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Impact microindentation (IMI) measures bone material strength index (BMSi) in vivo. However,
clinical risk factors that affect BMSi are largely unknown. This study investigated associations
between BMSi and clinical risk factors for fracture in men. BMSi was measured using the OsteoProbe
in 357 men (ages 33 to 96 years) from the Geelong Osteoporosis Study. Risk factors included age,
weight, height, body mass index (BMI), femoral neck bone mineral density (BMD), parental hip
fracture, prior fracture, type 2 diabetes mellitus (T2DM), secondary osteoporosis, smoking, alcohol
consumption, sedentary lifestyle, medications, diseases, and low serum vitamin D levels. BMSi was
negatively associated with age (r = —0.131, P = 0.014), weight (r = —0.109, P = 0.040), and BMI
(r=—0.083, P=0.001); no correlations were detected with BMD (r = 0.000, P = 0.998) or height (r =
0.087, P = 0.10). Mean BMSi values for men with and without prior fracture were 80.2 = 6.9 vs
82.8 + 6.1 (P = 0.024); parental hip fracture, 80.1 = 6.1 vs 82.8 = 6.9 (P = 0.029); and T2DM, 80.3 =+
8.5 vs 82.9 = 6.6 (P = 0.059). BMSi did not differ in the presence vs absence of other risk factors. In
multivariable models, mean (= SD) BMSi remained associated with prior fracture and parental hip
fracture after adjusting for age and BMI: prior fracture (80.5 = 1.1 vs 82.8 + 0.4, P = 0.044); parental
fracture (79.9 + 1.2 vs 82.9 = 0.4, P = 0.015). No other confounders were identified. We conclude
that in men, BMSi discriminates prior fracture and parental hip fracture, which are both known to
increase the risk for incident fracture. These findings suggest that IMI may be useful for identifying
men who have an increased risk for fracture. (Endocrinology 160: 2143-2150, 2019)

ractures in men contribute substantially to morbidity,

decreased quality of life, and increased mortality
(1-3). It is evident that areal bone mineral density (BMD)
measured using dual-energy x-ray absorptiometry (DXA)
does not fully elucidate fracture risk, given that the highest
burden of fractures originates from people with a mod-
erate reduction in bone mass (4-6). This indicates that
determinants of bone strength other than BMD may play a
role in bone fragility. Some of these determinants include
alterations in bone microarchitecture, matrix composition,
and intrinsic material properties of the bone.
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Clinical risk factors such as age, weight, height, prior
fracture, parental fracture, smoking (7), a sedentary
lifestyle (8, 9), androgen deprivation therapy (ADT) (10,
11), selective serotonin reuptake inhibitors (SSRIs) (12),
anticonvulsants (13), and vitamin D deficiency (14-17)
contribute independently to the risk of fracture. Hence,
the integration of multiple risk factors into fracture as-
sessment tools such as the Garvan nomogram (18),
fracture risk assessment tool [FRAX (7)], and our own
fracture risk (FRISK) score (19) can improve fracture risk
assessment (7) and inform management decisions.

Abbreviations: 250HD, 25-hydroxyvitamin D; ADT, androgen deprivation therapy; BMD,
bone mineral density; BMI, body mass index; BMSi, bone material strength index; DXA,
dual-energy x-ray absorptiometry; IMI, impact microindentation; SSRI, selective serotonin
reuptake inhibitor; T2DM, type 2 diabetes mellitus.

https://academic.oup.com/endo 2143

6102 4890)0 ¥ uo 3sanb Aq 010ZESGS/EY | 2/6/09 | A0BIISAE-S]01LIE/OPUS/WOD dNOdlWapEdE//:SdRY WOl papeojumoq


http://orcid.org/0000-0002-8693-0457
http://orcid.org/0000-0002-8693-0457
http://dx.doi.org/10.1210/en.2019-00415
https://academic.oup.com/endo

2144 Rufus-Membere et al

Impact microindentation (IMI) allows in vivo evalu-
ation of bone material strength index (BMSi), a property
of cortical bone (20). Although some previous studies
have reported an association between low BMSi and
cortical porosity (21), high prevalence of fracture (22,
23), and decreased areal BMD (24), the ability of BMSi to
discriminate fracture risk remains uncertain (24, 25).
Further, little is known about how clinical risk factors for
fracture affect BMSi measurements. Moreover, although
some studies have shown no correlation between BMD
and BMSi (26-28), differences in BMSi have been
demonstrated in populations where discrepancies exist
between BMD and fracture propensity, such as type 2
diabetes mellitus (T2DM) (29, 30), patients infected with
HIV (31), glucocorticoid treatments (32), and chronic
kidney disease (33).

In this study, we aimed to investigate associations
between BMSi and age, anthropometrics [weight, height,
body mass index (BMI)], BMD, history of fracture
(parental hip fracture, prior fracture), T2DM, secondary
osteoporosis (oral glucocorticoids, anticonvulsants, SSRIs,
ADT, hyperparathyroidism, rheumatoid arthritis, and
gastrointestinal diseases), lifestyle factors (smoking, alco-
hol consumption, sedentary lifestyle), and low vitamin D
status.

Methods

Participants

Participants for this study were men from the Geelong
Osteoporosis Study, a population-based cohort study situated
in a geographically well-defined region in south-eastern Aus-
tralia, known as the Barwon Statistical Division (34). The male
arm of the Geelong Osteoporosis Study commenced in 2001
with recruitment of 1540 men aged 20 to 92 years. Participants
are reassessed every few years, and data for this cross-sectional
analysis were generated from the first 501 men assessed in
the current follow-up phase (ages 33 to 96 years). The study
was approved by the Human Research Ethics Committee at
Barwon Health. All participants provided written informed
consent.

Impact microindentation

IMI using the OsteoProbe RUO (Active Life Technologies,
Santa Barbara, CA) was conducted to measure BMSi on the
anterior surface of the midtibia (35). The indentation site was
determined by measuring the midpoint from the medial border
of the tibial plateau to the distal edge of the medial malleolus.
Following disinfection of the area and administration of local
anesthesia, the OsteoProbe was inserted through the skin and
periosteum until reaching the surface of the bone at the anterior
face of the midtibia. The probe has a radius of 10 pm or less,
and is ~15 mm long. Participants are therefore excluded when
the probe does not reach the periosteum without contact of
the probe guide with the skin. At least 11 indentations were
performed for each participant, of which the first measurement
was systematically disregarded followed by 10 valid test
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indentations. The first measurement is disregarded to ensure
that there is sufficient penetration of the probe through the
periosteum. Two trained operators conducted the IMI mea-
surements. The procedure was conducted according to internationally
recognized recommendations for using the OsteoProbe (35).
We have previously reported the feasibility and tolerability of
IMI measurements in our cohort (36).

Other measures

Height and weight were measured to the nearest 0.1 cm and
0.1 kg, respectively. BMI (kg/m?) was calculated. Areal BMD
(g/cm?) was measured at the femoral neck using DXA (Lunar;
Prodigy, Madison, WI). Quality control was maintained
through daily measurements of a Lunar DXA phantom.

Medical history and lifestyle factors

All participants completed comprehensive questionnaires
detailing medical history, medication use, and lifestyle be-
haviors. A parental hip fracture referred to at least one ma-
ternal or paternal hip fracture. A participant’s prior fracture
was defined as any low-trauma fracture equivalent to a fall
from a standing height or less, excluding fractures of the toe,
skull, finger, and face, occurring during adulthood (age = 20
years). Fractures were radiologically verified where possible.
Median (interquartile range) time elapsed since prior fracture
was 12 (2 to 25) years. Current smoking referred to use of
tobacco at least daily and excessive alcohol consumption as
three or more units daily on average. Mobility was categorized
as: active (moves, walks and works energetically, participates
in vigorous or light exercises) or inactive/sedentary (seden-
tary, limited walking, no appreciable exercise, not able to
walk without considerable assistance, or not able to walk).
Secondary osteoporosis included current use of oral gluco-
corticoids (n = 3), anticonvulsants (n = 11), SSRIs (n = 12),
ADT (n = 3), and history of hyperparathyroidism (n = 4),
rheumatoid arthritis (n = 5), or gastrointestinal disease

(n = 6).

T2DM status

Diabetes was classified as fasting plasma glucose =
7.0 mmol/L (126 mg/dL) and/or a self-report of diabetes and/or
use of antihyperglycemic agents. T2DM was determined by
examination of medical records.

Vitamin D status

A blood sample was collected after an overnight fast, and
serum 25-hydroxyvitamin D (250HD) was measured using
Siemens assay (37).

Statistical analysis

The distribution of continuous data was visually assessed
for normality using histograms. Categorical data were
considered as binary variables. Associations between
clinical risk factors and BMSi values were identified
using Pearson’s correlation for continuous variables and
two-sample ¢ tests for categorical variables. Multiple
linear regression models were used to determine whether
identified differences in BMSi were independent of other
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factors. The models were tested for interaction terms.
Serum 250HD was assessed as both a continuous
and categorical variable (<28, 28-50, 51-75, and
>75 nmol/L).

The necessary assumption for linear regression model
was investigated using Q-Q plots. A sensitivity analysis
was performed after excluding suspected outliers. Sta-
tistical analyses were performed using Minitab V.18
(State College, PA).

Results

Of 501 potential participants in this current follow-up,
357 underwent IMI testing. Reasons for nonmeasure-
ment in 144 men were needle phobia (n = 18), existing
skin infections (n = 39), excessive soft tissues around
midtibia region (n = 78), discomfort (pressure, not
pain) after the first indentation (n = 35), inability to
provide informed consent (n = 2), and two participants
did not provide any reasons for declining. Compared
with participants, nonparticipants were older (mean
age = SD: 65.6 = 1.3 vs 58.3 = 0.9 years, P = 0.163)
and had greater BMI (30.8 + 7.8 vs 26.7 *+ 3.1 kg/m?,
P < 0.001). Blood test results were available for 300
participants. There were three bisphosphonate users in
this population, which was too small for any subgroup
analyses.

Table 1. Participant Characteristics (n = 357)
Mean (= SD)
Age (y) 63.2 =+ 13.8
Weight (kg) 814+ 114
Height (cm) 1741 =+ 6.9
BMI (kg/m?) 26.8 = 3.2
Femoral neck BMD (g/cm?) 0.958 + 0.128
BMSi 826 7.2
Parental hip fracture, n (%) 34 (9.5%)

Prior fracture, n (%)? 38 (11.9%)
T2DM, n (%) 44 (12.3%)
Secondary osteoporosis, n (%)° 44 (12.32%)
Smoking, n (%) 21 (5.9%)
Alcohol consumption, n (%)° 60 (16.8%)
Sedentary, n (%) 76 (21.3%)
Serum 250HD (nmol/L)? 63.94 + 20.10
250HD (<28 nmol/L) 7 (2.33%)
250HD (28-50 nmol/L) 72 (24.0%)
250HD (51-75 nmol/l) 132 (44.0%)
250HD (>75 nmol/L) 89 (29.7%)

?Fractures were 2 vertebra, 2 hip, 2 foot, 3 elbow, 4 ankle, 5 humerus, 8
tibia, and 12 rib.

bCurrent use of oral glucocorticoids, anticonvulsants, SSRIs, ADT, and
presence of hyperparathyroidism, rheumatoid arthritis, or gastrointes-
tinal diseases.

“Consumes three or more units of alcohol daily.
9Missing data for 57 men.
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Unadjusted data

Participant characteristics and prevalence of risk
factors are presented in Table 1. BMSi was negatively
correlated with age (r = —0.131, P = 0.014), weight
(r = —0.109, P = 0.040), and BMI (r = —0.083, P =
0.001). No associations were detected between BMSi and
BMD (r = 0.000, P = 0.998), height (r = 0.087, P =
0.10), or serum 250HD (» = 0.009, P = 0.883)
(Fig. 1A-1D). No differences were detected between
subgroups when 250HD was assessed as a categorical
variable.

BMSi in the presence or absence of risk factors were as
follows (mean =SD; Fig. 2): parental hip fracture, 80.1 =
6.1vs 82.8 = 6.9 (P = 0.029); prior fracture, 80.2 + 6.9
vs 82.8 = 6.1 (P = 0.024); T2DM, 80.3 + 8.5 vs 82.9 =
6.6 (P = 0.059); secondary osteoporosis, 82.6 = 5.4 vs
82.6 = 7.1 (P = 0.944); smoking, 83.7 = 5.5 vs 82.8 *
5.7 (P = 0.286); high alcohol consumption, 82.0 *+ 7.4 vs
82.7 * 6.8 (P = 0.490); and sedentary lifestyle, 82.0 +
7.9 vs 82.7 * 6.6 (P = 0.433).

BMD did not differ in the presence or absence of
parental hip fracture (0.936 * 0.12 vs 0.959 = 0.1, P =
0.302) or prior fracture (0.944 = 0.1 vs 0.958 = 0.1, P =
0.507).

Multivariable models

In multivariable models, mean BMSi remained asso-
ciated with prior fracture and parental hip fracture after
adjusting for age and BMI (prior fracture: 8 = —2.21,
P = 0.057; parental fracture: B = —2.95, P = 0.015).
BMD did not contribute to either model. After age ad-
justment, the association between BMSi and T2DM was
attenuated (8 = —1.07, P = 0.403).

Sensitivity analysis

After excluding four potential outliers, BMSi was
again correlated with age (r = —0.119, P = 0.026), BMI
(r = —0.192, P < 0.001), parental hip fracture (mean *
SD, 83.1 = 6.4 vs 80.1 = 6.1, P = 0.009), and prior
fracture (83.2 * 6.3 vs 80.2 * 6.1, P = 0.007). The
patterns observed with multivariable models remained
unchanged (data not shown).

Discussion

We report that BMSi was negatively correlated with age,
weight, and BMI, and that mean BMSi values were lower
for men with prior fracture or parental hip fracture. No
differences in mean BMSi were detected on the basis
of smoking, sedentary lifestyle, secondary osteoporosis,
alcohol consumption, or low vitamin D status.

In terms of fracture history, our findings are similar
to those of Duarte Sosa and Fink Eriksen (28), who

6102 4890)0 ¥ uo 3sanb Aq 010ZESGS/EY | 2/6/09 | A0BIISAE-S]01LIE/OPUS/WOD dNOdlWapEdE//:SdRY WOl papeojumoq


http://dx.doi.org/10.1210/en.2019-00415
https://academic.oup.com/endo

2146 Rufus-Membere et al BMSi and Clinical Risk Factors for Fracture Endocrinology, September 2019, 160(9):2143-2150

A B
o 20
w0 r=-0.131; p=0.014 o r=-0.083; p =0.001
00 100
90 90
7 a
E 80 E 80
70 70
60 60
50 ° 50 °
- 30 40 50 60 70 80 90 100 - 20 25 30 35 40
Age (yr) BMI (kg/m2)
c D
20 10
10 r=0.000; p =0.998 1m0 r=0.009; p=0.883
100 100
920 90
g 80 g 80
70 70
° . .
60 60| °
50 ° 50| [}
0 0.6 0.7 0.8 0.9 10 11 12 13 14 0 0 20 40 60 80 100 20 1o
Fem Neck BMD (g/cm2) 250HD (nmol/L)
Figure 1. Scatterplots showing BMSi and (A) age; (B) BMI; (C) femoral (Fem) neck BMD; and (D) serum 250HD.
reported a lower mean BMSi in 30 Norwegian women Similarly, Malgo et al. (26) observed a lower BMSi in 63
(aged 19 to 85 years) with prior stress fractures compared patients (24 men, aged 40 to 85 years) with a fragility
with 30 controls. They excluded women with a recorded fracture compared with nonfracture peers, despite similar
history of low-energy fracture sustained at = 45 years BMD. All participants had low BMD (osteopenia or
or a BMD T-score of = —2.5 for at least one skeletal site. osteoporosis as diagnosed by DXA), whereas exclusion
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Figure 2. Boxplot of unadjusted BMSi values for participants, showing differences in BMSi values in participants with and without risk factors for
fracture, assessed using two-sample t tests. frac, fracture; osteo, osteoporosis.
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criteria included metabolic bone disorders other than
osteoporosis, low serum 250HD, kidney impairment,
current use of glucocorticoids, aromatase inhibitors,
chemotherapy, ADT, and other bone-acting agents.

Conversely, Johansson et al. (38) and Ruding et al.
(24) did not find differences in BMSi between fracture
and nonfracture participants in a Swedish population-
based study of 472 women (aged 75 to 80 years) and 211
women (mean age 78 years), respectively, although some
participants had been exposed to antiosteoporosis drugs.
It is well established that there is an increased risk of
subsequent fracture in individuals who have previously
experienced a fracture (39). Previous fractures may
suggest defects in the microarchitecture of bone, and the
presence of nonskeletal influences (such as increased risk
of falls or decreased protective responses including
changes in posture and reflexes) that increase the risk of
fracture. Moreover, in the Swedish studies, the partici-
pants were of advanced age, when bone density and
structure are substantially deteriorated and, in these
cases, BMSi may have a limited contribution to the final
sum of material properties, density, and microarchitecture
in determining bone strength. Similarly, a parental history
of fracture has been linked to an increased fracture risk in
individuals, suggesting the importance of genetic factors in
the determination of fracture risk (40). The mechanism for
the increased risk in individuals has been sparsely docu-
mented but, irrespective of the mechanism, our results
suggest that bone material properties are altered in men
with a prior or parental fracture and that BMSi captures
elements of bone fragility.

Our findings on the association between age and BMSi
are similar to that of Malgo et al. (41) where they re-
ported an inverse association between age and BMSi for
90 patients (male and female) with low bone mass
(r = —0.539; P < 0.001). In contrast, Duarte Sosa et al.
(27) reported no association between age and BMSi in 42
Norwegian and 46 Spanish women and among 30
women with previous stress fractures and 30 normal
controls. The reasons for lack of consistency in results are
not clear but may reflect differences in age profiles and
composition of study populations.

BMSi was negatively correlated with weight and BMI,
but there was no association with height or BMD.
Similarly, Sundh et al. (21) reported a negative correla-
tion (r = —0.17, P = 0.01) between BMSi and BMI in a
population-based study of 202 women between 75 and
80 years of age, and Ruding et al. (24) reported a weak
inverse correlation (r = —0.14, P = 0.04) between BMSi
and weight in a sample of 211 women between 75 and 80
years of age, and no association with height. A high BMI
has been linked to high BMD and conventionally been
considered a protective factor against fractures, but there
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has been recent evidence that a substantial proportion of
fractures occur in the obese (42, 43). There are in-
sufficient data to explain our finding; hence, further
research in this area is warranted.

We did not observe any association between BMSi and
BMD. This is consistent with previous studies by Malgo
et al. (26) and Duarte Sosa et al. (27). In the latter study,
involving Norwegian women with higher BMD but
lower BMSi than Spanish women, there was no corre-
lation found between BMD and BMSi. In contrast,
Ruding et al. (24) reported a positive association be-
tween BMSi and BMD in a sample of 211 Swedish
women (mean age 78 = 1.1 years). In this study, we had a
wider age span and a lower mean age than the population
examined by Ruding et al. (24).

Although there is some evidence to suggest that
smoking and high alcohol consumption are linked to
lower BMD in postmenopausal women and older
men, and increased risk of fracture (44, 45), in our
study we observed no differences between smokers
and nonsmokers and none between participants who
consumed more or less than three units of alcohol
daily. To the best of our knowledge, there have been
no studies exploring the relationship between BMSi
and alcohol consumption. So far, the only published
study on the association between BMSi and smoking
reported no differences between smokers and non-
smokers (24).

To date, there has only been one exercise in-
tervention study that included assessment with the
OsteoProbe, where Sundh et al. (46) reported changes in
BMSi in response to high impact loading. After a 3-
month jumping exercise program, these researchers
reported an increase in BMSi in the intervention leg
compared with the control leg, in 20 healthy and in-
active postmenopausal women aged between 51 and 59
years. In our study, we did not detect any differences
in mean BMSi for men who were physically active
compared with physically inactive men, based on
self-reported mobility criteria. Possible effects on
physical activity and BMSi readings warrant further
research.

Our results did not detect any difference in BMSi for
men with and without secondary osteoporosis. To our
knowledge, no previous studies have evaluated the as-
sociation between BMSi and anticonvulsants, SSRIs,
ADT, or the presence of hyperparathyroidism, rheu-
matoid arthritis, or gastrointestinal diseases. However,
in a population-based cohort of 211 women aged be-
tween 75 and 80 years, Ruding et al. (24) reported no
significant BMSi differences between current users and
nonusers of glucocorticoids and bisphosphonates. Sim-
ilarly, Popp et al. (25) reported that BMSi was not
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associated with long-term use of bisphosphonates in a
sample of 153 postmenopausal women. A smaller study
conducted by Aasared et al. (47) involving 17 chronic
atrophic gastritis patients aged 54 * 13 years and 41 sex-
and age-matched controls showed no differences in BMSi
between patients and controls.

Our findings on the association between BMSi and
T2DM contrast with other reports of reduced BMSi in
patients with T2DM, even after adjustment for po-
tential confounders (29, 30). The reason for the dif-
ference in our findings compared with other studies is
unclear, and further investigation into this area is
warranted.

Furthermore, Popp et al. (25) reported no association
between BMSi and serum 250HD. Vitamin D deficiency
has been associated with an increased risk of falls and hip
fractures (16) and low vitamin D status associated with
low BMD in women (17). However, in our study, we did
not detect an association between BMSi and serum
250HD. Our null result could mean that serum 250HD
level has no impact on bone material properties as
measured by IMI. However, few men in our study had
250HD levels below 28 nmol/L, and it is likely that a
wider range of vitamin D levels would be needed to
detect a relationship.

A strength of this study is that we investigated the
associations between BMSi and recognized risk factors
for fracture, including fracture history, lifestyle factors,
and secondary osteoporosis, in the largest sample and
widest age range of men to date. However, small numbers
limited our ability to consider subgroups of secondary
osteoporosis or bisphosphonate users. Unlike most of the
previous studies, this study is population-based and un-
selected on the basis of disease status. The outcome will
thus be relevant for the broader male population. Where
possible, we have used objective measures for factors such
as anthropometry and BMD; however, we also used some
self-reported data, which may have been subject to recall
bias. In addition, we investigated men only and ac-
knowledge that the observations may not be generalizable
to women or other populations.

In summary, the cross-sectional data presented here
indicate that BMSi, as measured by IMI, captures ele-
ments of bone fragility such as effect of ageing, prior
fracture, and parental hip fracture. Therefore, our data
contribute to the evidence that IMI has a potential utility
for identifying differences in cortical bone that may
predispose men to fracture and lays the foundation for
longitudinal studies that could explore how BMSi might
add to the predictive ability of BMD for fracture.
Nonetheless, more research on how traditional bone
parameters and other health and lifestyle factors influ-
ence BMSi is warranted.

BMSi and Clinical Risk Factors for Fracture

Endocrinology, September 2019, 160(9):2143-2150

Acknowledgments

Financial Support: The Geelong Osteoporosis Study was
supported by grants from the National Health and Medical
Research Council (NHMRC; projects 299831 and 628582, to
J-A.P.) and Amgen-GSK OA-ANZBMS (to J.A.P.), but these
supporters played no role in the collection or interpretation of
data. P.R.-M. is supported by a Deakin University Postgraduate
Industry Research Scholarship. K.L.H.-K. is supported by an
Alfred Deakin Postdoctoral Research Fellowship. A.D.-P. owns
shares of Active Life Scientific, Inc., the manufacturer of the RPI
device. M.A.K. and J.A.P. are recipients of grants from the
NHMRC and Amgen-GSK OA-ANZBMS.

Additional Information

Correspondence: Pamela Rufus-Membere, MSc, Epi-Centre
for Healthy Ageing, IMPACT Strategic Research Centre,
School of Medicine, Deakin University (Barwon Health),
Victoria. E-mail: PAMELA.RUFUS@barwonhealth.org.au.

Disclosure Summary: The authors have nothing to
disclose.

Data Availability: The datasets generated during and/or
analyzed during the current study are not publicly available but
are available from the corresponding author on reasonable
request.

References and Notes

1. Teng GG, Curtis JR, Saag KG. Mortality and osteoporotic frac-
tures: is the link causal, and is it modifiable? Clin Exp Rheumatol.
2008; 26(5, Suppl 51)S125-S137.

2. Otmar R, Kotowicz MA, Brennan SL, Bucki-Smith G, Korn S,
Pasco JA. Personal and psychosocial impacts of clinical fracture in
men. | Men’s Health. 2013;10(1):22-27.

3. Pasco JA, Henry MJ, Korn S, Nicholson GC, Kotowicz MA.
Morphometric vertebral fractures of the lower thoracic and lumbar
spine, physical function and quality of life in men. Osteoporos Int.
2009;20(5):787-792.

4. Pasco JA, Seeman E, Henry MJ, Merriman EN, Nicholson GC,
Kotowicz MA. The population burden of fractures originates in
women with osteopenia, not osteoporosis. Osteoporos Int. 2006;
17(9):1404-1409.

5. Pasco JA, Lane SE, Brennan SL, Timney EN, Bucki-Smith G,
Dobbins AG, Nicholson GC, Kotowicz MA. Fracture risk among
older men: osteopenia and osteoporosis defined using cut-points
derived from female versus male reference data. Osteoporos Int.
2014;25(3):857-862.

6. Stone KL, Seeley DG, Lui LY, Cauley JA, Ensrud K, Browner WS,
Nevitt MC, Cummings SR; Osteoporotic Fractures Research
Group. BMD at multiple sites and risk of fracture of multiple types:
long-term results from the Study of Osteoporotic Fractures. | Bone
Miner Res. 2003;18(11):1947-1954.

7. Watts NB. The Fracture Risk Assessment Tool (FRAX®): appli-
cations in clinical practice. | Womens Health (Larchmt). 2011;
20(4):525-531.

8. QuX, Zhang X, Zhai Z, Li H, Liu X, Li H, Liu G, Zhu Z, Hao Y,
Dai K. Association between physical activity and risk of fracture.
J Bone Miner Res. 2014;29(1):202-211.

9. Pande I, Scott DL, O’Neill TW, Pritchard C, Woolf AD, Davis M].
Quality of life, morbidity, and mortality after low trauma hip
fracture in men. Ann Rheum Dis. 2006;65(1):87-92.

6102 4890)0 ¥ uo 3sanb Aq 010ZESGS/EY | 2/6/09 | A0BIISAE-S]01LIE/OPUS/WOD dNOdlWapEdE//:SdRY WOl papeojumoq


mailto:PAMELA.RUFUS@barwonhealth.org.au

doi:

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

10.1210/en.2019-00415

Lopez AM, Pena MA, Hernandez R, Val F, Martin B, Riancho JA.
Fracture risk in patients with prostate cancer on androgen depri-
vation therapy. Osteoporos Int. 2005;16(6):707-711.

Wang A, Obertova Z, Brown C, Karunasinghe N, Bishop K,
Ferguson L, Lawrenson R. Risk of fracture in men with prostate
cancer on androgen deprivation therapy: a population-based co-
hort study in New Zealand. BMC Cancer. 2015;15(1):837.
Diem SJ, Blackwell TL, Stone KL, Cauley JA, Hillier TA, Haney
EM, Ensrud KE; Study of Osteoporotic Fractures Research Group.
Use of antidepressant medications and risk of fracture in older
women. Calcif Tissue Int. 2011;88(6):476-484.

Lee RH, Lyles KW, Colon-Emeric C. A review of the effect of
anticonvulsant medications on bone mineral density and fracture
risk. Am | Geriatr Pharmacother. 2010;8(1):34-46.

Lips P. Vitamin D deficiency and secondary hyperparathyroidism
in the elderly: consequences for bone loss and fractures and
therapeutic implications. Endocr Rev. 2001;22(4):477-501.
Ramason R, Selvaganapathi N, Ismail NHB, Wong WC,
Rajamoney GN, Chong MS. Prevalence of vitamin d deficiency in
patients with hip fracture seen in an orthogeriatric service in sunny
Singapore. Geriatr Orthop Surg Rebabil. 2014;5(2):82-86.
Cauley JA, Lacroix AZ, Wu L, Horwitz M, Danielson ME, Bauer
DC, Lee JS, Jackson RD, Robbins JA, Wu C, Stanczyk FZ, LeBoff
MS, Wactawski-Wende J, Sarto G, Ockene J, Cummings SR. Serum
25-hydroxyvitamin D concentrations and risk for hip fractures.
Ann Intern Med. 2008;149(4):242-250.

Pasco JA, Henry MJ, Nicholson GC, Brennan SL, Kotowicz MA.
Behavioural and physical characteristics associated with vitamin D
status in women. Bone. 2009;44(6):1085-1091.

Nguyen ND, Frost SA, Center JR, Eisman JA, Nguyen TV. De-
velopment of a nomogram for individualizing hip fracture risk in
men and women. Osteoporos Int. 2007;18(8):1109-1117.
Henry M]J, Pasco JA, Sanders KM, Nicholson GC, Kotowicz MA.
Fracture Risk (FRISK) Score: Geelong Osteoporosis Study. Radi-
ology. 2006;241(1):190-19.

Randall C, Bridges D, Guerri R, Nogues X, Puig L, Torres E,
Mellibovsky L, Hoffseth K, Stalbaum T, Srikanth A, Weaver JC,
Rosen S, Barnard H, Brimer D, Proctor A, Candy ], Saldana C,
Chandrasekar S, Lescun T, Nielson CM, Orwoll E, Herthel D,
Kopeikin H, Yang HT, Farr JN, McCready L, Khosla S, Diez-Perez
A, Hansma PK. Applications of a new handheld reference point
indentation instrument measuring bone material strength. | Med
Device. 2013;7(4):410051-410056.

Sundh D, Ruding R, Zoulakis M, Nilsson AG, Darelid A,
Lorentzon M. A high amount of local adipose tissue is associated
with high cortical porosity and low bone material strength in older
women. | Bone Miner Res. 2016;31(4):749-757.

Diez-Perez A, Giierri R, Nogues X, Caceres E, Pefla M],
Mellibovsky L, Randall C, Bridges D, Weaver JC, Proctor A,
Brimer D, Koester KJ, Ritchie RO, Hansma PK. Microindentation
for in vivo measurement of bone tissue mechanical properties in
humans. | Bone Miner Res. 2010;25(8):1877-1885.

Sosa DD, Eriksen EF. Reduced bone material strength is associated
with increased risk and severity of osteoporotic fractures. An
Impact Microindentation Study. Calcif Tissue Int. 2017;101(1):
34-42.

Ruding R, Zoulakis M, Sundh D, Brisby H, Diez-Perez A,
Johansson L, Mellstrom D, Darelid A, Lorentzon M. Bone material
strength is associated with areal BMD but not with prevalent
fractures in older women. Osteoporos Int. 2016;27(4):1585-1592.
Popp KL, Caksa S, Martinez-Betancourt A, Yuan A, Tsai J, Yu EW,
Bouxsein ML. Cortical bone material strength index and bone
microarchitecture in postmenopausal women with atypical femoral
fractures. | Bone Miner Res. 2019;34(1):75-82.

Malgo F, Hamdy NAT, Papapoulos SE, Appelman-Dijkstra NM.
Bone material strength as measured by microindentation in vivo is
decreased in patients with fragility fractures independently of bone
mineral density. | Clin Endocrinol Metab. 2015;100(5):2039-2045.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

https://academic.oup.com/endo 2149

Duarte Sosa D, Vilaplana L, Giierri R, Nogués X, Wang-Fagerland
M, Diez-Perez A, F Eriksen E. Are the high hip fracture rates among
Norwegian women explained by impaired bone material proper-
ties? | Bone Miner Res. 2015;30(10):1784-1789.

Duarte Sosa D, Fink Eriksen E. Women with previous stress
fractures show reduced bone material strength. Acta Orthop.2016;
87(6):626-631.

Farr JN, Drake MT, Amin S, Melton L] III, McCready LK, Khosla
S. In vivo assessment of bone quality in postmenopausal women
with type 2 diabetes. ] Bone Miner Res. 2014;29(4):787-795.
Furst JR, Bandeira LC, Fan WW, Agarwal S, Nishiyama KK,
McMahon DJ, Dworakowski E, Jiang H, Silverberg SJ, Rubin MR.
Advanced glycation endproducts and bone material strength
in type 2 diabetes. | Clin Endocrinol Metab. 2016;101(6):
2502-2510.

Giierri-Fernandez R, Molina D, Villar-Garcia J, Prieto-Alhambra
D, Mellibovsky L, Nogués X, Gonzalez-Mena A, Guelar A,
Trenchs-Rodriguez M, Herrera-Fernandez S, Horcajada JP, Diez-
Pérez A, Knobel H. Brief Report: HIV infection is associated with
worse bone material properties, independently of bone mineral
density. | Acquir Immune Defic Syndr. 2016;72(3):314-318.
Mellibovsky L, Prieto-Alhambra D, Mellibovsky F, Giierri-
Fernandez R, Nogués X, Randall C, Hansma PK, Diez-Perez A.
Bone tissue properties measurement by reference point indentation
in glucocorticoid-induced osteoporosis. | Bone Miner Res. 2015;
30(9):1651-1656.

Pérez-Saez MJ, Herrera S, Prieto-Alhambra D, Nogués X, Vera M,
Redondo-Pachon D, Mir M, Giierri R, Crespo M, Diez-Pérez A,
Pascual J. Bone density, microarchitecture, and tissue quality long-term
after kidney transplant. Transplantation. 2017;101(6):1290-1294.
Pasco JA, Nicholson GC, Kotowicz MA. Cohort profile: Geelong
Osteoporosis Study. Int | Epidemiol. 2012;41(6):1565-1575.
Diez-Perez A, Bouxsein ML, Eriksen EF, Khosla S, Nyman ]S,
Papapoulos S, Tang SY. Technical note: recommendations for a
standard procedure to assess cortical bone at the tissue-level in vivo
using impact microindentation. Bone Rep. 2016;5:181-185.
Rufus-Membere P, Holloway-Kew KL, Diez-Perez A, Kotowicz
MA, Pasco JA. Feasibility and tolerability of bone impact micro-
indentation testing: a cross-sectional, population-based study in
Australia. BMJ Open. 2018;8(12):¢023959.

Freeman J, Sibley P, Parker N, Spears R, Wilson KS, Levy RH.
Standardization and certification of the ADVIA Centaur vitamin D
total assay. Med Res Arch. 2017;5(8):1-19.

Johansson L, Sundh D, Zoulakis M, Ruding R, Darelid A, Brisby
H, Nilsson AG, Mellstrom D, Lorentzon M. The prevalence of
vertebral fractures is associated with reduced hip bone density and
inferior peripheral appendicular volumetric bone density and
structure in older women. | Bone Miner Res. 2018;33(2):250-260.
Kanis JA, Johnell O, De Laet C, Johansson H, Oden A, Delmas P,
Eisman ], Fujiwara S, Garnero P, Kroger H, McCloskey EV,
Mellstrom D, Melton L], Pols H, Reeve ], Silman A, Tenenhouse A.
A meta-analysis of previous fracture and subsequent fracture risk.
Bone. 2004;35(2):375-382.

Kanis JA, Johansson H, Oden A, Johnell O, De Laet C, Eisman JA,
McCloskey EV, Mellstrom D, Melton L] III, Pols HA, Reeve ],
Silman AJ, Tenenhouse A. A family history of fracture and fracture
risk: a meta-analysis. Bone. 2004;35(5):1029-1037.

Malgo F, Hamdy NAT, Rabelink TJ, Kroon HM, Claessen KMJA,
Pereira AM, Biermasz NR, Appelman-Dijkstra NM. Bone material
strength index as measured by impact microindentation is altered
in patients with acromegaly. Eur | Endocrinol. 2017;176(3):339-347.
Gonnelli S, Caffarelli C, Nuti R. Obesity and fracture risk. Clin
Cases Miner Bone Metab. 2014;11(1):9-14.

Johansson H, Kanis JA, Odén A, McCloskey E, Chapurlat RD,
Christiansen C, Cummings SR, Diez-Perez A, Eisman JA, Fujiwara
S, Gliier CC, Goltzman D, Hans D, Khaw KT, Krieg MA, Kroger
H, LaCroix AZ, Lau E, Leslie WD, Mellstrom D, Melton L] III,
O’Neill TW, Pasco JA, Prior JC, Reid DM, Rivadeneira F, van Staa

6102 4890)0 ¥ uo 3sanb Aq 010ZESGS/EY | 2/6/09 | A0BIISAE-S]01LIE/OPUS/WOD dNOdlWapEdE//:SdRY WOl papeojumoq


http://dx.doi.org/10.1210/en.2019-00415
https://academic.oup.com/endo

2150

44,

45.

Rufus-Membere et al

T, Yoshimura N, Zillikens MC. A meta-analysis of the association
of fracture risk and body mass index in women. | Bone Miner Res.
2014;29(1):223-233.

Law MR, Hackshaw AK. A meta-analysis of cigarette smoking,
bone mineral density and risk of hip fracture: recognition of a
major effect. BMJ. 1997;315(7112):841-846.

Kanis JA, Johansson H, Johnell O, Oden A, De Laet C, Eisman JA,
Pols H, Tenenhouse A. Alcohol intake as a risk factor for fracture.
Osteoporos Int. 2005;16(7):737-742.

BMSi and Clinical Risk Factors for Fracture

46.

47.

Endocrinology, September 2019, 160(9):2143-2150

Sundh D, Nilsson M, Zoulakis M, Pasco C, Yilmaz M, Kazakia G,
Hellgren M, Lorentzon M. High-impact mechanical loading
increases bone material strength in postmenopausal women: a
3-month intervention study. | Bome Miner Res. 2018;33(7):
1242-1251.

Aasared KM, Mosti MP, Stunes AK, Reseland JE, Basso T,
Syversen U, Fossmark R. Impaired skeletal health in patients with
chronic atrophic gastritis. Scand | Gastroenterol. 2016;51(7):
774-781.

6102 4890)0 ¥ uo 3sanb Aq 010ZESGS/EY | 2/6/09 | A0BIISAE-S]01LIE/OPUS/WOD dNOdlWapEdE//:SdRY WOl papeojumoq



