1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Bone. Author manuscript; available in PMC 2017 July 01.

-, HHS Public Access
«

Published in final edited form as:
Bone. 2016 July ; 88: 39-46. doi:10.1016/j.bone.2016.04.003.

Deterioration of Trabecular Plate-Rod and Cortical
Microarchitecture and Reduced Bone Stiffness at Distal Radius
and Tibia in Postmenopausal Women with Vertebral Fractures

Ji Wang?, Emily M. Stein?, Bin Zhou?, Kyle K. Nishiyama?, Y. Eric Yul, Elizabeth Shane?,
and X. Edward Guo?

Ji Wang: jw2857 @columbia.edu; Emily M. Stein: es2029@cumc.columbia.edu; Bin Zhou: bz2159@columbia.edu; Kyle K.
Nishiyama: kn2205@cumc.columbia.edu; Y. Eric Yu: yy2407@columbia.edu; Elizabeth Shane:
es54@cumc.columbia.edu; X. Edward Guo: exgl@columbia.edu

1Bone Bioengineering Laboratory, Department of Biomedical Engineering, Columbia University,
New York, New York, USA

2Department of Medicine, College of Physicians and Surgeons, Columbia University, New York,
New York, USA

Abstract

Postmenopausal women with vertebral fractures have abnormal bone microarchitecture at the
distal radius and tibia by HR-pQCT, independent of areal BMD. However, whether trabecular
plate and rod microarchitecture is altered in women with vertebral fractures is unknown. This
study aims to characterize the abnormalities of trabecular plate and rod microarchitecture, cortex,
and bone stiffness in postmenopausal women with vertebral fractures. HR-pQCT images of distal
radius and tibia were acquired from 45 women with vertebral fractures and 45 control subjects
without fractures. Trabecular and cortical compartments were separated by an automatic
segmentation algorithm and subjected to individual trabecula segmentation (ITS) analysis for
measuring trabecular plate and rod morphology and cortical bone evaluation for measuring
cortical thickness and porosity, respectively. Whole bone and trabecular bone stiffness were
estimated by finite element analysis. Fracture and control subjects did not differ according to age,
race, body mass index, osteoporosis risk factors, or medication use. Women with vertebral
fractures had thinner cortices, and larger trabecular area compared to the control group. By ITS
analysis, fracture subjects had fewer trabecular plates, less axially aligned trabeculae and less
trabecular connectivity at both the radius and the tibia. Fewer trabecular rods were observed at the
radius. Whole bone stiffness and trabecular bone stiffness were 18% and 22% lower in women
with vertebral fractures at the radius, and 19% and 16% lower at the tibia, compared with controls.
The estimated failure load of the radius and tibia were also reduced in the fracture subjects by 13%
and 14%, respectively. In summary, postmenopausal women with vertebral fractures had both
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trabecular and cortical microstructural deterioration at the peripheral skeleton, with a preferential
loss of trabecular plates and cortical thinning. These microstructural deficits translated into lower
whole bone and trabecular bone stiffness at the radius and tibia. Our results suggest that
abnormalities in trabecular plate and rod microstructure may be important mechanisms of
vertebral fracture in postmenopausal women.

Keywords

Bone microarchitecture; High-resolution peripheral quantitative computed tomography; Individual
trabecula segmentation; Vertebral fracture; Trabecular plate and rod

Introduction

Osteoporosis is a major disease of aging, characterized by low bone mass and
microarchitectural deterioration of trabecular and cortical bone that lead to increased bone
fragility and susceptibility to fractures.(t) Vertebral fractures are the most common
osteoporotic fractures, occurring in nearly 25% of postmenopausal women,@3) and are
associated with substantial increase in the risk of both future vertebral and non-vertebral
fractures.(4‘6) Assessment of microarchitecture and mechanical properties of bone at the
distal radius and tibia using high resolution peripheral quantitative computed tomography
(HR-pQCT) has increased the understanding of the structural abnormalities underlying
vertebral fractures.(?)

Vertebral fractures are the direct result of deterioration of vertebral microarchitecture with
collapse of weakened vertebral bodies. Recent findings suggest that patients with vertebral
fractures also have extensive deterioration of trabecular and cortical microarchitecture at
peripheral skeletal sites. 8- At the distal radius and tibia, postmenopausal women with
vertebral fractures have been shown to have fewer and more widely spaced trabeculae, and
thinner cortices compared with women without fractures. HR-pQCT is a noninvasive, three-
dimensional (3D) high-resolution imaging technique that measures volumetric bone mineral
density (BMD) of distal radius and tibia, and can visualize fine details of trabecular and
cortical microarchitecture at 82um voxel size.(12‘14) Several HR-pQCT studies have
demonstrated differences in microarchitecture and stiffness between subjects with
osteoporaotic fractures and non-fractured controls. (7.15-18) Moreover, techniques based on
HR-pQCT images have been developed that provide greater insights into skeletal
microarchitecture and mechanical properties. HR-pQCT-based micro finite element analysis
(UFEA) computationally predicts bone stiffness, which has been useful in distinguishing
fracture status.(12:16.19) Automatic segmentation algorithms have been developed to
distinguish the cortical and trabecular compartments of distal radius and tibia.(29) A newly
developed cortical structure evaluation method measures porosity and thickness of the
cortex, important determinants of whole bone strength.(?1.22) Individual trabecula
segmentation (ITS)-based morphological analysis directly measures individual trabeculae,
and characterizes trabecular type (plate and rod), orientation, and connectivity of trabecular
plate and rod network.(23‘26) Because trabecular plates and rods of various orientations have
different roles in determining mechanical properties of trabecular bone, ITS assessment of
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trabecular microarchitecture adds a unique perspective to bone fragility.(27‘32) Studies using
ITS have shown postmenopausal women with a history of fragility fractures have
significantly lower trabecular plate volume, number and connectivity, regardless of aBMD
by DXA, suggesting that trabecular plate microarchitectural abnormalities may increase the
risk for osteoporotic fractures, over and above that associated with low BMD by
DXA.(8:32.33) However, no studies have focused exclusively on vertebral fracture patients.

The goal of this study was to characterize the alterations of trabecular and cortical
microarchitecture, with a focus on plate and rod microarchitecture, and bone stiffness at the
distal radius and distal tibia in postmenopausal women with vertebral fractures. We
hypothesized that postmenopausal women with vertebral fractures have fewer trabecular
plates, less trabecular connectivity, more porous and thinner cortices, and lower bone
stiffness at distal tibia and distal radius compared with non-fractured controls.

Materials and Methods

Subjects

In this study, we included 45 vertebral fracture subjects and 45 control subjects who
matched with the fracture subjects according to age and race, from a subset of subjects
previously described by Stein and colleagues.(®:10.11) 20 vertebral fracture cases in this
cohort were reported in Liu et al and Stein et al. (8.10) Postmenopausal women, over age 60
years or more than 10 years postmenopause, were recruited at Columbia University Medical
Center (CUMC; New York, NY, USA) or Helen Hayes Hospital (HHH; West Haverstraw,
NY, USA) by advertisement, self-referral, or physician referral. Subjects were eligible for
inclusion as vertebral fracture cases if they had a history of a low-trauma vertebral fracture
that occurred after menopause or were found to have vertebral fractures by spine X-ray. Low
trauma was defined as equivalent to a fall from a standing height or less. Vertebral fractures
were identified by spine X-rays according to the semiquantitative method of Genant et al.(34
Vertebrae were graded as normal, or with mild, moderate, or severe deformities, defined as
reductions in anterior, middle, or posterior height of 20— 25%, 25-40%, and >40%,
respectively. Control subjects had no history of low-trauma fractures at any site and no
vertebral deformity on lateral radiograph, as dictated by pre-specified exclusion criteria.
There were no BMD requirements for inclusion. Potential cases and controls were excluded
if they had endocrinopathies (e.g., untreated hyperthyroidism, Cushing’s syndrome,
prolactinoma), celiac or other gastrointestinal diseases, abnormal mineral metabolism (e.g.,
clinical osteomalacia, primary hyperparathyroidism), malignancy except for skin cancer, and
drug exposures that could affect bone metabolism (e.g., glucocorticoids, anticonvulsants,
anticoagulants, methotrexate, aromatase inhibitors, thiazolidinediones). Women using
hormone replacement therapy or raloxifene were permitted to participate. Women who had
ever used teriparatide, or who had taken bisphosphonates for more than 1 year were
excluded. All subjects provided written informed consent and the Institutional Review Board
of Columbia University Medical Center approved this study. At the study visit, past medical
history, reproductive history, and medication use were assessed. A physical exam was
performed including height and weight.
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Areal BMD (aBMD) was measured by DXA (QDR-4500; Hologic Inc., Walton, MA, at
CUMC; Lunar Prodigy, GE, Madison, W1, at HHH) of lumbar spine L1-L4 (LS), total hip
(TH), femoral neck (FN), 1/3 radius (1/3R), and ultradistal radius (UDR). T-scores
compared subjects and controls with young-normal populations of the same race and sex, as
provided by the manufacturer.

HR-pQCT of the distal radius and tibia

HR-pQCT (Xtreme CT, Scanco Medical AG, Brittisellen, Switzerland) of the non-dominant
distal radius and distal tibia (or non-fractured arm or leg in subjects with prior wrist or ankle
fracture) was measured at CUMC as previously described.(11.13.16) The HR-pQCT
measurement included 110 slices, corresponding to a 9.02-mm section along the axial
direction, with a nominal isotropic voxel size of 82 um. After each scan, a reconstructed
slide was examined immediately by the operator and grades the image quality from 1 to 5
(1= no motion artifact and 5=high wisping and major discontinuities. The subjects with
severe movement artifact (>4) on the first scan were rescanned. Analysis was performed
according to the standard patient evaluation protocol, (3% and measurements were provided
for total volumetric BMD (vBMD), trabecular bone volumetric BMD (Th.BMD), cortical
bone volumetric BMD (Ct.BMD), cortical thickness (Ct.Th), trabecular bone volume
fraction (BV/TV), trabecular number (Th.N), trabecular thickness (Th.Th), and trabecular
separation (Th.Sp).

Cortical bone measurements

The cortical and trabecular regions were separated using a validated auto-segmentation
custom method implemented in Image Processing language (IPL V5.07, Scanco Medical
AG).(20) Cortical microarchitectural parameters were evaluated as follows.(?1.22) Cortical
porosity (Ct.Po, %) was calculated as the percentage of void space in the cortex. The number
of pores was counted using component labeling, and the mean pore volume was calculated
as the total volume of porosity divided by the pore number. The mean pore diameter
(Ct.Po.Dm, mm) was calculated from the mean pore volume. Cortical thickness (Ct.Th, mm)
was measured directly by removing the intracortical pores from the binary cortex image and
using a distance transform. In addition, total bone area (Tot.Ar, mm2), cortical bone area
(Ct.Ar, mm2), and trabecular bone area (Th.Ar, mm?2) were calculated as the mean cross
sectional area of total, cortical, and trabecular regions, respectively.

ITS-based morphological analyses

A complete volumetric decomposition technique was applied to segment the trabecular
network into individual trabecular plates and rods.(3) Briefly, digital topological analysis
(DTA)-based skeletonization was applied first to transform a trabecular bone image into a
representation composed of surfaces and curves skeleton while preserving the topology (/.e.,
connectivity, tunnels, and cavities), as well as plate and rod morphology of trabecular
microarchitecture.(26:36) Then, digital topological classification was applied in which each
skeletal voxel was uniquely classified as either a plate or a rod type.(?® Using an iterative
reconstruction method, each voxel of the original image was classified as belonging to either
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an individual plate or rod.(?4) Based on the 3D evaluations of each individual trabecular plate
or rod, plate and rod bone volume and number were evaluated by plate and rod bone volume
fraction (pBV/TV and rBV/TV), as well as plate and rod number densities (pTb.N and
rTh.N, 1/mm). Plate-to-rod ratio (P-R ratio), a parameter of plate versus rod characteristics
of trabecular bone, was defined as plate bone volume divided by rod bone volume. The
average size of plates and rods was quantified by plate and rod thickness (pTh.Th and
rTh.Th, mm), plate surface area (pTh.S, mm2), and rod length (rTh.£, mm). Intactness of
trabecular plate and rod network was characterized by plate—plate, plate-rod, and rod—rod
junction density (P-P, P-R, and R-R Junc.D, 1/mm3), calculated as the total junctions
between trabecular plates and rods normalized by the bulk volume. Orientation of trabecular
bone network was characterized by axial bone volume fraction (aBV/TV). A trabecular plate
was considered axially aligned if the angle between the normal vector of the plate and the
axial direction was between 60° and 90°, and a rod was considered axially aligned if the
angle between its normal vector and the axial direction was between 0° and 30°. aBV/TV
was defined as the volume of axially aligned trabeculae divided by the bulk volume.(23)

HR-pQCT image-based pFEA

Both segmented binary HR-pQCT whole bone image and trabecular bone image of the distal
radius and tibia were converted to whole bone and a trabecular bone uFE models.(16:37)
Bone tissue was modeled as an isotropic, linear elastic material with a Young’s modulus of
17 GPa and a Poisson’s ratio of 0.3.(18:38) For each model of whole bone or trabecular bone
segment, a uniaxial compression test using roller boundary condition was performed to
calculate the reaction force under a displacement equal to 1% of bone segment height along
the axial direction. FE solver (FAIM, v7.1; Numerics88, Calgary AB) on a desktop
workstation (Linux CentOS 7.1, 2 x 6-core Intel Xenon, 64 GB RAM) was used to solve the
models. Whole bone stiffness, defined as reaction force divided by the applied displacement,
characterizes the mechanical competence of both cortical and trabecular compartments.
Similarly, trabecular bone stiffness characterizes the mechanical competence of the
trabecular bone compartment. The estimated failure loads of the whole bone and the
trabecular bone compartment were computed based on a criterion developed by Pistoia et
al.,(39) where fracture is assumed to occur when 2% of the bone tissue is strained beyond a
strain threshold of 7000 microstrain.

Statistical methods

Analyses were conducted with NCSS software (NCSS Statistical Software, Kaysville, UT,
USA). Descriptive data are presented as mean + standard error of the mean (SEM).
Differences between vertebral fracture and control subjects were assessed by Student’s t
test . Two-sided p-values <0.05 were considered to indicate statistical significance. Analysis
of covariance (ANCOVA) was used to evaluate differences in HR-pQCT, ITS, cortical, and
UFEA parameters at the radius or tibia after adjusting for aBMD T-score at the ultradistal
radius or total hip, respectively and adjusting for vBMD at distal radius and tibia,
respectively. ANOVA was also used to compare fracture versus non-fracture differences
between the radius and tibia.
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Logistic regression analysis was performed to estimate the relative risk of fracture associated
with DXA, ITS, cortical, and FE parameters by using odds ratios (OR). Also, receiver
operating characteristic (ROC) curve analysis was performed to determine the ability of the
DXA, ITS, cortical, and FE parameters to discriminate the fracture subjects from controls.
ITS parameters were used also as the independent variables in addition to aBMD a
multiparametric model.

Subject characteristics

Areal BMD

HR-pQCT

Forty-five women with a history of postmenopausal vertebral fracture and 45 women with
no fracture history were enrolled in this study. Subjects included 83% Caucasian, 8%
African-American, and 9% from other backgrounds. Women with and without fractures did
not differ on the basis of age, race or ethnicity, body mass index, or time since menopause
(Table 1). Family history of osteoporosis was similar between groups. Alcohol and tobacco
use, medication and supplement use, including use of calcium supplements, hormone
replacement therapy, raloxifene, and thyroxine, did not differ between the fracture and
control women. Use of vitamin D and bisphosphonates tended to be greater among women
with vertebral fractures than in the control group, but the differences were not significant
(p=0.06 and p=0.13, respectively)

Mean 7-score was in the osteopenic range, but above the WHO osteoporosis threshold ( 7-
score < —2.5), in vast majority of the subjects in both groups (Table 2). The prevalence of
osteoporosis at any site was 49% among vertebral fracture subjects and 40% among

controls. The prevalence of osteopenia at any site was 49% among vertebral fracture subjects
and 44% among controls. Mean 7-score tended to be lower at the LS in vertebral fracture
subjects compared with controls, (p=0.07). At the FN, TH, and UDR, the mean 7-score was
0.5~0.75 SD lower in women with vertebral fractures (p<0.02).

At both radius and tibia, women with vertebral fractures had significantly lower vBMD in
the trabecular and cortical compartments compared with control subjects. Cortex was 17%
and 21% thinner in the fracture subjects at radius and tibia, respectively. Fracture subjects
had lower trabecular volume, fewer, thinner, and more widely spaced trabeculae compared
with the control group. The differences in most of these parameters remained significant
after adjustment for aBMD measurements (Table 3 and 4).

Trabecular microarchitecture by ITS analyses

Significant differences in trabecular plate and rod microarchitecture were detected between
groups using ITS morphological analyses. At the distal radius, plate bone volume fraction
and number (pBV/TV and pTh.N) were 21% and 9% lower in the vertebral fracture subjects,
and rod bone volume fraction and number (rBV/TV and rTh.N) were 11% and 5% lower.
The plate-rod ratio was 10% lower in the fracture subjects, though not significantly different
from the control group (p=0.20). Junction density between plates and rods (P-P, P-R, and R-
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R Junc. D) were 25%, 24%, and 14% lower in fracture subjects, indicating loss of trabecular
connectivity compared with the controls. In contrast, the size of individual trabecular plates
and rods did not differ significantly. Plate and rod thickness (pTh.Th and rTh.Th) were
similar between groups. Plate surface area and rod length (pTh.S and rTh.#) were 3% and
4% larger in fracture subjects (p=0.04 and <0.001, respectively). Axial bone volume fraction
(aBVITV), which reflects trabecular alignment along the axial direction, was 18% lower in
fracture subjects than controls (Table 3, Figure 1). At the distal tibia, differences between the
two groups were mainly observed in trabecular plate measurements: pBV/TV, pTh.N, P-R
ratio, P-P Junc.D, P-R Junc.D, and aBV/TV were 20%, 7%, 18%, 19%, 15%, and 17%
lower in vertebral fracture subjects. In contrast, rBV/TV, rTh.N, and R-R Junc.D did not
differ between groups. Similar to findings at the radius, pTh.Th and rTh.Th did not differ
between fracture and non-fracture subjects. After adjusting for aBMD, plate-related ITS
measurements (pBV/TV, pTh.N, P-P Junc.D, P-R Junc.D, and aBV/TV) remained
significantly lower in women with vertebral fractures at both distal radius and tibia (Table
4). Furthermore, pTh.N, rTh.4, and P-R Junc.D at the radius remained significantly different
between the fracture and control groups after adjusting for vBMD. Representative HR-
pQCT scans analyzed by ITS are shown in Figure 2 for a vertebral fracture subject and a
control subject, who were both 71 years old and had similar DXA T-scores.

Cortical microarchitecture

Women with vertebral fractures also had significant abnormalities in cortical
microarchitecture. Fracture subjects had larger total bone area (6% at radius, 8% at tibia),
larger trabecular bone area (12% at radius, 10% at tibia), and smaller cortical bone area (8%
at radius, 11% at tibia) than women without fractures. Cortical thickness was 12% and 14%
lower in fracture subjects at radius and tibia, respectively. Cortical porosity tended to be
greater in fracture subjects (p=0.11, 0.07 at radius and tibia). Pore diameter did not differ
between two groups. After adjusting for aBMD, only the total bone area and cortical
thickness at the tibia remained significantly different between groups.

Stiffness by HFEA

Whole bone and trabecular bone stiffness were lower in women with vertebral fractures at
both sites. At the radius, whole bone and trabecular bone stiffness were 18% and 22% lower,
and the whole bone and trabecular bone estimated failure load were 13% and 16% lower in
fracture subjects. At the tibia, whole bone and trabecular bone stiffness were 19% and 16%
lower, and the whole bone and trabecular bone estimated failure load were 14% and 13%
lower in fracture subjects. After adjustment for aBBMD, whole bone stiffness and estimated
failure load at the radius and tibia remained significantly lower, in fracture subjects, while
trabecular bone stiffness and failure load no longer differed.

Logistic regression analyses

ORs assessed by logistic regression analyses and AUC assessed by ROC analyses suggested
that HR-pQCT, ITS, and pHFEA parameters were associated with vertebral fracture. Whole
bone stiffness at the tibia had the highest OR of 3.44 (95% IC: 2.73~4.16) among all the
independent variables, such that each SD decrease was associated with greater than a 3-fold
risk of vertebral fracture; the AUC was 0.74. Estimated failure load at the tibia had an OR of
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1.41 (95% IC: 1.04~1.78) and AUC of 0.71. Besides, whole bone stiffness and estimated
failure load at the radius had ORs of 1.45 (95% IC: 1.23~1.66), and AUC of 0.71 and 0.69,
respectively. Among HR-pQCT parameters, vBMD, Th.BMD, and trabecular BV/TV
showed strong predictive value with AUC from 0.73 to 0.76, comparable to some of the ITS
parameters, including pBV/TV, aBV/TV, pTh.N, P-P Junc.D, and P-R Junc.D with ORs of
1.11~1.97 and AUC of 0.69~0.75. Furthermore, when combining aBMD at ultradistal radius
or total hip with the ITS variables at radius or tibia, ROC analysis showed that the
multiparametric models provided AUC of 0.81 at radius and 0.80 at tibia, respectively.

Discussion

In this study, we used morphological and mechanical analytic tools to identify abnormalities
in trabecular plate and rod morphology and cortical bone structure in postmenopausal
women with vertebral fractures. Using ITS analysis, we found that women with vertebral
fractures had lower plate volume, lower plate trabecular number, reduced connectivity
between plates and between plates and rods, and a less axially aligned trabecular network.
They had thinner cortices and tended to have greater cortical porosity and lower stiffness.
Differences in plate-related ITS measurements and whole bone stiffness remained significant
after adjusting for aBBMD by DXA.

ITS, cortical, and UFE analyses of HR-pQCT images have been previously validated in
comparison with gold standard micro CT images.(1240) Lju et al. reported that
postmenopausal women with fragility fractures at the forearm, spine, ankle, and other sites
had a prominent loss of trabecular plates, along with reduced stiffness at distal radius and
tibia.(® Our current study focused on women with vertebral fractures and increased the
sample size, in order to provide further insights into the differences in trabecular and cortical
microarchitecture, as well as bone stiffness between women with vertebral fractures and
non-fracture controls. Our results demonstrated that women with vertebral fractures had
abnormalities of both trabecular and cortical microarchitecture at both radius and tibia. By
ITS analyses, we found the vertebral fracture subjects had major depletion of trabecular
plates, loss of axially aligned trabeculae, and a trend toward a more rod-like trabecular
network particularly at the tibia. Furthermore, the loss of trabecular plate bone volume
fraction was mainly attributable to a decrease in plate trabecular number, while plate
thickness did not differ. Cortical thinning in vertebral fracture subjects was the most
prominent change we observed in cortical microarchitecture. Our observations in this study
were consistent with findings from other studies of vertebral and nonvertebral fragility
fractures.(®:1141) Specifically, loss of trabecular plates and thin cortex were found to be two
major microarchitectural characteristics in osteopenic women with fragility fractures.(33)

Abnormalities in trabecular plate microarchitecture were similar at the radius and tibia in the
vertebral fracture subjects, but rod microarchitecture was altered only at the radius. This was
consistent with several other studies that reported that tibia bone was relatively preserved
compared to the radius, perhaps related to a protective effect of weight bearing.(®:%11) When
assessing different types of fractures, microarchitectural deterioration has often been more
pronounced at the site that was more closely related anatomically to the fracture site. For
example, changes in microarchitecture among women with wrist fractures were more
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pronounced at the radius, and tibial trabecular microarchitectural abnormalities were more
severe in women with ankle or hip fractures.(17:42) Recently, our lab measured trabecular
microarchitecture and mechanical competence of the radius, tibia, and lumbar spine cadaver
samples from the same donors and investigated the correlation between these sites. Our
preliminary data showed that HR-pQCT of the radius was more strongly associated with
stiffness at the spine, 43) which might help account for our finding that deterioration in
trabecular microarchitecture was more pronounced at the radius in women with vertebral
fractures.

Assessment of microarchitecture and mechanical competence increased our understanding
of fragility fractures, and demonstrated that HR-pQCT-based ITS measurements had the
ability to discriminate fractured postmenopausal women from non-fractured controls, and
thus may be useful in predicting fracture risk. Vilayphiou et al. found that uFE-derived
mechanical properties of the distal radius and tibia based on HR-pQCT images were
associated with all types of fractures.(X8) In particular, vertebral fracture was associated with
trabecular microarchitecture more strongly than nonvertebral fracture. In this study, we
found that several ITS parameters (pBV/TV, pTb.N, aBV/TV, P-P Junc.D, and P-R Junc.D)
and whole bone stiffness had high ORs and AUC greater than 0.70, suggesting that they
might have high predictive value in discriminating vertebral fracture subjects from non-
fracture controls. Furthermore, differences in these plate-related ITS parameters and whole
bone stiffness between fracture and control subjects were robust enough to remain
significant after adjusting for aBMD 7-score, which indicated that these microarchitectural
and mechanical alterations in vertebral fracture subjects were independent of aBMD.

This study has several limitations. The cross-sectional study design cannot directly
determine whether these methods can reliably predict incident vertebral fractures. Second,
there are potential errors in evaluation of microarchitecture and uFE analysis due to the
limited spatial resolution and signal-to-noise ratio of HR-pQCT. While validation studies
have shown that ITS measurements and FE estimates based on HR-pQCT images are
strongly correlated with those based on micro CT, there are errors associated with
magnitudes of the parameters, especially for trabecular rods.4)

In conclusion, our study demonstrated marked differences in plate and rod trabecular
microarchitecture, cortical thickness, and stiffness at the radius and tibia between
postmenopausal women with vertebral fractures and non-fractured controls. ITS analyses
revealed a pattern of abnormalities consistent with those reported in other fracture types.
Specifically, we found that preferential loss of trabecular plates, loss of axially aligned
trabeculae, and loss of trabecular connectivity were the most prominent characteristics of
women with vertebral fractures. Whole bone and trabecular bone stiffness, which reflects
overall mechanical competence, were found to be markedly lower in women with vertebral
fractures. Our results suggested that this pattern of abnormalities may contribute to bone
fragility and increased susceptibility to vertebral fractures in postmenopausal women.
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Highlights

Individual trabecula segmentation (ITS) was used to characterize trabecular
plate and rod microarchitecture of postmenopausal women with vertebral
fractures.

Fractured patients had less trabecular plates, less axially aligned trabeculae and
thinner cortical cortex compared to non-fractured controls.

Bone stiffness and estimated failure load at the radius and tibia were reduced in
women with vertebral fractures.
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Figure 1.
Percent difference in HR-pQCT, ITS, cortical, and FEA parameters between women with

vertebral fractures and controls. pBV/TV, plate bone volume fraction; rBV/TV, rod bone
volume fraction; aBV/TV, axial bone volume fraction; P-R ratio, plate-rod volume ratio;
pTh.N, trabecular plate number; rTh.N, trabecular rod number; pTh.Th, trabecular plate
thickness; rTh.Th, trabecular rod thickness; pTh.S, trabecular plate surface area; rTh.l,
trabecular rod length; P-P Junc. D, plate-plate junction density; P-R Junc.D, plate-rod
junction density; R-R Junc.D, rod-rod junction density; Tt.Ar, total area; Th.Ar, trabecular
area; Ct.Ar, cortical area; Ct.Th, cortical thickness; Ct.Po, cortical porosity; Ct.Po.Dm,
cortical pore diameter. (* p<0.05, ** p<0.01, *** p<0.001, fracture vs. control difference; +
p<0.05, distal radius differs from distal tibia in fracture vs. control difference)
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Control Fracture

Figure 2.
Representative HR-pQCT scans at the tibia and radius of a vertebral fracture subject and a

control subject who were both 71 years old and had similar DXA T-scores: (top) HR-pQCT
image, (middle) trabecular compartment analyzed by ITS with plates in green and rods in
red, (bottom) cortical compartment with bone tissue in light grey and pores in pink.
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Table 1

Characteristics of the study population (Mean + SEM)

Vertebral fracture (n=45)  Control (n=45) p

Age (years) 70+1 701 0.99
Race (%) 0.86

Caucasian 82 84

African American 9 7

Other 9 9
Ethnicity (%) 0.79

Hispanic 20 18

Non-Hispanic 80 82
BMI (kg/m?) 28+1 27+1 0.53
Years since menopause 22+1 201 0.46
Family history of osteoporosis by BMD (%) 40 33 0.78
Family history of fracture (%) 24 22 0.92
Tobacco use (%) 0.24

Never 47 33

Former 38 47

Current 7 2
Alcohol use (beverages per day) 05+0.1 0.8+0.2 0.90
Calcium supplements, total daily dose (mg) 635 + 100 593 + 90 0.75
Vitamin D supplements, total daily dose (1U) 1233+ 279 804 + 228 0.06
Hormone replacement therapy (%)

Past 38 40 0.46

Current 4 4 0.94
Bisphosphonates? (%)

Past 13 4 0.13

Current 13 4 0.13
Raloxifene (%) 7 4 0.76
Thyroxine (%) 18 24 0.27

aPrior bisphosphonate use limited to <1 year

Bone. Author manuscript; available in PMC 2017 July 01.

Page 16



Page 17

Wang et al.

Author Manuscript

190 (0v'T'20T) 1T
¥$0 (0T '96°0) 00°T
990 (0v'T'86°0) 6T'T
990 (0ET'96°0) ET'T
090 (2T'T'v6'0)€0°T

S00°0
8¢€0
100
¢00
L00

TC0F00T- 9T 0+GLT-
6T 0F6ET- TC0+99T-
YT0FEST- TT0¥50¢C-
9T'0 ¥ 86'0— STO0+G9T-
6T0F92T- €C0F18'T-

snipel [eisipenljn
snipes g/1

398U [eows4
diy reyoL

auids JequinT

onv (10 %S6) 40 enjead

(IN3S F uesN) 1043U0D  (INTS F Uea|\) aan1oedd [edgalian

3100s-] VXA

¢ dlqeL

Author Manuscript

$]0J1U00 pue $109gNSs a1N1oeIY [RIGaLISA Ul 8109S-1 XA

Author Manuscript

Author Manuscript

Bone. Author manuscript; available in PMC 2017 July 01.



Page 18

Wang et al.

290 (9T'T'26'0) 0T 500 G F0€Ee 9F e (Guw) 1w1L

[e2110D
L90 (ZT'/60)2TT 1000 80T°0 ¥ T20°€ TIT0 ¥ S65°C (guwyT) @oung ¥-y
vL0 (6T 'TTT)GET «g1000> LST'0F S0L°E 6ET0 T 0€8'C (cWw/T) @-aunc ¥-d
v0  (0ST'80T)62T ¢1000> £80°0 T 98L'T vL00 FIPET (gwwyT) @-oung d-d
v0  (S8TTTT)8YT «¢gl000> Y000 ¥ ££9°0 5000 ¥ 099°0 (ww) 7qLs
£90 (127'€6'0) 20T  ¥0°0 T00°0 ¥ 98T°0 2000 ¥ T6T°0 uw) sqLd
650 (S6'0'260) %60 9¥°0 T00°0 ¥ 6020 1000 ¥ 8020 (ww) yLgLd
950 (90T '16'0) 66°0 vT°0 1000 ¥ 0220 2000 ¥ 2220 (ww)yrqid
690 (TYT'00T)TCT €000 1200 ¥298'T €200 FS9L'T (wwy/T) N'gLL
€0 (8ST'60T)VET g1000> 1200 F ¥7E'T 22007 ¥2e'T (wwyt) N'gLd
290 (10T ‘16'0) 960 zro 8€0°0 ¥ ¥89'0 0v0'0 ¥ TT9'0 onel ¥-d
0,0 (veT'00T)LTT 22000 ¥00°0 ¥ 80T°0 ¥00'0 ¥ 680°0 ALAGE
990 (62T'Z6'0)ETT 1000 ¥00°0 ¥ ¥ST'0 G000 ¥ LET'0 AN
690 (Sz1'860)TTT  £¢000 S00°0 ¥ £0T°0 S00°0 ¥ 280°0 ALngd

Sl
690 (cLz'680) 18T 21000 1T0°0 2050 620°0 7 £19°0 (ww) dsqL
170 (9eT'660)8TT  £¢000 T00'0 ¥ £90°0 200°0 ¥ 950°0 (ww) yrqr
690 (6vT'20T)9zT 21000 6v0°0 ¥ 2€8'T G500 ¥ /8GT (wuwyT) NaL
€0 (89T'0TT) 66T ¢l000> S00°0 ¥ 9TT'0 00°0 ¥ 060°0 ALIAS
€90 (89T'S6'0)TTT  T000> 0T ¥ 28 CTFCI8 (swd/wH Bw) awalo
vL0  (LT'eTT)SPT 210002 9F 0T S¥.0T (swovH Bw) awggL
€0 (T9T'60T)SET 0T ¥ v0€ 8 F 052 (gworwH Bw) awan

q100°0>
100d-4H
onvy (1D %GS6) ¥O anfeA-d  (IN3S F UBaIN) [043U0D  (INTS F UBSIAY) 31n30e. [AGaLIsA so|qeLIen

Author Manuscript

$101U09 pue $108[gNS 8IN10RIY [RIGELISA Ul SNIPEJ [RISIP 18 Siglalieled [eolueydaw pue ‘[eaiod ‘s ‘1 00d-4H

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Bone. Author manuscript; available in PMC 2017 July 01.



Page 19

Wang et al.

"snipeJ [e1sip ¥ aNgA Jo) Bunsn(pe Jaye Jueayubis surewsal asuasaylp dnoib ‘5o 0>d
¥

‘snipe. [eisipesin 1e g ge 104 Bunsnipe usye Juedyiubis surewsl asuasayip dnoib .Hoo.onu

‘10°0>d
q
mo.onm
190 (L0T‘€60)00°T 800 89F9ZT'T 18 ¥ 26 (N) peo| ainjre} pajewfss suoq fenaage. L
690 (eeT'8e0)GTT 21000 VT F TE0S Y2l F L6EY (N) peo] ainjre} paleLuNsa sUOg SJOYM
690 (0T 'Z6°0) 660 900 Z0v'T ¥ 109'ST 985'TF TSS'VT (Wiw/N) ssaugns suog Jejnosqel L
120 (99T'seT)SvT  ¢000> €88'C ¥ 27978 G6%'Z F 8ST'89 (Wiw/N) ssaupns auog aJoym
vad
850 (¥0'T'€6°0) 660 910 €000 F0ST0 €000 F ¥ST'0 (ww) wa-odio
090 (TTT‘¥60)20°T 110 £00°0 F V00 ¥00°0 ¥ G50°0 0410
0.0 (95T'00T)8T'T €000 920°0 T 688°0 ¥20°0 T €8L°0 (ww) yr1o
€90 (02T'/6'0)80T 200 TFIS TF.Y (puw) 1v 10
90 (PPT'/6'0)12T 200 §¥28T 9F €02 (ww) JvaL
onvy (10 %S6) HO anfeA-d  (INTS F UesiN) [03U0D (NS F UBSIA) 84N10e. [eAgelIBA sa|qelIen

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Bone. Author manuscript; available in PMC 2017 July 01.



Page 20

Wang et al.

Author Manuscript

690 (er'1'860)02T  T00 YT ¥ 11S 6T ¥ 929 (ww) 1wl
€90 (627'960)eTT €00 €T 899 6T F6T. (Fuw) w11
[e91110D
950 (66'0'26°0)860 280 1600 F 22T LTT0F8ETT (ewwyT) @-oung y-y
120 (6T 'ZTT) 9T 000> ZIT0F99L°€ T0T'0 ¥ €6T°€ (cWwy/T) @aunc ¥-d
50 (0zz'seT)pLT o1000> S90°0 ¥ 95T'Z 1900 F 2vL'T (gwwyT) @oung d-d
0,0 (ILT'0TT)TrT 000> £00°0 F 619°0 ¥00°0 ¥ G890 (ww) gL
250 (20T'96°0)660 €90 200°0 ¥ 002°0 2000 ¥ 86T°0 (ww) s'q.Ld
250 (10'T'S6'0)00T  €€0 T00'0 F €120 1000 ¥212°0 (ww)yrars
950 (T0'T'96°0)660 950 1000 ¥ 2€2°0 7000 F 1€2°0 (ww)yrqid
950 (0'T'96°0)660  Tv0 12007 82L°T €200 F20L'T (WwyTINGLI
v0  (19Z'92T) 6T 21000> 9TO0 F E9V'T 8T0°0 ¥ 95€'T (ww/T)NqLd
190 (ETT'260)S0T 200 ¥80°0 ¥ T92'T £L00F V0T onel ¥-d
€0 (WLT'STTSrT gr000> ¥00°0 F 0¥T°0 ¥00°0 ¥ 9170 ALInGE
S50 (20T'960)660  6T0 Y000 ¥ £2T°0 5000 ¥ 2210 ALIAGI
€0 (291'ZTT) T ¢1000> 900°0 F 8¥T°0 900°0 ¥ 8TT0 ALingd
Sil
690 (8LT'SOT)TVT €000 9T0'0 ¥ €250 T20°0 ¥ ¥09°0 (ww) ds'qL
890 (6v'7'20T)8zT 21000 2000 ¥ 7200 200°0 ¥ 990°0 (ww) yrar
690 (Y€T'Z0T)STT L0000 V00 F €2LT 9¥0'0 T TSG'T (wwy/t) N'gL
vio  (rez'1eT) LT 21000> ¥00'0 ¥ 2270 ¥00°0 ¥ 20T°0 ALIAS
890 (1971'60T)GeT 21000> 67 26. TIFevl (gworwH Bw) awgio
v,0  (e0Z'ezT)€9T 21000> GTEST S¥ el (cWoywH Bw) anaqL
9,0 (e8T'eTT)8yT 21000> 9F15¢ LFT0Z (gWoywH Bw) awan
100d-4H
oy (1D%S6) 4O anfead  (IN3S F uesy) [01u0D (TS F Ues|A]) aanjoed [eagatian sa|ofelIeA

$]011U02 pue $103[gNS anjoR1Y [RIGALISA UI BIGH [EISIP 18 Sissweled [eaIuRydaW pue ‘|eanuod ‘S| ‘100d-4H

¥ alqeL

Author Manuscript Author Manuscript Author Manuscript

Bone. Author manuscript; available in PMC 2017 July 01.



Page 21

Wang et al.

‘diy [e101 Y gINge Joy uawisnipe Jsye Juedlyiubis surewsas adualayip dnolb ,Hoo.onu

‘10°0>d
00>d,
mo.ovﬁv
€90 (0ZT'80T)ITT  ¥00 V1T F 1¥8'S 192 7 950'S (N) Peoj ainjre} payewIisa suoq Jejndsgel L
1,0 (8LT'%0T)TvT ¢1000> 80€ ¥ 9/2'CT 262 F 06E'TT (N) peoj aunjre} patewunsa auog a|oyn
190 (9ST'LET)VT €00 €60'9 F L20'CTT G9S'G ¥ 90T'v6 (Wwi/N) ssaugns auoq Jenoages |
vL0  (9Tv'eLe) vye  o1000> 6v9'L F TLV'SPT €66'0 ¥ GEV'66T (Wwi/N) $S8UKNS BUOG BJOUM
v3ad
250 (86°0'86°0) 86°0 96°0 2000 ¥ 08T0 €00°0 ¥ 08T°0 (ww) waod1o
090 (STT'260)90T 200 G00°0 ¥ TOT'0 G000 F €IT0 0410
190 (0ST'20T)8zT 21000 Z€0'0 F¥50°T 620°0 ¥ 216°0 (ww) y11o
€90 (Y€T'20T)8T'T 9000 £¥86 Z7F1.8 (ww) 1 10
oY (1I0%S6) O anfeA-d (TS F uesin) j01U0D)  (INTS F UBSIA) 84n1oed [edgalispn so|qelIeA

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Bone. Author manuscript; available in PMC 2017 July 01.



	Abstract
	Introduction
	Materials and Methods
	Subjects
	Areal BMD
	HR-pQCT of the distal radius and tibia
	Cortical bone measurements
	ITS-based morphological analyses
	HR-pQCT image-based μFEA
	Statistical methods

	Results
	Subject characteristics
	Areal BMD
	HR-pQCT
	Trabecular microarchitecture by ITS analyses
	Cortical microarchitecture
	Stiffness by μFEA
	Logistic regression analyses

	Discussion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4

