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Abstract

Summary Macro- and microarchitectural, bone material property, dynamic histomorphometric, and bone turnover marker
data were studied in normal bone mineral density (BMD) post-menopausal women with fragility fracture. Women with
fracture had thinner iliac cortices and more homogeneous bone material properties in cortical bone than age/BMD-matched
non-fracture women. Low cortical thickness and bone tissue heterogeneity in normal BMD women are associated with
prevalent fragility fracture.

Introduction Bone mass (bone mineral density, (BMD)) of the spine and hip is today’s best single measurement for evaluating
future fragility fracture risk. However, the majority of fragility fractures occur in women with BMD T-score above the WHO
osteoporotic BMD threshold of —2.5, indicating that non-BMD endpoints may play a role in their fragility fractures. We
hypothesize that in non-osteoporotic women, bone micoarchitecture, bone material properties, dynamic histomorphometric
endpoints, and bone turnover markers are related to fragility fracture.

Methods Two groups (N=60 each) of post-menopausal women with total hip BMD T-score ranging from + 0.3 to —2.49 were
recruited: fragility fracture and age/BMD-matched, non-fragility fracture women. Normal (T-score > —0.99) and osteopenic
(T-score < —1.0) BMD cohorts were designated within both the fracture and non-fracture groups. Transiliac biopsy speci-
mens were obtained to evaluate dynamic histomorphometric and microarchitectural endpoints and bone material properties
by static and dynamic nanoindentation testing. All variables for fracture and non-fracture women within each BMD cohort
were compared by the Wilcoxon signed-rank test (P <0.01).

Results Compared to non-fracture/normal BMD women, fracture/normal BMD women display lower iliac cortical thickness
(=12%, P=0.0041) and lower heterogeneity of hardness (—27%, P=0.0068), elastic modulus (—35%, P =0.0009), and
storage modulus (—23%, P=0.0054) in the cortical bone tissue, and lower heterogeneity of hardness (— 13%, P=0.0088)
in the trabecular bone tissue. Osteopenic women had no abnormalities related to fracture status.

Conclusion Post-menopausal women with normal BMD and fragility fracture have low cortical thickness and heterogene-
ity of several bone material properties in cortical and trabecular mineralized bone tissue. These differences may explain a
portion of the excess bone fragility in women with normal BMD and fragility fracture.
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Introduction

Osteoporosis is a serious public health problem [1]. Cur-
rently approved medicinal treatments for osteoporosis
reduce fracture risk in individuals with low total hip bone
mineral density (BMD) [2]. Despite the availability of
these treatments, the annual number of fragility fractures
in the combined European Union and USA is projected to
rise to 7.5 million by 2025, at a total direct cost of over
$60 billion [1, 3].

A major reason for the high cost of osteoporosis is
that the majority of fragility fractures occur in patients
with total hip T-score above the WHO osteoporo-
tic BMD threshold of — 2.5 [4—-6]. This problem exists
because, though the fragility fracture rate in osteoporo-
tic women is higher than that in non-osteoporotic women
(T-score > —2.5), the non-osteoporotic population is
larger, making the absolute number of non-osteoporotic
women with fragility fractures greater [5, 6]. The efficacy
of existing osteoporosis medications in most non-osteo-
porotic women is formally unproven, because only women
with T-score < — 2.0 were enrolled in most Phase III trials
[2]. Identifying non-osteoporotic women at risk for fragil-
ity fracture is difficult, because their fractures appear to
be incompletely explained by BMD, marking an important
fracture risk/BMD discrepancy.

Osteoporosis was once considered a disease characterized
by normal mineralized bone tissue present in insufficient
quantity [7], driving the validation of densitometric bone
mass measurements [4]. The fracture risk/BMD discrepancy
surrounding fragility fractures in non-osteoporotic women
is one of six clinical examples of a fracture risk/BMD dis-
crepancy. Prevalent fragility fracture predicts future fragil-
ity fracture risk much better than BMD [8]. Models that
combine BMD with multiple clinical risk factors with no
relationship to BMD predict future fragility fracture risk
much better than BMD alone [9]. As fragility fracture risk
in older women accelerates exponentially [10], the rate of
loss in spine and hip BMD is constant [11]. Anti-resorp-
tive therapy that increases total hip BMD ~3-6% and spine
BMD ~6-10% after 3 years is far more effective in reducing
hip (~—50%) and spine (~ —70%) fracture risk [2] than cor-
responding increases in hip/spine BMD would suggest [12].
Glucocorticoid-treated and diabetic patients have higher
fracture risk than is predicted by their T-score [13, 14].
Though DXA-based BMD by itself is a very good measure
of future fracture risk, multiple examples of a fracture risk/
BMD discrepancy exist. The most consequential for both
patients and public health is that the majority of fragility
fractures occur in women with non-osteoporotic BMD.

This fracture risk/BMD discrepancy has sharpened the
bone field’s focus on whole bone strength. The factors
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that determine whole bone strength are as follows: mass,
the amount of bone; material properties, the properties of
the bone tissue itself; architecture, the shape and size of
a bone; and microdamage, the amount of fatigue damage
in a bone’s mineralized tissue [15]. Material properties,
architecture, and microdamage are collectively recognized
as bone quality, mass-independent bone properties that
influence bone strength [16]. Bone quality can be assessed
by imaging; static and dynamic histomorphometry; bone
turnover markers; bone composition; collagen fiber orien-
tation; degree of bone mineralization; collagen cross-link-
ing and protein glycation; minimally invasive indentation;
micropillar compression; and nanoindentation [16—19].

Previous publications concerning the population of
women described below reported low hardness and elas-
tic modulus, and low heterogeneity of several bone mate-
rial properties in cortical and trabecular bone of non-
osteoporotic-by-BMD (+ 0.3 > total hip T-score > —2.5)
women with fragility fracture [19], with no differences
in degree of bone mineralization [20]. We hypothesize
that in women with normal (total hip T-score > —0.99) or
osteopenic BMD (— 1.00 > total hip T-score > —2.5), bone
turnover markers, bone material properties, dynamic histo-
morphometric endpoints, bone micro- and macroarchitec-
ture, and degree of mineralization of bone are associated
with fragility fracture.

Materials and methods

Data covering five topics potentially relevant to fragility
fracture are presented: bone turnover markers; bone mate-
rial properties; dynamic histomorphometry; bone macro-
and microarchitecture; and degree of bone mineralization.
The bone turnover marker, dynamic histomorphometry,
and macro- and microarchitecture data have not been pub-
lished or analyzed previously. The data from bone material
properties and degree of bone mineralization were previ-
ously published and analyzed only as “non-osteoporotic”
patients (total hip T-score= +0.3 to—2.50, N=120) in
non-fracture and fracture subsets [19, 20]. The data from
all five topics are presented here, separated for analysis
into long-recognized BMD tiers [4], rather than as more
heterogeneous-by-BMD groups of “non-osteoporotic”
women: normal BMD (total hip T-score = + 0.3 to — 0.99)
and osteopenic (T-score = — 1.00 to —2.50). Thus, the
data for bone material properties and degree of bone min-
eralization represent a new analysis of previously pub-
lished data [19, 20]. Each BMD cohort was divided into
non-fracture and fracture subsets, yielding non-fracture/
normals, fracture/normals, non-fracture/osteopenics, and
fracture/osteopenics.
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Subjects

Two groups (N=060 each) of healthy, non-osteoporotic
women at least 4 years past their last menstrual period were
recruited: fragility fracture women and BMD/age-matched
women with no fragility fracture. The Creighton University
Institutional Review Board approved the study. All subjects
provided written consent prior to enrollment.

Fragility fracture subjects were women who had expe-
rienced a low trauma fracture during the previous 5 years
and never taken any bone-active medications. “Low trauma”
was defined as equal to or less than a fall to the ground
from standing height. Fractures of digits, face, and skull
were excluded. To limit morbidity of the transiliac biopsy
procedure, subjects with body mass index (BMI) >33 kg/
m? were excluded. All were first screened by DXA. Nine
percent of those screened had total hip T-score < —2.5 and
were referred to their primary care provider for osteopo-
rosis treatment. Those with total hip T-score > —2.5 were
enrolled. Non-fracture women had never taken any bone-
active medications, and had neither clinical history of fragil-
ity fracture nor vertebral fracture by lateral spine radiogra-
phy. In all subjects, a complete medical history was obtained
and then combined with routine clinical serum studies to
exclude those with medical conditions known to cause sec-
ondary osteoporosis. Each fracture subject was matched to
a non-fracture subject of similar age (+2 years) and total
hip BMD (% 10%). Previous descriptions of this population
cite its total hip T-score range as— 1 to—2.5 [19-21]. Re-
inspection of the total hip T-scores revealed a range of + 0.3
to —2.49.

Two 7.5 mm diameter transiliac biopsy specimens with
intact cortices were obtained from about 2 cm posterior
and inferior to the anterior—superior iliac spine of the right
ilium of each subject. The minimum distance between the
outside boundaries of the two specimens was 1.5 cm. In
fracture subjects, the specimens were obtained a minimum
of 11 months and a maximum of 5 years after fragility frac-
ture. Both specimens were fixed in 70% ethanol for 48 h,
and embedded without decalcification in methyl meth-
acrylate (microCT and histomorphometry) or epoxy resin
(nanoindentation).

Bone turnover markers

All bone turnover marker data here are presented for the
first time. Fasting morning blood was drawn and analyzed
for complete blood count, serum electrolytes, alkaline phos-
phatase, renal and hepatic function, bone-specific alkaline
phosphatase (ELISA [Quidel; Santa Clara, CA]), PTH (RIA
[Scantibodies; Santee, CA]), and 250HD; (RIA [DiaSorin;
Stillwater, MN]). A 24 h urine was collected and analyzed

for N-telopeptides (NTx) (ELISA [Inverness Medical;
Princeton, NJ]).

Material properties of bone (nanoindentation)

The endpoints hardness, elastic modulus, storage modulus,
loss modulus, and tan-delta were calculated from nanoin-
dentation measurements presented previously [19], at which
time patients were divided for analysis into non-fragility
fracture and fragility fracture groups of “non-osteoporotic”
women (T-score > —2.50). In this manuscript, the same
nanoindentation endpoint data from those patients are
now grouped for analysis as traditional BMD-defined tiers
[4] with normal (T-score > — 1.00) or osteopenic BMD
(T-score= —1.00 to —2.50), rather than simply as “non-
osteoporotic” women. Hardness is a surface property of
a material that measures its resistance to localized plastic
deformation. Elastic modulus reflects a material’s resist-
ance to elastic deformation [22]. Storage and loss modulus
describe viscoelastic properties of bone. The mechanical
behavior of trabecular bone is similar to that of fluid-filled
porous engineering materials [23].Viscoelastic properties of
trabecular bone correlate with its strength and toughness
[24]. Storage modulus, the endpoint most often correlated
with the strength of a material, represents its capacity to
store energy, and is routinely used to quantitate mechanical
strength of hydrogels [25]. Loss modulus represents a mate-
rial’s capacity to dissipate energy [25].

Embedding and preparation

Embedding and preparation of specimens were performed
as described [19]. Bone marrow and residual water, but not
tissue-bound water, were removed. The specimen was then
embedded (EpoThin 2 Resin; Buehler; Lake Bluff, IL, USA)
to provide mechanical support to the mineralized bone tissue
during testing.

The embedded specimen was ground under irrigation
with deionized water with a motorized polishing wheel
(Ecomet-3 and Automet-2; Buehler; Lake Bluff, IL, USA)
about 2 mm deep into the specimen, using silicon carbide
discs of diminishing grit size (1200, 800, 600, 320 pm). This
produced a flat face parallel to the long axis of the specimen
that exposed its cortical and trabecular bone tissue. The face
was polished with a sequential series of alumina powder
slurries (1.0, 0.50, and 0.05 pm) (Buehler).

Nanoindentation procedure
Testing of these samples, described previously in detail [19],
is summarized. An ATI 950 TriboIndenter (Hysitron, Bruker

Corp.; Billerica, MA, USA) with a Berkovich tip (150 nm
radius) was used. Before each quasi-static or dynamic test
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set, a series of indentations in the polished surface of a
standard fused quartz material was used to calibrate the tip
area function. Testing was performed on specimens pre-
sented in random order to operators (SV, AD) blinded to
patient ID.

Quasi-static testing Twenty-five indents per bone type were
made at a constant loading rate of 50 nm/s [17, 19, 22].
Mean surface roughness and regions of interest for nanoin-
dentation were determined using scanning probe microscopy
(SPM). A nanoindentation target depth of 500 nm was used
to be much larger than the mean roughness (50 nm) of the
tested areas to avoid effects of topology on the measure-
ments [17, 22]. Cortical bone indentation sites were always
in interstitial bone along a line parallel to the periosteal sur-
face [19]. Trabecular bone indentation sites were centered
in trabeculae to avoid edges. Each indentation procedure
included loading at a constant rate of 50 nm/s for 10 s, a
10-s holding period at maximum load, and unloading at the
same rate for 10 s. The load—displacement data from each
indentation were used to calculate bone tissue hardness and
elastic modulus [22].

Dynamic testing Twenty-five measurements per bone type
were done in each specimen. All test sites were> 10 um from
any previous quasi-static or dynamic test site. The indenter
tip was loaded at a constant rate of 50 nm/s and then held
at a maximum load of 6 mN, comparable to the maximum
load in quasi-static testing. A small sinusoidal force was
superimposed onto the quasi-static force during the hold-
ing phase. Dynamic force amplitudes were prescribed in
the range of 75-125 pN with load frequency incrementally
increasing from 10 to 200 Hz in 32 equally spaced steps.
Displacement amplitude and phase lag of the displacement
response relative to the input forcing signal were measured
at each frequency. The load—displacement data from each
indentation were used to calculate storage modulus and loss
modulus. Tan-delta for each indentation equals loss modulus
divided by storage modulus [17]. The data are reported at
the mid-range frequency (105 Hz).

Hardness, elastic modulus, storage modulus, loss modu-
lus, and tan-delta for each type of bone for each sample were
the mean of hardness, elastic modulus, storage modulus, loss
modulus, and tan-delta values from the load—displacement
curves of each indentation into each type of bone tissue.
All measurements in each specimen were completed in one
session before moving to the next specimen. The cortical
bone quasi-static tests were followed by the trabecular bone
quasi-static tests. Then, the cortical bone dynamic tests were
followed by the trabecular bone dynamic tests. Hardness,
elastic modulus, storage modulus, loss modulus, tan-delta,
and intrasample variance in hardness, elastic modulus, stor-
age modulus, and loss modulus for each type of mineralized
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bone tissue are reported. Intrasample variance (coefficient
of variation) is equal to standard deviation/mean for the
25 nanoindentation measurements of each type (static and
dynamic) in each type of tissue (cortical or trabecular) [26].

Microcomputed tomography (microCT) and degree
of mineralization of bone

All microCT-based data here are presented for the first
time. The degree of mineralization data were presented
previously [20] with patients divided for analysis into non-
fracture and fracture groups of ‘“non-osteoporotic” women
(T-score > —2.50). In this manuscript, the same degree
of mineralization data from the fracture and non-fracture
patients are now grouped for analysis as traditional BMD-
defined normal and osteopenic tiers [4]. For microCT, the
entire methyl methacrylate—embedded bone biopsy was
scanned using methods previously described [27]. A micro-
focus X-ray tube with a focal spot of 10 pm was used as a
source and a standard bone phantom was scanned weekly.
3D isotropic slices of 30 pm voxel size were collected
with an integration time of 250 ms, after which a standard
procedure was used to reconstruct the 3D images, using a
threshold of 275. A 5 mm diameter cylindrical volume of
interest (VOI) in trabecular bone located at least 1 mm from
the nearest endocortical surface that contained 110 slices
(98 mm?) was designated for microarchitectural analyses.
Both 2D and 3D microCT data are reported. The degree of
mineralization of bone (DMB) data previously analyzed as
non-fragility fracture and fragility fracture groups of non-
osteoporotic-by-BMD women [20] are now analyzed as
non-fragility fracture and fragility fracture groups within
traditional BMD tiers [4] with normal BMD (T-score > — 1)
and osteopenic BMD (T-score = —1.00 to —2.50).

Histomorphometry

All histomorphometric data here are presented for the first
time. Each subject received oral in vivo double fluorochrome
labeling for 3 days ON, 14 days OFF, and 3 days ON. The
biopsy procedure was done 5-14 days after the second ON
period [28, 29]. After microCT scanning, the block was
ground to form a face parallel to the long axis of the speci-
men about 250 um deep into the specimen. The block was
leveled and sections were obtained from two portions of the
specimen, using previously established methods and adher-
ing to more recently established guidelines [29-31]. Rep-
resentative sections from each portion were used for meas-
urements. The measured and calculated variables are fully
described [28, 29]. Cortical thickness was measured on one
section from each specimen portion, being the mean of ~48
periosteal-to-endocortical surface measurements (24 from
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each cortex) with an intersite distance of ~0.5 mm, which
were taken perpendicular to the periosteal surface of each
cortex.

Statistical analysis

Each BMD cohort was divided into non-fracture and frac-
ture subsets, yielding non-fracture/normals (N = 35), frac-
ture/normals (N =31), non-fracture/osteopenics (N =25),
and fracture/osteopenics (N =29). Shapiro—-Wilk testing
revealed that the data for the majority of variables had
a non-normal distribution. Thus, values for all variables
for the non-fracture and fracture subsets within each
BMD cohort are presented as medians and interquartile
range and are compared by the Wilcoxon signed-rank
test (Tables 1, 2, and 3 and Supplemental Tables S1-S3).
Demographic and anthropometric endpoints and spine/
total hip BMD and T-score of the normal and osteopenic
cohorts in the non-fracture and fracture subsets were com-
pared by the Wilcoxon signed-rank test. In consideration
of the number of variables tested, a P value <0.01 was
considered significant.

Results

Demographic, anthropometric, BMD, and bone
turnover marker data

The fracture and non-fracture subsets of the normal BMD
cohort did not differ for any demographic or anthropo-
metric variable. The fracture and non-fracture subsets
of the osteopenic cohort had lower total hip BMD and
T-score than the fracture and non-fracture subsets of the
normal BMD cohort. The fracture subset of the osteopenic
cohort had lower spine BMD and T-score than the fracture
group of the normal BMD cohort (Table 1). The fracture
and non-fracture subsets of the normal BMD cohort did
not differ for any bone biochemical marker of turnover
(Table S1).

Table 1 Anthropometric, densitometric, architectural, and bone material properties

Non-fracture Fracture

Variable N Med IQRng N Med IQRng P

Normal BMD cohort (total hip T-score +0.3 to—0.99)
Height (m) 35 1.63 1.59-1.66 31 1.65 1.59-1.70 0.4837
Weight (kg) 35 70.0 62.6-78.5 31 70.4 62.3-79.5 0.9437
Age (years) 35 59.7 56.4-63.8 31 59.5 55.1-65.9 0.9590
Body mass index (kg/m?) 35 26.63 23.88-28.46 31 25.47 23.32-28.32 0.7047
Years post-menopause 34 10.3 8.0-17.5 31 12.1 9.0-21.0 0.3753
Lumbar spine BMD 35 0.948 0.874-1.021 31 0.979° 0.914-1.033 0.4332
Lumbar spine T-score 35 —0.899 —1.571t0—-0.243 31 —-0.621° —1.211t0—-0.128 0.4370
Total Hip BMD 35 0.877° 0.851-0.893 31 0.894° 0.849-0.915 0.1361
Total hip T-score 35 —-0.531° —0.745 to—0.402 31 —-0.391° —0.760 to—0.224 0.1378

Osteopenic BMD cohort (total hip T-score — 1.00 to —2.50)
Height (m) 25 1.64 1.57-1.68 29 1.64 1.61-1.67 0.6088
Weight (kg) 25 62.2 55.0-78.2 29 66.5 52.5-74.5 0.8419
Age (years) 25 62.0 58.1-66.5 29 63.0 57.8-67.6 0.6582
Body mass index (kg/m?) 25 25.14 20.78-29.29 29 22.92 20.54-27.96 0.7947
Years post-menopause 24 12.8 8.3-20.6 29 14.6 11.2-22.5 0.5085
Lumbar spine BMD 25 0.893 0.867-0.959 29 0.882 0.817-0.932 0.3312
Lumbar spine T-score 25 —1.397 —1.639 to—0.796 29 —1.503 —2.095 to—1.046 0.3356
Total hip BMD 25 0.747 0.726-0.789 29 0.766 0.722-0.799 0.6520
Total hip T-score 25 —1.602 —1.771 to—1.254 29 —1.444 —1.801to—1.174 0.6708

Med, median; IQRng, interquartile range; BMD, bone mineral density (g/cmz); P, Wilcoxon signed-rank test. (°) different from osteopenic cohort

(P<.001)

Demographic, anthropometric, and densitometric data are separated into normal and osteopenic cohorts. Each cohort is divided into non-fracture
and fracture groups. Median and interquartile range for each variable are presented. The non-fracture and fracture groups were compared by the
Wilcoxon signed-rank test. The P value is shown
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Table 2 Architecture and bone

‘ . Non-fracture Fracture
material property variance data
Variable N Med IQRng N Med IQRng P
Normal BMD cohort (total hip T-score +0.3 to—0.99)
Cortical thickness (um) 35 835 734-925 31 736 626-855 0.0041
Variance in cortical bone material properties
Hardness 35 0.110 0.075-0.160 31 0.080 0.060-0.095 0.0068
Modulus 35 2.22 1.60-2.73 31 1.45 1.01-1.91 0.0009
Storage modulus 35 2.01 1.68-2.59 31 1.55 1.26-2.10 0.0054
Loss modulus 35 0.130 0.095-0.245 31 0.190 0.130-0.265 0.1092
Variance in trabecular bone material properties
Hardness 35 0.080 0.070-0.10 31 0.070 0.050-0.080 0.0088
Modulus 35 1.99 1.69-2.605 31 1.76 1.29-2.155 0.0410
Storage modulus 35 1.74 1.52-2.11 31 1.53 1.26-2.24 0.2033
Loss modulus 35 0.110 0.085-0.200 31 0.190 0.125-0.230 0.0388
Osteopenic BMD cohort (total hip T-score — 1.00 to —2.50)
Cortical thickness (um) 25 705 636-769 31 744 591-891 0.8025
Variance in cortical bone material properties
Hardness 25 0.090 0.060-0.140 29 0.110 0.070-0.130 0.6701
Modulus 25 1.75 1.24-2.35 29 1.61 1.03-2.46 0.7482
Storage modulus 25 1.72 1.48-2.44 29 1.57 1.11-1.90 0.1678
Loss modulus 25 0.130 0.090-0.210 29 0.140 0.100-0.260 0.4239
Variance in trabecular bone material properties
Hardness 25 0.070 0.050-0.100 29 0.060 0.050-0.080 0.4260
Modulus 25 1.73 1.23-2.14 29 1.58 1.23-2.06 0.7156
Storage modulus 25 1.44 1.2-1.96 29 1.60 1.42-1.96 0.4246
Loss modulus 25 0.090 0.060-0.170 29 0.140 0.090-0.240 0.0430

Med, median; IQRng, interquartile range; P, Wilcoxon signed-rank test

Architectural and bone material property variance data are separated into normal and osteopenic cohorts.
Each cohort is divided into non-fracture and fracture groups. Median and interquartile range for each vari-
able are shown. The non-fracture and fracture groups are compared by the Wilcoxon signed-rank test. The

P value is shown

Material properties of mineralized bone

In cortical bone of the normal BMD cohort, there were no sig-
nificant differences between fracture and non-fracture women
in absolute values for any endpoint (Table S2). Variance of
hardness, elastic modulus, and storage modulus was lower in
fracture subjects than in non-fracture women, respectively, by
27%, 35%, and 23% (all at least P <0.007) (Table 2).

In trabecular bone of the normal BMD cohort, there were
no significant differences between fracture and non-fracture
women in absolute values for any endpoint (Table S2). Vari-
ance of hardness was 13% lower in fracture than in non-frac-
ture women (P < 0.009) (Table 2).
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Dynamic bone histomorphometric data (Table 3)
and microarchitecture and degree of mineralization
of bone (Tables 2 and S3)

In the normal BMD cohort, cortical thickness was 12%
lower in fracture than in non-fracture women (Table 2)
(P <0.005). The fracture and non-fracture subsets of the
normal BMD cohort did not differ for any other endpoints
(Tables 3 and S3).
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Table 3 Dynamic histomorphometric data

Non-fracture Fracture

Variable N Med IQRng N Med IQRng P

Normal BMD cohort (total hip T-score +0.3 to—0.99)
Total area (mm?) 35 37.7 32.4-453 31 39.7 34.3-49.9 0.1815
Total perimeter (mm) 35 109 85-132 31 110 97-125 0.5631
Wall thickness (um) 35 28.4 25.6-29.1 31 27.6 24.7-30.0 0.9232
Osteoid thickness (um) 35 6.0 5.4-6.6 31 5.8 5.3-6.2 0.2222
Osteoid volume/total volume (%) 35 0.18 0.11-0.33 31 0.18 0.12-0.28 0.9130
Osteoid volume/bone volume (%) 35 1.37 0.60-1.79 31 1.17 0.79-1.54 0.7627
Osteoid surface/bone surface (%) 35 10.1 5.6-13.7 31 10.2 6.7-13.0 0.8623
Osteoblast surface/bone surface (%) 35 2.39 0.97-4.17 31 2.32 1.03-4.77 0.8121
Eroded surface/bone surface (%) 35 1.62 1.01-2.34 31 1.41 0.99-1.68 0.2271
Osteoclast surface/bone surface (%) 35 0.31 0.17-0.52 31 0.31 0.19-0.54 0.9283
Mineralizing surface (%) 35 4.05 2.84-6.79 31 3.15 1.98-6.34 0.2776
Mineral apposition rate (um/day) 34 0.47 0.42-0.52 30 0.47 0.42-0.51 0.9839
Surface-based bone formation rate (mm3/mm2/days) 34 0.007 0.005-0.013 30 0.006 0.004-0.012 0.3293
Bone volume-based bone formation rate (/year) 34 13.99 8.30-18.82 30 9.88 7.31-20.33 0.3983
Total volume-based bone formation rate (/year) 34 0.022 0.013-0.036 30 0.015 0.011-0.035 0.4042
Activation frequency (/year) 34 0.27 0.19-0.45 30 0.24 0.15-0.40 0.4002
Mineralizing surface/osteoid surface (%) 35 56.8 34.1-68.5 31 47.6 29.2-65.1 0.3680
Adjusted apposition rate (um/day) 34 0.24 0.153-0.345 30 0.235 0.133-0.323 0.4389
Osteoid maturation time (day) 34 13.3 11.2-14.3 30 11.8 10.8-14.2 0.2336
Mineralization lag time (day) 34 233 15.7-38.4 30 234 18.4-37.2 0.8664
Formation period (year) 34 0.315 0.220-0.503 30 0.315 0.233-0.530 0.5314
Resorption period (year) 34 0.055 0.033-0.078 30 0.06 0.033-0.090 0.6600
Remodeling period (year) 34 0.385 0.280-0.633 30 0.36 0.315-0.620 0.5996

Osteopenic BMD cohort (total hip T-score —1.00 to —2.50)
Total area (mm?) 25 354 32.5-46.1 29 344 31.1-41.6 0.6771
Total perimeter (mm) 25 104 86-141 29 100 84-141 0.7880
Wall thickness (um) 25 28.3 24.7-30.4 29 28 25.4-30.6 0.8014
Osteoid thickness (um) 25 6.2 53-72 29 5.8 5.5-6.6 0.6210
Osteoid volume/total volume (%) 25 0.20 0.15-0.30 29 0.25 0.13-0.39 0.5209
Osteoid volume/bone volume (%) 25 1.25 0.96-1.75 29 1.66 0.77-2.08 0.5210
Osteoid surface/bone surface (%) 25 9.8 7.4-12.7 29 11.7 7.9-17.7 0.2522
Osteoblast surface/bone surface (%) 25 2.00 1.09-3.71 29 2.38 0.55-5.97 0.9516
Eroded surface/bone surface (%) 25 1.24 0.57-1.85 29 1.47 1.01-1.98 0.1357
Osteoclast surface/bone surface (%) 24 0.31 0.09-0.49 29 0.23 0.14-0.40 0.8441
Mineralizing surface (%) 25 3.66 2.19-6.78 29 4.52 2.67-7.21 0.4610
Mineral apposition rate (um/day) 25 0.47 0.39-0.52 29 0.48 0.41-0.52 0.6641
Surface-based bone formation rate (mm3/mm2/day) 25 0.006 0.003-0.011 29 0.007 0.005-0.013 0.3857
Bone volume-based bone formation rate (/year) 25 12.25 6.88-15.76 29 12.88 9.52-19.03 0.3905
Total volume-based bone formation rate (/year) 25 0.018 0.007-0.031 29 0.020 0.013-0.036 0.5209
Activation frequency (/year) 25 0.23 0.130-0.400 29 0.25 0.180-0.400 0.3808
Mineralizing surface/osteoid surface (%) 25 435 19.3-72.9 29 43.1 21.7-81.0 0.6898
Adjusted apposition rate (um/day) 25 0.23 0.090-0.300 29 0.20 0.120-0.380 0.6517
Osteoid maturation time (day) 25 13.3 11.3-15.9 29 13.0 11.3-14.2 0.4298
Mineralization lag time (day) 25 27.6 19.1-63.6 29 29.0 18.8-52.6 0.5323
Formation period (year) 25 0.32 0.240-0.940 29 0.37 0.210-0.650 0.5209
Resorption period (year) 25 0.05 0.030-0.080 29 0.05 0.030-0.110 0.7341
Remodeling period (year) 25 0.37 0.290-1.060 29 0.52 0.250-0.680 0.6899

Med, median; IQRng, interquartile range; P, Wilcoxon signed-rank test

Dynamic histomorphometric data separated into normal and osteopenic cohorts are presented. Each cohort is divided into a non-fracture and a
fracture group. The number of patients in each group measured for each variable is shown. Median and interquartile range for each variable in
the non-fracture and fracture groups are presented. The fracture groups are compared by the Wilcoxon signed-rank test. The P value for the Wil-
coxon test is presented
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Osteopenic cohort

There were no significant differences between fracture and
non-fracture women for any endpoints (Tables 1, 2, and 3;
Tables S1-S3).

Discussion

We report data from four fracture/BMD subsets of post-
menopausal women: non-fracture/normal BMD; fracture/
normal BMD; non-fracture/osteopenic; and fracture/osteo-
penic [4]. The following low trauma fractures (number in
parenthesis) were present in the fracture groups: vertebral
(23), wrist (20), ankle (16), humerus (7), patella (4), shoul-
der (3), elbow (2), hip (2), and others (6) (fibula, foot, knee,
lower leg, pelvis, and wrist/elbow). Some patients had mul-
tiple fractures. All vertebral fractures were considered “low
trauma,” because they were identified on lateral spine films,
rather than by medical history [19]. The fracture and non-
fracture subsets of the two BMD cohorts were matched for
age, total hip BMD, and body habitus (Table 1), all proven
determinants of fragility fracture risk [9, 10]. Fracture/nor-
mal BMD women had thinner iliac cortices than non-frac-
ture/normal BMD women. Fracture/normal BMD women
also had lower variance of hardness, elastic modulus, and
storage modulus in cortical mineralized bone tissue and
lower variance of hardness in trabecular mineralized bone
tissue of the ilium, than non-fracture/normal BMD women.
Thus, the portion of our hypothesis stating that a bone archi-
tectural property, iliac cortical thickness, and, in this case,
the heterogeneity of the bone material properties, hardness,
elastic modulus, and storage modulus are associated with
fragility fracture was supported for normal BMD women.

Iliac cortical thickness has been informative previously.
In this normal BMD cohort, iliac cortical thickness was 12%
lower in fracture than in non-fracture women. Iliac cortical
thickness in normal BMD subjects declines 6% transmeno-
pausally [31]. Thinner iliac cortices in osteoporotic subjects
with fragility fracture, with the percentage difference from
non-fracture subjects in cortical thickness generally being
greater than the percentage difference from non-fracture sub-
jects for total hip BMD, have been reported [30, 32-34]. The
new bone architectural information here is that iliac cortical
thickness is lower in age/BMD-matched post-menopausal
women with normal BMD and fragility fracture than in simi-
lar women without fragility fracture.

To pursue this finding, it would be ideal to measure corti-
cal thickness non-invasively at fragility fracture sites, just
as BMD is measured non-invasively by DXA. Measuring
cortical thickness on a transiliac biopsy specimen requires
an invasive procedure that is unsuitable for large population-
based studies and community practice. The general idea of

@ Springer

measuring cortical thickness non-invasively at fragility
fracture sites is promising because though cortical thick-
ness of the contralateral hip by radiogrammetry was low in
all women with hip fragility fractures, 21% of hip fracture
women had non-osteoporotic total hip BMD, indicating that
cortical thickness at the fracture site may be a quantitative
marker of fragility fracture which is partially independent
of BMD [35]. However, though computerized tomography
(CT)—measured proximal femur cortical thickness also
appears lower in hip fracture than in non-fracture women
[36], obtaining adequate resolution to consistently do CT-
based measurement of cortical thickness at the proximal
femur requires an unacceptable radiation dose [37].

Non-invasively measured cortical thickness at surrogate
sites, including the second metacarpal, distal radius, and
distal tibia, has already produced data relevant to fragility
fracture. Metacarpal cortical thickness by radiogramme-
try predicts fragility fracture risk [38]. Similar to proximal
femur radiogrammetry, second metacarpal cortical thickness
by radiogrammetry correctly identified all fragility fracture
women, but 25% of fracture women had non-osteoporotic
BMD, again suggesting that cortical thickness is a quantita-
tive indicator of fragility fracture which is partially inde-
pendent of BMD [35, 38]. Thus, metacarpal and ilium data
agree that surrogate site cortical thickness is related to fra-
gility fracture. It is also crucial to note here that the meta-
carpal and proximal femur agree that cortical thickness at
both a surrogate fracture site and a fragility fracture site is
related to fragility fracture [35, 38].

High-resolution peripheral quantitative CT (HRpQCT;
82 um voxel size) non-invasively evaluates cortical thick-
ness of the distal radius and tibia. Since iliac and metacarpal
data support the utility of measuring cortical thickness at
surrogate sites, multiple HRpQCT studies report that corti-
cal thickness at the distal radius and tibia in osteopenic and
osteoporotic women is related to fracture in a manner which
is partially independent of BMD [39, 40]. However, a similar
number of HRpQCT studies report that the relationship of
cortical thickness to fragility fracture risk is BMD-depend-
ent [41]. Published data thus suggest that cortical thickness
at the distal radius and tibia is a non-invasive measurement
that should be tested as a prospective means to identify nor-
mal BMD women with elevated risk of fragility fracture [5,
6]. This could be efficiently investigated in population-based
studies of normal BMD women in which baseline non-inva-
sive measurement of cortical thickness and BMD was done
and subsequent fragility fracture is being followed.

We found significantly lower variance in hardness, elastic
modulus, and storage modulus of mineralized cortical bone
tissue and lower variance in hardness of trabecular bone
tissue in the fracture/normal BMD group than in the non-
fracture/normal BMD group. These data resemble studies
in which low heterogeneity in mineral-to-matrix ratio and
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carbonate-to-mineral ratio (C/P) in trabecular bone of the
femoral neck occurred in hip fracture cases [42]. Evalua-
tion of material heterogeneity is a well-recognized approach
to understanding strength of materials [26]. Higher hetero-
geneity within a material offers resistance to microcrack
propagation, defining a material with greater resistance to
fracture [25, 26]. Therefore, lower heterogeneity of hard-
ness, elastic modulus, and storage modulus in cortical bone
tissue and of hardness of trabecular bone tissue of normal
BMD women may contribute to increased fracture risk due
to its relative inability to prevent microcrack propagation
[26, 43—-45]. Interindividual variation in femoral lamellar
properties has been observed, leading to the idea that tissue
heterogeneity may influence bone tissue strength via strain
concentration, damage accumulation, and crack propaga-
tion [43]. Micro- and nanoscale measurements confirm that
greater heterogeneity of tissue is directly related to increased
strength [44, 45]. The abnormally homogeneous mineral-
ized cortical bone tissue and to some extent trabecular bone
tissue in normal BMD women with fragility fracture may
partially explain their increased risk of fracture.

Unlike normal BMD patients, osteopenic patients with
fragility fracture had no macro-architectural or material
property abnormalities in either cortical or trabecular min-
eralized bone tissue. Osteopenic fragility fracture patients
may be characterized by other non-quantitative traits from
FRAX and similar models that predict fracture risk [9].

These findings in normal BMD women are important
because the majority of fragility fractures occur in women
with non-osteoporotic BMD [5, 6]. The care of such indi-
viduals currently presents a conundrum. While one might
embrace the general idea that increasing BMD reduces frac-
ture risk, and hope that treating them with an osteoporosis
medication that increases BMD would reduce fracture risk,
there is no evidence that this would be true in normal BMD
women, because most osteoporosis medications were for-
mally tested in women with total hip T-score < —2.0 [2].
New trials are needed in which normal BMD women with
prevalent fragility fracture, or potentially only low cortical
thickness, are given current osteoporosis medications and
monitored for incident fracture to establish whether these
women, despite their already normal BMD, experience
increased BMD and reduced fracture risk.

The general goal of this type of work is to interrogate
bone material property endpoints that correlate to strength
of mineralized bone tissue from non-osteoporotic humans
with fragility fracture, rather than endpoints that may indi-
rectly reflect bone strength and fracture risk. It is appropriate
to consider additional potentially fracture-related data that
might be obtained from these specimens. For example, we
report here that the degree of mineralization of cortical and
trabecular bone was not related to fracture in either the nor-
mal BMD or the osteopenic cohorts [20]. Nanoindentation

is a relatively non-destructive technique, in the sense that
each indent reaches a depth of only 0.5 pm, perhaps dam-
aging tissue ~50 um deeper in the sample. One can easily
polish 100 um from the face of each specimen to create a
new face with undamaged tissue very near previously tested
tissue. A reasonable next goal would be to test the material
properties of mineralized bone tissue in these specimens by
atomic force microscopy (AFM), another commonly used
testing method [25] that like nanoindentation determines
viscoelastic properties of hard tissues. Since nanoindentation
cannot be used to measure compressive strength, a second
goal would be to use micropillar compression to determine
compressive strength [18, 44, 46]. In view of the impor-
tance of hydration state to nanoindentation testing [47, 48],
a third goal would be to do additional nanoindentation tests
on these specimens after rehydration. A fourth goal would
be to measure endpoints from bone composition tests on
these specimens that correlate to hardness, elastic modulus,
and storage modulus. Measuring bone composition by FTIR
[21, 49] or Raman spectroscopy [50] could also be useful.
The ultimate goal is to find a non-invasive test that identifies
strength deficits in mineralized bone tissue, much as DXA
non-invasively identifies the insufficient quantity of bone in
half of fragility fracture women. Quantitative 3D magnetic
resonance elastography, which measures soft tissue stiffness
in vivo by using shear waves from a mechanical vibrating
device, may be such a technique [51].

Though dynamic histomorphometric endpoints (Table 2)
did not help define fracture patients, they further define the
normal range in non-osteoporotic fracturing and non-fractur-
ing post-menopausal women. These data are similar to pub-
lished data from healthy post-menopausal women [31, 52].

Adding CRFs that tend not to reflect BMD to total hip
T-score significantly improves the prediction of a patient’s
fragility fracture risk [9]. As cortical thickness is related to
fragility fracture but at most only partially related to BMD,
it may represent a quantitative expression of fracture risk
embodied in one or more CRFs. Since cortical thickness has
potential to be a relevant non-invasive quantitative endpoint
in large populations, should its data permit, consideration
could be giving to adding it to these algorithms.

Cortical thickness and heterogeneity of bone material
property endpoints appear to be endpoints that contribute
to fragility fracture risk in women whose fracture risk is
BMD independent. This may also be the case for two disease
groups, glucocorticoid-treated [13] and diabetic patients
[14], both of which have higher fracture risk than predicted
by their T-score. Cortical thickness and mineralized bone
tissue abnormalities as described here could explain a por-
tion of the excess fracture risk in glucocorticoid and diabetic
patients.

Some specific weaknesses and strengths of this work
should be noted. These specimens came from healthy
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post-menopausal white females. The data may not apply
to bone of males, pre-menopausal women, or persons of
other ethnicities or races. In fracture subjects, the biopsy
specimens were obtained 0.9-5 years after fragility fracture.
Therefore, they may not represent the status of the skeleton
at the time of fracture, in particular whether low cortical
thickness and/or heterogeneity of bone material properties
was present before fragility fracture. Thirteen percent of
patients contacted for enrollment declined to join because
they did not wish to have a transiliac biopsy procedure. It is
not known whether biopsy-refusing subjects differed from
those who enrolled, because no measurements of them were
taken. Though the ilium is neither a direct load bearing bone
nor a site of fragility fracture, its data showing a relation-
ship to fragility fracture are supported by cortical thickness
data from other surrogate sites including the metacarpal,
the distal radius, and the distal tibia. Studies of bone mate-
rial properties in fragility fracture sites such as the proxi-
mal femur and vertebral body could reveal whether similar
abnormalities are present in sites of fragility fracture. The
nanoindentation tests made here were done on bone tissue
in a dehydrated state. Tests on rehydrated specimens would
add additional clarity [47, 48]. Our data indicate that when
investigating endpoints that characterize fragility fracture
risk in non-osteoporotic women [5, 6], separating subjects
into long-recognized normal and osteopenic BMD tiers can
be revealing [4].

Conclusions

We studied age/BMD-matched normal BMD and osteopenic
BMD women with and without fragility fracture. We found
low cortical thickness and low heterogeneity of hardness,
elastic modulus, and storage modulus in cortical bone tis-
sue, and low heterogeneity of hardness in trabecular bone
tissue of normal BMD women with fragility fracture. These
data suggest additional studies that can refine these findings,
potentially leading to additional non-invasive, non-BMD
measurements that predict fragility fracture in normal BMD
women.
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tary material available at https://doi.org/10.1007/s00198-022-06308-y.
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