-old osteo-
porotic female subject with
complete loss of normal
architectural pattern. The
break at one corner of the
section has occurred dur-
ing sample preparation



els in the bone. In particular, there are more horizontal
elements (which relate to blood vessels) in the central
third of the bone (Figs. 4, 6, 7). Large apparent vacancies
in the sections relate to the outside form of the bone.

In elderly and obviously osteoporotic material
(Fig. 12), large spaces may exist within the vertebral
body where there is no bone. In individuals with substan-
tial porosity, the remaining vertical elements are plates,
forming the walls of large tubular spaces that run mainly
in the longitudinal axis of the bone. The remaining bone
tissue is reduced to thin rod-like elements running pre-
dominantly in the horizontal axis of the bone. In elderly
individuals who have retained much of the numerical
density of trabecular elements, the same tendency to
more bulky longitudinal (vertical) elements and more
slender horizontal (transverse) elements can still be iden-
tified (Figs. 13, 14, 15).
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Fig. 13. Mid-sagittal (medi-
an, 1) section of vertebral
body of 89-year-old male
subject

Fig. 14. Mid-sagittal (medi-
an, 1J) section of vertebral
body of 88-year-old female
subject with osteoporotic
architecture

Transverse (horizontal) sections of porous elderly
bone (Figs. 16, 17) reveal that the elements seen as plates
in longitudinal section views are extremely thin in cross
section. Figures 16 and 17 show both the elements which
will be seen as plates and thin transverse (horizontal)
struts in the longitudinal (vertical) section. Frankly os-
teoporotic samples sometimes showed small globular
features on some struts; these are the sites of microfrac-
tures repaired by microcallus (Fig. 19).

Detailed description of morphological findings

The typical, normal structure of the mature adult verte-
bral body can be seen in Fig. 2. The cancellous structure
can be divided into three zones. The middle zone consists
of relatively larger plates or laminae oriented mainly
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in the vertical plane, whereas the upper and lower zones
have shorter elements apparently arranged as much
transversely (horizontally) as vertically; 3D views show
that the plates of the middle zone are the common walls
of vertical tubes.

In a roughly triangular area representing the most
anterior region of the middle zone, some samples show

Fig. 15. Coronal (GH) sec-
tion through the middle of
the vertebral body of an
88-year-old female subject
Fig. 16. Mid-horizontal
(CD) section through ver-
tebral body of 88-year-old
female subject

such extensive chasms, walled by plates, that the exact
3D arrangement cannot be so simply described
(Figs. 2, 6). Others clearly show horizontal tubes of
larger (Fig. 7) and smaller diameter. The structure can
be better studied in the coronal plane (GH Fig. 8), in
which the contrasting architecture of the superior and
inferior zones compared with the middle zone is also



Fig. 17. Horizontal (AB)
section through the superi-
or zone of the vertebral
body in Fig. 16. The irreg-
ular outline of the section
is due to the formation of
osteophytes. Several micro-
callus patches are present
in this section

Fig. 18. Mid-sagittal (medi-
an, IJ) section through
vertebral body of 89-year-
old osteoporotic male sub-
ject

Fig. 19. A segment of tra-
becular bone from a medi-
an section (1J) of vertebral
body of 89-year-old osteo-
porotic female subject
showing two microcallus
patches on horizontal tra-
beculae
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apparent. The most common arrangement in the more
anterior part of the middle zone appears to be a honey-
comb of tubes of different sizes oriented anterio-posteri-
orly in the vertebral body. Some of these tubes are open
to the anterior wall, and these are essentially tunnels
for the entry of blood vessels. The nature of the middle
zone varies extensively in different specimens.

A deficiency was usually encountered at the centre
of the posterior border of median (IJ) sections
(Figs. 7, 11). This is the point of exit of the basivertebral
vein or veins. The trabecular plates virtually form the
walls of the veins and their tributaries at this region
(Figs. 6, 9). Thick plates forming their walls can clearly
be identified in other regions of the middle zone
(Figs. 6, 7).

The organization observed in coronal (GH) sections
through the centres of vertebral bodies is seen in Fig. 3.
The clear middle zone with numerous openings for blood
vessels and surrounding thick bony plates can again be
identified.

Horizontal (CD) sections through the middle zone
(Fig. 4) show a honeycomb of bony cylinders of different
sizes oriented at right angles to the plane of the section.
This implies that the orientation of the plates (really
the common walls of adjacent tubes) at the middle zone
is mainly vertical. Figure 4 also shows two extensive ve-
nous channels with walls consisting of thick bony plates,
directed sideways from the centre of the vertebral body.

The variations observed in the middle zones may be
due to different patterns of ossification brought about
by different patterns of vascular supply during develop-
ment, whereas the structure of the superior (AB) and
inferior (CD) zones seems to be similar in all the speci-
mens (Fig. 5, 17).

Examination of normal bones (Figs. 2, 6) reveals that
the number of vertical trabeculae per unit length of the
section was much higher in the superior and inferior
thirds than in the middle zone. It was rarely possible
to trace a vertical trabeculum from one end of the body
to the other. The large tubes and plates at the middle
zone branch (just as blood vessels branch off from the
centre) to give rise to vertical trabeculae at the peripheral
zones. In the middle zone of para-sagittal sections
(Fig. 10), the vertical arrangement could be more readily
identified than in median sections.

The region of the junction of the vertebral arch with
the body is shown in para-sagittal section in Fig. 10
(lower left) and coronal (GH) section in Fig. 9 (top and
bottom). Thicker, plate-like structures can be seen in
these areas. Vertical trabeculae arise from the respective
lateral walls of the vertebral body (Figs. 2, 3, 10), sug-
gesting that loads from the vertebral rim region are
transmitted through the lateral walls rather than the cen-
tral part of the body.

The cancellous structure seems to be more orthogonal
towards the vertebral end plates, and double vertebral
plates were encountered in many specimens (Figs. 6, 11).
These thickened transverse plates below the end plates
possibly represent growth arrest lines.

Horizontal elements are, towards the end plates, more
or less aligned into horizontal planes. Horizontal (AB,

EF) sections (Fig. 5) reveal that these horizontal trabecu-
lae are more plate-like towards the walls of the vertebral
body and more rod-like at the centre.

Changes in cancellous structure with increasing porosity

A generalized thinning of trabeculae without disruption
of the normal pattern is well seen in many older speci-
mens in median (IJ Fig. 13) and coronal sections (GH
Fig. 15). Sections from osteoporotics (both clinically
confirmed and histologically identified from loss of
bone) showed a change in architecture (Figs. 12, 14, 18).
Vertical trabeculae could be traced without much diffi-
culty from one end of the body to the other in the central
region (Figs. 12, 14). Here they seem to run approxi-
mately parallel to one another, the distance between
them being nearly constant. Horizontal trabeculae in the
superior and inferior zones markedly increase in length
(Figs. 12, 14). The length of the peripheral horizontal
trabeculae, shorter in young mature adults, now ap-
proaches that of mid-horizontal trabeculae (age series:
Figs. 7, 14, 15, 18).
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Fig. 20. Numerical density of horizontal trabeculae in the sagittal
plane of fourth lumbar vertebral bodies, males (a) and females
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Fig. 21. Numerical density of vertical trabeculae in sagittal plane of fourth lumbar vertebral bodies

Horizontal sections of unembedded bone are difficult
to prepare from severely osteoporotic vertebral bodies
due to insufficient support for the trabecular elements
in this plane. The few horizontal trabeculae that remain
in osteoporotic bone are long, thin, frail strands. Most
have been completely removed from the periphery, caus-
ing increased trabecular separation. Long oblique trabe-

culae connecting vertical trabeculae can be usually seen
at the peripheral regions of osteoporotic bone. In the
middle zone, very long horizontal trabeculae are seen
in severely osteoporotic sections. Some comparatively
thicker plates are still present at the middle zone of some
osteoporotic sections (Figs. 12, 18).

In many specimens, isolated depressions in the superi-
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or and inferior vertebral end plates were observed from
the sixth decade onward (Figs. 10, 15, 18). When typical
Schmor!l’s or other cystic lesions were present, the trabe-
culae around the lesion were thickened and were struc-
turally different from the rest of the vertebral body.

In many severe osteoporotic cases, large regions de-
void of bone were encountered within the vertebral body
(Figs. 12, 18). The sections used during this study were
prepared very carefully to prevent accidental breaking
of the fine trabeculae. Other than the fracture of one
corner of the section which occurred during preparation
of the sample shown in Fig. 12, very thin trabeculae
around the void indicate that this is a genuine, ante-
mortem loss of bone. It should be remarked that the
removal of the trabeculae within the vertebral body took
place without a collapse in vertebral end plates or walls.

Increases in both trabecular microfractures and free
ends were found with increasing age. However, globular
bone formation on trabeculae, presumably microcallus,
was seen only in individuals above 50 years of age
(Fig. 19: it is also present in Figs. 12, 13, 14, 17). Micro-
callus was seen on vertical, horizontal and even in ob-
lique trabeculae in the older specimens (Fig. 12), but less
frequently in the middle third of the vertebral body,
where the plates are thick, than in the upper (Fig. 17)
and lower thirds where there are more numerous and
finer rod-like trabeculae. Microcallus formation was
present, however, in all regions of the vertebral body
and even in the mid-horizontal trabeculae described ear-
lier.

The morphology of the callus relates to the diameter
of the trabeculae on which it formed. On thin (usually
horizontal or oblique as in Fig. 19) trabeculae, it pre-
sented as small round, fusiform or angulated structures
as described by Vernon-Roberts and Pirie (1973). Callus
on thick vertical trabeculae (Fig. 14) had a cauliflower
appearance, and at higher magnifications showed a large
number of perforations. On very thick vertical trabecu-
lae, it presented as aggregates of new tissue on one sur-
face only. In a sample where collapse of the vertebral
body had occurred, callus formation was found across
the section, linking several trabeculae within the region
with so-called bridge callus formation. The formation
of fine cancellous networks around existing thick trabe-
culae was also observed in several old samples.

Table 1 presents ratios of the mean length of horizon-
tal trabeculae in old and osteoporotic samples divided
by the mean length in young samples at different zones
in both males and females. In the male sample, the range
for mid-horizontal trabeculae was 0.67 to 1.21 mm, and

Table 1. Three-dimensional measurements of the length of horizon-
tal trabeculae

Zone Old/Young Osteoporotics/Young
Male Female Male Female
Superior 1.36 1.48 1.57 2.70
Middle 1.15 1.17 1.29 1.63
Inferior 1.44 2.33 2.56 2.83

at the peripheral zones from 0.47 to 0.78 mm. In the
female sample, the length at the middle zone varied from
044 to 1.24 mm, and at the periphery from 0.28 to
0.90 mm.

In an old, clinically non-osteoporotic male subject,
the general pattern of the normal bone was maintained,
but the overall length of the trabeculae had markedly
increased: the range at the middle zone was from 0.70
to 1.83 mm and at the periphery from 0.54 to 1.4 mm.
A clinically non-osteoporotic woman presented a com-
pletely different picture: the length of the horizontal tra-
beculae of the middle zone ranged from 0.73 to 1.33 mm,
and at the peripheral zones from 0.63 to 1.78 mm. Thus
not only had the normal pattern changed, but the inferi-
or zone consisted of very long horizontal trabeculae
when compared with the other two zones.

In the clinically osteoporotic male subject, horizontal
trabeculac at the middle zone ranged from 0.65 to
1.78 mm and at the periphery from 0.76 to 2.67 mm,
with the inferior zone having the longest trabeculae. In
the female osteoporotic, the middle zone trabeculae
ranged from 0.98 to 1.83 mm and the peripheral zones
from 0.86 to 2.40 mm. The superior and inferior zones
in this case had very long horizontal trabeculae com-
pared to the middle zone.

The frequency of vertical and horizontal trabeculae

The relationships between age and the number of hori-
zontal and vertical trabeculae per centimetre are shown
in Figs. 20-22. Horizontal trabeculae were counted
along the central axis of the vertebral body (plane GH
of Fig.1). There was a highly significant decrease in
the number of horizontal trabeculae with age in both
males and females (r=-—0.873, P<0.002 and r=
—0.865, P<0.002 respectively: Fig. 20a, b).

A highly significant decrease in vertical trabeculae
was-observed in the superior zone (plane A-B of Fig. 1)
in both males and females (r=—0.816, P<0.002 and
r=—0.865, P<0.002 respectively: Fig. 21a, b).

A highly significant decrease was also apparent in
the inferior zone (plane EF, Fig. 1) in both sexes (r=
—0.809, P<0.002 and r= —0.859, P<0.002 respective-
ly) (Fig. 21e, f).

In the middie zone (plane C-D of Fig, 1), the decrease
in vertical trabeculae with age is greater and more signifi-
cant in female subjects than males (r= —0.817, P <0.002
and r=—0.662, P<0.01 respectively: Fig.21c, d).
Within the male group, the decrease in the middle zone
is less pronounced than in the other two zones.

Biconcavity index

A significant decrease with age in the biconcavity index
was observed in male samples (r=—0.596, P<0.01)
(Fig. 22a). This decrease was not statistically significant
in females (r= —0.262: Fig. 22b). This suggests that the
decrease in cancellous elements and the change in archi-
tecture in a vertebral body is more advanced than would



. BC. Index

0.7 i L 1 13 L I 1
25 35 45 55 65 75 85 95
Age (years)
r = -0.60

22 a - Male group

BC. Index
1.1
1+ *
*
0.9F * *
w
* * *'
0.8r % * .
*
0'7 Il L 1 1 Il Il Il
25 35 45 56 65 75 85 95
Age (years)
r = -0.26

22 b - Female group

Fig. 22. Biconcavity index of fourth lumbar vertebral bodies in
male subjects (a) and female subjects (b)

be indicated by this index. A vertebral body with a nor-
mal biconcavity index could already be advanced in the
process of removal of trabecular elements, and a body
with a slight decreasc in the index may be in an advanced
stage of osteoporosis.

Discussion

Our methodology has emphasized the need to study the
changing cancellous architecture of ageing and osteopor-
otic bones with three-dimensional methods. Thick se¢-
tions provided a volume of spongy bone adequate to
show the distribution and organization of the bone at
the intermediate level of organization: they kept in their
anatomical context regions of surface activity that could
be studied at high magnification by SEM. This method
is complementary to other techniques, such as continu-
ous rotation parallax of 4-mm-diameter beams cut in
orthogonal planes from different anatomical regions of
these bones (Boyde et al. 1989, 1990), two-dimensional
fast Fourier transform analysis of x-ray and optical im-
ages (Jayasinghe and Boyde 1990) and SEM (Jayasinghe
et al. 1993).
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The measurement of the true length of the trabecular
rods gave values that refine our analysis of the spatial
frequency domain of trabecular spacing. Irrespective of
vertebral body size, very long horizontal trabeculae
could usually be observed in old and osteoporotic sam-
ples; no correlation was detected between vertebral body
size and the length of the horizontal trabeculae in normal
samples of younger age.

The number and size of the vertical trabeculae are
determined by the original pattern of ossification and
growth, in turn dependent on the pattern of the vascula-
ture of the vertebral body which may not relate to verte-
bral body size.

Vertebral bodies have remarkably thin cortices (Eas-
tell et al. 1990), well shown in the 3D views of the thickly
sliced material. In younger samples, we found that the
vertebral rim mostly consisted of thick continuous bone;
in many old specimens, thinning and thinning out (trabe-
culization) of the rim had taken place so that it was
hardly recognizable. This partly explains the reduced ra-
diodensity of the rim seen in older individuals (Schmorl
and Junghans 1975).

Our observations support those of Arnold (1973) who
found that biconcavity in the vertebral body appears
to increase if there is a decrease in cancellous bone, but
is not related to whether or not collapse fractures are
present. He proposed that biconcavity develops progres-
sively once bone loss has occurred and is, therefore, a
measure of the duration of an osteoporotic state rather
than an index of its presence.

Clinically, osteoporosis means that the subject has
a lower bone mass than might be expected from age
and sex norms, and an increased risk of fractures (Woolf
and Dixon 1988). The disease state is usually identified
by spontaneous fractures of the vertebrae or long bones.

Arnold (1973) concluded that less than 0.07 g ash/
cm?® of medullary tissue represents a pathological level
that can be termed the osteoporotic state. However, not
all patients below the osteoporotic threshold had frac-
tures, and half of those with a single fracture in the
lower spine had a normal vertebral mineral content. At
present, bone-mass measurements are used to diagnose
the osteoporotic state, but there is an extensive overlap
in bone mass values between normal and osteoporotic
persons (Heaney 1989), and the expected correlation be-
tween the severity of osteoporosis and the degree of bone
loss may be absent (Cummings 1987; Padenphant et al.
1987). Decreased bone mineral density may also play
an important role, together with the increased risk of
falling and patterns of falling with age (Cummings 1987).

Heaney (1987, 1989) suggested that fatigue damage,
bone quality and trabecular connectivity are important
factors that contribute to increased bone fragility and
osteoporotic fractures. As the age-related decline in me-
chanical competence of cancellous bone exceeds that ex-
pected from the age-related decline in mass, the alter-
ation in architecture, undetected by simple bone-mass
measurements, must be important (Kleerekoper et al.
1987).

Although the changing cancellous bone architecture
during ageing and osteoporosis is clearly important, the
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exact ways in which these changes are brought about
has proved difficult to describe and quantitate for differ-
ent conditions (Arnold 1970), ages and sexes (Aaron
et al. 1987; Compston et al. 1987). Mainly on the basis
of 2D analyses, it has been assumed that the structural
integrity of trabecular bone is preserved in men, but
not in women. Contrary to the above views, uniform
thinning without removal of trabecular elements was ob-
served in the present 3D study in both old men and
women. The conflicting findings may result from the
surface picture being misleading as to the nature of the
3D structure (Hahn et al. 1989, 1992).

We found that extensive regional variations exist in
mid-sagittal (IJ) sections of a vertebral body; plate or
tube-like regions (usually termed normal bone) and re-
gions of rod or needle-like elements (as in osteoporotic
bone) occurred in the same vertebral section. In a com-
parative study, therefore, the same region should be
compared in different specimens. Due to extensive devel-
opmental variations, the normal regional structure will
vary most widely in the middle zone, but our findings
suggest that developmental variation may make histo-
morphometric analysis, even of a whole vertebral sec-
tion, unsatisfactory.

Development, the mechanical loading history, and
functional importance may be some of the factors that
decide variations in the pattern of trabecular bone archi-
tecture between sites. With ageing, the effect of systemi-
cally acting factors may be uniform on all these sites,
but locally acting factors could be very different. While
measurement of bone mass (trabecular bone volume)
at a site such as the iliac crest might give some indication
about bone loss in the spine, architectural changes such
as trabecular thinning and loss of connectivity in the
iliac crest might not give correct information about anal-
ogous changes in the spine. Our observations confirm
the view that loss of connectivity can only be properly
assessed with 3D evaluation.

Bone loss is believed to occur by conversion of plates
to rods, followed by complete removal of the trabecular
elements, with the distance between the vertical trabecu-
lae showing a highly significant age-related increase
(Mosekilde 1988). However, Vogel etal. (1989) have
shown that the fractional bone volume depends almost
entirely on .the number of plates, whereas there is no
relation, except perhaps an inverse one, between bone
volume and the number of rods. Hahn et al. (1989) also
found that the number of rod-like trabeculae is constant
in every decade, and considered the appearance of perfo-
rations to be the main mechanism for conversion of
plates to rods.

Reduction in the number of plates with increasing
age could easily be observed in our thick sections. How-
ever, no method has yet been developed to quantify this
reduction, because of the extensive variations in the form
of trabecular plates in different samples. Plates of differ-
ent sizes usually exist in normal bone, and it is impossi-
ble to draw a line which will distinguish plates from
rods. [Our continuous rotation data (Boyde et al. 1989,
1990) show that a large proportion of ‘rods’ could be
regarded as narrow plates]. Furthermore, different

numbers of horizontal plates usually exist, and they ap-
pear as rods in sagittal sections, commonly being en-
countered under the vertebral end plates. Due to non-
uniformity in loss of rods, it is also impossible to quan-
tify their disappearance. Similarly, it is difficult to quan-
tify the appearance and progression of perforations on
the plates and rods. All this emphasizes the need for
an analysis of 3D architecture and connectedness; it may
be pointless to quantify bits and pieces of cancellous
bone unless they are seen in context.

The total removal of trabeculac during osteoporosis
may be preceded by generalized thinning of trabeculae
(and of cortical bone) in both sexes, as in age-related
(Type II) osteoporosis (Riggs and Melton 1983). In gon-
adal (Type I) osteoporosis, the complete removal of tra-
becular elements may occur in association with a higher
rate of bone resorption at a much younger age than
in normal females, with uniform thinning prior to com-
plete removal unsecen. Failure to make this distinction
may have led to the belief that the main mode of bone
loss in females is always by complete removal of trabecu-
lar elements.

What are the possible mechanisms responsible for se-
lective removal of trabeculae? Arnold (1970) pointed out
that the action of a local factor may be more important
for focal excessive resorption than systemically acting
factors and mechanical loading. The effect of systemi-
cally acting endocrine and nutritional factors may be
diffuse (if close proximity of a piece of bone to a blood
vessel is not considered) on all the surfaces of cancellous
bone. The role of decreased mechanical stress in explain-
ing the excessive resorption appears more likely to be
secondary rather than primary. Local factors that
change the micro-environment of the trabeculae include
changes in vascularity with age; changes in pressure re-
lated, for example, to tumours; or the production of
different agents (such as cytokines) by the local cell com-
munity.

Some controversy exists as to whether the thickness
of the remaining vertical trabeculae increases with age
in response to the increased mechanical loading which
they have to bear (Atkinson 1967; Pesch et al. 1977;
Twomey et al. 1983; Bergot et al. 1988 ; Mosekilde 1988).
We found evidence for compensatory thickening of verti-
cal trabeculae in many specimens during the present
study, even when normal variation was taken into ac-
count. According to Frost (1964), trabecular bone is used
to withstand pure compression. He stated that cross-
sectional growth in size is controlled by the sizes of the
bending loads, unequal and increasing loads causing in-
crease in cross-sectional size (Frost 1963, 1964). Frost
considered that increasing surface concavity as load is
applied causes local gain, while increasing convexity
causes loss of bone. If this explanation is correct, the
remaining vertical trabeculae at the periphery would in-
crease in thickness to bear the additional load.

Arnold (1968) proposed that a peripheral extension
of the large-diameter cylinders from the middle zones
occurred to replace the lost transverse plates of the end
zones. However, our findings were consistent with a pro-
cess of thinning of the bony cylinders at the centre and



thickening of vertical trabeculae at the periphery to pro-
duce more or less uniformly thickened vertical trabeculae
extending from one end plate to the other.

Collapse has usually been reported to occur first at
the central region of the vertebral body underneath the
area adjacent to the nucleus pulposus (Twomey et al.
1983). In our study, the area below the vertebral rim
of the osteoporotic samples showed vertical trabeculae
connected to the lateral walls as in normal bone. Even
in severe osteoporotic cases, loads could still be trans-
ferred to the lateral walls. With the architectural changes
observed, the central region becomes the weakest part
of the body, perhaps explaining why collapse occurs first
there.

In the present study, trabecular thinning was first ob-
served around the region of the entry of the basivertebral
vessels to the vertebral body. It has been reported that
the basivertebral vein becomes enlarged in advanced age
(Williams et al. 1989). This raises the question whether
this thinning occurs in response to enlarging veins or
is a truly independent age change.

Much evidence suggests that the vascular changes
that take place during ageing and the development of
osteoporosis may contribute to the observed structural
changes in cancellous bone (Batson 1956; Macnab 1977;
Arnoldi et al. 1972; Farfan 1975; Arnoldi 1976; Crock
and Yoshizawa 1977; Helfet and Grubel Lee 1978 ; Rat-
cliffe 1982, 1986; Matsuo 1985). Intra-osseous hyperten-
sion may be a major factor contributing to the resorp-
tion of trabeculae at the focal level. The collapse of the
already weakened trabecular network within the verte-
bral body might take place during a sudden rise in intra-
osseous venous pressure without a collapse of the walls
of the vertebral body. Future research into structural
changes of cancellous bone should give proper attention
to the effect of changing vascularity on the vertebral
body, including intra-osseous hypertension and venous
stasis.

Our observations concerning trabecular microcallus
formation confirm previous reports (Vernon-Roberts
and Pirie 1973; Hansson 1977). Hahn et al. (1989) have
suggested that the appearance of microcallus may be
an indication of changed stability of the vertebral body
through loss of structure and quality of bone. The loss
of connectivity would result in greater fragility (Heaney
1989) and accumulation of microdamage (Frost 1973,
1985). Whilst microcallus formation may show compen-
satory possibilities of bone that is still intact (Hahn et al.
1989), it is doubtful whether bridge callus formation,
observed in this study only where collapse or wedging
of the vertebra had taken place, would form a function-
ally effective replacement structure.

In conclusion, we have shown that a simple optical
method can provide a contextural image of bone that
is valuable for illustrating and understanding the
changes that occur in tissue tectonics with age and pa-
thology.
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