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Abstract 

Summary   Bone material properties were assessed using impact microindentation 

in patients with high-energy trauma fractures. Compared to patients with low-

energy trauma fractures, bone material strength index was significantly higher in 

patients with high-energy trauma fractures, and did not differ between patients with 

osteopenia and those with osteoporosis within each trauma group. 

Introduction   Impact microindentation (IMI) is a technique to assess tissue-level 

properties of bone at the tibia. Bone material strength index (BMSi), measured by 

IMI, is decreased in patients with low-energy trauma fractures, independently of ar-

eal bone mineral density (aBMD), but there is no information about BMSi in patients 

with high-energy trauma fractures. In the present study, we evaluated tissue-level 

properties of bone with IMI in patients with high-energy trauma fractures. 

Methods   BMSi was measured 3.0 months (IQR 2.0–5.8) after the fracture in 40 

patients with high-energy trauma and 40 age- and gender-matched controls with 

low-energy trauma fractures using the OsteoProbe® device. 

Results   Mean age of high- and low-energy trauma patients was 57.7 ± 9.1 and 

57.2 ± 7.7 years, respectively (p = 0.78). Fracture types were comparable in high- vs 

low-energy trauma patients. Lumbar spine (LS)-aBMD, but not femoral neck (FN)-

aBMD, was higher in high- than in low-energy trauma patients (LS 0.96 ± 0.13 vs 

0.89 ± 0.13 g/cm2, p = 0.02; FN 0.75 ± 0.09 vs 0.72 ± 0.09 g/cm2, p = 0.09). BMSi 

was significantly higher in high- than in low-energy trauma patients (84.4 ± 5.0 vs 

78.0 ± 4.6, p = 0.001), also after adjusting for aBMD (p = 0.003). In addition, BMSi did 

not differ between patients with osteopenia and those with osteoporosis within each 

trauma group. 

Conclusion   Our data demonstrate that BMSi and LS-aBMD, but not FN-aBMD, are 

significantly higher in high-energy trauma patients compared to matched controls 

with similar fractures from low-energy trauma. Further studies of nonosteoporotic 

patients with high-energy trauma fracture with measurements of BMSi are war-

ranted to determine whether IMI might help in identifying those with reduced bone 

strength.
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Introduction

Fractures following severe physical trauma are typically excluded from most stud-

ies of the prevalence or the incidence of osteoporotic fractures or from efficacy 

outcomes in clinical intervention trials of subjects at increased risk for fractures 

[1–3]. However, observational studies reported that subjects with prior high-energy 

trauma fractures had similar areal bone mineral density (aBMD) values as subjects 

with prior low-energy trauma fractures and lower aBMD values than subjects 

without fractures [4, 5]. This raised the possibility of a common, aBMD-related, 

pathogenetic mechanism of high- and low-energy trauma fractures. It was recom-

mended that classification of fractures as high or low-trauma and fragility — or any 

other terms that suggest a rating of trauma — should be abandoned, and all types of 

fractures should be evaluated and treated without regard to trauma [5, 6]. 

In an analysis of two large prospective cohorts of women and men [6], the risk of 

a future high-energy trauma fracture was increased only among individuals with 

osteoporosis (baseline aBMD T-score ≤ − 2.5 SD) but not among women or men with 

osteopenia (baseline aBMD T-score between − 1.0 SD and − 2.5 SD), and the rate of 

future high-energy trauma fractures was considerably lower than that of low-energy 

trauma fractures. In addition, high-energy trauma fractures were, contrary to low-

energy trauma fractures, not associated with increasing age or mortality [6]. These 

findings suggest that determinants of bone fragility other than aBMD may be dif-

ferent between subgroups of subjects with high-energy trauma fractures and also 

between subjects with high- and subjects with low-energy trauma fractures. 

Fractures occur when the loads applied to bone exceed its strength which is de-

termined by the amount of bone (i.e., size or mass), the spatial distribution of bone 

mass (i.e., shape and architecture), and the intrinsic properties of the materials that 

comprise the bone [7]. Bone microarchitecture (both cortical and trabecular) can 

be assessed in vivo by high-resolution peripheral computed tomography (HRpQCT) 

[8]. A recent large, prospective study of women and men at least 40 years of age re-

ported that indices measured by HR-pQCT improved prediction of fractures beyond 

femoral neck aBMD and the fracture risk assessment tool FRAX [9]. Fractures in-

cluded in this report were, however, mostly low-energy trauma (67%), but traumatic 

fractures (19%) were also included. 

Bone material properties are the least understood and hardest to evaluate deter-

minant of bone strength. Impact microindentation (IMI) is a relatively new reference 

point indentation technique that measures tissue-level properties of bone in humans 

in vivo [10]. IMI is performed with the handheld device OsteoProbe® that imparts a 

single impact load to the bone surface and is approved for use at the tibia. By driving 
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the probe into the bone surface, the resistance of bone tissue to a given mechanical 

challenge can be measured as bone material strength index (BMSi) [11]. Although 

measured at a cortical site, low BMSi was associated with increased bone fragility at 

all relevant skeletal sites, vertebral, non-vertebral, and hip sites, in individuals with 

low-energy trauma fractures [12–14]. There is, however, no information about bone 

material properties in patients with high-energy trauma fractures. The aim of this 

study was to evaluate bone material properties, measured by IMI, in subjects with 

high-energy trauma fractures to test the hypothesis that BMSi might differ between 

subjects with high- and subjects with low-energy trauma fractures.

Patients and methods

Patients
This was a cross-sectional study of women and men, aged 40 to 85 years, with 

high-energy trauma fractures recruited from the fracture liaison service (FLS) and 

the outpatient clinic of the Center for Bone Quality of the Leiden University Medical 

Center who consented to measurement of BMSi by OsteoProbe®. Subjects were 

matched for gender and age with patients with low-energy trauma fragility fractures 

investigated in the same center during the same period who served as controls; 

aBMD, measured by dual-energy X-ray absorptiometry (DXA), was not a selection 

criterion in either group of subjects with fractures. Exclusion criteria for both groups 

were a metabolic bone disease other than osteoporosis, use of any treatment af-

fecting bone metabolism except calcium and vitamin D, immobilization, and inability 

to provide informed consent. Patients were also excluded if there was a contrain-

dication for IMI measurement (systemic infection, severe obesity, or allergy to local 

anesthetic used). If there was local skin or bone lesions of the tibia, prior fracture of 

the tibia or local edema, the contralateral tibia, if free of problems, was used [15]. 

The study was approved by the Medical Ethics Committee of the LUMC, and written 

informed consent was obtained from all study participants.

Methods
Full medical history, clinical risk factors for fracture, and details of the conditions 

associated with the presenting fracture were documented in all studied subjects. A 

high-energy trauma fracture was defined as any fracture caused by major trauma 

(e.g., fall from height > 2 m, motor vehicle accidents, high-speed biking, and skiing 

injuries). A low-energy trauma fracture was defined as any fracture following a fall 

from standing height or less. All fractures were radiographically confirmed; of the 

vertebral fractures, only grade 2 or higher [16] was considered. 
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The 10-year probability (FRAX) for a major osteoporotic fracture and for a hip frac-

ture was calculated using reference values for the Dutch population [17]. Presenting 

fractures were not included as previous fractures in the calculation of the FRAX.

Laboratory measurements
Serum calcium (albumin-corrected) and creatinine concentrations and alkaline 

phosphatase activity were measured by semiautomated techniques. Plasma intact 

parathyroid hormone (PTH) was measured by the IMMULITE 2500 (Siemens Diag-

nostics, Breda, the Netherlands) and serum 25-hydroxyvitamin D (25-OH D) concen-

trations by the 25-OH-vitamin D TOTAL assay (DiaSorin D.A./N.V., Brussels, Belgium).

Bone mineral density
Areal BMD was measured at the lumbar spine (L1-L4) and at the left and right hip 

by DXA with Hologic QDR Discovery A (Hologic, Bedford, MA, USA). Average aBMD 

values of the hip were used in the analysis. NHANES III reference values compatible 

with reference values of the Dutch population were used to calculate T-scores [18]. 

Osteopenia and osteoporosis were diagnosed according to the World Health Organ-

isation (WHO) criteria with osteopenia defined as a T-score of < − 1.0 SD but > − 2.5 SD 

at either the lumbar spine or femoral neck and osteoporosis as a T-score of ≤ − 2.5 

SD below the young female adult mean [19].

Impact microindentation
Bone material strength index was measured in all patients by impact microindenta-

tion using the handheld microindenter device (OsteoProbe® RUO, Active Life Scien-

tific, CA, USA) on the midshaft of the tibia as previously described [20]. In brief, the 

patient was placed in supine position with the tibia in external rotation to orient the 

flat surface of the medial tibia diaphysis in a horizontal position. The measurement 

site was defined as the mean distance between the medial malleolus and the distal 

apex of the patella. Following disinfection of the area and local anesthesia of the 

skin and periosteum with lidocaine 1%, the test probe was gently inserted in the skin 

(without skin incision) until the bone surface was reached. Usually, one skin piercing 

is enough to perform all indentations without pulling the indenter out of the skin. 

In the very rare occasion that the skin is tough (for instance in young individuals), a 

second skin piercing may be necessary to prevent the probe from suffering lateral 

tension by the skin itself that might interfere with the measurement. Each time the 

skin is pierced, the new first measurement is discarded. After at least five adequate 

measurements, five additional measurements were performed on a polymethyl-

methacrylate (PMMA) calibration phantom [12, 20–23]. BMSi was calculated by the 

corresponding computer software. Measurements were performed by three experi-

enced operators. The intra-observer and interobserver coefficient of variation (CV) 

was 2.2% and 1.6%, respectively.
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Statistical analysis
Data were tested for normality using Shapiro–Wilk test and visually with histo-

grams. A paired t-test was used to test between-group differences in BMSi and 

aBMD. Between-group differences in baseline characteristics were assessed using 

a paired t-test or Wilcoxon signed-rank test and McNemar’s test for normally and 

not normally distributed continuous and for categorical variables, respectively. Cor-

relations between BMSi and aBMD values or patients’ parameters were examined 

by Pearson’s and Spearman’s tests for normally and not normally distributed vari-

ables, respectively. Conditional logistic regression was used to assess BMSi values 

adjusted for aBMD to compare BMSi values between high- and low-energy trauma 

patients. Analysis of variance models with BMSi as outcome variable adjusted for 

age were used to compare BMSi values between high-energy trauma patients with 

different DXA diagnoses (normal aBMD, osteopenia, and osteoporosis). Assuming a 

standard deviation of 5.0 and a difference in BMSi of 3.5 based on an earlier study 

from our group in patients with and without fragility fractures [12], the sample size 

to detect a clinically significant difference in BMSi between groups with a power 

of 0.8 at a significance level of 0.05 is 33. A p-value < 0.05 was considered to be 

statistically significant. All analyses were performed using SPSS software for Win-

dows (version 25.0; SPSS Inc., Chicago, IL, USA), and graphs were constructed with 

GraphPad Prism (version 8.0; GraphPad software Inc., La Jolla, CA, USA).

Results

Forty patients (70.0% men) with high-energy trauma fractures and 40 control pa-

tients (70.0% men) with low-energy trauma fractures were included in the study. Me-

dian time to inclusion after sustaining a high- or a low-energy trauma fracture was 

comparable between both groups [3.0 months (IQR (interquartile range) 2.0–5.8 

months) and 3.0 months (IQR 1.0–5.8 months), respectively (p = 0.899)]. Mecha-

nisms of injury in high-energy trauma patients were highspeed biking injury (n = 14), 

fall from height > 2 m (n = 11), car crash (n = 9), and skiing injury (n = 5); one patient 

fractured his forearm by a heavy industrial machine. Patients’ characteristics and 

laboratory measurements are shown in Table 1. By design, there were no differences 

in age and gender between the two groups, and BMI values were comparable. Mul-

tiple fractures were more common in high-energy trauma patients (n = 16 versus n = 5 

in low-energy trauma patients, p = 0.005), but the sites of fracture in individual pa-

tients were similar: clinical vertebral fracture, 10 high- versus 11 low-trauma patients, 

p = 0.799; hip fracture, 3 high- versus 4 low-trauma patients, p = 1.00; and non-hip 

non-vertebral fracture, 31 high- versus 25 low-trauma patients, p = 0.143. 
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Lumbar spine aBMD (LS-aBMD), but not femoral neck aBMD (FN-aBMD), was sig-

nificantly higher in high-energy trauma patients (Table 1). In this group, 10 patients 

(25%) had normal aBMD values, 23 (57.5%) had osteopenia, and 7 (17.5%) had osteo-

porosis. The corresponding numbers in the low-energy trauma group were 3 (7.5%), 

23 (57.5%), and 14 (35.0%). Thus, significantly more patients in the high-energy 

trauma group had normal aBMD values (p = 0.047), but the number of patients with a 

diagnosis of osteoporosis/osteopenia did not differ between the two groups (osteo-

porosis p = 0.075, osteopenia p = 1.00). 

BMSi values of all patients studied were not different between men and women 

(81.1 ± 6.3 vs 81.3 ± 4.2, p = 0.932) but did negatively correlate with FRAX (without 

Table 1    Characteristics of patients with high- and low-energy trauma fractures

Characteristic High-energy trauma (n= 40) Low-energy trauma (n= 40) p-value

Age, y 57.7 ± 9.1 (range 40–72) 57.2 ± 7.7 (range 41–73) 0.781

Male/female (%) 28/12 (70.0/30.0) 28/12 (70.0/30.0) 1.00

BMI, kg/m2 25.4 ± 3.4 25.3 ± 3.1 0.854

Smoking, n (%) 5 (12.5) 9 (22.5) 0.260

Alcohol >3 U/d, n (%) 4 (10.0) 3 (7.5) 0.712

Previous fracture, n (%) 19 (47.5%) 23 (57.5) 0.370

Presenting fracture

> 1 fracture, n (%) 16 (40.0) 5 (12.5) 0.005

  Vertebral fracture, n (%)* 10 (25.0) 11 (27.5) 0.799

  Hip fracture, n (%) 3 (7.5) 4 (10.0) 1.00

  NHNV fracture, n (%) 31 (77.5) 25 (60.0) 0.143

Laboratory parameters

Calciuma, mmol/L 2.32 ± 0.07 2.30 ± 0.06 0.204

Creatinineb, umol/L 78.2 ± 13.7 76.8 ± 11.9 0.633

25-OH Dc, nmol/L 71.0 ± 25.0 65.2 ± 27.3 0.323

PTHd, pmol/L 3.6± 0.3 3.0 ± 0.3 0.084

BMD and FRAX probabilities

  FRAX major fracture, % 3.8 ± 0.4 5.1 ± 0.5 0.201

  FRAX hip fracture, % 0.7 ± 0.2 0.9 ±0.3 0.130

  LS-aBMD, g/cm2 0.96 ± 0.13 0.89 ± 0.13 0.013

  T-score LS − 1.1 ± 1.2 − 1.8± 1.1 0.007

  FN-aBMD, g/cm2 0.75 ± 0.09 0.72 ± 0.09 0.090

T-score FN − 1.2 ± 0.7 − 1.5± 0.7 0.100

Values are expressed as mean ± SD, FRAX and PTH are expressed as median ± SEM. 
aBMD, areal bone mineral density; FN, femoral neck; LS, lumbar spine; NHNV, non-hip 
non-vertebral. *Additional VF detected on radiographs: n = 1 vs n = 5 (p = 0.201). aCalcium 
(albumin-corrected) reference range, 2.15–2.55 mmol/L. bCreatinine reference range, 
64–104 umol/L for males; 49–90 umol/L for females. c25-OH vit D reference range, 50–
250 nmol/L. dPTH reference range, 0.7–8.0 pmol/L
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aBMD) for both major and a hip fracture (r = − 0.257, p = 0.022, and r = − 0.308, 

p = 0.006, respectively) and with age (r = − 0.277, p = 0.013; r =  − 0.362, p = 0.022 in 

high-energy trauma patients only). There was no significant relationship between 

BMSi values and LS-aBMD (r = 0.093, p = 0.413; r = − 0.269, p = 0.097 in high-energy 

trauma patients only), FN-aBMD (r = 0.079, p = 0.489; r = 0.045, p = 0.781 in high-

energy trauma patients only), or BMI (r = − 0.205, p = 0.068). High-energy trauma 

patients had significantly higher BMSi values compared with low-energy trauma 

patients, 84.4 ± 5.0 versus 78.0 ± 4.6, p = 0.001 (Fig. 1A), also after adjusting for aBMD 

(p = 0.003). BMSi values did not differ between patients with osteopenia and those 

with osteoporosis within high-energy trauma patients (Fig. 1B). In addition, BMSi 

values did not differ between patients with osteopenia and those with osteoporosis 

within low-energy trauma patients, being constantly lower in low- than in high-

energy trauma patients (Table 2), also after adjusting for age (osteopenia p < 0.001, 

osteoporosis p = 0.002). In the high-energy trauma group, there was no difference in 

BMSi values between patients with multiple fractures (range 2 to 13 fractures, n = 16) 

and those with only one fracture (n = 24), 84.4 ± 4.8 versus 85.0 ± 5.1, p = 0.733. In the 

low-energy trauma group, the number of patients with multiple fractures was too 

small for a similar statistical analysis.

Fig. 1    Bone material strength index (BMSi) in A patients with high-energy trauma and 
low-energy trauma fractures and B in high-energy trauma patients with a dual-energy 
x-ray absorptiometry diagnosis of osteoporosis, osteopenia, and normal aBMD. Data 
are shown in box-whisker plots, and statistical differences are displayed for BMSi. Boxes 
indicate median and interquartile range. Bars indicate minimum and maximum values. 
*p = 0.001
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Discussion

We show that BMSi values, measured by IMI, are significantly higher in subjects with 

high-energy trauma fractures than in gender- and age-matched subjects with low-

energy trauma fractures and comparable with those previously reported in subjects 

without fracture [12, 21]. The design and size of our study allowed precise evalua-

tion of the severity of injury, and we included only subjects with documented severe 

trauma in the high-energy trauma group; notably, aBMD was not a selection criterion 

or a prerequisite for inclusion in the study. More men than women were studied, but 

there was no difference in BMSi values between males and females. Moreover, the 

sites of fractures, including the spine and the hip, were similar between subjects 

with high- and low-energy trauma, but multiple fractures were more common in 

subjects with high-energy trauma. 

To date, this is the first study that addresses the question of the effects of loads on 

bone material properties and fragility in humans in vivo by evaluating BMSi in sub-

jects with high-energy trauma fractures and comparing them to those of subjects 

with low-energy trauma fractures. Studies comparing BMSi values between subjects 

with low-energy trauma fractures and subjects without fractures have generally 

shown significantly lower values in the former [12, 13, 21, 24]. Different from these 

observations, however, a Swedish cohort of women aged 75 to 80 years reported 

similar BMSi values in women with and without fractures [25]. In that study, all frac-

tures irrespective of trauma type were included, and information about fractures 

Table 2    Characteristics of patients with osteoporosis and osteopenia and fractures ac-
cording to mechanism of injury

Characteristic Osteopenia Osteoporosis

High-energy trauma 
(n= 23)

Low-energy trauma 
(n= 23)

High-energy trauma 
(n= 7)

Low-energy trauma 
(n=14)

Age, y 58.3 ± 9.2 55.9 ± 7.4 57.7 ± 10.5 58.4 ± 7.8

BMI, kg/m2 25.8 ± 3.8 25.5 ± 3.2 22.8 ± 2.4 24.6 ± 2.9

Male/female 17/6 14/9 6/1 11/3

FRAX major frac-
ture, %

4.3 ± 0.5 5.2 ± 0.7 3.8 ± 1.4 5.1 ± 1.0

FRAX hip fracture, % 0.8 ± 0.1 0.8 ± 0.4 1.1 ± 0.7 1.4 ± 0.6

T-score LS − 0.9 ± 0.8a − 1.3 ± 0.7 − 3.0 ± 0.5 − 3.0 ± 0.5

T-score FN − 1.5 ± 0.4 − 1.5 ± 0.7 − 1.9 ± 0.6 − 1.8 ± 0.7

BMSi 83.0 ± 5.2b 77.8 ± 2.8 87.2 ± 4.8 77.4 ± 6.3

Values are expressed as mean ± SD, FRAX is expressed as median ± SEM. BMSi, bone ma-
terial strength index; FN, femoral neck; LS, lumbar spine. ap = 0.053 compared with low-
energy trauma patients with osteopenia. bp < 0.001 compared with low-energy trauma 
patients with osteopenia
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was obtained retrospectively. In view of the results of the present study, inclusion 

of subjects with high-energy trauma fractures, and presumably higher BMSi values, 

may have contributed to the lack of difference in BMSi between the two groups in 

that analysis. 

The finding that BMSi values were not decreased in most subjects with high-energy 

trauma fractures raises questions about the mechanism of fracture in such subjects. 

Fractures occur when the load applied to bone exceeds its strength. The major 

measurable determinants of bone strength in humans in vivo are the amount of bone 

mineral and mass, the bone size, geometry and architecture, and the bone material 

composition [26]. Recent studies of the relationship between BMSi values and bone 

material properties that affect bone strength — measured by microspectroscopy 

(Raman, FITRI) in bone biopsies obtained concurrently with BMSi measurements — 

showed that BMSi assesses material properties of cortical bone [27, 28]. BMSi val-

ues are strongly associated with the mineral to matrix ratio (MM), the most widely 

measured bone material property, that, differently from other measurements of 

mineral density, directly measures and accounts for the amount of organic matrix in 

the volume analyzed [29]. In rodents, MM correlates with ash weight and is directly 

proportional to bending stiffness and failure moment being superior to total mineral 

density, measured by micro CT, in predicting bone strength [30, 31]. As reported 

here, material properties of cortical bone are negatively related with age and the 10-

year fracture probability assessed by FRAX (without aBMD) [32]. Thus, our results 

showing that bone tissue properties are not impaired in subjects with fractures due 

to high-energy trauma suggest that the excessive load applied to bone is likely re-

sponsible for most of the fractures under these conditions. This is further supported 

by our finding that BMSi values were comparable between patients with multiple 

fractures and those with a single fracture. In order, however, to better define the 

contribution of bone material properties to the susceptibility to high-energy trauma 

fractures, it is necessary to put this conclusion in context with the known important 

determinants of fracture risk, aBMD, and age. In agreement with some, but not all, 

reports [4–6], subjects with high-energy trauma fractures had significantly higher 

LS-, but not FN-aBMD, and more subjects had normal aBMD values compared to 

those with low-energy trauma fractures. In addition, and consistent with earlier re-

ports [12, 21], we found no association between BMSi and aBMD values but between 

BMSi and age. These findings were also present in the group of high-energy trauma 

patients. Furthermore, BMSi values were similar in subjects with osteopenia and os-

teoporosis within each trauma group. Observational studies of large cohorts of 

women and men have shown that subjects with incident fractures had, as expected, 

lower aBMD values than non-fractured controls that were, however, not different 

between subjects with high- and those with low-energy trauma fractures [4–6]. To-

gether with difficulties to quantify the force of trauma in clinical practice, these ob-
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servations led to the recommendation to stop classifying fractures as high- and 

low-energy trauma and care for all patients with fractures in the same way and inde-

pendently of the severity of the injury associated with the fracture [33]. Mackey et al. 

[6] showed that among men and women ≥ 65 years of two large prospective US co-

horts (Study of Osteoporotic Fractures (SOF) and Osteoporotic Fractures in Men 

Study (MrOs)), the incidence of high-energy trauma nonspine fractures increased 

significantly in subjects with osteoporosis (aBMD T-scores ≤ − 2.5 SD), and preva-

lence of osteoporosis was similar between subjects with high- and low-energy trau-

ma fractures (36.2% vs 36.6% in women and 12.8% vs 14.8% in men). Therefore, sub-

jects with osteoporosis were at high risk of fracture independently of the initiating 

trauma underscoring the importance of aBMD measurements in the assessment of 

all patients presenting with nonspine fractures. Although the prevalence of osteo-

porosis in our study needs to be interpreted with caution due to the small sample 

size, our findings are in line with this conclusion as 17.5% of subjects (predominantly 

men, approximately 20 years younger than those of the study of Mackey et al.) with 

high-energy trauma fractures had osteoporosis, a prevalence much higher than 

would have been expected in individuals of the same age in the general population 

[34]. Thus, a substantial number of relatively younger individuals (mean age 57 

years) with high-energy trauma fractures was osteoporotic. In contrast, however, to 

the findings of the SOF and MrOs studies, the prevalence of osteoporosis in subjects 

with low-energy trauma fractures in our study was significantly higher (35%). More-

over, in the study of Mackey et al. in both men and women with osteopenia (T-scores 

between < − 1 SD and > − 2.5 SD), the adjusted incidence of traumatic fractures was 

not elevated compared to that of non-fractured subjects whereas the incidence of 

low-energy trauma fractures was. The incidence of traumatic fractures was further 

not related with age as was the case in subjects with low-energy trauma fractures. 

These observations combined raise questions about the effects of differences 

among subjects included in studies of different designs on clinical outcomes, but 

also of prevalent bone-related factors, other than aBMD, that affect bone fragility; 

such differences should be considered before generalizing reported results to all 

subjects with high-energy trauma fractures. A study conducted in trauma units in 

Austria reported the frequency of low- and high-energy trauma nonspine fractures 

over 13 years in more than 400,000 individuals of all ages [35]. The frequency of 

high-energy trauma fractures was much higher in the young and decreased with ag-

ing, while low-energy trauma fractures were much more frequent in older individu-

als. Importantly, the age at which an equal frequency of high- and low-energy trauma 

fractures was observed was 54 years in women and 70 years in men. In the absence 

of studies of fracture frequency following high-energy trauma, results of that study 

suggest that most observational studies tend to underestimate the frequency of 

high-energy trauma fractures particularly in younger individuals. Alternatively, dif-

ferences in bone material properties may have contributed to observed differences 
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in frequency of high- and low-energy trauma fractures particularly in subjects with-

out osteoporosis, who constitute by far the largest number of fractures [36]. These 

hypotheses need, however, to be tested in prospective studies. Related to these 

considerations is the important observation that a previous high-energy trauma 

fracture increases the risk of a new incident fracture in the same way as a low-energy 

trauma fracture does [5, 6, 37, 38]. Incident fractures after a high-energy trauma 

fracture represent, however, a minority of subsequent fractures (5.5% in the study of 

Leslie et al.). In addition, they occur mainly in older individuals, more likely to have 

osteoporosis, but not in individuals younger than 65 years in whom only a previous 

low-energy trauma fracture increased significantly the risk of subsequent fractures. 

Our study, the first to report IMI results in patients with fractures due to high-energy 

trauma, has strengths and limitations. Main strengths are the inclusion of treatment-

naive subjects, the precise definition of the injury, and the a priori matching of the 

groups with high- and low-energy trauma fractures. Limitations include its cross-

sectional design, the low number of participants that did not allow subgroup analy-

ses, and the lack of a control group without fractures following a high-energy trauma. 

An additional limitation is a possible selection bias in the high- and low-energy 

trauma group. The former group might — due to the rapid and high loading event 

leading to such a fracture — more often be engaging in sporting activities and there-

fore reflect a more active population. A study by Sundh et al. suggested that exercise 

can increase BMSi [39]; thus, this group might have improved bone material proper-

ties compared to the general population. However, we did not include an activity 

questionnaire in the evaluation of subjects participating in the study, and this there-

fore can only be speculated. 

In conclusion, our results demonstrate that bone material properties of patients 

with high-energy trauma fractures are higher than those of patients with low-energy 

trauma fractures and comparable with those previously reported in subjects without 

fractures. Further investigation in the measurement of BMSi in non-osteoporotic 

high-energy trauma fracture patients is warranted to determine whether IMI might 

help in identifying those with reduced bone strength.
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