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Abstract
Individuals with diabetes mellitus type 2 (T2DM) have approximately 30% increased risk of hip fracture; however, the main 
cause of the elevated fracture risk in those subjects remains unclear. Moreover, micromechanical and microarchitectural 
properties of the superolateral femoral neck—the common fracture-initiating site—are still unknown. We collected proximal 
femora of 16 men (eight with T2DM and eight controls; age: 61 ± 10 years) at autopsy. After performing post-mortem bone 
densitometry (DXA), the superolateral neck was excised and scanned with microcomputed tomography (microCT). We also 
conducted Vickers microindentation testing. T2DM and control subjects did not differ in age (p = 0.605), body mass index 
(p = 0.114), and femoral neck bone mineral density (BMD) (p = 0.841). Cortical porosity (Ct.Po) was higher and cortical 
thickness (Ct.Th) was lower in T2DM (p = 0.044, p = 0.007, respectively). Of trabecular microarchitectural parameters, only 
structure model index (p = 0.022) was significantly different between T2DM subjects and controls. Control group showed 
higher cortical (p = 0.002) and trabecular bone microhardness (p = 0.005). Increased Ct.Po and decreased Ct.Th in T2DM 
subjects increase the propensity to femoral neck fracture. Apart from the deteriorated cortical microarchitecture, decreased 
cortical and trabecular microhardness suggests altered bone composition of the superolateral femoral neck cortex and tra-
beculae in T2DM. Significantly deteriorated cortical microarchitecture of the superolateral femoral neck is not recognized 
by standard DXA measurement of the femoral neck.
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Introduction

In 2017, it was estimated that 6.28% of the world population 
had diabetes mellitus (DM), and over one million deaths 
were associated with DM [1]. If the current trends remain, 
it is expected that more than 10% of the global population 
will have DM by 2030 [2]. Individuals with type 2 diabetes 

mellitus (T2DM) have a 1.34-fold higher risk of hip fracture 
[3]; however, it remains unknown how T2DM increases the 
fracture risk.

Bone microarchitecture of individuals with T2DM was 
broadly studied in previous two decades. When scientific 
community has become aware of the increased fracture risk 
in T2DM individuals, one more challenge appeared. Namely, 
it has been shown that dual-energy X-ray absorptiometry 
(DXA) is not a sufficiently reliable tool to predict the frac-
ture risk in T2DM since bone mineral density (BMD) has 
often been reported to be equally good [4] as in controls or 
even higher [5]. Since BMD does not reliably predict the 
fracture risk, examination of bone microarchitecture was a 
natural approach to further understand the origins of the 
increased fracture risk in T2DM. High-resolution periph-
eral quantitative computed tomography (HR-pQCT) has 
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frequently been used for the assessment of bone microarchi-
tecture at distal tibia and radius [5–9]. While increased corti-
cal porosity in T2DM is often found in these clinical studies 
of bone microarchitecture, this is not a consistent finding, 
particularly in T2DM subjects without microvascular disease 
[5, 7]. Another issue is that tibia, which is highly accessible 
for examination by HR-pQCT, is not a typical fracture site 
in T2DM subjects [10]. As the femoral neck microarchitec-
ture can only be crudely examined by conventional com-
puted tomography [11], the majority of studies used bone 
samples for microcomputed tomography (microCT) assess-
ment [12–15]. However, the available microCT studies that 
examined the femoral neck have evaluated trabecular [12, 
14, 15] or cortical bone of the inferomedial femoral neck 
[12]. The femoral head trabecular core [12, 13], which has 
also been often examined, represents a distal continuation 
of the inferomedial neck trabeculae. However, trabeculae of 
the inferomedial femoral neck have different aging-related 
changes [16] and fracture patterns [17] compared with tra-
beculae of the superolateral neck. Therefore, it is crucial to 
investigate cortex and trabeculae of the superolateral femoral 
neck, particularly considering that the superolateral femoral 
neck is a site where a hip fracture usually starts.

Mechanical testing techniques such as and OsteoProbe 
indentation and Vickers microindentation may offer infor-
mation about bone micromechanical properties, which are 
largely related to bone matrix composition. Bone matrix is 
a highly complex environment, which is mainly composed 
of collagen fibers; however, many other proteins are also 
present, such as protein S [18], osteocalcin, osteopontin, 
bone sialoprotein, and others [19]. Even a subtle imbalance 
in any of the components, which could be induced by DM, 
may lead to deteriorated matrix composition, resulting in 
reduced bone capability to resist fracture. If DM is able to 
induce changes in bone matrix, it is expected that they would 
be possible to detect by microindentation measurements, 
which may evaluate some aspects of bone quality. Accord-
ing to Khosla et al., results of clinical studies have revealed 
that two most consistent impairments of bone quality in 
patients with T2DM are altered bone material properties and 
increased cortical porosity [20, 21]. By using OsteoProbe, 
Holloway-Kew et al. have recently shown that individuals 
with T2DM have a lower BMSi compared with non-DM 
subjects (individuals with normoglycemia and those with 
impaired fasting glucose), but femoral neck BMD did not 
differ between the groups [4]. Equal or higher femoral BMD 
in T2DM individuals is a common finding in BMD stud-
ies [4, 8]. The reduced BMSi in individuals with T2DM 
has been confirmed by other studies [6], definitely linking 
the increased bone fragility in T2DM individuals with the 
impaired bone material properties. In contrast, Samakkarn-
thai et al. did not find differences in BMSi between T2DM 
and controls [5]. However, all of the studies that examined 

BMSi in T2DM individuals have used a clinical microin-
dentation testing device and have focused exclusively on 
the mid-shaft of tibia [4, 5]. As a laboratory method, Vick-
ers microindentation can be applied on bone specimens, 
which allows for the examination of clinically more rele-
vant skeletal sites that would otherwise be inaccessible to 
OsteoProbe-based indentation in a clinical context. While 
Vickers microindentation has not yet been applied in bone 
specimens of individuals with diabetes, the technique has 
been successfully used to probe iliac bone biopsies, show-
ing reduced microhardness in osteoporosis compared with 
control subjects [22].

Nevertheless, typical fractures in T2DM individuals are 
actually fractures of the hip and proximal humerus [10]. To 
date, one study has reported lower hardness of the femoral 
neck trabeculae in T2DM [15]; however, it remains uninves-
tigated whether hardness of the superolateral femoral neck—
a common fracture-originating site [23]—is lower in T2DM 
subjects than in non-DM subjects.

The aim of this study was to determine the origins of the 
increased fracture risk in older individuals with T2DM by 
analyzing bone microarchitecture and microhardness of the 
superolateral femoral neck trabecular and cortical compart-
ments in T2DM subjects and age- and sex-matched controls.

Materials and Methods

Sample Selection and Preparation

Sixteen proximal femora were obtained postmortem from 
male donors at the Institute of Forensic Medicine in Bel-
grade. Eight samples belonged to individuals who had 
received diagnosis of T2DM prior to death, and eight 
belonged to control subjects without DM. The age range of 
the included individuals was 47–83 years, and the mean 
age was 61 ± 10.41 years. The principal causes of death, as 
obtained from autopsy reports, included diabetic ketoaci-
dosis, acute cardiac failure, stroke or cerebral hemorrhage, 
motor vehicle accidents, other sudden traumatic injuries, or 
natural death. None of the individuals had a history of a 
bone fracture, metabolic bone disease, chronic liver disease, 
or cancer.

The inclusion criteria for the T2DM group were as fol-
lows: (1) T2DM diagnosed prior to death; (2) no positive 
history of hip fracture. The exclusion criteria were based 
on the autopsy reports, and they included the presence of 
the following: (1) rheumatoid arthritis; (2) inborn skeletal 
anomalies; (3) chronic kidney or liver disease; (4) any 
type of malignancy in the moment of death; (5) acromeg-
aly, hypo- or hyperparathyroidism; (6) known treatment 
with bisphosphonates, glucocorticoids, anticonvulsants, 
or antipsychotics; (7) hip osteoarthritis; (8) alcoholism. 
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The inclusion criteria for the control group were as fol-
lows: (1) absence of T1DM or T2DM; ii) no history of a 
hip fracture. The exclusion criteria were the same as those 
for the T2DM group.

Using a water-cooled low-speed diamond saw, we sep-
arated the superolateral neck from the rest of the speci-
men with several precise cuts, as described previously 
[24]. The approval for the collection of the sample was 
granted by the institutional Ethics Committee.

DXA Measurements

We conducted ex vivo DXA scanning on 14 out of 16 
partially excised proximal femora (Fig. 1) using Hologic 
QDR 1000/W DXA apparatus (Hologic, USA). Follow-
ing previous recommendations [25], these bony samples 
were water-immersed during scanning to simulate the 
effects of surrounding soft tissues. The assessment of 
areal bone mineral density (BMD, g/cm2) of the femo-
ral neck was done using built-in APEX software (version 
2.0, Hologic, USA). In addition, we used hip structure 
analysis (HSA) plug-in to estimate cross-sectional area 
(CSA;  cm2), cross-sectional moment of inertia (CSMI; 
 cm4), buckling ratio (BR, dimensionless), cortical thick-
ness (CTh.n, mm), and section modulus (Zn,  cm3) in the 
standardized region of interest (narrow neck—located at 
the thinnest part of the femoral neck).

MicroCT

We scanned all of the specimens using a Skyscan 1172 
micro-computed tomography system (Bruker microCT, Sky-
scan, Belgium) under the scanning conditions and param-
eters previously established: 80 kV, 124 µA, 1200 ms expo-
sure time, aluminum and copper filter, 2 K camera binning, 
10 µm voxel size (isotropic), rotation step of 0.40 degrees, 
and triple frame averaging [24]. The reconstruction of the 
projection images obtained during the scanning was per-
formed in NRecon software (Bruker microCT, Belgium) on 
InstaRecon platform (InstaRecon, USA) with suitable ther-
mal drift correction, misalignment compensation, Gauss-
ian smoothing of 3, and appropriate ring artifact and beam 
hardening corrections. To ensure representativeness of the 
evaluated bone volume, analyze consistent bone region, and 
avoid inter-site differences along the superolateral femoral 
neck [24], we analyzed the middle 60% of the superolateral 
femoral neck. Namely, if the length of the superolateral fem-
oral neck parallel to longitudinal axis was about 3 cm, in this 
study we evaluated trabecular and cortical microarchitecture 
of about 1.8 cm. Volumes of interest (VOIs) were manually 
marked for cortex and trabeculae separately (Fig. 1). Each 
VOI included about 1800 slices per sample (middle 60% of 
the superolateral neck).

The following cortical and trabecular parameters were 
evaluated using automatic 3D analysis in Ct.An (Skyscan, 
ver. 1.16.4.1): cortical thickness (Ct.Th, mm), cortical poros-
ity (Ct.Po); trabecular bone volume fraction (BV/TV, %), 

Fig. 1  Methodological approach 
in our study. The blue portion 
of the femoral neck cross-sec-
tion indicates the area evaluated 
in this study
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trabecular number (Tb.N, 1/mm), trabecular thickness (Tb.
Th, mm), trabecular separation (Tb.Sp, mm), structure model 
index (SMI, dimensionless), connectivity density(Conn.D, 1/
mm3), fractal dimension (FD), and degree of anisotropy (DA, 
dimensionless).

Microindentation Testing

To assess tissue-level micromechanical properties of cortical 
and trabecular bone, we used Vickers microhardness tester 
(HMV-G version, Schimadzu, Japan). Measurements were 
conducted under the previously established conditions for 
microhardness measurement [25] with the load of 50 g and 
12 s of indentation time for both the cortical and trabecular 
regions (Fig. 1). In order to prepare specimens for microin-
dentation testing, all of the samples were embedded in resin 
and polished. In each specimen, using a 40 × magnifying lens, 
we made five separate and valid measurements of the cor-
tical compartment and five measurements of the trabecular 
compartment, and average values were used for intergroup 
comparisons. For both the cortical and the trabecular com-
partments, we ensured that the indentations were at least 2.5 
diagonals from the margins to avoid boundary effects and that 
there were at least 2.5 diagonals between adjacent indentations 
to avoid overlapping of artificial depressions from one inden-
tation to another [26]. The measurements were performed by 
two researchers independently of each other, and the average 
value was taken for the analysis.

Statistical Analysis

The Kolmogorov–Smirnov test was used to verify that all of 
the measured parameters complied with normal distribution. 
The t test for independent samples was used to check for dif-
ferences in age, BMI, femoral neck BMD, geometric param-
eters, microarchitectural bone parameters, and microhardness 
between the investigated groups (T2DM and controls). To 
account for possible effects of age and BMI, we conducted 
analysis of covariance (ANCOVA) for the examined cortical 
parameters. Linear regression analysis was used to examine 
the associations between cortical microhardness and cortical 
porosity. All analyses were performed two-tailed in SPSS soft-
ware ver. 15 at the significance level of 0.05. The effect size 
was calculated for each of the microCT parameters in accord-
ance with the guidelines provided by Joseph A. Durlak [27]; 
we used the Effect Size Calculator for T-Test (https:// www. 
socsc istat istics. com/ effec tsize/ defau lt3. aspx).

Results

T2DM and control subjects did not differ in age (p = 0.605) 
or BMI (p = 0.114). Femoral neck BMD did not differ 
between the examined groups either (p = 0.841). CSAn, BR, 
CSMI, CTh.n, and Zn also did not differ between the investi-
gated groups (p = 0.357, p = 0.465, p = 0.140, p = 0.722, and 
p = 0.274, respectively) (Table 1).

Cortical Microarchitecture and Microindentation

We found that Ct.Po was significantly higher in T2DM sub-
jects compared with controls (p = 0.044). Moreover, Ct.Th 
was significantly lower in T2DM than in control individu-
als (p = 0.007) (Table 2). After adjusting for BMI and age, 
the significant intergroup difference in Ct.Po was lost, but 
P-values were still close to significance (p = 0.090). Even 
after adjusting for age and BMI, Ct.Th remained signifi-
cantly lower in T2DM (p = 0.032). Microindentation testing 
revealed that control specimens had higher cortical bone 
microhardness compared with T2DM specimens (p = 0.002) 
(Fig. 2). 

We next used linear regression analysis to examine the 
associations of cortical microhardness and cortical porosity, 
and showed that cortical microhardness negatively corre-
lated with Co.Po (r = − 0.6, p = 0.039).

Trabecular Microarchitecture and Microindentation

Majority of trabecular microarchitectural parameters were 
not significantly different between T2DM and control 
groups. Specifically, BV/TV, Tb.N, Tb.Th, Tb.Sp, DA, FD, 
and Conn.D did not vary between the groups (p = 0.695, 

Table 1  Characteristics and DXA results of individuals with T2DM 
and non-diabetic controls

Characteristics T2DM (N = 8) Controls (N = 8) p

Demographic
 Age (years) 60 ± 8.93 62 ± 12.25 0.605
 Sex (men) 8(100%) 8(100%) NA

Anthropometry
 Body mass index (kg/m2) 26.83 ± 2.81 23.42 ± 4.6 0.114

Densitometry
 Femoral neck BMD (g/

cm2)
0.74 ± 0.07 0.73 ± 0.13 0.841

 CSAn  (cm2) 3.1 ± 0.27 2.85 ± 0.6 0.357
 BR (dimensionless) 12.4 ± 1.75 11.59 ± 2.15 0.465
 CSMI  (cm4) 3.84 ± 0.31 3.17 ± 1.0 0.140
 CTh.n (cm) 0.17 ± 0.02 0.16 ± 0.03 0.722
 Zn  (cm3) 1.86 ± 0.14 1.64 ± 0.44 0.274

https://www.socscistatistics.com/effectsize/default3.aspx
https://www.socscistatistics.com/effectsize/default3.aspx
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p = 0.581, p = 0.930, p = 0.234, p = 0.355, p = 0.516, and 
p = 0.124, respectively) (Table 2). Only SMI was signifi-
cantly higher in controls than in T2DM group (p = 0.022). 
Control specimens had higher trabecular bone microhard-
ness than T2DM specimens (p = 0.005) (Fig. 2).

Discussion

To the best of our knowledge, this is the first evaluation of 
bone micromechanical properties and microarchitecture of 

Table 2  Trabecular and cortical 
microarchitectural parameters 
of T2DM and control groups. 
*p < 0.05

Parameter Groups n Mean SD p-value Effect size (Cohen d)

BV/TV [%] T2DM 8 13.32 3.02 p = 0.695 − 0.20132
Control 8 13.99 3.61

Tb.Th [mm] T2DM 8 0.15 0.03 p = 0.930 0
Control 8 0.15 0.03

Tb.N [1/mm] T2DM 8 0.90 0.19 p = 0.581 0.179766
Control 8 0.87 0.14

Tb.Sp [mm] T2DM 8 0.97 0.10 p = 0.234 0.627572
Control 8 0.89 0.15

Conn.D [1/mm3] T2DM 8 5.45 2.37 p = 0.124 − 0.81886
Control 8 8.56 4.82

DA [dimensionless] T2DM 8 2.68 0.33 p = 0.355 0.483668
Control 8 2.50 0.41

FD [dimensionless] T2DM 8 2.35 0.07 p = 0.516 − 0.28571
Control 8 2.37 0.07

SMI [dimensionless] T2DM 8 0.93 0.22 p = 0.022* − 1.28544
Control 8 1.46 0.54

Ct.Po [%] T2DM 8 31.48 8.88 p = 0.044* 1.108248
Control 8 22.87 6.47

Ct.Th [mm] T2DM 8 0.24 0.03 p = 0.007* − 1.67126
Control 8 0.33 0.07

Fig. 2  Micromechanical evaluation of bone specimens. A Vickers cortical microhardness of T2DM and control groups; B Vickers trabecular 
microhardness of T2DM and control groups. *p < 0.05
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cortical and trabecular compartments of the superolateral 
femoral neck in individuals with T2DM. Investigations 
of the superolateral femoral neck are particularly relevant 
considering that simulations of a sideways fall in fresh 
frozen human cadaveric femora unequivocally confirmed 
that a fracture most often initiated at the superolateral 
femoral neck [28]. Therefore, it is essential to evaluate 
T2DM effects at this region of the skeleton so as to better 
understand the basis for the increased hip fracture risk 
in T2DM. We found that individuals with T2DM have 
impaired bone micromechanical properties of cortical 
and trabecular compartments of the superolateral neck, 
coupled with deteriorated cortical microarchitecture, indi-
cating the microstructural origins of an increased frac-
ture risk in subjects with T2DM. However, none of the 
DXA and HSA parameters differed between the examined 
groups. Indeed, bone fractures occur when the applied 
force exceeds bone strength. Therefore, apart from the 
magnitude and direction of a force, bone intrinsic charac-
teristics are essential to understand the individual’s bone 
fracture risk. Two fundamental components of cortical 
bone strength are cortical thickness and cortical poros-
ity [29, 30]. For example, in a CT-based finite element 
study based on 44 right femora from female individuals, 
Endo et al. showed that the reduced cortical bone thick-
ness caused powerful stresses and strains, finally resulting 
in an increased risk of hip fracture [31]. Also, two HR-
pQCT studies conducted by Sundh et al. emphasized that 
increased cortical porosity was associated with a higher 
prevalence of multiple osteoporotic fractures in men [32] 
and women [33]. Hence, our findings reflect an increased 
fracture risk in individuals with T2DM.

Recently, Wölfel et al. have analyzed hardness of the 
femoral mid-shaft cortex in T2DM, high-porosity T2DM, 
and control groups [34]. Those subjects were older than our 
subjects and included both sexes; however, nanoindentation 
analyses did not reveal any variations in hardness between 
the groups. Even the group consisting of T2DM subjects 
with high Ct.Po did not differ in nanohardness from the other 
two groups [34], which may indicate that the deterioration of 
bone microarchitecture is independent of changes in nano-
structure. Recently, Holloway-Kew et al. have speculated 
that the assessment of bone material properties is better 
than DXA for bone quality evaluation in T2DM individuals; 
their hypothesis was based on the fact that in their study on 
340 men, no differences in femoral neck BMD were found, 
while distal tibia BMSi was lower in T2DM individuals than 
in non-DM group [4]. Similar to Holloway-Kew et al., we 
also analyzed only male subjects, and found that femoral 
neck BMD was similar between the investigated groups; 
in our study, microhardness was reduced in T2DM, but 
we examined the femoral neck of individuals with T2DM, 
whereas Holloway-Kew et al. investigated the distal tibia 

[4]. Samakkarnthai et al. conducted a series of analyses, 
including measuring BMSi (using microindentation of the 
distal tibia), measurement of skin advanced glycation end-
products (AGEs) (using autofluorescence), and HR-pQCT 
of the distal radius and tibia, in 171 T2DM patients and 108 
age-matched non-DM subjects [5]. However, they showed 
that BMSi of the distal tibia did not vary between the inves-
tigated groups. Samakkarnthai et al. also showed that T2DM 
subjects with vascular complications had a significantly 
more porous cortex of the distal tibia compared with con-
trols, whereas the presence of vascular complications did 
not affect BMSi [5]. Farr et al. conducted a study on BMSi 
and microarchitecture of the distal tibia and radius in 60 
postmenopausal women; they found that T2DM patients had 
a significantly lower BMSi than controls, which was coupled 
with a higher cortical thickness of the distal radius and tibia. 
Farr et al. also found improved trabecular microarchitecture 
of the distal radius in T2DM individuals, before adjusting for 
BMI. However, after adjusting the data for BMI, Tb.N was 
no longer higher and Tb.Sp was not lower in T2DM subjects 
[21]. Nilsson et al. performed a cross-sectional study that 
assessed microarchitecture of the distal tibia and radius in 
99 women with T2DM and 954 control subjects [6]. They 
reported a significantly higher trabecular BV/TV in T2DM 
group at both skeletal sites. While Ct.Po in the tibia did not 
differ between the groups, Ct.Po of the radius was either bet-
ter (at a more proximal site) or worse (at a standard site) in 
T2DM compared with controls [6]. Finite element analysis 
revealed significantly higher failure loads in T2DM than in 
control group [6], and BMSi by reference point indentation 
was lower in T2DM [6]. By using microCT, Karim et al. 
analyzed trabecular microarchitecture of the femoral core 
of the head in 20 T2DM subjects undergoing elective total 
hip replacement surgery and 33 non-DM controls [12]. Tra-
becular microarchitecture did not differ between the groups 
for any of the examined parameters [12]. The authors also 
found that T2DM group demonstrated impaired cortical 
bone biomechanical properties, as evidenced by some cyclic 
reference point indentation properties [12]. Our findings 
regarding the femoral neck trabecular microarchitecture in 
T2DM subjects are mostly in agreement with previous stud-
ies [13]. Namely, previous studies that examined trabecular 
microarchitecture of the femoral head (trabecular cores that 
are actually derived from inferomedial trabeculae of the 
femoral neck) did not find significant intergroup differences 
for any of the investigated parameters [12–14]. However, 
Sihota et al. reported deteriorated trabecular microarchitec-
ture of the femoral head (lower BV/TV, Tb.N, and Tb.Th; 
higher SMI and Tb.Sp) as well as lower modulus and hard-
ness obtained by nanoindentation testing [15]. This could 
be partly explained by the choice of the examination site 
given that Sihota et al. examined trabeculae from subchon-
dral compartment of the femoral head—the compartment 
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located on the opposite part of the femoral head than the 
trabecular cores examined by the previously mentioned stud-
ies [12–14]. To summarize, regardless of the used methodol-
ogy (microCT or pQCT), the results of the previous studies 
that examined bone microarchitecture (T2DM vs controls) 
are not uniform, but the majority of the studies agree that 
bone microstructure and mechanical properties are altered 
in T2DM individuals.

To the best of our knowledge, our study was the first to 
examine micromechanical and microarchitectural properties 
of the superolateral femoral neck trabeculae, and examina-
tion of the cortical compartment of the superolateral femo-
ral neck may be considered the main strength of our study. 
Particularly, our assessment of cortical bone is important 
because its deterioration was not detectable by clinical tools, 
considering that we found similar BMD and hip geometry 
parameters between the groups with the current sample size.

Here, we showed that 36% of the variability in cortical 
microhardness was explainable by the variability in cortical 
porosity. As for the remaining portion of the variability in 
mechanical properties in T2DM, it could be dependent on 
other aspects of bone quality that could be affected by the 
disease. On iliac crest biopsies of osteoporosis and control 
subjects, Boivin et al. showed that Vickers microhardness 
positively correlated with the degree of bone mineralization 
(DMB); nevertheless, the lower microhardness in individu-
als with osteoporosis cannot be fully explained by DMB 
alone [22]. In this context, organic matrix was also shown 
to partly determine microhardness values (about 30%) [22]. 
The reduced Vickers microhardness in individuals with 
T2DM in our study may reflect the higher fracture risk 
in these individuals, particularly having in mind that the 
reduced microhardness is determined by the alterations to 
both inorganic and organic components of the bone matrix 
and that Vickers microhardness correlates with tissue-level 
Young’s modulus [22]. Of note, there are also other poten-
tial contributors to the increased fracture risk in T2DM that 
may or may not be captured by microindentation. For exam-
ple, in addition to the altered mineralization pattern, T2DM 
individuals may present lower osteon density compared 
with control subjects [34], as well as low bone turnover 
coupled with a decreased number of osteoblast precursors 
and increased number of osteoclast precursors [35]. Indeed, 
additional research is warranted to comprehensively study 
the effects of T2DM on other aspects of bone quality and 
further clarify the mechanisms of the increased fracture risk.

However, there are few limitations, such as missing 
data regarding the duration of disease and HbA1c, and a 
relatively small number of samples. The sample size was 
conditioned by the COVID-19 outbreak and avoidance of 
autopsies in COVID-19–positive individuals; nevertheless, 
our study was sensitive enough to demonstrate that cortical 
microarchitecture and cortical and trabecular microhardness 

are significantly reduced in older individuals with T2DM. 
While clinical studies have used OsteoProbe for microinden-
tation, here we used Vickers microhardness testing as a tra-
ditional and standardized method that has been broadly used 
for material testing and has been also used for the evaluation 
of bone specimens [22, 25, 26]. We used standardized forces 
as suggested in previous studies on bones, which were able 
to measure the tissue-level hardness of the examined bone 
specimens. Although different, both of these methods are 
obviously able to distinguish between diabetes and controls 
specimens. Moreover, it has recently been shown that the 
BMSi, as measured by OsteoProbe indentation, is a valid 
measurement of hardness [36], and correlates strongly and 
significantly with Vickers and Rockwell microhardness val-
ues (r = 0.94, r = 0.93, respectively) [36]. However, it should 
be noted that OsteoProbe assesses the outer cortical surface 
only, as this is the only possible testing direction in a clinical 
setting; in contrast, Vickers microindentation on the excised 
bone specimens allowed us to examine the cross-section 
material properties of the superolateral femoral neck, which 
allowed us to separately evaluate its cortical and trabecular 
bony compartments. The superolateral femoral neck—the 
typical fracture-initiating site—is nonaccessible to the clini-
cal indentation methods, so gaining direct knowledge on the 
superolateral femoral neck micromechanical properties is 
only possible on excised bone specimens obtained from sur-
gery or autopsy.

Conclusions

T2DM individuals have deteriorated cortical microarchitec-
ture of the superolateral femoral neck, and cortical and tra-
becular micromechanical properties are impaired in T2DM 
subjects as well. These findings offer explanation for the 
increased hip fracture risk in T2DM subjects. Considering 
that the significantly deteriorated cortical microarchitecture 
of the superolateral femoral neck is not recognized by DXA 
measurement, analyses of bone microarchitecture and bone 
material properties offer better understanding of the reduced 
bone strength in T2DM subjects.
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