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Vertebral fractures and trabecular bone loss have dominated thinking and research into the pathogenesis and the structural basis
of bone fragility during the last 70 years. However, 80% of all fractures are non-vertebral and occur at regions assembled using
large amounts of cortical bone; only 20% of fractures are vertebral. Moreover, ~80% of the skeleton is cortical and ~70% of all
bone loss is cortical even though trabecular bone is lost more rapidly than cortical bone. Bone is lost because remodelling be-
comes unbalanced after midlife. Most cortical bone loss occurs by intracortical, not endocortical remodelling. Each remodelling
event removes more bone than deposited enlarging existing canals which eventually coalesce eroding and thinning the cortex
from ‘within.” Thus, there is a need to study the decay of cortical as well as trabecular bone, and to develop drugs that restore the
strength of both types of bone. It is now possible to accurately quantify cortical porosity and trabecular decay in vivo. The chal-
lenges still to be met are to determine whether measurement of porosity identifies persons at risk for fracture, whether this ap-
proach is compliments information obtained using bone densitometry, and whether changes in cortical porosity and other micro-
structural traits have the sensitivity to serve as surrogates of treatment success or failure.
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INTRODUCTION

One of the great pioneers of bone biology, Fuller Albright, re-
ported the common occurrence of vertebral fractures in post-
menopausal women [1]. The only method of quantifying loss
of bone at the time was radiography. Translucency of the verte-
bral body suggested that bone fragility was the result of trabec-
ular bone loss because the volume of the vertebral body is
largely trabecular in configuration; there is only a thin rim of
cortical bone forming the shell of this structure [2,3].

The notion of trabecular bone as the main source of bone
loss, and by inference, the main cause of bone fragility, was re-

inforced by findings using histomorphometry of iliac crest
bone biopsy specimens which showed deficits in trabecular
bone volume fraction [4-6]. Likewise, measurement of the
spine using dual photon absorptiometry showed better separa-
tion of women with and without vertebral fractures than mea-
surement of appendicular cortical bone using single photon ab-
sorptiometry [7-10].

This ‘trabeculo-centric’ view of bone fragility was further
supported by the results of prospective studies suggesting that
trabecular bone is remodelled and lost more rapidly than corti-
cal bone. Trabecular bone loss is usually more rapid, in part,
because the spatial configuration confers a larger surface area/
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Right panel: trabecular bone is configured as thin plates of mineralized bone matrix enveloped by a large surface area which fa-
cilitates initiation of bone remodelling. Left panel: cortical bone is configured with a larger volume of mineralized bone matrix envel-
oped by the periosteal, intracortical and endocortical surfaces. The smaller surface area relative to the large matrix volume results in the

cortical matrix being less accessible to being remodelled (see text).

bone matrix volume than found with cortical bone [11-13].

Remodelling may be signaled within mineralized matrix,
marrow, the circulation or centrally, but initiation of remodel-
ling requires a surface. The large surface area facilitates initia-
tion of remodelling. The trabecular bone matrix volume is
small and is rapidly lost as the many remodelling events perfo-
rate the plates and irreversibly destroy the network of plates
and sheets of this cancellous structure (Fig. 1).

The above data and other studies positioned trabecular bone
loss as an important determinant of bone fragility but diverted
attention away from cortical bone. However, during the last de-
cade attention has been redirected to now better recognize that
cortical bone destruction is a determinant of whole bone
strength. Moreover, attention has been directed specifically to
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cortical porosity as this measureable microstructural feature is
a permanent record of bone loss and a predictor of bone fragili-
ty. While methods of quantifying cortical porosity are avail-
able, several challenges remain and some of these are discussed
below.

Just as bone mass late in life is determined by the net amount
gained during growth and the net amount lost during advancing
age, porosity late in life is also determined by the net porosity
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(A) The surfaces of bone. Cortical bone volume comprises both the mineralized bone matrix volume and the void volume formed
largely by the intracortical canals traversing it. Thus, cortical bone matrix volume is ‘inside’ the periosteal surface and ‘outside’ the intra-
cortical and endocortical surfaces upon which remodelling is initiated. Trabecular bone is contained within the trabecular surfaces which
are contiguous with the endocortical surface. (B) Remodling upon the intracortical surface enlarges the canals so that with time they co-
alesce forming giant pores in cross section with fragment the cortex so it is trabecularized. By failing to maintain the anatomical location
of the cortical compartment and medullar compartment (broken white line) errors occur in ascribing the matrix and void volumes to the
correct location. Including a transitional zone helps to avoid these errors (see text).

established during growth and any net increase in porosity ex-
cavated during advancing age. As a long bone increases in
length by endochondral apposition and width of the diaphysis
by periosteal apposition during growth, mass is minimized by
the resorptive activity upon the endocortical surface which re-
moves some of the bone deposited by periosteal apposition.
This resorptive activity enlarges the medullary canal and shifts
the cortical matrix volume radially, a shift that achieves a given
resistance to bending with less material because bending
strength is a fourth-power function of the radial distance of a
unit volume of bone from its neutral axis; less mass achieves
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more strength when it is deposited further from the neutral axis
[14]. Concurrently, intracortical remodelling forms secondary
osteons, each with their Haversian and Volkmann canals which
transmit vessels and nerves but also serve to minimize mass
[15-17]. However, increase in porosity in cortex positioned dis-
tant from the neutral axis confers greater loss of bending
strength than the same loss of material from more centrally po-
sitioned bone matrix.

The size and number of osteons and their Haversian and
Volkmann canals assembled during secondary osteonal bone
formation form the fluid filled void volume within the cortical
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compartment (defined externally by the periosteal envelope
and internally by the endocortical envelope). The term cortical
‘pore’ or ‘porosity’ is a somewhat misleading, porosity of corti-
cal bone is not like a cave or hole in Swiss cheese. In a cross
section of cortical bone, the porosity is formed by canals seen
as ‘pores’ or ‘porosity’ in that cross section. The canals are
lined by the intracortical component of bone’s inner or endos-
teal surface. This lining is the location upon which intracortical
remodelling takes place during growth and advancing age and
as remodelling becomes unbalanced during aging, this is the
location of most cortical bone loss.

The ends or the metaphyseal regions are formed very differ-
ently to the diaphysis of long bones during growth. The cortex
is trabecular in origin. Formation of the cortex occurs by ‘corti-
calization’ of trabeculae. As trabeculae emerge from the growth
plate, adjacent trabeculae in the periphery of the growth plate
coalesce; they fuse and contribute, with the periosteal collar, to
form cortical bone while the centrally placed trabeculae form
the metaphyseal trabecular compartment [18-23]. The transi-
tion between corticalising (coalescing) trabeculae laterally and
trabeculae in the medullary canal is indistinct; it is gradual and
forms a ‘transitional or corticotrabecular zone’ between the
compact-appearing cortex radially and the medullary canal and
trabecular bone centrally (Fig. 2) [24,25].

Fragility fractures commonly involve regions containing
both cortical and trabecular bone like the metaphyses of the
distal radius, proximal humerus, distal tibia, and proximal fe-
mur [26]. One third of children have fractures and ~50% of the
fractures involve the distal forearm [27]. Forearm fractures are
also the most common fractures in pre- and postmenopausal
women [28]. The use of minimal mass to assemble this micro-
structure may come at a price of a low safety margin.

Fragility may result during growth if fewer trabeculae are
generated from the growth plate, if they are thinner or fail to
coalescence to form the cortex but rather fuse incompletely
causing cortical porosity due to failed coalescence. For exam-
ple, in 110 girls aged 7 to 18 years, imaging of the distal radius
using high resolution peripheral computed tomography (HR-
pQCT), suggested that that in controls, fewer or thinner trabec-
ulae were associated with a smaller and more porous cortical
area. Girls with forearm fractures had 0.3 to 0.7 standard devia-
tions (SD) fewer or thinner trabeculae and higher porosity than
controls; a one SD trait difference conferred odds ratio (OR;
95% confidence interval [CI]) for fracture ranging from 1.56
(95% CI, 1.01 to 2.44) to 2.5 (95% CI, 1.62 to 4.58) [22].

Studies of bone microarchitecture in baboons demonstrate
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that ~60% of the variation in cortical microstructure is account-
ed for by genetic factors [29,30]. Identical twins have higher
correlations in cortical porosity than non-identical twins and
higher correlations between cortical porosity in one twin versus
medullary area in the co-twin than non-identical twins [31,32].
These studies, and associations between trabecular morphology
in daughters and cortical morphology in mothers, suggest that
differences in trabecular and cortical morphology between in-
dividuals are largely the result of shared genetic factors or
shared environmental factors.

CORTICAL BONE LOSS DURING
ADVANCING AGE AND CORTICAL
POROSITY

Around midlife in women, bone remodeling becomes unbal-
anced and rapid. The negative bone balance is produced by de-
position of less bone than was resorbed by each remodelling
event [33,34]. This imbalance leaves a small bone matrix vol-
ume deficit focally producing focal structural deterioration;
trabeculae thin, perforate and eventually disappear completely.
Eventually, the bone loss from the trabecular compartment
stops because few trabeculae are left to lose [35]. Bone loss oc-
curs more rapidly from the trabecular compartment, but as only
20% of total bone matrix volume is trabecular and 80% of the
skeleton is cortical, in absolute terms, 70% of all appendicular
bone loss arises from the cortical compartment even though the
cortical bone loss usually proceeds more slowly than trabecular
bone loss [11,25].

The mineralized cortical bone matrix is enveloped by the
periosteal envelope externally, the intracortical surface of ca-
nals traversing it and the endocortical surface adjacent to the
medullary canal (Fig. 3). Remodelling occurs upon the intra-
cortical and endocortical surfaces [36,37]. Cortical bone is lost
more slowly than trabecular bone, at least initially, because it is
less accessible to being remodelled. It has a high matrix vol-
ume enveloped with a smaller surface area so there is less sur-
face area per unit matrix volume available to initiate matrix re-
modeling.

Each time a remodelling event is initiated upon a canal sur-
face, refilling of that cavity is incomplete leaving the canal
cross-section slightly wider at that point. With chronicity, the
canals enlarge, the surface area enlarges and so more area is
available for remodelling to be initiated upon. Remodelling
rate increases in cortical bone as more and more porosity pro-
vides more surface area for remodeling to be initiated upon.
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Formation of the cortical bone of the metaphyseal region, a
common site of fracture, occurs by corticalisation of trabeculae
emerging from the growth plate (see text). Arrows denote perios-
teum.

Remodelling becomes self-perpetuating, more remodelling oc-
curs of an ever-decreasing cortical matrix volume so the rate of
cortical bone loss accelerates.

Cortical bone is also eroded by unbalanced and rapid remod-
elling upon the endocortical surface but most cortical bone loss
is the result of intracortical remodelling initiated upon the canal
surfaces [25]. Loss of bone from the surfaces of canals travers-
ing cortex adjacent to the medullary canal results in the canals
coming closer together and they eventually coalesce producing
larger irregular pores in cross section, a morphological change
that can now be quantified in vivo, but not without some chal-
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lenges [25,38,39].

Porosity increases throughout the cortex but cavitation of the
inner cortex adjacent to the medullary canal ‘trabecularises’
this cortex (the opposite of corticalisation of trabeculae during
growth). Trabecularisation forms the ‘transitional or cortico-
trabecular junctional’ zone which has a surface/matrix volume
ratio that is intermediate between that of cortical and trabecular
bone. By convention, cortical bone comprises ~70% mineral-
ized matrix, and ~30% void volume formed mainly by the ca-
nals traversing it. Trabecular bone comprised of 10% to 30%
mineralized bone matrix fashioned as plates and rods occupy-
ing the medullary canal which constitutes 70% to 90% void
volume.

The relevance of cortical porosity is in its effects on bone
strength. Cortical bone volume is positioned radially, distant
from the neutral axis, and more so in taller individuals. Resis-
tance to bending increases to the fourth power of its radius [40].
Even in the vertebral body, 30% to 60% of the mass is dis-
placed peripherally as a thin cortical shell and 45% to 75% of
the axial load in compression is carried by the cortex [41]. In
the femoral neck (FN), removing the trabeculae decreased frac-
ture load by only 10% [42]. The cortex carries most of the load
but this fraction of load carried is ~90% in the distal FN and
~30% in the proximal part [43,44]. With loss of bone, the pro-
portion of the total load carried by the cortex increases as tra-
beculae are lost and this load is less well tolerated as cortical
bone also deteriorates [45].

As apparent density (the reciprocal or porosity) decreases in
cortical and trabecular bone, stiffness decreases as a 7th power
function in cortical bone but only to the 3rd power in trabecular
bone [46]. Even a small change in porosity compromises stiff-
ness to a greater extent than a similar increase in a porous
structure like trabecular bone. A 4% rise in porosity increases
crack propagation by 84% [47]. An increase in porosity from
4% to 10% more than halves the peak stress tolerated by bone
[48]. Bone’s ability to deform without cracking decreases
3-fold as porosity increases from 4% to 20%. In femoral corti-
cal bone samples, changes in intracortical porosity explained
70% to 80% of the variation in stiffness assessed using scan-
ning acoustic microscopy [49-53].
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CORTICAL POROSITY AND FRACTURES
IN ADULTHOOD

The profound loss of strength resulting from cortical bone loss
contributes to the burden of fractures. In a population-based
study of 100 postmenopausal women aged >50 years with a
distal forearm fracture matched with 105 controls, women with
forearm fractures had increased cortical porosity and decreased
trabecular bone volume fraction. Both predicted forearm frac-
tures, but only cortical porosity did so independently of the ul-
tra distal radius or FN bone mineral density (BMD). The diag-
nostic threshold for osteoporosis (T-score<-2.5 SD) captured
high cortical porosity and low trabecular bone volume fraction
whether a forearm fracture was present or not. Thus, after find-
ing a BMD T-score <-2.5 at the ultra distal radius, a measure-
ment of porosity did not identify more women with forearm
fractures than measuring areal BMD alone [54].

Most fractures in the community arise from the larger seg-
ment of the population with a BMD T-score less severely re-
duced than <-2.5 SD [55-57]. In this study [54], at the ultra
distal radius, 62% of women with forearm fractures did not
have osteoporosis (38% had osteopenia, 24% had normal
BMD). At the FN, 91% did not have osteoporosis (72% had
osteopenia and 19% had normal BMD). As a group, women
with osteopenia (those with and without forearm fractures)
were not at increased risk for fracture; neither ultra distal radius
nor FN osteopenia alone were associated with fracture, mea-
suring microstructure help to identify more women with fore-
arm fractures. Thus, physicians finding a T-score in the os-
teopenic range are likely to not initiate treatment even though
most forearm fractures arise from this group.

By adding a measurement of cortical porosity at the ultra
distal radius, a subset of women with ultradistal radius or FN
osteopenia were found to contribute to the burden of fractures.
Thus, in women found to have osteopenia, it may be appropri-
ate to also measure porosity at the ultra distal radius. Finding
high porosity, which compromises bone strength out of propor-
tion to the modest reduction in BMD that characterizes osteo-
penia, identifies individuals in need of treatment who would
not be identified otherwise.

This work was confirmed by studying the association be-
tween fractures and porosity measured at the proximal femur.
Ahmed et al. [58] reported that each SD higher porosity at this
location was also associated with fracture independent of FN
BMD (OR 1.39; 95% CI, 1.11 to 1.74) and Fracture Risk As-
sessment (FRAX) score (OR, 1.58; 95% CI, 1.27 to 1.97) in all
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women studied. Porosity was also associated with fracture in-
dependent of FRAX score in those with normal FN BMD (OR
1.88; 95% CI, 1.21 to 2.94), osteopenia (OR, 1.40; 95% CI,
1.06 to 1.85), but not significantly in those with osteoporosis
(OR, 1.48; 95% CI, 0.68 to 3.23). Of the 211 fracture cases,
only 18 women (9%) were identified using FN BMD T-score
<-2.5, 45 women (21%) using FRAX threshold >20%, where-
as porosity >80th percentile identified 61 women (29%). Po-
rosity identified 26% additional women with fractures than
identified by the osteoporosis threshold and 21% additional
women with fractures than by this FRAX threshold.

MEASURING CORTICAL POROSITY

The transition from cortical to trabecular bone is gradual so
that it is not possible to accurately identify an edge that corre-
sponds to the endocortical surface [39]. Quantifying the transi-
tional zone is important because it is a way of avoiding errone-
ously apportioning the fragmented cortex and the pores that
fragmented it into the medullary (trabecular) compartment.
Failure to retain the fragments and porosity as part of the tran-
sitional zone produces several errors.

It underestimates the age-related and menopause-related in-
crease in cortical porosity because porosity is erroneously
‘seen’ as part of the medullary void volume. It ‘looks like’ the
medullary canal is expanding; the morphology should not be
‘seen’ in this way because the intracortical ‘pores’ are not med-
ullary void, they are voids produced by cavitation of the cortex.
In addition, the age-related and menopause-related decline in
trabecular number and thickness is underestimated because
cortical fragments in the transitional zone are ‘seen’ as part of
the medullary canal, which falsely elevates trabecular density
in old age and so blunts the diminution in trabecular bone
across age and after menopause. Both of these errors underesti-
mate fracture risk. Moreover, the age-related and menopause-
related loss of cortical mineralized bone matrix volume is over-
estimated because cortical fragments erroneously allocated to
the ‘medullary’ canal are not quantified as being part of the
cortical bone in older persons [25].

The best image resolution achievable in vivo using HR-
pQCT is ~120 microns which precludes quantification of most
pores because over 60% of pores are less than 100 microns in
diameter [39]. Direct measurements of cortical bone water us-
ing deuterium oxide or dehydration experiments report a void
volume of 15% to 40% [59-63]. The low porosities reported in
most studies are incompatible with these direct measurements,
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and with the provision of a vascular supply [64-67]. Non-
threshold-based approach to quantify porosity avoids exclusion
of voxels containing mineralized matrix and void. The pres-
ence of mineralized matrix increases photon attenuation so
threshold based image analysis excludes that voxel with its
void volume and so underestimates porosity [38,39].

CONCLUSIONS

Cortical porosity in adulthood is the net result of the porosity
achieved during growth, constituted mainly by the Haversian
and Volkmann canals, and the subsequent increase in porosity
produced by age related intracortical remodelling initiated
upon these canals surfaces. Excavation of bone matrix enlarges
the canals focally and produces coalescent and giant pores in
cross section as age advances [68-70]. Prospective studies are
needed to determine whether a measurement of porosity and
other microarchitectural traits will identifying women sustain-
ing fractures who then can be targeted for therapy before the
fracture occurs [71,72]. Studies are also needed to determine
whether measurement of porosity will help to determine
whether treatment is successful by reducing porosity, whether
the reduction in porosity explained the fracture risk reduction,
and whether treatment fails to reduce porosity and the persist-
ing porosity accounts for continued fractures despite compli-
ance with therapy [73-76].
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