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The Chinese skeleton: insights into microstructure that help to
explain the epidemiology of fracture

Elaine Cong and Marcella D Walker

Osteoporotic fractures are a major public health problem worldwide, but incidence varies greatly across racial
groups and geographic regions. Recent work suggests that the incidence of osteoporotic fracture is rising
among Asian populations. Studies comparing areal bone mineral density and fracture across races generally
indicate lower bone mineral density in Asian individuals including the Chinese, but this does not reflect their
relatively low risk of non-vertebral fractures. In contrast, the Chinese have relatively high vertebral fracture
rates similar to that of Caucasians. The paradoxically low risk for some types of fractures among the Chinese
despite their low areal bone mineral density has been elucidated in part by recent advances in skeletal imaging.
New techniques for assessing bone quality non-invasively demonstrate that the Chinese compensate for
smaller bone size by differences in hip geometry and microstructural skeletal organization. Studies evaluating
factors influencing racial differences in bone remodeling, as well as bone acquisition and loss, may further
elucidate racial variation in bone microstructure. Advances in understanding the microstructure of the Chinese
skeleton have not only helped to explain the epidemiology of fracture in the Chinese, but may also provide

insight into the epidemiology of fracture in other races as well.
Bone Research (2014) 2, 14009; doi:10.1038 / boneres.2014.9; published online: 10 June 2014

INTRODUCTION
Fragility fractures represent a major public health problem
worldwide with enormous societal and economic bur-
dens.'™® Assuming current age-specific hip fracture rates,
approximately half of the world’s hip fractures will occurin
Asia by the year 2050.¢ However, given the rising age-spe-
cific hip fracture rates among Asians, and in particular the
Chinese, as compared to stable or declining rates else-
where in the world, these projections are actually under-
estimated.”® In China, as many as 88.26 million individuals
are currently estimated to have osteoporosis based on
bone density measurement.” Additionally, in the United
States (US), the Asian population, fraditionally considered
at high risk for osteoporosis, has grown faster than any
other racial group in the US over the last decade.'®'2
Therefore, understanding the key determinants predispos-
ing or protecting the Chinese against osteoporotic frac-
ture is an important public health initiative for the twenty-
first century.

Decreased bone strength is a key risk factor for osteo-
porotic fracture." Bone mass is an important determinant
of strength and accounts for the majority of the bone’s

resistance to fracture.'*'® Bone mass has historically been
assessed as areal bone mineral density (aBMD) by dual-
energy X-ray absorptiometfry (DXA). However because
aBMD represents a two-dimensional BMD measurement
(i.e..in g-cm™?), it is affected by bone size and/or weight.
Therefore, DXA fends to underestimate the frue three-
dimensional or volumetric BMD (vBMD) in those with small
body/bone size while overestimating it in those with large
body/bone size.'* ' Also, while aBMD measurements by
DXA represent the current gold standard for fracture risk
prediction, it does not encompass the other aspects of
bone quality such as bone microarchitecture, matrix com-
position, size, geometry and furnover. Therefore, in some
circumstances, using DXA alone to evaluate bone
strength fails to take into account key information that
could be useful in understanding and predicting fracture
risk.

Comparative studies have found that racial differences
in aBMD as assessed by DXA do not adequately explain
fracture differences between races. Despite lower aBMD
at both vertebral and non-vertebral sites, the Chinese
have a paradoxically lower non-vertebral fracture incid-
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ence versus Caucasians.2>=2 This paradox may in part be
explained by differences in hip geometry conferring
greater resistance to compressive, buckling and impact
forces in the Chinese.?42° Additionally, recent advances
inimaging technology that allow in vivo visualization of the
bone’s microarchitecture, as well as its size and volumetric
bone mineral density, have provided further insight info
racial variation in fracture rates. These imaging tools
include high-resolution peripheral quantitative computed
tomography (HRpQCT), central quantitative computed
tomography (cQCT) and micromagnetic resonance
imaging, as well as applied techniques such as individual
trabecular segmentation (ITS), micro-finite element ana-
lysis (LFEA) and the trabecular bone score (TBS). Studies
employing these technologies illustrate that the Chinese
skeleton compensates for smaller bone size by advan-
tagesin both cortical and trabecular bone compartments
that confer greater bone strength as compared to
Caucasians.26%° Taken together, these new insights into
bone microstructure and other aspects of bone quality
build upon prior DXA data to more comprehensively
explain the epidemiology of fracture in the Chinese.

EPIDEMIOLOGY OF FRACTURE IN THE CHINESE VERSUS
OTHER RACES

Vertebral fractures

The age-specific prevalence of vertebral fractures s similar
in Asians versus Caucasians, though comparisons of ver-
tebral fracture rates across races and regions have been
confounded by differences in diagnostic methodology
(Table 1).3'3¢ In the Hong Kong Osteoporosis Study, the
prevalence of vertebral fractures in postmenopausal
women over 45 years old was 22%.3'3¢ A smalller study in
481 Hong Kong Chinese postmenoapusal women aged
70-79 years old cited a prevalence rate of 30%.3 A study
in Taiwan found a similar prevalence rate of 20% in women
over age 65.% These estimates are consistent with the 25%
prevalence rafe cited for US white postmenopausal
women aged 65-70 years old in one study, and 22% for
those aged 70-79 years old and 34% for women aged 80
and above in another study.33%3 |n the Beiing

Table 1. Prevalence of vertebral fractures among men and women, in different populations

Osteoporosis Project, vertebral fracture prevalence rates
were compared to that of US whites in both a Rochester
Minnesota (MN) cohort and and the Multicenter Study of
Osteoporotic Fractures cohort.“C In this study, the vertebral
fracture prevalence rate was 15% overall in postmeno-
pausal Chinese women over 50 years old. This rate
increased steeply with age, from 5% in 50-59 year olds to
37% among women aged 80 years or older. While the age-
specific prevalence rates were similar between the
Chinese and Multicenter Study of Osteoporotic Fractures
cohorts, the age-specific prevalence of vertebral frac-
tures was 5.5% lower in the Chinese versus the Rochester
MN cohort.

Whereas the Beijing Osteoporosis Project found similar or
lower age-specific vertebral fracture prevalence rates
between Chinese and US cohorts, the Hong Kong
Osteoporosis Project reported a more dramatic increase
in vertebral fracture incidence rates with age in Asian ver-
sus Swedish Caucasian women.?! Although vertebral frac-
ture inicidence rates rose near linearly with age in
Caucasian women, they rose exponentially with age in
women from Hong Kong and Japan. In Asian women over
80 years of age, the incidence was nearly double that of
the Caucasian cohort.

There are less datain Chinese men. One study indicated
that the prevalence rate of vertebral fractures in Chinese
men older than 65 years is approximately 13%, whichis, as
expected, lowerthan thatreportedin Chinese women but
similar to rates described in Caucasian men.?” The Hong
Kong Osteoporosis Project also found a similar incidence
rate of vertebral fractures among the Chinese, Japanese
and Swedish Caucasian male cohorts.®! The vertebral
fracture incidence rate also rose in a similarly near linear
fashion with age in all groups.

Non-vertebral fractures

In conftrast to vertebral fractures, most studiesindicate that
Asians and Asian Americans have a relatively low hip frac-
ture incidence compared to other races despite having
lower aBMD (Figure 1).42°-23 While less data are available,
wrist and/or forearm osteoporotic fractures are also

33,36-37,39-40,92-93

Race Population/study Agelyears Gender Prevalence/%
Chinese Hong Kong Osteoporosis Study >45 Female 22
Hong Kong 70-79 Female 30
Beijing Osteoporosis Study >50 Female 15
Taiwan >65 Female 20
Taiwan >65 Male 13
Weighted average vertebral fracture prevalence (Chinese): 19%
US whites Study of Osteoporotic Fractures 65-70 Female 25
Study of Osteoporotic Fractures 65-99 Female 20
Rochester, MN >50 Female 26

Weighted average vertebral fracture prevalence (US whites): 21%
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Figure 1. Hip fracture incidence per 100 000 person-years in Asian and Caucasian women and men, in different populations.

from Refs. 7, 45, 47 and 50 standardized to US population.

thought to occur less frequently in Asians compared with
many other races/ethnicities.?%4!

Among Asian American subgroups in the US, one study
found that the incidence of hip fracture was the lowest in
Chinese Americans compared to Japanese or Korean
Americans.?? A retrospective study in Northern California
compared fracture risk in South Asian, Chinese American
and white postmenopausal women. Despite having the
lowest aBMD, Chinese Americans also had the lowest
non-vertebral fracture risk as compared to South Asians
and whites, who had similar fracture rates at the wrist
and other non-vertebral sites such as the humerus and
hip.*?

Among Chinese living in Asia, hip fracture incidence is
lowest in mainland China,?'“*** while incidence among
Asians living in Singapore and Taiwan is higher and similar
to that of US whites.”*>* Studies in Hong Kong Chinese
have shown varying results, with some demonstrating
lower and others showing similar hip fracture rates versus
that of US whites.”21454¢ Of concern, however, is that
age-adjusted hip fracture rates in many Asian countries
are recently rising by as much as 140%-250%, in contrast
to stabilizing or decreasing hip fracture rates in Western
populations.*”*4’ The reasons for these temporal and
geographic trends are unclear, but could be due to
increasing globalization occurring more rapidly in some
areas of Asia than others.** In Hong Kong, as in
Singapore and Taiwan, the rise in development and afflu-
ence has been postulated to contribute fo a more sedent-
ary lifestyle with less weight bearing activity, conferring a

© 2014 Sichuan University
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greater hip fracture risk.“>#44¢ |n contrast, a study con-
ducted in the less affluent city of Shenyang in mainland
China found that the residents maintained a high level of
physical activity such as long-distance bicycle riding and
stair climbing even into older age.* In this population as
well as in a study in Bejing, China, age-adjusted hip frac-
fure incidence rates among men and women over
50 years old were 25%-80% less than those reported in US
white populations.?'*° In Shenyang, China, the standar-
dized hip fracture incidence per 100000 person-years
was low at 87 in females and 100 in males, respectively.°
In Beijing, China, the standardized hip fracture incidence
per 100000 person-years in two separate studies was simi-
larly low, ranging between 87 and 229 in females and 97
and 129 in males, respectively.?'#’ By comparison, three
white US population cohorts had much higher hip fracture
incidence per 100000 person-years, ranging from 510 to
559 in women and 174 to 207 in men, respectively.”23°!
Similarly, in a study comparing Hong Kong Chinese ver-
sus US white women and men, the age-adjusted hip frac-
fure incidence per 100000 person-years from 1988 to 1989
was approximately 50% lower in the Hong Kong cohort
(247 versus 535 in women; and 100 versus 187 in men).” In
both populations, hip fracture incidence increased by
age and with female gender. These findings were corro-
borated by the Hong Kong Osteoporosis Study under-
taken in 1995, which demonstrated that hip fracture
rates were 50% lower in men and women aged 50 or older
versus age-matched Swedish Caucasians.®' Again, hip
fractures increased with age in both groups, butin alinear

Bone Research (2014) 14009

- @



JJQ

The Chinese skeleton
E Cong and MD Walker

'S

fashion in the Hong Kong cohort versus an exponential
increase in the Swedish Caucasian cohort. However, in
the Asian Osteoporosis Study comparing the incidence
of hip fracture from 1997 to 1998 in Hong Kong,
Singapore, Malaysia and Thailand, the highest rates occ-
curred in Hong Kong, which shared a similar hip fracture
incidence as that of US whites.*® Because the time periods
assessed in the Hong Kong and Asian Osteoporosis Studies
occurred in close proximity, the higher fracture rate in the
latter study is unlikely to be solely explained by increasing
fracture rates over time. In the Asian Osteoporosis Study,
the age-adjusted hip fracture incidence per 100000 per-
son-years among both Hong Kong women and men was
96% of that of the US white population in 1989, which had
an incidence of 535 in women and 187 in men. The age-
adjusted hip fracture incidence per 100000 person-years
for women and men, respectively, in each Asian country
was: 459 and 180in Hong Kong; 442 and 164 in Singapore;
238 and 114 in Thailand; and 218 and 88 in Malaysia. A
study in Taiwan Chinese versus US whites demonstrated a
similar or higher age-adjusted hip fracture incidence per
100000 person-years of 505 versus 535 in women and 225
versus 187 in men.*

Fewer studies have examined wrist/distal forearm frac-
tures, but the available data suggest that the incidence is
also lowerin Asians versus Caucasians. In an Oslo study, the
relative risk of distal forearm fracture in Asians who immi-
grated to Oslo was 0.72 (95% ClI: 0.53-1.00) compared to
ethnic Norwegians living in Oslo.*' In the US, one study
indicated a lower risk of wrist fractures in Asian American
versus white, Hispanic and Native American postmeno-
pausal women.?° Both Asian and African Americans
shared a similarly low risk of fractures, although these two
groups represent opposite ends of the spectrum with
respect to aBMD.

RACIAL DIFFERENCES IN AREAL BONE

MINERAL DENSITY

Because aBMD represents a two-dimensional BMD meao-
surement, racial differences in aBMD must be evaluated
with respect to racial differences in skeletal size and
weight. Studies in adult Asians living in Asia and the US
have typically demonstrated lower aBMD in comparison
to whites and other racial groups.'¢?%°2-%* However,
weight and/or bone size explains some of these differ-
ences.'®295557 For example, in the Study of Women'’s
Health Across the Nation (SWAN), unadjusted aBMD was
lower among Asian American compared to white and
black women.'® However, after adjustment for weight
and other covariates, lumbar spine and femoral neck
0oBMD became greater in Chinese and Japanese
Americans compared to white women. In addition, adjust-
ment for weight eliminated differences in lumbar spine
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aBMD and attenuated aBMD differences at the femoral
neck between Asian American versus black women.
Similarly, a study in men ages 65-78 years across seven
races in four countries found that adjustment for weight
and height attenuated or reversed the differences in
aBMD between US white and Asian men, including US
Asian, Hong Kong Chinese and South Korean men.>®

Notably, in most other races, variation in aBMD tends to
correspond to and account for at least some of the racial
differences in observed fracture rates. By confrast, the
incongruent relationship between aBMD and fracture
rates in Asians has been difficult fo adequately explain.
While low weight and smaller bone size explain the lower
aBMD among Asians, these factors would tend to increase
fractureriskif all otherrisk factors were equivalent between
races. Therefore, several non-skeletal factors have been
hypothesized to account for the low fracture rates seen in
Asians, such as shorter height,“ lower incidence or severity
of falls®¢° and differences in soft tissue thickness.®'4
While these factors may contribute to the lower non-ver-
tebral fracture ratesin Asians, recent advancesinimaging
technology demonstrate that differences in bone quality
including macro- and microsfructure and mechanical
competence also play arole in fracture risk differences in
the Chinese versus other races.

HIP GEOMETRY AND ESTIMATED

MECHANICAL COMPETENCE

Differences in hip geometry between races have been
proposed to contribute to the decreased rate of hip frac-
fures in Asians versus whites despite similar or lower aBMD.
Hip axislength (HAL) refers to the distance from the base of
the greater tfrochanter through the femoral neck to the
inner pelvic brim (Figure 2a).®®> Femoral neck axis length
(FNAL) is HAL minus the acetabular width, or the distance
from the base of the greater frochanter to the apex of the

Figure 2. Representative hip geometry images indicating (a) Hip Axis
Length, defined as the distance from the base of the greater trochanter
through the femoral neck to the inner pelvic brim (point B to A) and (b)
Femoral Neck Axis Length, defined as the distance from the base of the
greater trochanter to the apex of the femoral head (point B to C).
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femoral head (Figure 2b).%% In the Study of Osteoporotic
Fractures, longer HAL was anindependent predictor of hip
fracture in postmenopausal white women, with each
standard deviation of HAL increase doubling the hip frac-
ture risk, after adjustment for age, femoral neck aBMD,
height and weight.®®> Other studies have demonstrated
similar results.®’~® However, one study found that FNAL,
which is directly correlated with HAL, did not differ
between hip fracture and age-matched non-hip fracture
patients after adjustment for height.” Therefore, studies
correlating fracture risk with HAL or FNAL need to be
adjusted for height.

In Asians, several studies worldwide have noted shorter
HAL versus other races both in adult males and females,
as well as in adolescent males.”>”2 ENAL has also been
shown fo be shorter in both genders among Asians versus
whites.”® A cross sectional study including young adult
Chinese from China and Southeast Asia as compared to
Australian Caucasians postulated that Chinese females
and males reached peak growth velocity sooner with earl-
ier epiphyseal closure and therefore had shorter leg length
and FNAL”® Among studies in adults, the US Study of
Osteoporotic Fractures demonstrated that the mean HAL
of Asian American and black women was significantly
shorter than that of whites by 1.2 and 0.7 standard devio-
tions, respectively.”® Similarly, a study comparing Chinese
men and women versus two Caucasian European cohorts
showed that after adjustment for bone area, weight and
height, the Chinese had significantly shorter HAL, neck
length and neck diameter, despite no difference in aBMD.”!

Building upon HAL and FNAL measurements, composite
indices of femoral neck strength integrating body size with
femoral neck bone size and aBMD have also shown
advantages among Asians versus other races both in the
US and China.?42>7475 |In the SWAN study, a composite
index of femoral neck strength assessing ability to with-
stand compressive loads, bending forces and impact from
falls was calculated from femoral neck bone size and
aBMD. As compared to white women, Chinese,
Japanese and African American women all had higher
composite strength indices even after adjusting for age,
body mass index and menopause status.2* Few studies
have associated racial differences in femoral neck
strength to actual fracture rate differences, but a study
in China found that higher compressive strength indices
were associated with lower hip fracture risk in Chinese
men and women versus US whites after adjusting for age,
sex and height.?

BONE MICROARCHITECTURE AND INSIGHTS

INTO FRACTURE

While understanding bone macroarchitecture and geo-
metry is important, recent microarchitecture data have
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provided additional insights into our understanding of
racial differences in fracture rates at the various skeletal
sites. Bone microarchitecture is a key determinant of bone
quality, bone strength and fracture risk.”¢”7? Recent
advancesinimaging technology and associated analytic
tools not only shed light on microstructure, but also provide
bone mineral density measurements that are independ-
ent of body size. Previously, with DXA alone, one could not
distinguish between the cortical or outer dense envelope
of the bone which predominantly comprises the appendi-
cular skeleton and the trabecular orinner compartment of
the bone containing individual distinct tfrabeculae which
predominantly comprises the axial skeleton. However,
some of these important elements of bone quality can
now be measured non-invasively via HRpQCT of the fore-
arm and distal tibia sites, cQCT of the spine and hip, micro-
magnetic resonance imaging and the TBS. Improved
measurement of bone quality and bone strength may ulti-
mately improve fracture risk prediction. To date, only
HRpQCT, cQCT and TBS have been used to assess racial
differences in bone quality. All methods can be used to
assess volumetric bone density independent of bone size.
In addition, HRpQCT and cQCT have the ability to assess
bone size and differentiate between the trabecular and
cortical compartments. Furthermore, HRpQCT can pro-
vide detail with regards to trabecular microarchitecture.

cQCT: lumbar spine vBMD

In a study of 83 premenopausal and 50 postmenopausal
Chinese American and white women, cQCT was used o
assess differences in bone size, structure and vBMD at the
lumbar spine and hip.8° Before adjustment for covariates,
there were no differences in lumbar spine vBMD between
white and Chinese American women, but vertebral bone
size was smaller among postmenopausal Chinese
American versus white women. Lumbar spine frabecular
vBMD was 5.8% greafer in premenopausal Chinese
American versus white women after adjustment for differ-
ences in weight, height, physical activity, total calcium
infake, parathyroid hormone and 25-hydroxyvitamin D.
In contrast, there were no differences seen in postmeno-
pausal Chinese American versus white women in lumbar
spine integral or frabecular vBMD or vertebral bone size
after adjustment for covariates. This finding of no differ-
ence between races in bone mass and bone size in post-
menopausal women is consistent with data showing
comparable vertebral fracture rates between postmeno-
pausal Chinese and Caucasian women.

cQCT: hip vBMD

In confrast to the findings at the vertebrae, the same study
demonstrated greater vBMD at the total hip and femoral
neck in the pre- and postmenopausal Chinese American
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versus white women.®° Among premenopausal women,
Chinese American women had greater intfegral and cor-
fical vBMD af the femoral neck and greater integral vBMD
at the total hip. Among postmenopausal women, Chinese
American women had greater cortical vBMD at the fem-
oral neck and total hip, but no differences in integral or
frabecular vBMD at either site. While unadjusted femoral
neck bone size (i.e., cross-sectional area) was smaller in
both pre- and postmenopausal Chinese American versus
white women, these differences were attenuated with
adjustment for covariates. There were no differences in
the ratio of fissue in the cortical region of the total hip
and femoral neck to total tissue volume within the peri-
osteal boundaries (i.e., the proportion of total bone
volume thatis corfical bone, a surrogate for cortical thick-
ness). In summary, the greater cortical femoral neck and
total hip volumetric bone density as measured by cQCT
may provide greater bone strength despite a smallerbone
size, and therefore, may contribute to the lower hip frac-
ture incidence observed in postmenopausal Chinese
American versus white women.

Similar advantages in hip volumetric bone density and
microstructure were seen in Asian American men in the
MrOs study, a study involving white, African American,
Hispanic and Asian American men 65 years and older.
cQCT analyses indicated that Asian and African
American men had 6%-10% greater integral and 33%-
36% greater trabecular vBMD, as well as 5% greater cor-
fical thickness af the hip site compared with white men.
The authors suggested that these differences might confer
improved bone strength and account for the lower rates
of hip fracture in Asian and African American men com-
pared to whites.®!

HRpQCT: forearm and distal tibia volumetric BMD

and microstructure

Several studies have indicated that cortical and trabecu-
lar microstructural deterioration, as measured by HRpQCT,
is associated with fragility fractures. Specifically lower total
and trabecular vBMD, cortical and frabecular thickness,
and frabecular number; and higher trabecular separation
and inhomogeneity have been associated with both ver-
tebral and non-vertebral fractures at the distal radius, hip
and proximal humerus.®3#284 with regard to racial differ-
ences in HRpQCT, in a study of premenopausal women
comparing 31 Chinese American to 32 white women,
aBMD by DXA did not differ between groups at any skel-
etal site, including the lumbar spine, hip or forearm.?”
However, HRpQCT at the radius demonstrated greater tro-
becular and cortical density; frabecular bone to tissue
volume (BV/TV); and frabecular and cortical thickness
both before and after adjustment for covariates in the
Chinese American cohort. Analysis by HRpQCT at the
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tibia revealed similar findings as well as higher trabecular
number, lower tfrabecular spacing and inhomogeneity
after adjustment for covariates. Bone size was smaller in
Chinese American versus white women at both sites
before adjustment for covariates, with the difference atte-
nuated after adjustment.

Similar HRpQCT findings were observed in a study of
white and Chinese premenopausal women in Australia,
whereby thicker cortices and trabeculae organized within
a smaller bone was hypothesized to confer a lower frac-
ture risk at the radius and tibia.*® These microstructural
advantages have also been observed in Asian adoles-
cents and young adults in Canada.®® After adjusting for
covariates, Canadian adolescent and young adult South
and Southeast Asian males had greater cortical bone
density and thickness compared with Caucasian males.®®
Asian females in Canada also had greater cortical vBMD
and thickness and lower trabecular spacing than
Caucasian females after adjusting for covariates.

In a cohort of white and Chinese American premeno-
pausal women, ITS and pFEA were applied fo HRpQCT
images in order to further elucidate racial differences in
bone microarchitecture and strength.28 ITS is a relatively
noveltechnique developed by Dr X. Edward Guo, in which
the morphology of individual trabeculae are assessed as
either rod-like or plate-like. More plates and/or a higher
plate to rod ratio are associated with greater mechanical
competence (i.e., estimated strength) and lower risk of
fragility fracture 848 uFEA is another methodology used
to estimate the mechanical competence of bone from
HRpQCT images, by simulating bone under deformation
conditions.®®?° The results of ITS showed that while preme-
nopausal Chinese American women had a similar number
of rod-like trabeculae, they had more trabecular plates
(i.e., higher plate bone volume fraction and plate number
denisity), leading to a higher plate-to-rod ratio and greater
frabecular connectivity (plate-rod junction density) at
both the distal radius and tibia (Figure 3a and b).?® By using
UFEA, these differences in trabecular bone microstructure
were shown to franslate into a greater frabecular mech-
anical competence (55%-68% at the distal radius and
29%-43% at the distal tibia) in premenopausal Chinese
American versus white women. Despite smaller bone size,
thicker cortices and more plate-like trabecular bone in
premenopausal Chinese American women led to 14%
and 8% greater whole-bone stiffness at the radius and
tibia, respectively, versus whites. Racial differences in ITS
were not as great among postmenopausal white and
Chinese American women. However, postmenopausal
Chinese American women also had a higher frabecular
plate-to-rod ratio and greater whole bone stiffness, des-
pite similar frabecular density as compared to post-
menopausal white women.?¢ Thus, studies in Asians
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Figure 3. Representative HRpQCT images indicating smaller bone size
but thicker cortices and more plate- (green) versus rod-like (red) trabecu-
lae at the radius in premenopausal (a) Chinese American versus (b) white
women; three-dimensional representations of lower cortical porosity in
premenopausal (c) Chinese American versus (d) white women at the tibia

across mulfiple geographic locations indicate that
microstructural advantages in bone quality may com-
pensate for smaller bone size. The resultant overall
increase in bone strength is consistent with the lower rates
of non-vertebral fractures in Asians versus whites.

Using an automated segmentation technique, the cor-
fical bone compartment of HRpQCT images can be fur-
ther analyzed. Thicker and denser cortical bone is thought
to confer greater resistance to fracture, discriminate frac-
ture from non-fracture subjects and carry most of the load
even at distal sites.8+?1772 Microstructural properties within
cortical bone that are important to fracture resistance
and strength include cortical porosity and mineralization
assessed as tissue mineral density (TMD).?® In one studly,
each standard deviation increase in cortical porosity
increased the odds of fracture by 22%-55% depending
upon the skeletal site.®' This method has been used in
two studies to assess differences between Chinese and
white individuals.2>?4 In one study, both pre- and postme-
nopausal Chinese American women had greater cortical
thickness, cortical tissue mineral density and reduced cor-
tical porosity at both the radius and tibia (Figure 3c and d),
all of which contributed to greater cortical vBMD, better
skeletal integrity and greater resistance to fracture as
compared to whites.”* With regard to the individual con-
fribution of various aspects of cortical microarchitecture to
whole bone stiffness, cortical TMD was the most significant
single predictor of bone stiffness at both radial and tibial
sites. However, cortical porosity, area and TMD in com-
bination all played a role in determining whole bone stiff-
ness. In another study, Canadian adolescent and young
adult South and Southeast Asian males also had greater
cortical porosity than Caucasian males after adjusting for
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covariates but this difference was not observed in
females.®° Higher cortical whole bone stiffness may explain
the lower rates of cortical (forearm) fractures in Asian indi-
viduals as compared to whites and other racial groups.
Whether all of these findings can be extrapolated to cent-
ral sites to explain the lower risk of hip fracture is not clear.

TBS

The TBS is arelatively new technique that provides a quant-
itative estimate of trabecular microarchitecture derived
from a grey-scale textural analysis using variograms of 2D
lumbar spine DXA projection images.”® Similar to cQCT, TBS
is independent of bone size.”® A higher TBS is directly cor-
related with tralbecular number, separation and connec-
fivity density and predicts fracture risk in postmenopausal
women.”**7 In the only published study done using TBS to
assess racial differences in bone quality, lumbar spine TBS
was compared to cQCT and HRpQCT indices in pre- and
postmenopausal Chinese American and white women.”®
TBS correlated most highly with cQCT but also with
HRpQCT vBMD and microarchitectural measurements,
except for radial cortical thickness and fibial frabecular
thickness. In addition, TBS in combination with aBMD pre-
dicted more variance in cQCTlumbar spine measurement
than aBMD alone. Similar to the unadjusted cQCT findings
in the same cohort, no differences were found by TBS
between race in either pre- or postmenopausal women
both before and after adjustment for covariates. Taken
together, cQCT and TBS demonstrate that Chinese
American and white women share similar vertebral bone
mass, size and microarchitecture. These results are congru-
ent with vertebral fracture data showing comparable
rates between the two races.

These findings demonstrate that the Chinese skeleton
has advantages at both central (hip) and peripheral sites.
The microstructural features present in Chinese individuals
lead to greater mechanical competence via organizo-
fion of denser bone with more connectivity and less por-
osity on a smaller cross-sectional surface than that of its
Caucasian counterpart. These microstructural and mech-
anical differences clarify what was previously a paradox
and may potentially play a role in accounting for the dif-
ferencesin fracture rates seenin Asians versus Caucasians.

RACIAL DIFFERENCES IN BONE TURNOVER AND BONE
ACQUISITION AND LOSS

Although advances in imaging have better delineated
the microstructural and mechanical underpinnings for dif-
ferences in fracture rates seen among Asians versus
Caucasians, the underlying physiological reasons
accounting for these observations remain unclear. In
Japanese and Chinese populations, bone turnover mar-
kers have been positively correlated with hip and vertebral
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fracture risk and negatively correlated with aBMD at the
lumbar spine, femoral neck and total hip.”*~'% However,
few studies have compared racial differences in bone
remodeling and its contribution to skeletal health.'®* In
the SWAN study, bone furnover markers as assessed by
urinary N-telopeptide of type | collagen and serum osteo-
calcin levels were highest in US whites versus Chinese and
Japanese American women both before and after adjust-
ment for covariates.'% These findings were consistent with
the known racial variation in fracture rates reported in
these populations. However, in this particular cohort, bone
turnover markers were not correlated with aBMD differ-
ences and fracture rates were not documented.

Another area of interest is the potential role of sclerostin
in contributing to racial differences in bone density and
fracture rates by modulating bone remodeling.'%>'%7
Sclerostin is an osteocyte-secreted protein encoded by
the SOST gene that inhibits the anabolic Wnt signaling
pathway and results in lower osteoblast-mediated bone
formation.'®1% |n Caucasian women, higher levels are
associated with greater hip fracture risk independent of
traditional risk factors.!'® In the Chinese, serum sclerostin
has been positively correlated with lumbar spine and fem-
oralneck aBMD and negatively correlated with bone turn-
over markers.'%1% However, only one study has
evaluated racial differences in sclerostin and no studies
have correlated sclerostin levels with fracture in the
Chinese. In a cohort of pre- and postmenopausal white
and Chinese American women, one study assessed
whether sclerostin levels and bone turnover markers
explained racial variation in bone mass and microarchi-
tecture.'®® As expected based on prior studies, serum
sclerostin was higher in post- versus premenopausal
women and positively correlated with aBMD in bothraces.
However, sclerostin levels did not differ by race and did not
correlate with vBMD or microarchitecture in either pre- or
postmenopausal cohorts. By contrast, bone turnover mar-
kers were lower in Chinese Americans. Further, pre- versus
postmenopausal differences in bone turnover markers
were smaller in the Chinese American versus white
women, supporting the known racial differences in micro-
architecture and fracture risk.

Racial differences in bone acquisition and bone loss are
suggested by limited data but more research needs to be
done. While few longitudinal studies have been per-
formed in children and adolescents, one study found dif-
ferences in the tempo of bone mass accrual, with black
and Asian females and Asian males tending to reach a
plateau in aBMD earlier than Hispanics and whites.'!
Racial differences in rates of age-related and postmeno-
pausal bone loss have also been reported. In the longit-
udinal SWAN study, Asian Americans had the most rapid
vertebral spine aBMD loss over the peri-menopausal
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period, as compared to non-Hispanic whites and African
Americans.''? However, the statistically significant abso-
lute difference in bone loss by race or ethnicity was small
(1%-2%) and was accounted for by the lower weight
among Asian Americans.''? In a cross-sectional study in
Australia, Asian and white women both had similar net
‘loss’ in vertebral body bone mineral content due to
greater endosteal bone ‘loss’ versus periosteal bone
‘gain’.'"™® Net bone ‘loss’ was similar in Asian and white
men, and less overall in men versus women. In another
cross-sectional study, age-related differences between
pre- versus postmenopausal Chinese American and white
women were assessed.?® As expected, aBMD at each site
and cortical thickness and density by HRpQCT were signifi-
cantly lower in post- versus premenopausal women
regardless of race, and the pre- versus postmenopausal
differences were similar between Chinese American and
white women. At both sites, cortical porosity more than
doubled, while cortical TMD ‘declined’ by 3% at the radius
and 6%—7% at the tibia between pre- and postmenopau-
sal women in both races. Whole bone stiffness, tfrabecular
bone density and trabecular plate parameters were also
lower in post- versus premenopausal women. However,
Chinese American women had greater pre- versus post-
menopausal within-race differences in trabecular density
as well as plate bone volume fracture (pBV/TV) at the
radius and plate-plate and plate-rod connectivity at
the tibia. These cross-sectional data may suggest that
while Chinese women tend to have similar deterioration
in the cortical compartment of bone across menopause,
there is a more rapid ‘loss’ of trabecular bone compared
to white women. While these data are consistent with
prior studies showing greater relative risk for trabecular
(vertebral) versus cortfical (hip, forearm) fractures in the
Chinese, prospective data are needed to confirm these
results.

IMPLICATIONS, LIMITATIONS, UNANSWERED
QUESTIONS AND AREAS FOR FUTURE RESEARCH

A limitation of the available data on racial variation in
BMD, fracture and other parameters related to bone
strength is the heterogeneity of individuals within even a
single racial category. Asia encompasses multiple coun-
tries, and each country is comprised of a population with
different ancestral and geographic roots as well as differ-
ent lifestyles. For example, in Singapore, the population is
multi-ethnic and includes Chinese, Malaysians and
Southeast Indians.*® Therefore, it may be difficult to extra-
polate findings from one study to anotherif the racial com-
position of the populations enrolled differs from one
location to another. This heterogeneity also contributes
to the challenge of defining a standard that represents
the Asian population as a whole.
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In the absence of well-defined standards for non-
Caucasian races, the 2013 International Society for
Clinical Densitometry Guidelines recommend that the
white female normative database be used for T-score cal-
culations for women of all ethnic groups.''* However,
because Asians tend to have smaller body/bone size, clin-
icians should interpret such DXA results with the under-
standing that lower aBMD in Asians may lead to a more
frequent diagnosis of osteoporosis when a Caucasian ref-
erent is used to calculate T-scores.®* Thus, the available
epidemiological fracture and microarchitectural data
would suggest that fracture risk may be overestimated
by DXA T-score particularly at the non-vertebral sites.
While the FRAX tool has aided with fracture risk prediction
from DXA in non-white individuals, the US Asian FRAX tool
assumes that the fracture risk in Asian women and men is
only 50% and 64% of their white counterparts, respect-
ively.''® Some data suggest that actual fracture rates
are higher, particularly in women at vertebral sites.!
Thus, using T-scores or FRAX may lead to over or under
diagnosis and treatment respectively in  Asians. In
theory, several different approaches could be considered
in the future such as utilizing different T-score thresholds for
different sites or modifying FRAX so that the overall risk
of osteoporotic fracture reflects the higher vertebral
fracture risk. Both approaches, however, may be fraught
with difficulty.

Unfortunately, at this fime, there is no simple solution
to resolve the clinical dilemmas that such data raise
and it remains unclear how to best identify Asians at
risk. While vBMD and microarchitectureal data from
advanced imaging fechniques are consistent with
fracture rates in Asians, it is not clear that such tech-
niques predict future fracture more accurately than
DXA in this group. While limited data from the Mr Os
study suggest that finite element analysis-estimated
vertebral strength better predicted new vertebral frac-
tures than DXA in a multiethnic cohort of elderly men,
much more data is needed.''® Further, advanced
imaging techniques such as cQCT, HRpQCT and FEA
are neither currently FDA-approved nor clinically avail-
able, and are unlikely fo become widely available in
many parts of the world in the near fufture. DXA-
derived indices that incorporate measures of compos-
ite hip strength and microarchitecture (i.e., TBS) along
with aBMD may be a more practical approach in the
future for providing a more comprehensive and indivi-
dualized approach for fracture risk assessment in this
group. Until more data are available, clinicians should
be aware of the limitations and current areas of
uncertainty regarding DXA and FRAX-derived osteo-
porotic fracture risk predictions when making clinical
decisions in Asian populations.
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CONCLUSION

Osteoporotic fractures remain a public health problem for
all racial groups. Fracture rates are rapidly increasing
within the countries in Asia and Southeast Asia.
Delineating the macro- and microstructural and mech-
anical differences in the axial and appendicular skeleton
between races is vital to understanding racial differences
in bone strength and fracture risk. Paradoxically, despite a
lower aBMD, the Chinese have similar vertebral fracture
rates but far fewer non-vertebral fractures than that of
most other racial groups. Structural advantages in hip
geometry such as shorter hip and femoral neck axial
length may contribute to greater compressive and buck-
ling strength. Furthermore, with newer imaging tfechno-
logy, we have also begun to shed light on
microstructural differences contributing to racial differ-
ences in fracture risk. These studies have demonstrated
that at the lumbar spine, a site rich in frabecular bone,
postmenopausal Chinese and white women do not show
any differences in volumetric bone mass, bone size or
microarchitecture. Additionally, a number of studies sug-
gest that bone loss, particularly at trabecular sites, may be
greater in Chinese than white women. This finding is con-
sistent with fracture data demonstrating equal or higher
incidence of vertebral fractures among postmenopausal
Chinese versus Caucasians. By contrast, studies across
both genders, a spectrum of ages and a range of geo-
graphic regions, reveal that in the appendicular skeleton,
which is rich in cortical bone, the Chinese have greater
microstructural and mechanical advantages. This finding
is consistent with their lower risk of hip and other non-ver-
tebral fractures. Taken together, the insights gleaned from
microstructure and biomechanical data have further illu-
minated the connection between the Chinese skeleton
and fracture risk. Additionally, underlying these changes
in microstructure may be racial variation in bone remodel-
ing and its regulators that lead to differences in bone
acquisition and loss. More prospective data relating
microstructure, mechanical competence and bone
remodeling to the prediction of fracture across races are
needed. However, by continually building upon the exist-
ing foundation of knowledge through ongoing studies of
the Chinese skeleton, we can further expand our ability to
risk stratify individuals not only of Chinese descent but also
of all other races.
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