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Abstract Treatment with sclerostin antibody (romo-
sozumab) increases bone formation while reducing bone
resorption, leading to increases in bone volume and bone
mineral density. Sclerostin antibody treatment may also
provide beneficial changes in trabecular microarchitecture
and strength that are not reflected in bone volume and den-
sity. Here we use three-dimensional dynamic histomorpho-
metry to determine longitudinal changes in vertebral tra-
becular microarchitecture in adolescent male cynomolgus
monkeys (4-5 years old) treated with sclerostin antibody.
Animals were treated bi-weekly with either sclerostin anti-
body (30 mg/kg, sc, n=6) or vehicle (n=06) for 10 weeks.
Animals were administered fluorochrome bone formation
labels on days 14 and 24 (tetracycline) and on days 56 and
66 (calcein), followed by necropsy on day 70. Cylindrical
specimens of cancellous bone from the Sth lumbar verte-
brae were used to generate high-resolution, three-dimen-
sional images of bone and fluorescent labels of bone for-
mation (0.7%x0.7%5.0 um/voxel). The three-dimensional
images of the bone formation labels were used to determine
the bone volume formed between days 14 and 66 and the
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resulting alterations in trabecular microarchitecture within
each bone. Treatment with sclerostin antibody resulted in a
conversion of rod-like trabeculae into plate-like trabeculae
at a higher rate than in vehicle-treated animals (p=0.01).
Plate bone volume fraction was greater in the sclerostin
antibody group relative to vehicle (mean 43 vs. 30%,
p <0.05). Bone formation increased the thickness of trabec-
ulae in all three trabecular orientations (axial, oblique, and
transverse, p <0.05). The volume of bone formed between
days 14 to 66 was greater in sclerostin antibody-treated
groups (9.0 vs. 5.4%, p=0.02), and new bone formation
due to sclerostin antibody treatment was associated with
increased apparent stiffness as determined from finite ele-
ment models. Our results demonstrate that increased bone
formation associated with sclerostin antibody treatment
increases plate-like trabecular morphology and improves
mechanical performance.

Keywords Bone remodeling - Osteoporosis - Sclerostin
antibody - Cancellous bone - Bone histomorphometry

Introduction

Osteoporosis is characterized by deterioration of cancellous
bone microstructure, including reductions in bone volume
fraction and trabecular thickness [1]. Anabolic treatments
for osteoporosis have the potential to reverse bone loss and
recover trabecular microstructure by causing increases in
new bone formation. Romosozumab is an antibody that
blocks sclerostin, a protein secreted by osteocytes that neg-
atively regulates bone formation [2—6]. Animal studies have
shown that sclerostin antibody treatment increases mode-
ling-based bone formation while reducing bone resorption
[7] leading to increases in bone mass and bone strength
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[2, 8]. Recent clinical studies have shown that sclerostin
antibody treatment increases bone mineral density in the
lumbar spine and hip [9-11] and reduces vertebral fracture
risk in postmenopausal women [12]. Although increases
in bone mineral density often result in increases in bone
strength and resistance to fracture, many osteoporosis treat-
ments cause reductions in fracture risk that are greater than
expected from changes in bone mineral density alone [13,
14]. Possible explanations for the disproportionate change
in fracture risk include alterations in bone tissue mechani-
cal properties, cortical-trabecular density distribution, and
cancellous bone microarchitecture [15].

Cancellous bone microarchitecture is an aspect of bone
quality that may influence fracture risk [15]. Traditional
measures of cancellous bone microarchitecture include
bone volume fraction, average trabecular thickness, and tra-
becular separation [16]. However, direct enumeration and
classification of individual trabeculae through individual
trabecula segmentation (ITS) has been shown to improve
the prediction of cancellous bone strength and stiffness
beyond what is possible with traditional measures [17-19].
Additionally, alterations in rod- and plate-like morphology
of cancellous bone in patients has been associated with fra-
gility fractures independent of bone mineral density deter-
mined through dual-energy X-ray absorptiometry [20].
Hence, changes in rod-like and plate-like trabecular micro-
architecture have the potential to improve bone mechanical
performance to a greater extent than expected from bone
mineral density.

While anabolic treatments clearly increase bone vol-
ume fraction, they may also influence aspects of cancellous
microstructure that influence bone quality. The number and
orientation of trabeculae are known to influence biome-
chanical performance of cancellous bone. It is believed that
once a trabecula is resorbed during age-related bone loss, it
cannot be reformed by subsequent bone formation and that
subsequent increases in bone density occur through thick-
ening of existing trabeculae [21]. Finite element models
suggest that increasing the number of trabeculae is more
effective at increasing cancellous bone strength and stiff-
ness than thickening existing trabeculae [21]. Differentiat-
ing between increases in the number and thickness of tra-
beculae is challenging because bone formation is typically
assessed in two-dimensional sections which do not display
out-of-plane morphology, making it difficult to identify
the presence of entirely new trabeculae [22, 23]. Three-
dimensional imaging using in vivo, serial micro-computed
tomography (serial micro-CT) [24-29] or high-resolution
peripheral quantitative computed tomography (HR-pQCT)
[30-33] has been used to evaluate changes in cancellous
bone microarchitecture due to bone formation; however,
both approaches have limited spatial resolution (10.5 pm
for serial micro-CT and 82 pm or higher for HR-pQCT)

and have typically been used only to study extremities. We
have demonstrated a three-dimensional dynamic histomor-
phometry approach that provides assessment of bone for-
mation markers in vitro [34-37], allowing for examination
of changes in trabecular microarchitecture caused by bone
formation that can be used on specimens from any region
of the skeleton.

While cross-sectional studies have associated sclerostin
antibody treatment with increased bone volume fraction [2,
7, 8, 38], there are no longitudinal studies of alterations in
trabecular microarchitecture in the spine. It is not known
how treatment with sclerostin antibody alters the rod and
plate-like morphology of individual trabeculae in cancel-
lous bone. Given the anabolic nature of sclerostin antibody,
we hypothesize that treatment will generate sufficient bone
formation to increase the total number of trabeculae or spe-
cifically increase the number of plate-like trabeculae. The
long-term goal of the current line of investigation is to
understand how changes in bone formation and microarchi-
tecture influence cancellous bone biomechanics and frac-
ture risk. In the current study, we combine individual tra-
becula segmentation with three-dimensional dynamic bone
histomorphometry to determine the changes in the number
and size of rod-like and plate-like trabeculae in vertebral
cancellous bone over an 8-week period of treatment with
sclerostin antibody.

Materials and Methods
Study Design

Here we report a new analysis using tissue generated from
a prior study. The study was performed under Institutional
Animal Care and Use Committee approval at Charles River
Laboratories (Montreal, Quebec, Canada), which has been
thoroughly described elsewhere [7, 38]. All efforts were
made to minimize animal suffering. Adolescent (4-5 year
old) male cynomolgus monkeys (Macaca fascicularis)
were used in the study because the monoclonal antibody
(romosozumab) can only be used effectively in humans
or primates. The animals were cared for in accordance to
the Guide for the Care and Use of Laboratory Animals,
and were maintained in Association for Assessment and
Accreditation of Laboratory Animal Care International—
accredited facilities in species-specific housing on a
12:12 h light:dark cycle. The animals were socially housed
indoors in environmental conditions 24+ 3°C, 50+20%
humidity and were allowed normal physical activity. Ani-
mals were fed twice daily a certified pelleted primate diet
(2050°C Certified Global 20% Protein Primate Diet: Har-
lan Teklad) in amounts appropriate for the age and size
of the animals. In addition, each animal was offered food
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supplements daily in any combination of the following:
Golden Banana Softy®, Prima-Treat® (5 g format), fresh
or dried fruit, fresh or dried vegetables, and at least once
weekly Prima-Foraging Crumbles® (20-25 g) as part of the
environmental enrichment program. Animals had ad libi-
tum access to water that was treated by reverse osmosis and
ultraviolet radiation.

The cynomolgus monkeys were randomly assigned to
receive either sclerostin antibody (Scl-Ab, 30 mg/kg romo-
sozumab, subcutaneous injection, n=6) or vehicle (10 mM
sodium acetate, 9% sucrose, 0.004% polysorbate 20, pH
5.2, n=6) bi-weekly for 10 weeks. Animals received fluo-
rochrome labels on days 14 and 24 (25 mg/kg tetracycline,
intravenous) and on days 56 and 66 (8 mg/kg calcein, intra-
venous) following treatment. Romosozumab was well tol-
erated by the animals, and no adverse effects of sclerostin
inhibition were observed. Following administration of a
sedative (ketamine, intramuscular injection), monkeys were
euthanized by intravenous injection of sodium pentobarbi-
tal followed by exsanguination by incision of the axillary or
femoral arteries (see Fig. 1). The fifth lumbar vertebra was
stored at —20 °C.

Image Acquisition and Processing

Cylindrical specimens of cancellous bone (4 mm in
height, 5 mm diameter) were obtained from the center of
the 5th lumbar vertebral body. Bone marrow was removed
from the specimens using a low-pressure water jet, and
specimens were embedded undecalcified in methyl-
methacrylate. Three-dimensional images of bone and
fluorochrome labels were obtained using serial milling
(voxel size of 0.7x0.7x5.0 pm) as described previously
(see Fig. 2) [34-36]. Serial milling uses a custom-made

Male Cynomolgus Monkeys (4-5 years old)
Scl-Ab dosing (30mg/kg sc once every 2 weeks)

Scl-Ab
(n=6) =
Bone Formation 4
2
Vehicle =
(n=6) =

| L 1 ||
Day o 14 24 56 66 70

Fig.1 The timing of treatment and fluorochrome labeling in the
study design are illustrated. Male cynomolgus monkeys were admin-
istered either sclerostin antibody (Scl-Ab, n=6) or vehicle. Animals
received fluorochrome labels on days 14 and 24 (tetracycline) and on
days 56 and 66 (calcein) following treatment, and were euthanized at
day 70
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system that involves repeatedly removing the top 5 pm
from the specimen using a computer-controlled mill-
ing system (Benchman MX, Intelitek, Manchester, NH,
USA) and collecting a mosaic of images from the newly
revealed block face using epifluorescence microscopy.
Three fluorescent images were collected of each cross-
section using different filter sets: one for bone autofluo-
rescence (390/460 nm Ex/Em), one for tetracycline labels
(390/630 nm), and one for calcein labels (480/535 nm).
A manually determined global threshold was selected by
a trained observer to segment bone and fluorescent labels
(tetracycline and calcein). The segmentation approach
has been shown to provide similar results as two-dimen-
sional histomorphometry measurements with low inter-
observer variation [34]. A cylindrical region of interest of
2 mm in height, 4 mm in diameter from the center of each
specimen was used for analysis.

Three-Dimensional Measurements of Bone Formation

Three-dimensional dynamic bone histomorphometry dif-
fers from traditional dynamic histomorphometry in that
it measures bone formation throughout the specimen and
is therefore not subject to limitations associated with
stereology or “label escape error,” making it possible to
evaluate changes in bone formation in a region of cancel-
lous bone and longitudinal assessment of changes in bone
microstructure caused by bone formation. Three-dimen-
sional measures of bone formation were generated from
the images using measurement approaches described pre-
viously [34]. Three-dimensional mineral apposition rate
(3D MAR) and mineralizing surface (3D MS/BS) were
determined for each of the two pairs of fluorescent labels
(one pair of tetracycline and one pair of calcein) [34].
Three-dimensional bone formation rate was calculated
as the mineral apposition rate multiplied by the miner-
alizing surface (3D BFR/BS-Tet and 3D BFR/BS-Cal).
In addition to determining the bone formation indices
of each of the two pairs of fluorescent labels, the entire
volume of bone formed between the administration of the
first tetracycline label (day 14) and the last calcein label
(day 66), and the bone formed between the last calcein
label and euthanasia (day 70) was determined by merging
all of the fluorescent labels and the adjacent surface in
the three-dimensional image using morphological clos-
ing. The resulting volume was referred to as the Forma-
tion Volume (FV) and represents a direct measure of the
entire volume of bone formed during the 8-week period
between first and last formation labels (Fig. 2). The
changes in trabecular microarchitecture between images
with and without the formation volume therefore approxi-
mated longitudinal changes in trabecular morphology.
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Tetracycline
Double-Label

100 um

Fig. 2 a A representative cross-section from a cancellous bone speci-
men with bone and fluorescent formation markers (tetracycline yel-
low (b) and calcein green (c)) was obtained using serial milling at
a voxel size of 0.7%x0.7x5.0 pm. The two pairs of bone formation
labels were merged using three-dimensional morphological closing to

Individual Trabecula Segmentation-Based Analyses

The morphology of individual trabeculae was analyzed
using individual trabecula segmentation (ITS, Columbia
University). Images were coarsened to 21 X21X21 pm
voxels to reduce computational time and to provide

Volume of Bone
formed

isolate the Formation Volume (d).Three-dimensional images of bone
and bone formation were created from the collection of two-dimen-
sional cross-sections (formation volume shown in green) (e—f). (Color
figure online)

measures consistent with prior work [17]. Individual
trabecula segmentation associates each voxel of bone in
the image with a discrete trabecula and then character-
izes the trabecular morphology (rod-like, plate-like) and
orientation (axial, oblique, and transverse, see Fig. 3)
(Please see [17] for further details). The plate bone
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volume fraction (pBV/TV) and rod bone volume frac-
tion (rBV/TV) were measured for each group along with
measurements of volume fraction and trabecular thick-
ness for each trabecular orientation (axial, oblique, and
transverse). To determine the longitudinal changes in
rod-like and plate-like morphology and trabecular ori-
entation caused by bone formation during the experi-
ment, ITS was performed on the final images as well as
the same images after removal of the formation volume.
The number of trabeculae that were changed from rod-
like to plate-like as a result of bone formation during the
8-week period of the experiment was then determined.
Extensive analysis for entirely new trabeculae formed
between the first and last formation labels was per-
formed. Traditional three-dimensional measurements of
bone (bone volume fraction (BV/TV), trabecular thick-
ness (Tb.Th.), trabecular separation (Tb.Sp.), and struc-
ture model index (SMI) were measured using Bonel
[39].

Serum Markers of Bone Formation

Serum osteocalcin (OC) and intact N-terminal propep-
tide of type 1 procollagen (P1NP), markers of bone for-
mation, were measured using radioimmunoassay (OC:
DSL-6900, Diagnostic System Laboratories country;
PINP: Intact PINP, Orion Diagnostica) at various time
points, with the day 14 time point corresponding to the
initial fluorochrome label utilized for regression analy-
sis. Please see Ominsky et al. for a full description of
experimental procedures [8, 38] .

@ Springer
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Finite Element Analysis

Linear elastic finite element models were created from
three-dimensional images of the cancellous bone speci-
mens (21-pm voxels) with and without the bone formed
during the 8 weeks between formation labels. Each finite
element model consisted of 0.62—1.69 million elements.
Bone tissue was assumed to be an isotropic, linear elastic
material with Young’s modulus 10 GPa and Poisson’s ratio
of 0.3. To determine axial stiffness, an apparent compres-
sive strain of 1% was applied to the top surface in the axial
direction (Z-axis), and vertical displacement on the oppo-
site surface was fixed. To determine transverse stiffness, a
cubic region of interest 2 mm in size was taken from the
center of each specimen, and finite element models were
created with displacement applied in the transverse direc-
tion (Y-axis). Apparent stress was calculated from the sum
of the reaction forces on the constrained surface divided by
the cross-sectional area of the surface. Apparent stiffness
was calculated as the apparent stress divided by the applied
apparent strain. Finite element models were implemented
using Abaqus (Abaqus 6.9, Dassault Systemes, Velizy-Vil-
lacoublay, France) with the Abaqus/Standard solver.

Statistical Analyses

Differences in three-dimensional measurements of bone
formation, bone microarchitecture, and ITS-based meas-
urements between vehicle- and sclerostin antibody-treated
groups were identified using two-tailed r-tests with JMP
(JMP Pro 10.0.2, SAS Institute Inc., Cary, NC, USA). In
addition, linear regression analyses were performed with
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JMP. A p-value of 0.05 was used to determine statistical
significance.

Results

Over the 8-week period of the study, more rod-like tra-
beculac were converted to plate-like trabeculae in ani-
mals treated with sclerostin antibody (10.27 +3.59%,

Scl-Ab.
Day 14 20
p=0.017
X
-§ = 15
. 250 pm &E 10 ®
o SS9 O
3 . -
292 5 |
S 2 i -
~ g 5
© o
0 ]
Veh Scl-Ab

Fig. 4 Sclerostin antibody converts trabecular rods to trabecular
plates. a An example of the conversion of rod-like trabeculae to a
plate-like trabecula is shown (sclerostin antibody-treated animal). b
The percentage of rod-like trabeculae which were converted to plate-
like trabeculae during the 8-week study period is shown

mean + SD) than in vehicle-treated animals (4.45 +3.48%,
p=0.017, see Fig. 4; Table 1). The volume of bone formed
over the 8-week study period (Formation Volume) was 68%
greater in sclerostin antibody-treated animals as compared
to vehicle controls (p=0.015, see Fig. 5a; Table 2). The
increase in newly formed bone volume was achieved by an
increase in bone formation rate (3D BFR/BS, p=0.001)
(see Fig. 5b; Table 2). The increases in 3D MAR, 3D MS/
BS, and 3D BFR/BS due to sclerostin antibody treatment
early in the study (days 14-24 observed with tetracycline)
was similar to that later in the study (days 56—66, observed
with calcein, Table 2). Additionally, serum markers of
bone formation (OC and P1NP) measured in 2 weeks fol-
lowing treatment were strongly correlated with the three-
dimensional bone formation rate (see Fig. Sc—d). Extensive
examination of the specimens failed to provide evidence of
the formation of entirely new trabeculae.

Sclerostin antibody treatment was associated with
large changes in trabecular rod- and plate-like morphol-
ogy, including increases in the plate bone volume fraction
(p<0.045, see Fig. 6a; Table 1). Additionally, sclerostin
antibody treatment increased the thickness of both plate-
like and rod-like trabeculae compared to controls (p <0.05,
Table 1). Increases in trabecular thickness associated with
sclerostin treatment were distributed uniformly among
trabeculae with different orientation (axial, oblique, and
transverse) (p<0.05, see Fig. 6b; Table 1). Additional
ITS-based microstructural measurements can be found in
Online Resource 1.

Table 1 Traditional and ITS-based bone microstructural measurements are shown for each group, Mean + SD, 95% CI (5th, 95th)

Measurement Vehicle (n=06) Scl-Ab (n=6) p-value
Bone volume fraction (BV/TV, %) 42.10+12.14 (29.37, 54.84) 53.87 +4.68 (48.96, 58.78) 0.051
Trabecular thickness (Tb.Th, um) 219.18 £42.35 (174.74, 263.63) 272.39 +£33.66 (237.06, 307.71) 0.037
Structural modeling index (SMI) 0.99+0.82 (0.13, 1.85) 0.13+0.47 (—0.36, 0.62) 0.050
Trabecular separation (Tb.Sp, um) 679.97 +£32.94 (645.40, 714.54) 687.12 £29.95 (655.69, 718.55) 0.702
Plate bone volume fraction (pBV/TV, %) 30.08+12.90 (16.55, 43.61) 42.88+4.67 (37.98, 47.78) 0.045
Rod bone volume fraction (rBV/TV, %) 12.31+3.38 (8.76, 15.86) 11.41+3.30 (7.94, 14.88) 0.650
Plate volume/bone volume (pBV/BYV, %) 69.00+12.55 (56.45, 81.55) 79.63+5.97 (73.65, 85.60) 0.091
Plate bone volume /rod bone volume (pBV/rBV) 2.66+1.53 (1.06, 4.27) 4.06+1.33 (2.67, 5.46) 0.121
Plate-like trabecular thickness (pTb.Th, um) 194.15+£36.90 (155.43, 232.87) 239.33+27.29 (210.70, 267.96) 0.037
Rod-like trabecular thickness (rTb.Th, pm) 153.92+7.74 (145.79, 162.05) 166.66+8.99 (157.23, 176.09) 0.025
No. of rods converted to plates/no. rods (%) 4.45+3.48 (0.80, 8.10) 10.27 £3.59 (6.50, 14.05) 0.017
Axial-bone volume fraction (aBV/TV, %) 19.12+6.24 (12.62, 25.72) 26.32 +£2.66 (23.54,29.12) 0.026
Oblique-bone volume fraction (0BV/TV, %) 11.97 £3.46 (8.33, 15.60) 15.13+£2.20 (12.82, 17.45) 0.088
Transverse-bone volume fraction (tBV/TV, %) 11.34 +£3.23 (7.95, 14.73) 12.87+£2.75 (9.99, 15.76) 0.396
Axial-trabecular thickness (aTb.Th, um) 225.02+41.27 (181.71, 268.32) 273.62+32.71 (239.30, 307.94) 0.047
Oblique-trabecular thickness (oTb.Th, pm) 229.04 +46.20 (180.55, 277.52) 285.26 +37.18 (246.23, 324.28) 0.043
Transverse-trabecular thickness (tTb.Th, um) 224.70+42.00 (180.62, 268.77) 283.83+36.17 (245.87, 321.78) 0.026
Axial apparent stiffness (MPa) 2270+ 1113 (1102, 3438) 3327+416 (2891, 3764) 0.054
Transverse apparent stiffness (MPa) 1464 +852 (570, 2358) 2401 +439 (1940, 2862) 0.038
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Table 2 Three-dimensional dynamic bone histomorphometry measurements are shown for each group, Mean +SD, 95% CI (5th, 95th)

3D Bone Formation Rate (um /day)

Measurement Vehicle (n=06) Scl-Ab (n=6) p-value
Newly formed volume fraction (FV/TV, %) 5.38+2.04 (3.24, 7.53) 9.04 +£2.28 (6.65, 11.44) 0.015
3D mineralizing surface (3D MS/BS, %) 26.30+8.80 (17.07, 35.53) 40.35+5.07 (35.03, 45.67) 0.007
3D mineral apposition rate (3D MAR, um/day) 0.69+0.05 (0.63, 0.74) 0.84+0.05 (0.79, 0.89) 0.0003
3D bone formation rate (3D BFR/BS, pm/day) 0.18+0.07 (0.11, 0.25) 0.34+0.05 (0.29, 0.39) 0.001
3D mineralizing surface-tetracycline labels (3D MS/BS-Tet, %) 14.10+10.82 (2.74, 25.46) 33.32+9.77 (23.07, 43.58) 0.009
3D Mineral apposition rate-tetracycline labels (3D MAR-Tet, um/day) 1.45+0.19 (1.25, 1.65) 1.55+0.07 (1.48, 1.63) 0.260
3D bone formation rate-tetracycline labels (3D BFR/BS-Tet, um/day) 0.22+0.19 (0.02, 0.42) 0.52+0.17 (0.34, 0.70) 0.016
3D mineralizing surface-calcein labels (3D MS/BS-Cal, %) 12.32+7.49 (4.46, 20.19) 34.40+9.29 (24.65, 44.15) 0.001
3D mineral apposition rate-calcein labels (3D MAR-Cal, um/day) 1.42+0.18 (1.23, 1.60) 1.63+0.12 (1.50, 1.75) 0.038
3D bone formation rate-calcein labels (3D BFR/BS-Cal, um/day) 0.17+0.10 (0.07, 0.27) 0.56+0.16 (0.39, 0.72) 0.0004

Sclerostin antibody treatment increased apparent stift-
ness in the axial and transverse directions compared to
vehicle controls (p=0.038-0.054; Table 1). Apparent
stiffness in both directions was strongly correlated with
measurements of cancellous bone microarchitecture such
as bone volume fraction, plate bone volume fraction, and
axial-bone volume fraction (see Online Resource 2).
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Discussion

Over an 8-week period, treatment with sclerostin antibody
increased bone formation leading to a conversion of rod-
like trabeculae to plate-like trabeculae and an increase in
thickness of trabecular plates and rods in cancellous bone.
Trabecular orientation did not influence where sclerostin
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Fig. 6 Sclerostin antibody treatment improves trabecular morphol-
ogy and orientation. a Whole specimen measurements of plate bone
volume fraction are shown for each group. b Trabecular thickness
was increased in all trabecular orientations due to sclerostin antibody
treatment (p <0.05 vs. Veh for each orientation)

antibody-induced bone formation occurred. Bone volume
fraction correlated strongly with mechanical performance
in our high-resolution finite element models, regardless of
treatment condition. No measurements of local trabecu-
lar morphology or orientation imparted any additional
improvements to prediction of cancellous bone mechanical
performance beyond what could be attributed to bone vol-
ume fraction.

We did not observe the formation of entirely newly tra-
beculae in any of the specimens. Banse and colleagues
observed new trabecular connections, or “bridges” in two-
dimensional, backscatter electron microscopy images.
Banse surmised that these bridges were repairing struts
perforated by osteoclastic resorption [22, 23]. In analyzing
trabecular bone in three dimensions, we observed multiple
cross-sectional images of trabecular bridges that were not
in fact newly formed trabeculae. That no newly formed tra-
beculaec were observed in cancellous bone with enhanced
bone formation supports the idea that fenestration and loss
of trabeculae during remodeling is irreversible [21].

The current study was able to analyze the rod-like
and plate-like structure of individual trabeculae, provid-
ing the most detailed description of changes in trabecular

morphology associated with treatment to date. The ITS
analysis is more representative of trabecular microstructure
than traditional measures such as SMI, which measures
rod- and plate-like trabecular morphology based solely on
strut curvature. Salmon and colleagues argue that the SMI
measurement is confounded by a strong correlation with
bone volume fraction and, consequently, does not in fact
measure the rod- and plate-like structure of trabecular bone
[40]. Our findings are consistent with a report by Maquer
and colleagues in which bone volume fraction and fabric
anisotropy explained mechanical stiffness of cancellous
bone and that morphological measurements from either
individual trabecula segmentation or trabecular bone score
provided no improvement in predicting cancellous bone
stiffness [41].

The current study demonstrates a new method of ana-
lyzing longitudinal changes in trabecular microarchitec-
ture associated with bone formation. Longitudinal evalu-
ation of changes in trabecular microarchitecture has been
performed with repeated, or “serial,” micro-computed
tomography applied to live animals [24-29]. Altman
and colleagues showed that bone formation due to com-
bined parathyroid hormone and alendronate treatment
increased plate-like trabecular microarchitecture in rats
over 12 days of treatment [24]. Lambers and colleagues
used serial micro-computed tomography to observe
changes in bone formation and resorption due to cyclic
mechanical loading in a mouse-tail loading model [29].
Christen and colleagues have correlated bone formation
and resorption measured using HR-pQCT with locations
of physiological tissue loading in the human distal tibia.
While serial micro-computed tomography and HR-pQCT
are non-invasive and non-destructive methods to access
remodeling sites in cancellous bone, both approaches
are subject to limitations. In vivo, serial micro-CT
approaches are unable to accurately capture small bone
formation events due to voxel size (10-11 pm) and are
limited to the extremities of small animal species. HR-
pQCT allows for the imaging of human bone tissue but is
even more limited to in capturing bone formation due to a
voxel size (often 82 pm or greater). In contrast, longitudi-
nal imaging of bone formation using serial milling, while
time intensive, can be performed on a specimen from any
skeletal site and has a voxel size of 1-5 pm allowing for
the detection of small or newly initiated locations of bone
formation. Additionally, serial milling involves visuali-
zation of bone formation using fluorochrome labels (the
gold standard for assessment of bone formation) making
it more sensitive to bone formation in cancellous bone
than in vivo micro-CT or HR-pQCT, which may present
errors due to partial volume effects at bone surfaces [28].
We confirmed the validity of our three-dimensional meas-
urements by comparing them to whole system markers
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for bone formation. Serum markers for bone formation
(OC and PINP) were strongly correlated with the three-
dimensional dynamic bone histomorphometry (2=0.65
for both, Fig. 5c—d). Correlations between three-dimen-
sional measurements of bone formation and serum mark-
ers are similar, and in some cases stronger, to correlations
between two-dimensional images of fluorochrome labels
and serum markers of bone formation [8, 42].

An important limitation of the current study is that we
do not account for resorption that occurred during the
8-week period, resulting in slight changes to the initial
trabecular microstructure. We expect that not accounting
for resorption volume may explain why the percentage of
rods converted to plates in vehicle controls was greater
than zero, which would be expected following balanced
bone remodeling. Sclerostin antibody treatment increases
modeling-based formation (bone formation not preceded
by bone resorption) and reduces bone resorption [7] so any
effects of resorption would be minimal. A previous study
using these animals has shown that alterations in bone
formation and resorption due to sclerostin antibody treat-
ment did not change bone matrix quality in comparison to
vehicle controls [43]. An additional limitation of the cur-
rent study is that our analysis was limited to the 5th lumbar
vertebra. Although we did not examine other regions of the
skeleton, a previous study found that treatment with scle-
rostin antibody increased bone formation (bone formation
rate) as well as trabecular microstructure (trabecular thick-
ness) in both the proximal tibia and second lumbar vertebra
in adolescent female cynomolgus monkeys [8], suggesting
that our findings may be indicative of changes elsewhere in
the skeleton.

In conclusion, sclerostin antibody improved the trabecu-
lar morphology of cancellous bone by a prolonged increase
in bone formation over 8 weeks. Improvements in local tra-
becular morphology due to sclerostin antibody may coun-
teract the reduction in plate-like bone volume associated
with osteoporosis.
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