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Abstract 52 

Context 53 

Impact microindentation (IMI) measures bone material strength index (BMSi) in vivo. 54 

However, clinical risk factors that affect BMSi are largely unknown.  55 

Objective 56 

This study investigated associations between BMSi and clinical risk factors for fracture in 57 

men.  58 

Methods 59 

BMSi was measured using the OsteoProbe in 357 men (ages 33-96yr) from the Geelong 60 

Osteoporosis Study. Risk factors included age, weight, height, body mass index (BMI), 61 

femoral neck BMD, parental hip fracture, prior fracture, type 2 diabetes mellitus (T2DM), 62 

secondary osteoporosis, smoking, alcohol consumption, sedentary lifestyle, use of 63 

medications, diseases and low serum vitamin D levels.  64 

Results 65 

BMSi was negatively associated with age (r = -0.131, p=0.014), weight (r = -0.109, p=0.040) 66 

and BMI (r = -0.083, p=0.001); no correlations were detected with BMD (r = 0.000, p=0.998) 67 

or height (r = 0.087, p=0.10). Mean BMSi values for men with and without prior fracture 68 

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); 69 

and T2DM 80.3 ± 8.5 vs 82.9 ± 6.6 (p=0.059). BMSi did not differ in the presence vs absence 70 

of other risk factors for fracture. In multivariable models, mean(±SD) BMSi remained 71 

associated with prior fracture and parental hip fracture after adjusting for age and BMI: prior 72 

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). 73 

No other confounders were identified. 74 
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 75 

Conclusions 76 

We conclude that in men, BMSi discriminates prior fracture and parental hip fracture, which 77 

are both known to increase the risk for incident fracture. These findings suggest that IMI may 78 

be useful for identifying men in the general population who have an increased risk for 79 

fracture.  80 

  81 
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Introduction 82 

Fractures in men contribute substantially to morbidity, decreased quality of life, and 83 

increased mortality (1–3). It is evident that areal bone mineral density (BMD) measured using 84 

dual-energy x-ray absorptiometry (DXA) does not fully elucidate fracture risk, given the 85 

highest burden of fractures originates from people with a moderate reduction in bone mass 86 

(4–6). This indicates that determinants of bone strength, other than BMD, may play a role in 87 

bone fragility. Some of these determinants include alterations in bone microarchitecture, 88 

matrix composition and intrinsic material properties of the bone.  89 

Clinical risk factors such as age, weight, height, prior fracture, parental fracture, smoking (7), 90 

a sedentary lifestyle (8,9), androgen deprivation therapy (ADT) (10,11), selective serotonin 91 

reuptake inhibitors (SSRIs) (12), anticonvulsants (13) and vitamin D deficiency (14–17), 92 

contribute independently to the risk of fracture. Hence, the integration of multiple risk factors 93 

into fracture assessment tools such as the Garvan nomogram (18), FRAX (7) and our own 94 

FRISK score (19), can improve fracture risk assessment (7) and inform management 95 

decisions.  96 

Impact microindentation (IMI) , allows in vivo evaluation of bone material strength index 97 

(BMSi), a property of cortical bone (20). While some previous studies have reported an 98 

association between low BMSi and cortical porosity (21), high prevalence of fracture (22,23), 99 

and decreased areal BMD (24), the ability of BMSi to discriminate fracture risk remains 100 

uncertain (24,25). Further, little is known about how clinical risk factors for fracture affect 101 

BMSi measurements. Moreover, although some studies have shown no correlation between 102 

BMD and BMSi (26–28), differences in BMSi have been demonstrated in populations where 103 

discrepancies exist between BMD and fracture propensity, such as type 2 diabetes (T2DM) 104 
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(29,30), patients infected with human immunodeficiency virus (HIV) (31), glucocorticoid 105 

treatments (32) and chronic kidney disease (33).  106 

In this study, we aimed to investigate associations between BMSi and age, anthropometrics 107 

(weight, height, body mass index), BMD, history of fracture (parental hip fracture, prior 108 

fracture), T2DM, secondary osteoporosis (oral glucocorticoids, anticonvulsants, selective 109 

serotonin reuptake inhibitors, androgen deprivation therapy, hyperparathyroidism, 110 

rheumatoid arthritis and gastrointestinal diseases) lifestyle factors (smoking, alcohol 111 

consumption, sedentary lifestyle), and low vitamin D status.  112 

 113 

Methods  114 

Participants 115 

Participants for this study were men from the Geelong Osteoporosis Study (GOS), a 116 

population-based cohort study situated in a geographically well-defined region in south-117 

eastern Australia, known as the Barwon Statistical Division (34).The male arm of the GOS 118 

commenced in 2001 with recruitment of 1540 men aged 20-92 years. Participants are re-119 

assessed every few years and data for this cross-sectional analysis were generated from the 120 

first 501 men assessed in the current follow-up phase (ages 33-96 years). The study was 121 

approved by the Human Research Ethics Committee at Barwon Health. All participants 122 

provided written informed consent.  123 

 124 

Impact Microindentation 125 

IMI using the OsteoProbe RUO (Active Life Technologies, Santa Barbara, CA, USA), was 126 

conducted to measure BMSi on the anterior surface of the mid-tibia (35). The indentation site 127 
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was determined by measuring the midpoint from the medial border of the tibial plateau to the 128 

distal edge of the medial malleolus. Following disinfection of the area and administration of 129 

local anaesthesia, the OsteoProbe was inserted through the skin and periosteum until reaching 130 

the surface of the bone at the anterior face of the mid-tibia. At least 11 indentations were 131 

performed for each participant, of which the first measurement was systematically 132 

disregarded followed by 10 valid test indentations. The first measurement is disregarded to 133 

ensure that there is sufficient penetration of the probe through the periosteum. Two trained 134 

operators conducted the IMI measurements. The procedure was conducted according to 135 

internationally-recognised recommendations for using the OsteoProbe (35). We have 136 

previously reported the feasibility and tolerability of IMI measurements in our cohort (36) 137 

Other measures 138 

Height and weight were measured to the nearest 0.1cm and 0.1kg, respectively. BMI (kg/m
2
) 139 

was calculated. Areal BMD (g/cm
2
) was measured at the femoral neck using DXA (Lunar, 140 

Prodigy, Madison, WI, USA). Quality control was maintained through daily measurements of 141 

a Lunar DXA phantom. 142 

Medical history and lifestyle factors 143 

All participants completed comprehensive questionnaires detailing medical history, 144 

medication use and lifestyle behaviours. A parental hip fracture referred to at least one 145 

maternal or paternal hip fracture. A participant’s prior fracture was defined as any low trauma 146 

fracture equivalent to a fall from a standing height or less, excluding fractures of the toe, 147 

skull, finger and face, occurring during adulthood (age ≥20 years). Fractures were 148 

radiologically verified, where possible. Median (IQR) time elapsed since prior fracture was 149 

12(2-5) years. Current smoking referred to use of tobacco at least daily and excessive alcohol 150 

consumption as 3 or more units daily on average. Mobility was categorised as: active (moves, 151 
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walks and works energetically, participates in vigorous or light exercises) or 152 

inactive/sedentary (sedentary, limited walking, no appreciable exercise, not able to walk 153 

without considerable assistance or not able to walk). Secondary osteoporosis included current 154 

use of oral glucocorticoids (n=3), anticonvulsants (n=11), SSRIs (n=12), androgen 155 

deprivation theory (n=3), and history of hyperparathyroidism (n=4), rheumatoid arthritis 156 

(n=5) or gastrointestinal disease (n=6).  157 

T2DM Status 158 

Diabetes was classified as FPG ≥7.0mmol/L (126mg/dL) and/or a self-report of diabetes 159 

and/or use of antihyperglycaemic agents. T2DM was determined by examination of medical 160 

records.   161 

Vitamin D status 162 

A blood sample was collected after an overnight fast and serum 25-hydroxyvitamin D 163 

(25OHD) was measured using Siemens assay (37).  164 

Statistical Analysis 165 

The distribution of continuous data was visually assessed for normality using histograms. 166 

Categorical data were considered as binary variables. Associations between clinical risk 167 

factors and BMSi values were identified using Pearson’s correlation for continuous variables 168 

and 2-sample t-tests for categorical variables. Multiple linear regression models were used to 169 

determine whether identified differences in BMSi were independent of other factors. The 170 

models were tested for interaction terms. Serum 25OHD was assessed as both a continuous 171 

and categorical variable (<28 nmol/L, 28-50 nmol/L, 51-75 nmol/L and >75 nmol/L).  172 



9 
 

The necessary assumption for linear regression model was investigated using Q-Q plots. A 173 

sensitivity analysis was performed after excluding suspected outliers. Statistical analyses 174 

were performed using Minitab V.17 (State College, Pennsylvania, USA).  175 

Results  176 

Of 501 potential participants in this current follow-up, 357 underwent IMI testing. Reasons 177 

for non-measurement in 144 men were needle phobia (n=18), existing skin infections (n=39), 178 

excessive soft tissues around mid-tibia region (n=78), discomfort (pressure, not pain) after 179 

the first indentation (n=5), inability to provide informed consent (n=2) and two participants 180 

did not provide any reasons for declining. Compared with participants, non-participants were 181 

older (mean age ± SD: 65.6 ± 1.3 vs 58.3 ± 0.9 years, p=0.163) and had greater BMI (30.8 ± 182 

7.8 vs 26.7 ± 3.1 kg/m
2
, p <0.001). Blood test results were available for 300 participants. 183 

There were three bisphosphonate users in this population, which was too small for any 184 

subgroup analyses.  185 

 186 

Unadjusted data 187 

Participant characteristics and prevalence of risk factors are presented in Table 1. BMSi was 188 

negatively correlated with age (r = -0.131, p=0.014), weight (r= -0.109, p=0.040) and BMI 189 

(r=-0.083, p=0.001). No associations were detected between BMSi and BMD (r = 0.000, 190 

p=0.998), height (r = 0.087, p=0.10) or serum 25OHD (r = 0.009, p=0.883). (Figure 1 A-D). 191 

No differences were detected between subgroups when 25OHD was assessed as a categorical 192 

variable.  193 

Mean  SD BMSi in the presence or absence of risk factors were (Figure 2): parental hip 194 

fracture 80.1 ± 6.1 vs 82.8 ± 6.9 (p=0.029); prior fracture 80.2 ± 6.9 vs 82.8 ± 6.1 (p=0.024); 195 
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T2DM 80.3 ± 8.5 vs 82.9 ± 6.6 (p=0.059); secondary osteoporosis 82.6 ± 5.4 vs 82.6 ± 7.1 196 

(p=0.944); smoking 83.7 ± 5.5 vs 82.8 ± 5.7 (p=0.286); high alcohol consumption 82.0 ± 7.4 197 

vs 82.7 ± 6.8 (p=0.490) and sedentary lifestyle 82.0 ± 7.9 vs 82.7 ± 6.6 (p=0.433).  198 

BMD did not differ in the presence or absence of parental hip fracture 0.936 ± 0.12 vs 0.959 199 

± 0.1 (p=0.302) or prior fracture 0.944 ± 0.1 vs 0.958 ±0.1 (p=0.507).  200 

 201 

 202 

Multivariable models 203 

In multivariable models, mean BMSi remained associated with prior fracture and parental hip 204 

fracture after adjusting for age and BMI (prior fracture: β = -2.21, p = 0.057; parental 205 

fracture: β = -2.95, p = 0.015). BMD did not contribute to either model. After age adjustment, 206 

the association between BMSi and T2DM was attenuated (β = -1.07, p = 0.403). 207 

 208 

Sensitivity Analysis  209 

After excluding four potential outliers, BMSi was again correlated with age (r = -0.119, 210 

p=0.026), BMI (r = -0.192, p<0.001), parental hip fracture (mean ± SD 83.1 ± 6.4 vs 80.1 ± 211 

6.1, p=0.009) and prior fracture (83.2 ± 6.3 vs 80.2 ± 6.1, p=0.007). The patterns observed 212 

with multivariable models remained unchanged (data not shown). 213 

 214 

Discussion 215 

We report that BMSi was negatively correlated with age, weight, BMI and that mean BMSi 216 

values were lower for men with prior fracture or parental hip fracture. No differences in mean 217 
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BMSi were detected on the basis of smoking, sedentary lifestyle, secondary osteoporosis, 218 

alcohol consumption or low vitamin D status.  219 

In terms of fracture history, our findings are similar to those of Sosa and Eriksen (28), who 220 

reported a lower mean BMSi in 30 Norwegian women (aged 19-85 years) with prior stress 221 

fractures compared to 30 controls. They excluded women with a recorded history of low-222 

energy fracture sustained at ≥45 years or a BMD T-score of ≤-2.5 for at least one skeletal 223 

site. Similarly, Malgo et al. (26) observed a lower BMSi in 63 patients (24 men, aged 40-85 224 

years) with a fragility fracture compared to non-fracture peers, despite similar BMD. All 225 

participants had low BMD (osteopenia or osteoporosis as diagnosed by DXA) while 226 

exclusion criteria included metabolic bone disorders other than osteoporosis, low serum 227 

25OHD, kidney impairment, current use of glucocorticoids, aromatase inhibitors, 228 

chemotherapy, androgen deprivation therapy and other bone-acting agents.  229 

Conversely, Johansson et al. (38) and Rudang et al. (24) did not find differences in BMSi 230 

between fracture and non-fracture participants in a Swedish population-based study of 472 231 

women (ages 75-80 years) and 211 women (mean age 78 years), respectively, although some 232 

participants had been exposed to anti-osteoporosis drugs. It is well established that there is an 233 

increased risk of subsequent fracture in individuals who have previously experienced a 234 

fracture (39). Previous fractures may suggest defects in the microarchitecture of bone, and the 235 

presence of non-skeletal influences (such as increased risk of falls or decreased protective 236 

responses including changes in posture and reflexes) that increase the risk of fracture. 237 

Moreover, in the Swedish studies the participants were of advanced age, when bone density 238 

and structure are substantially deteriorated and, in these cases, BMSi may have a limited 239 

contribution to the final sum of material properties, density and microarchitecture in 240 

determining bone strength. Similarly, a parental history of fracture has been linked to an 241 

increased fracture risk in individuals, suggesting the importance of genetic factors in the 242 
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determination of fracture risk (40). The mechanism for the increased risk in individuals has 243 

been sparsely documented, but, irrespective of the mechanism, our results suggest that bone 244 

material properties are altered in men with a prior or parental fracture, and that BMSi 245 

captures elements of bone fragility.  246 

Our findings on the association between age and BMSi are similar to that of Malgo et al. (41) 247 

where they reported an inverse association between age and BMSi for 90 patients (male and 248 

female) with low bone mass (r = -0.539; p<0.001). In contrast, Duarte Sosa et al. (27) 249 

reported no association between age and BMSi in 42 Norwegian and 46 Spanish women and 250 

among 30 women with previous stress fractures and 30 normal controls. The reasons for lack 251 

of consistency in results are not clear but may reflect differences in age profiles and 252 

composition of study populations.  253 

BMSi was negatively correlated with weight and BMI, but there was no association with 254 

height or BMD. Similarly, Sundh et al. (21) reported a negative correlation (r = -0.17, 255 

p=0.01) between BMSi and BMI in a population-based study of 202 women between 75 and 256 

80 years of age, and Rudang et al. (24) reported a weak inverse correlation (r= -0.14, p=0.04) 257 

between BMSi and weight in a sample of 211 women between 75 and 80 years of age, and no 258 

association with height. A high BMI has been linked to high BMD and conventionally been 259 

considered a protective factor against fractures; but there has been recent evidence that a 260 

substantial proportion of fractures occurs in the obese (42,43). There are insufficient data to 261 

explain our finding; hence, further research in this area is warranted.  262 

We did not observe any association between BMSi and BMD. This is consistent with 263 

previous studies by Malgo et al. (26) and Sosa et al. (27). In the latter study, involving 264 

Norwegian women with higher BMD but lower BMSi than Spanish women, there was no 265 

correlation found between BMD and BMSi. In contrast, Rudang et al. (24) reported a positive 266 
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association between BMSi and BMD in a sample of 211 Swedish women (mean age 78 ± 1.1 267 

years). In this study, we had a wider age span, and a lower mean age than the population 268 

examined by Rudang et al.  269 

While there is some evidence to suggest that smoking and high alcohol consumption are 270 

linked to lower BMD in postmenopausal women and older men, and increased risk of 271 

fracture (44,45), in our study, we observed no differences between smokers and non-smokers, 272 

nor between participants who consumed more or less than 3 units of alcohol daily. To the 273 

best of our knowledge, there have been no studies exploring the relationship between BMSi 274 

and alcohol consumption. So far, the only published study on the association between BMSi 275 

and smoking reported no differences between smokers and non-smokers (24). 276 

To date, there  has only been one exercise intervention study that included assessment with 277 

the OsteoProbe, where Sundh et al. (46) reported changes in BMSi in response to high impact 278 

loading. After a 3-month jumping exercise program, they reported an increase in BMSi in the 279 

intervention leg compared to the control leg, in 20 healthy and inactive postmenopausal 280 

women aged between 51 and 59 years. In our study, we did not detect any differences in 281 

mean BMSi for men who were physically active compared to physically inactive men, based 282 

on self-reported mobility criteria. Possible effects on physical activity and BMSi readings 283 

warrant further research.  284 

Our results did not detect any difference in BMSi for men with and without secondary 285 

osteoporosis. To our knowledge, no previous studies have evaluated the association between 286 

BMSi and anticonvulsants, SSRIs, androgen deprivation therapy or the presence of 287 

hyperparathyroidism, rheumatoid arthritis or gastrointestinal diseases. However, in a 288 

population-based cohort of 211 women aged between 75 and 80 years, Rudang et al. (24) 289 

reported no significant BMSi differences between current users and non-users of 290 
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glucocorticoids and bisphosphonates. Similarly, Popp et al. (25) reported that BMSi was not 291 

associated with long-term use of bisphosphonates in a sample of 153 postmenopausal 292 

women. A smaller study conducted by Aasarød et al. involving 17 chronic atrophic gastritis 293 

patients aged 54 ± 13 years and 41 sex and age matched controls, showed no differences in 294 

BMSi between patients and controls (47).  295 

Our findings on the association between BMSi and T2DM contrast with other reports of 296 

reduced BMSi in patients with T2D, even after adzustment for potential confounders (29,30). 297 

Given that we are not able to corroborate previous findings, further investigation is 298 

warranted.  299 

Furthermore, Popp et al. (25) reported no association between BMSi and serum 25OHD. 300 

Vitamin D deficiency has been associated with an increased risk of falls and hip fractures 301 

(16) and low vitamin D status associated with low BMD in women (17). However, in our 302 

study, we did not detect an association between BMSi and serum 25OHD. Our null result 303 

could mean that serum 25OHD level has no impact on bone material properties as measured 304 

by IMI. However, few men in our study had 25OHD levels below 28 nmol/L, and it is likely 305 

that a wider range of vitamin D levels would be needed to detect a relationship.  306 

A strength of this study is that we investigated the associations between BMSi and recognised 307 

risk factors for fracture, including fracture history, lifestyle factors and secondary 308 

osteoporosis, in the largest sample and widest age range of men to date. However, small 309 

numbers limited our ability to consider subgroups of secondary osteoporosis or 310 

bisphosphonate users. Unlike most of the previous studies, this study is population-based and 311 

unselected on the basis of disease status. The outcome will thus be relevant for the broader 312 

male population. Where possible, we have used objective measures for factors such as 313 

anthropometry and BMD; however, we also utilised some self-reported data, which may have 314 



15 
 

been subject to recall bias. In addition, we investigated men only, and acknowledge that the 315 

observations may not be generalisable to women or other populations.  316 

In summary, our results indicate that BMSi, as measured by IMI, captures elements of bone 317 

fragility such as effect of ageing, prior fracture and parental hip fracture. Therefore, our data 318 

contribute to the evidence that IMI has a potential utility for identifying differences in cortical 319 

bone that may predispose men to fracture. Nonetheless, more research on how traditional 320 

bone parameters, and other health and lifestyle factors influence BMSi are warranted. 321 

 322 

 323 
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 460 

 461 

 462 

Table. Participant Characteristics (n=357) 463 

 mean (± SD) 

Age (yr) 63.2 ± 13.8 

Weight (kg) 81.4 ± 11.4 

Height (cm) 174.1 ± 6.9 

Body mass index (kg/m
2
) 26.8 ± 3.2 

Femoral neck BMD (g/cm
2
) 0.958 ± 0.128 

BMSi 82.6 ± 7.2 

Parental hip fracture, n (%) 34 (9.5%) 

Prior fracture, n (%)
a
    38 (11.9%) 

T2DM, n (%) 44(12.3%) 

Secondary osteoporosis, n (%)
b
 44 (12.32%) 

Smoking, n (%)             21 (5.9%) 
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Alcohol consumption, n (%)
c
 60 (16.8%) 

Sedentary, n (%)   76 (21.3%) 

Serum 25OHD (nmol/L)* 63.94 ± 20.10 

25OHD ( < 28nmol/L) 7 (2.33%) 

25OHD (28-50nmol/L) 72(24.0%) 

25OHD (51-75nmol/L) 132(44.0%) 

25OHD  ( >75 nmol/L)                                                       89(29.7%) 

*missing data for 57 men ;a- fractures were: 2 vertebra, 2 hip, 2 foot, 3 elbow, 4 ankle, 5 464 
humerus, 8 tibia and 12 rib; b- current use of oral glucocorticoids, anticonvulsants, selective 465 
serotonin reuptake inhibitors, androgen deprivation theory and presence of 466 
hyperparathyroidism, rheumatoid arthritis or gastrointestinal diseases. c- consumes 3 or more 467 

units of alcohol daily.   468 
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 469 

 470 

Figure 1.  Scatter plots showing bone material strength index (BMSi) and (A) Age; (B) BMI; 471 

(C) femoral neck BMD (D) serum 25OHD 472 

 473 
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 474 

Figure 2: Boxplot of unadjusted BMSi values for participants, showing differences in BMSi 475 

values in participants with and without risk factors for fracture, assessed using 2-sample t-476 

tests. 477 

 478 
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