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ABSTRACT

Nonvertebral fractures account for 80% of all fractures and their accompanying morbidity and mortality. Despite this, the effect of drug
therapy on cortical morphology has received limited attention, partly because cortical bone is believed to remodel less and decrease less
with age than trabecular bone. However, the haversian canals traversing the cortex provide a surface for remodeling that produces bone
loss, porosity, and cortical fragility. We developed a new method of 3D micro-computed tomography (i.CT) to quantify intracortical
porosity and the effects of treatment. Women with osteoporosis randomized to risedronate (5 mg/day, n = 28) or placebo (n =21) had
paired transiliac biopsies at baseline and 5 years imaged using 3D .CT. Pores determined from 8 to 12 slices were stratified by their minor
axis length into those 25 to 100 wm (closing cone of haversian canals), 100 to 300 wm (cutting cone of haversian canals), and >300 pm
(coalescent cavities). Porosity was analyzed as pore area (percent bone area) and pore density (pore number/mm?). Medians are
reported. Risedronate reduced pore area in the 25 to 100, 100 to 300, and 300 to 500 m ranges over 5 years (p=.0008, .04, NS,
respectively) corresponding to an 18% to 25% reduction. In the placebo group, pore area was unchanged. At 5 years, pore area and pore
number/mm? in the 25 to 100 pm range were each 17% lower in the risedronate group than in the placebo group (p=.02 and .04,
respectively). Risedronate is likely to maintain bone strength and reduce nonvertebral fracture risk in part by reducing remodeling and
therefore the number and size of intracortical cavities. © 2010 American Society for Bone and Mineral Research.
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Introduction

Research efforts in preventing fractures have focused on the
pathogenesis of accelerated trabecular bone loss and
vertebral fragility in postmenopausal women."™ However,
80% of all fractures and 80% of all the accompanying morbidity,
mortality, and health costs in the community are the result of
nonvertebral fractures.”® Moreover, these fractures occur at sites
that are 70% to 80% cortical bone, which is believed to be lost
more slowly than trabecular bone during advancing age because
it is remodeled more slowly."™

Recent evidence suggests that several of these notions need
reappraisal.” Remodeling requires a surface to occur upon.”®
Although trabecular bone is fashioned with more surface per
unit volume than cortical bone, haversian canals traversing the
cortex provide a large intracortical surface area, exposing cortical
bone to the high remodeling after menopause in women and

late in life in both sexes due to secondary hyperparathyroidism.
For example, Han et al.®’ reported higher remodeling intensity
on the intracortical than on trabecular or endocortical surfaces.
More recently, Zebaze et al.”® reported that most of the bone lost
with age from the distal radius was intracortical not trabecular in
origin.

Given the role of cortical bone in bone strength, the
predominantly cortical composition of the appendicular skele-
ton, the common occurrence of nonvertebral fractures, and the
lack of information concerning the effects of drug therapy on
cortical morphology, we developed a new method of high-
resolution micro-computed tomography (wCT) to reconstruct
and visualize the 3D longitudinal intersecting haversian canals
within the iliac crest cortex that are seen as “porosity” in 2D
histomorphometric images. We quantified the morphology of
porosity according to pore size and number and determined
whether 5 years of treatment with risedronate reduced
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intracortical porosity in postmenopausal women with osteo-
porosis.

Materials and Methods

Postmenopausal women in the Vertebral Efficacy with Rise-
dronate Therapy North American (VERT NA) trial with either two
vertebral fractures at baseline or one prevalent vertebral fracture
and a lumbar spine bone mineral density (BMD) T-score of —2
or less received daily risedronate 5 mg or placebo for up to
5 years.” All received 1000 mg/day elemental calcium carbonate
and vitamin D if deficient at baseline (500 IU/day cholecalciferol).
Transiliac bone biopsies were obtained at baseline and 3 and
5 years for histomorphometric analysis."®'" The 5-year biopsy
was taken from the same side as the baseline but at least 2 cm
distant from the previous biopsy. Only subjects with a biopsy at
baseline and 5 years were included (risedronate n=28 and
placebo n=21) in the present study. To be included, the biopsy
was required to have at least one evaluable cortex. When both
cortices were present, analysis was performed on the thicker
cortex. The biopsies were imaged using the Scanco wCT40 with a
resolution of 8 um. The 16-bit gray-level cortical images were
segmented into bone and pores using a fixed threshold.

Conventional 2D histomorphometric measurement of poros-
ity is associated with a high variance arising from sampling
variations, intersection heterogeneity of pore size and number,
and subjective separation of the corticomedullary junction."?
The 3D pnCT method addresses several sources of this variability.
The intersection variability was reduced by averaging porosity
for each biopsy over 8 to 12 digital .CT slices, approximately 300
to 400 pm apart, parallel to the original histologic cut face.
Porosity measurement using a single slice as performed in
conventional histomorphometry had a coefficient of variation of
more than 40% and this was reduced to less than 5% when 8 to
12 slices, 300 to 400 wm apart, were used.
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In iliac crest biopsies, the demarcation between compact
cortex and trabecular compartments is indistinct due to trabe-
cularization of the cortex adjacent to the marrow cavity.”'2~"®
Subjective separation of cortex and trabecular bone introduces
variability, as illustrated in Fig. 1. Intracortical porosity may be 5%
if “compact” cortex adjacent to the periosteum is chosen or may
be greater than 20% if large cavities adjacent to the marrow are
chosen. To avoid arbitrary demarcation between “compact” and
trabecular bone, we quantified porosity as a continuous variable
by cavity sizes and measured porosity for a defined range of pore
sizes, which reduces variability (see Fig. 1). Initially, a boundary
between the cortex and trabecular bone was arbitrarily defined
on the endosteal surface of a slice to include the intracortical
and endocortical regions. All pores within the boundary were
identified using connected components analysis and fitted to an
ellipse to determine their minor axis.'® Pores were stratified by
their minor-axis length in multiples of 8 pm (minimum pixel
size) and partitioned into ranges of increasing pore size of
approximately 100 wm (increments of 12 pixels). Pores with a
minor axis of less than approximately 25 pwm (area with 3 pixels,
osteocyte lacunae) were excluded."” Pores in the approximate
range of 25 to 100 wm approximate haversian canals in the
closing cone,’®2 and pores in the range of 100 to 300 pm
were attributed to the cutting cone excavated during the
resorptive phase of remodeling.”?'2® Pores with minor axis of
300 wm or higher were assumed to result from coalescent
cutting cones of adjacent remodeling units.®?

Analyses were performed blinded to treatment group and
were automated using Matlab scripts and standard Matlab
imaging functions.?® The area of a pore was the number of
pixels contained within the pore multiplied by the area of a pixel
with dimensions of 8 x 8 um? The pore area and bone area of all
selected slices were summed to provide a total pore and bone
area, respectively, for the entire biopsy. Porosity was expressed
as pore area/bone area (%) and pore density as pore number per
unit bone area (number/mm?) stratified by pore size, defined as

Porosity within Boundaries A, B, C

Porosity for — 400 pm pores Porosity for all pores

Fig. 1. (Left) Porosity is measured on a single p.CT slice with three different arbitrary boundaries shaded yellow in A, B, and C. (A) The boundary includes
cavities close to the periosteum. (B) The boundary includes cavities in the periosteum and part of the endocortical envelope. (C) The boundary extends
further into the endocortical zone and includes large trabecularized holes. (Right) When all pores within the boundary are included, porosity (%) gradually
increases from ~5% (A) to >20% (C). When porosity is measured for a defined range of pores (~400 pwm in this case), the variability is reduced. Although
the absolute pore area and bone area changed, porosity at ~6% remained relatively unchanged within the three boundaries.
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the minor ellipse axis lengths of 25 to 100, 100 to 300, 300 to 500,
and 500 to 800 pm.

Statistical analysis was performed using SAS software (version
8.2, SAS Institute). Baseline characteristics were compared using
one-way ANOVA. Nonparametric methods were used for within-
and between-group comparisons because the Shapiro-Wilk test
indicated that the data were not normally distributed. Therefore,
medians are reported. For each pore-size range, the change and
percentage change from baseline within and between groups
were assessed using the Wilcoxon signed-rank test and the
Wilcoxon rank-sum test, respectively.

Results

Pore morphology

Pores seen using histomorphometry and wCT are cross sections
of longitudinally orientated haversian canals traversing the
cortex (Figs. 2 and 3). Canals from adjacent osteons can coalesce
at a point and then continue as separate canals (see Fig. 3). This
diversity in cavity size, shape, and number is illustrated when
four of the slices from a biopsy, 300 to 400 pm apart, are
compared (Fig. 4). Depending on the cross section examined,
porosity appeared as single isolated circular pore (slice 1), a
dumbbell-shaped pore resulting from coalescence of two or
more haversian canals (slice 2), or enlarged pores adjacent to the
endocortical surface that can perforate it, producing trabecular-
ization of cortical bone (slices 3 and 4).

Effects of treatment on porosity and pore density

The risedronate and placebo groups did not differ in baseline
characteristics, including remodeling indices, pore area, and pore

Fig. 2. (A) A 2D histologic section and (B) the corresponding 3D micro-
computed tomography image. (C) A magnified view of a cutting cone
with osteoclasts (arrows). (D) The corresponding 3D canal structure.

Fig. 3. (A) A 3D micro-computed tomography image (un.CT) image of the
biopsy shows the haversian canals running perpendicular to the back-
ground of a 2D wCT section. Several large oval canals may reflect the
cutting cone (open arrow). Volkmann canals are also shown (double
arrow). (B) Canals from adjacent osteons coalesce at a point and then
continue as two canals.

number (Tables 1 through 3). Median pore area/bone area in the
25 to 100, 100 to 300, and 300 to 500 pm ranges decreased in
the risedronate group over 5 years (p=.0008 and 0.4, NS,
respectively) and remained unchanged in the placebo group
(see Table 2). This corresponded to a reduction of 18% to 25% in
the risedronate group and —0.3% to 1.3% in the placebo group
(Fig. 5). Although these percentage changes between groups did
not achieve statistical significance, at 5 years, the pore area/bone
area was 17% lower in the risedronate than in the placebo group
for pores in the 25 to 100 wm range (p=.02). Median pore
number/mm? decreased by 8% to 17% in the risedronate group
and increased by 2% to 49% in the placebo group for the 25 to
100, 100 to 300, and 300 to 500 pwm ranges. Although these
changes were not significant between groups, the pore number/
mm?in the 25 to 100 wm range was 17% lower in the risedronate
group than in the placebo group at 5 years (p =.04; see Table 3).

Discussion

Bone remodeling removes microdamage within the bone matrix
deep to a surface.®® The cells responsible for the removal of
damage and restoration of bone arise from the marrow, the
bone-lining cells, or the circulation and must reach the site of
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Fig. 4. Four adjacent slices 300 to 400 wm apart show interslice hetero-
geneity in pore size, shape, and number in the same biopsy. The arrows
show the coalescence of two canals forming a dumbbell-shaped cavity
(slices 1 and 2) and the transformation of a cavity (slice 3) into a larger
cavity (slice 4).

Table 1. Demographic and Baseline Characteristics
[Mean (+SD)]
Risedronate, Placebo,
N=28 (n) N=21 (n)
Age, years 67.5+58(28) 643485 (2

(28) 1
Lumbar spine BMD T-score —25+1.1 (16) —1.8+1.9 (16
Femoral neck BMD T-score —2.0+0.7 28) —1.7+1.0 (21
(28) 17.5+10.0 (21)
(28) 1.74+18 (2

Years since menopause 213+7.7 (28
No. of prevalent vertebral 28
fractures

)
)
)
1
1

Mineralizing surface/bone 6.4+4.1 (23) 76+6.3 (15)
surface, %
Activation frequency, 0.4+0.2 (20) 04+0.3 (13)

no. per year

N=number of patients within specified treatment; n=number of
patients.

Baseline characteristics were not statistically different between groups
(one-way ANOVA).

BMD, bone mineral density; SD, standard deviation.

damage deep within the matrix.?”” The lining cells of the
trabecular, endocortical, and intracortical components of the
endosteal or inner bone envelope form the conduit facilitating
communication between the damaged matrix and the marrow
environment. Remodeling is initiated on these surfaces, the
linings of which form the roof of the remodeling compartment,
within which excavation of old or damaged bone is followed by
incomplete replacement with new bone.?%2”

Remodeling proceeds rapidly in trabecular bone because of its
large surface/bone volume; because trabeculae are resorbed,
their surfaces disappear, and so remodeling diminishes in the
trabecular compartment. However, remodeling continues on the
endocortical surface of the cortex adjacent to marrow and on the
intracortical surface formed by the lining of haversian canals.®
Erosion of cortical bone, particularly adjacent to marrow,
trabecularizes as adjacent resorptive cavities coalesce, producing
giant canals of irregular shape and blurring the distinction
between cortical and trabecular bone.®”'329

We avoided dichotomizing cortical and trabecular bone for
this reason and analyzed porosity as a continuous variable by
dividing the sizes of cavities according to the physiologic
processes likely to be producing them. Porosity in the 25 to
100 wm range was likely to reflect haversian canals in the closing
cone, 100 to 300 wm resorption sites excavating the cortex as a
cutting cone, and larger cavities reflecting coalescent resorption
cavities arising from haversian canal surfaces where a remodel-
ing event arises. Cavities in the 25 to 100 and 100 to 300 pm
ranges were equally prevalent throughout the cortex. Cavities
larger than 300 wm were more abundant in the endocortical
region (Fig. 6).

When risedronate is administered, pores excavated before
treatment complete their remodeling cycle with bone formation
during treatment, thereby reducing their size. Concurrently, the
appearance of new remodeling units is suppressed by 70% to
80%, so the extent of the bone surface undergoing resorption
decreases by about 50%.7%'" In controls, remodeling remains
high, and some remodeling sites may colocalize, enlarging
cavities before they have had the opportunity to undergo the
filling phase of their remodeling cycle.

Peak stress at yield and torsional toughness decrease
precipitously when porosity increases by a few percentage
points.1#283 We observed an 18% to 25% decrease in pore
area in the 25 to 100, 100 to 300, and 300 to 500 wm ranges over
5 years in the treated group, with no change or increases in
porosity in the placebo group. Likewise, pore numbers
decreased by 8% to 17% during treatment with risedronate
but increased in the placebo group (see Fig. 5). Although change
in porosity for larger pore sizes did not reach statistical
significance, at 5 years, there were 17% fewer resorption cavities
in the 25 to 100 wm range in the treated group compared with
placebo across the cortical surface from periosteum to
endosteum.

We propose that nonvertebral fracture risk reduction is only
20% to 30%, about half the vertebral fracture risk reduction
achieved with most drugs, because the extent of architectural
decay at nonvertebral (largely cortical) sites is severe by the time
treatment is usually started (~65 to 70 years).m) Such late
intervention may limit the efficacy of most treatments. Partial
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Table 2. Porosity Expressed as the Pore Area/Bone Area (%) for Each Range of Cavity Sizes [Median (25th, 75th Interquartile Range)]

Pore size Pore area/bone area (%) risedronate group (N = 28) Pore area/bone area (%) placebo group (N=21)
Minor axis

length (pm) Baseline 5 years Change (n) Baseline 5 years Change (n)
25-100 1.56 (1.31,1.95) 1.33%(1.0,1.54) —0.31°¢(—0.70, 0.03) 177 (1.13, 2.18) 1.61 (1.29, 2.06) —0.01 (—0.49, 0.39) (21)

(p=.0008) (28)
100-300  3.73 (3.10, 5.58) 2.73 (2.18,5.04) —1.11° (—1.90,0.15)  3.37 (249, 5.59) 3.45 (2.44, 481) 0.02 (—1.80, 1.41) (21)
(p=.04) (28)
300-500 244 (1.67,3.65) 2.02 (1.04,3.77) —0.87 (—1.69, 1.33) (25) 2.10 (0.88, 2.97) 2.34 (1.15,3.29) 0.01 (—0.71, 1.81) (21)
500-800 274 (1.64,4.22) 4.48 (1.04,9.25) 1.0 (—1.39,6.40) (17) 1.81 (1.1, 3.56) 3.45 (1.96, 4.30) 1.4 (—0.84, 2.44) (12)

ALower than placebo, p = .02, Wilcoxon rank-sum test.

PReduction from baseline, p <.05, Wilcoxon signed-rank test.

“Reduction with risedronate greater versus placebo (p =0.08, Wilcoxon rank-sum test).
N =number of patients; n=number of actual paired biopsies analyzed.

Table 3. Porosity Expressed as the Number of Pores/mm? for Each Range of Cavity Sizes [Median (25th, 75th Interquartile Range)]

Pore size No. of pores per mm? risedronate group (N = 28) No. of pores per mm? placebo group (N=21)
Minor axis
length (m) Baseline 5 years Change (n) Baseline 5 years Change (n)
25-100 3237 (2.64,3.71) 283° (252,3.51) —037 (—1.28, 0.44) (28) 2.90 (234, 420) 3.41 (2.95,3.92) 0.06 (—0.68, 0.84) (21)
100-300 0.86° (0.51, 1.17)  0.69 (0.51, 1.04) —0.17 (—0.49, 0.26) (28) 0.75 (0.36, 1.07)  0.72 (0.45, 1.09)  0.02 (—0.60, 0.36) (21)
300-500 0.11% (0.07,0.19)  0.10 (0.06, 0.15)  —0.01 (—0.06, 0.05) (25) 0.07 (0.04, 0.14) 0.11 (0.07, 0.18)  0.03 (—0.01, 0.09) (21)
500-800 0.06" (.03, 0.08) 0.08 (0.03, 0.15) 0.10 (-0.02, 0.10) (17)  0.04 (0.02, 0.06) 0.06 (0.05, 0.09) 0.01 (0.01, 0.05) (12)
“Not significantly different from placebo at baseline.
bp = .04 versus placebo at 5 years, Wilcoxon rank-sum test.
N = number of patients; n =number of actual paired biopsies analyzed.
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35 a5
3.0 30
g g
2_5—- 25 -
g 5 A%
e =
w 2.0 @ 2.0 1
B - -18.4%)| £
2157 ¥ | =157
8 3
1.0 = 1.01
0.5 0.5 -
0.0 - T T
Baseline 5 Year 0.0 gaseline 5 Year
6 Risedronate 6 Placebo
5 5
E: E
g £
- g =
_q;; 4 £ 4
8 3
5 3 g
g g
E g
2 2; z2
Baseline 5 Year 1 Easeine ' 5 Year

Fig. 5. Changes in pore area/bone area (%) and pore density (pore number/mm?) for the 25 to 100 pm range between baseline and 5 years in each subject
in the risedronate and placebo groups. The magnitude and direction of the median percentage changes are shown.
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Fig. 6. Distribution of pore sizes in the endosteal (black bars) and
periosteal (open bars) regions of the cortex according to their size.
The pores with minor axis of 300 wm or less are equally prevalent
throughout the cortex. Pores greater than 300 wm are more abundant
in the endocortical region.

filling of large coalescent pores is unlikely to modify pore area in
a biologically meaningful way because the area produced by
multiple overlapping pores is too large to be refilled by bone
formation, which is reduced by 30% to 40% in the elderly.®3-3¢
Antiresorptive agents such as risedronate reduce resorption
mainly by reducing the birth rate of basic multicellular units.
Prevention of bone loss and structural decay also may occur by
reducing the volume of bone resorbed or increasing the volume
of bone deposited by each of the fewer basic multicellular units
still remodeling bone, but evidence for either mechanism is
lacking.

A limitation of this study is the sample size and the
heterogeneity in porosity from slice to slice. The extent of
porosity defined as pore area (percent bone area) was 1.6% to
4%, and pore number was 0.1 to 3.2/mm? before treatment.
These small quantities change by small increments; reductions
produced by risedronate in pore area ranged from 18% to 25%,
whereas for placebo, reductions ranged from —0.3% to 1.3%.
Also, reductions produced by risedronate in pore number ranged
from 8% to 17%, whereas for placebo it increased from 2% to
49%. These factors limited our ability to observe changes with
statistical significance, at least for the larger (and fewer) pores. To
achieve statistical significance in the observed median difference
in cortical porosity of 18% or higher, a study with 50 or more
paired biopsies from patients per treatment group would be
required. Nevertheless, we were able to detect changes in pores
of smaller dimensions consistent with our current understanding
of the pathogenesis of porosity and the effects of antiresorptives
on bone remodeling. Cortical bone was assessed at the iliac crest;
whether findings at other regions would be similar is not known.
However, the reduction of remodeling of the iliac crest has been
shown to be consistent with the antifracture efficacy of
risedronate."%""

In summary, cortical bone is traversed by haversian canals,
which provide a surface for remodeling. Increasing cortical
porosity and cortical thinning weaken the bone. Risedronate
suppresses bone remodeling and, therefore, reduces the

appearance of new cortical pores, as reflected in fewer pores
after 5 years, compared with controls. The surface area of smaller
pores also was reduced as the bone-formation phase of
remodeling went to completion (rather than these cavities
being enlarged by continued remodeling). In controls, pore area
and pore number increase as high remodeling continues to
erode the cortex. The reduced intracortical porosity with
risedronate is likely to contribute to the slowing of progression
and perhaps partial reversal of fragility, which reduces fracture
risk.
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