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Women with type 2 diabetes mellitus have lower cortical porosity of the
proximal femoral shaft using low-resolution CT than nondiabetic
women, and increasing glucose is associated with reduced
cortical porosity☆
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Increased cortical porosity has been suggested as a possible factor increasing fracture propensity in patients with
type 2 diabetes mellitus (T2DM). This is a paradox because cortical porosity is generally associated with high
bone turnover, while bone turnover is reduced in patients with T2DM.We therefore wanted to test the hypoth-
esis that women with T2DM have lower bone turnover markers (BTM) and lower cortical porosity than those
without diabetes, and that higher serum glucose and body mass index (BMI) are associated with lower BTM,
and with lower cortical porosity.
This cross-sectional study is based on a prior nested case-control study including 443 postmenopausal women
aged 54–94 years from the Tromsø Study, 211 with non-vertebral fracture and 232 fracture-free controls. Of
those 443 participants, 22 women exhibited T2DM and 421 women did not have diabetes. All had
fasting blood samples assayed for procollagen type I N-terminal propeptide (PINP), C-terminal cross-linking
telopeptide of type I collagen (CTX) and glucose, and femoral subtrochanteric architecture was quantified
using low-resolution clinical CT and StrAx1.0 software.
Womenwith T2DMhad higher serumglucose (7.2 vs. 5.3mmol/L), BMI (29.0 vs. 26.4 kg/m2), and higher femoral
subtrochanteric total volumetric bone mineral density (vBMD) (783 vs. 715 mg HA/cm3), but lower cortical
porosity (40.9 vs. 42.8%) than nondiabetic women (all p b 0.05). Each standard deviation (SD) increment in
glucose was associated with 0.10–0.12 SD lower PINP and CTX, and 0.13 SD lower cortical porosity (all
p b 0.05). Each SD increment in BMI was associated with 0.10–0.18 SD lower serum PINP and CTX, and 0.19 SD
thicker cortices (all p b 0.05).
Increasing glucose and BMI were associated with lower bone turnover suggesting that reduced intracortical and
endocortical remodeling leads to reduced porosity and thicker cortices. Using low-resolution clinical CT, cortical
porosity was lower in women with T2DM compared to women without diabetes. This indicates that other
changes in bone qualities, not increased cortical porosity, are likely to explain the increased fracture propensity
in patients with T2DM.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Type 2 diabetesmellitus (T2DM) and bone fragility are public health
problems coexisting with increasing age [1,2]. The prevalence of both
conditions have increased over the last years, and thus the burden on
society [3,4]. Patients with T2DM tend to have higher body mass index
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(BMI) and areal bone mineral density (aBMD), and would therefore be
expected to exhibit reduced risk of fracture. Despite normal or increased
aBMD they show increased risk of any fragility fracture [5–8]. T2DM
itself is a modest risk factor for fracture, however, given the large
number of individualswith this disease, fracture remains amajor clinical
concern [9].

In T2DM patients, fracture risk is higher for a given level of BMD
compared to individuals without diabetes [8]. The reasons for the in-
creased risk for fracture in T2DM patients are not clear [6,10]. Increased
cortical porosity of distal radius or distal tibia has been invoked as one
possible factor [11–13]. However, it is hard to explain how individuals
with T2DM can exhibit high porosity [14–17], since increased cortical
porosity reflects increased bone turnover from intracortical surfaces lin-
ing the Haversian canals and the endocortical surfaces adjacent to the
marrow cavity [18,19]. As T2DM is a condition with low bone turnover
[20,21], patients with T2DM would rather be expected to exhibit re-
duced cortical porosity. In contrast, prior studies reported increased po-
rosity in T2DM patients. However, the absolute differences in cortical
porosity were small (0.8–2.4%), they included small sample sizes and
measured porosity at peripheral sites using high-resolution peripheral
quantitative computed tomography (HR-pQCT) [11–13].

As cortical porosity at peripheral sites may not be representative of
central sites, we examined cortical porosity at the proximal femur, a
common site of the most serious fragility fracture [22]. Studies using
HR-pQCT to quantify porosity present low values of porosity ranging
from 1% to 15% because of quantifying only porosity of the compact cor-
tex and only pores over 100 μm [11–13,16], although 60% of cortical
pores are under 100 μm in diameter [6,23–25]. This threshold-based
image analysis underestimates porosity by including only empty voxels
[24]. StrAx1.0 software quantifies porosity as a fraction of void regard-
less of size of the pores, and captures indirectly porosity produced by
pores larger and smaller than 100 μm in diameter. It accounts for partial
volume effect by including not only void within total empty voxels, but
also partly empty voxels [24]. By using StrAx1.0 software we quantify
porosity not only of the compact cortex but also the transitional zone.
It is thus more inclusive than the traditional HR-pQCT measurements
and the porosity is higher than reported using other methods [24,26].

Common characteristics of patients with T2DM are hyperglycemia
and obesity. Increased BMI is associated with reduced bone turnover
markers (BTM) and increased aBMD [17,18]. Similar observations with
glucose-loading have been made in healthy subjects [15]. However, it
remains to be determined whether the serum levels of glucose, BMI,
or both, influences cortical porosity, cortical thickness or other bone fea-
tures. We therefore wanted to test the hypothesis that 1) postmeno-
pausal women with T2DM have lower bone turnover markers and
lower cortical porosity than those without diabetes, and that 2) higher
serum levels of glucose and BMI are associated with lower bone turn-
over markers, and with lower cortical porosity.

2. Materials and methods

2.1. Study population

The Tromsø Study is a single-center population-based study in
Northern Norway, which conducted six surveys from 1974 to 2008
[27]. In 1994–95 (Tromsø 4), all 37,558 eligible inhabitants in Tromsø
over 24 years of age were invited, and 27,158 subjects (72%) participat-
ed. In the Tromsø 4 participants, all non-vertebral fractures were regis-
tered from the X-ray archives of the University Hospital of North
Norway between 1 January 1994 and 1 January 2010 [28]. In 2011, we
designed a nested case–control study that included 264 postmenopaus-
al women from the fracture registry, who had suffered at least one frac-
ture of the hip, wrist, or proximal humerus after the age of 50, and 260
age-matched fracture-free controls selected randomly from the same
Tromsø 4 cohort, previously described in detail [18,22,29]. Women
who were premenopausal, received bisphosphonates for osteoporosis,

had hip prostheses,metal screws, or pathological fractureswere exclud-
ed. Of those 524 participants, we further excluded 15 currently receiv-
ing hormone replacement therapy and 66 with movement artifacts
during CT scanning. The current study is a cross-sectional study based
on the nested case-controls study described above, that included 443
participants (211 fracture cases [4 hip, 181 wrist, and 26 proximal hu-
merus] and 232 fracture-free controls), of those 22 had T2DM and 421
did not have diabetes. The median time since their fracture was
6.6 years (range 1–25). All participants provided written informed con-
sent and all measurements were performed between November 2011
through January 2013. The study was approved by the Regional Com-
mittee of Research Ethics and was conducted in accordance with the
World Medical Association Declaration of Helsinki.

2.2. Variables

A questionnaire included information concerning fractures after the
age of 50 years, number of falls in the last 12 months, diseases, use of
medication and lifestyle-factors such as exercise and smoking. The
self-reported diagnosis and duration of T2DMwas confirmed based on
information in their medical records, and diabetic complications were
also identified. None of the participants reported that they had type 1
diabetes mellitus. Height and weight were measured in light clothing
without shoes, and BMI was calculated as weight/height2. Total hip
and femoral neck (FN) aBMD was measured at the non-dominant side
using DXA (GE Lunar Prodigy, Lunar Corporation, Madison, WI, USA),
and coefficients of variation (CV) were 1.2% and 1.7%, respectively [22].

Fasting blood samples were collected between 8 and 10 am and
assayed for serum glucose using Roche Diagnostics, Germany, with CV
0.5–1.6%, insulin using Elecsys 2010 Modular Analytics E170, Roche Di-
agnostics, Germany, with CV 0.8–4.6%, 25-hydroxyvitamin D
(25(OH)D) using mass spectrometry, parathyroid hormone (PTH)
using Immulite 2000, and procollagen type I N-terminal propeptide
(PINP) and C-terminal cross-linking telopeptide of type I collagen
(CTX) using electrochemiluminescence immunoassay, Elecsys 1010An-
alytics, Roche Diagnostics, Germany, with CV of 3–8%. Homeostatic
model assessment of Insulin Resistance (HOMA-IR) was calculated
using the following formula: (glucose multiplied by insulin) divided
by 135 [30], and kidney function was assessed using estimated glomer-
ular filtration rate (eGFR).

CT scans (Siemens Somatom Sensation 16, Erlangen, Germany) of
the non-dominant hip were performed at the Department of Radiology,
University Hospital of North Norway. The CT machine had an in-plane
resolution of 0.74 mm, the slice thickness was 0.6 mm, the hip was
scanned from just above the femoral head to 2 cm below the lesser
trochanter and the exposure dose of radiation was ~1.5 mSv [22]. CT
scans of the hip were performed at 120 kV, a pitch of 0.75, using
90mA, reconstructed using a fixed field of view at 120mm [31]. Quality
control was carried out by scanning a phantom containing rods of
HA (QRM Quality Assurance in Radiology and Medicine GmbH,
Moehrendorf, Germany). These low-resolution CT images were ana-
lyzed in Melbourne (Australia) using StrAx1.0 software (StraxCorp Pty
Ltd., Melbourne, Australia), a non-thresholding method, which auto-
matically selects attenuation profile curves and segments the bone
into compact-appearing cortex, inner and outer transitional zones
(TZ), and trabecular compartment (Fig. 1) [32]. This is performed simi-
larly in low-resolution images [22,26,32] as in HR-pQCT images [24,33].
As cortices are thin at themost proximal femur (femoral head, neck and
trochanter), analyses were confined to the region of interest (ROI)
where the cortices are thicker. This 3.7 mm subtrochanteric region
was standardized by starting at tip of lesser trochanter, and the ROI
was segmented into its compartments [22,32]. Porositywithin each cor-
tical compartment was quantified automatically throughout the ROI
using StrAx1.0 software [22,24–26,29,31–33]. StraxCorp was blinded
to T2DM and fracture status at the time of the analysis with StrAx1.0.
Cortical compartments at the subtrochanteric site are shown in Fig. 1
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and prior articles [22,32]. Local bone edges are identified as the begin-
ning and the end of the rising and falling S-shaped portions of the
curve enabling the delineation of the compartments [24]. Analyzing
~3600 consecutive overlapping profiles around the perimeter of each
cross-sectional slice, segments the compartments. The density profile
curve produced has two plateaus; one corresponding to the compact-
appearing cortex and one corresponding to the trabecular compart-
ment. Between these plateaus is a descending S shaped curve or transi-
tion between the two plateaus. This is the transitional zone. The density
profile curve is expressing the mineralized bone area as the percentage
of total area within each column.

Porosity presented here is defined as and determined as the average
void volume fractionwithin the total cortex (compact appearing cortex,
outer and inner transitional zone (TZ)). The porosity quantified by this
algorithm is the proportion of emptiness within each voxel or the frac-
tion of the bone occupied by void (porosity) [22,24,32]. StrAx1.0 quan-
tifies porosity in low-resolution CT even though pores are not visible to
the naked eye and it is thus an indirectmeasure of porosity [18,22,26,29,
32]. The size and number of pores were not determined by using this
software. Accuracy of porosity measurements at distal radius and distal
tibia using HR-pQCT images with a voxel size of 82 μm was validated
against μCT images of cadaver specimens with a voxel size of 19 μm as
the gold standard [24]. Zebaze et al. also assessed accuracy of porosity
quantified at the proximal femur in HR-pQCT images, against scanning
electronmicroscopy (SEM) images of specimens collected at 2.5 μmres-
olution as the gold standard [24]. The agreement (R2) between HR-
pQCT and these gold standards for quantification of porosity ranged
from 0.87 to 0.99. The in vivo precision of StrAx1.0 analysis of HR-
pQCT images was tested by rescanning seven women four times [24].
The in vivo and ex vivo precision error was b4.0% [24].

Accuracy of porosity measurements using clinical CT images with a
voxel size of 740 μm was validated by testing agreement with HR-
pQCT measurements with a voxel size of 82 μm as the gold standard
[22,32]. The agreement (R2) between CT and HR-pQCT ranged from
0.86 to 0.96 for quantification of porosity at the same femoral
subtrochanteric site (range 40–95%) [22,32]. CV for porosity of each
cortical compartment were below 4.0%. For ethical reasons, it was not
possible to perform in vivo validation with rescanning of women on
the same day. Therefore, we performed an additional validation by

repositioning and rescanning a human hip phantom (consisting of a
human pelvic skeleton embedded in plastic material) 10 times, with
CV for the CT subtrochanteric bone parameters between 0.3 and 2.3%
[22]. Thus, StrAx1.0 software provides accurate and reliable measure-
ments of cortical porosity and other bone traits.

2.3. Statistical analyses

In this cross-sectional study, results are presented stratified by
T2DM-status and by fracture status. All normally distributed continuous
variables are presented as mean± standard deviation (SD). Remaining
variables; trabecular BV/TV, serum insulin and HOMA-IR, are presented
as median (range). In order to correct for skewed distribution, we used
log-transformed trabecular BV/TV in the analysis. Differences between
womenwith andwithout T2DMwere assessed using analysis of covari-
ance (ANCOVA), adjusted for age and fracture status. In sub-analysis, we
compared diabetic women with and without fracture, and nondiabetic
women with and without fracture using ANOVA, adjusted for age and
BMI. Scatterplots of PINP, CTX, cortical porosity and cortical thickness
as a function of serum glucose and BMI are presented. Linear regression
analysis was used for associations of BTM and bone architecture (y), as a
function of glucose and BMI (x) adjusted for age and fracture status.
Standardized regression coefficients (STB) were used to facilitate the
comparison of the strength of the associations between the exposure
and endpoints. Analyses were performed using STATA Software pack-
age, v14 (StataCorp, LP, Texas, USA) and SAS software package, v9.3
(SAS Institute Inc., Cary, NC, USA). All tests were two-sided and
p b 0.05 considered significant.

3. Results

3.1. Women with type 2 diabetes mellitus compared with those without
diabetes

Womenwith T2DM exhibited higher fasting serum levels of glucose
(7.2 vs. 5.3 mmol/L) and insulin (102 vs. 55 pmol/L), higher HOMA-IR
(5.3 vs. 2.2) and BMI (29.0 vs. 26.4 kg/m2), and lower serum
vitamin D (67.6 vs. 80.4 nmol/L) than those without diabetes (all
p b 0.05, Table 1). Moreover, they had higher total vBMD (783 vs.

Fig. 1. Cross-section image of proximal femur and its compartments. Segmented computed tomography image obtained at the proximal femur using StrAx1.0, a non-threshold-based
segmentation algorithm, showing the total cortex (the area used for the cortical porosity measurements), consisting of the three cortical compartments: compact-appearing cortex,
outer and inner (red) transitional zones, and trabecular bone area. Porosity was assessed from QCT slices distal to the lesser trochanter.
(Source: Reproduced with permission of JohnWiley and Sons (Ref [32] Zebaze et al. J Bone Miner Res. 31 (2016) 1827–1834).
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715 mg HA/cm3) and cortical vBMD (1073 vs. 1041 mg HA/cm3), lower
total cortical porosity (40.9 vs. 42.8%) of the femoral subtrochanteric re-
gion (all p b 0.05). Serum levels of PINP inwomenwith T2DM tended to

be lower than inwomenwithout diabetes (40.4 vs. 46.8 ng/mL), though
this did not reach significance (p= 0.100). All results were adjusted for
age and fracture status.

3.2. Glucose, insulin, BMI, and bone turnover markers

Each SD increment in serum glucose was associated with 0.12 and
0.10 SD lower serum PINP and CTX, respectively (both p b 0.05,
Table 2, Fig. 2a). Each SD increment in serum insulin and HOMA-IR
were each associated with 0.10 SD lower CTX (p b 0.05), but not associ-
ated with PINP. Each SD increment in BMI was associated with 0.10 and
0.18 SD lower serum PINP and CTX, respectively (both p b 0.05, Table 2,
Fig. 2b).

3.3. Glucose, insulin, BMI, cortical porosity, and cortical thickness

Each SD increment in serum glucose, insulin, HOMA-IR and BMI was
associated with 0.12–0.19 SD higher total vBMD (all p b 0.05). Each SD
increment in serum glucose was associated with 0.13 SD lower cortical
porosity (p= 0.006), while serum insulin and HOMA-IRwere not asso-
ciatedwith cortical thickness or porosity. Each SD increment in BMIwas
associated with 0.19 SD thicker cortices (p b 0.001). All results were ad-
justed for age and fracture status. Excluding those with the highest
serum glucose above 7 mmol/L or those above 10 mmol/L did not
change the results, as glucose remained associated with cortical poros-
ity (p b 0.05).

The median duration of T2DM was 6.7 years (range 1.8–17.9), and
duration of diabetes was inversely but non-significantly associated
with cortical porosity (STB = −0.28, p = 0.222, Fig. 3). Of 22 women
with T2DM, seven were not on medication for diabetes, 12 used only
oral antidiabetics, while three used both oral antidiabetics and insulin.
Only three women with T2DM had complications (one neuropathy,
two nephropathy), however these three patients had cortical porosity
ranging from 38 to 43%, whichwas close to the average levels of cortical
porosity, and they had additionally comorbidity as cancer and
hypertension.

3.4. Cortical porosity in women with type 2 diabetes mellitus and fracture

Women with T2DM had lower cortical porosity than those without
diabetes (p = 0.033), and women with fracture had higher porosity
than fracture–free controls (p b 0.001, Fig. 4). We stratified the analysis.
In women with T2DM, those with fracture had non-significantly higher
porosity than those without fracture (p = 0.159, Fig. 4, Table 3). In
women without T2DM, those with fracture had higher porosity than
those without fracture (p b 0.001). In women with fracture, those
with T2DM had non-significantly lower cortical porosity than those

Table 1
Characteristics of women with type 2 diabetes mellitus and controls.

Type 2 diabetes
mellitus

Controls without
diabetes

Mean ± SD Mean ± SD p

n 22 421
Age (years) 70.9 ± 7.2 68.2 ± 7.2 0.089
Weight (kg) 73.8 ± 12.1 69.2 ± 10.6 0.040
Height (cm) 159.5 ± 7.8 162.0 ± 6.3 0.232
Body mass index (kg/m2) 29.0 ± 4.8 26.4 ± 4.0 0.006
Physical activity (hour/week) 2.5 ± 1.7 2.5 ± 1.6 0.877
Currently smoker, n (%) 2 (9.1) 51 (12.1) 0.892
Prevalent fracture, n (%) 9 (40.9) 202 (48.0) 0.513
Falls in last 12 months, n (%) 7 (31.8) 151 (35.9) 0.651
Self-reported good health, n (%) 11 (50.0) 301 (71.8) 0.045
Take calcium supplements, n (%) 3 (13.6) 69 (16.4) 0.710
Take vitamin D supplements, n (%) 16 (72.7) 313 (74.4) 0.866
Fasting serum glucose (mmol/L) 7.23 ± 2.05 5.33 ± 0.49 b0.001
Fasting serum insulin (pmol/L)a 102 (27–1117) 55 (12–397) b0.001
HOMA-IRa 5.3 (1.1–114) 2.2 (0.4–21) b0.001
Fasting serum PINP (ng/mL) 40.4 ± 13.7 46.8 ± 16.6 0.100
Fasting serum CTX (ng/mL) 0.461 ± 0.264 0.464 ± 0.172 0.988
Serum vitamin D (nmol/L) 67.6 ± 21.2 80.4 ± 24.7 0.012
Serum PTH (pmol/L) 4.98 ± 1.81 4.31 ± 2.14 0.206
eGFR (ml/min) 74.2 ± 21.3 77.8 ± 15.5 0.584
Total hip T-score 0.71 ± 1.04 0.89 ± 1.00 0.343
Total hip aBMD (mg/cm2) 915 ± 125 893 ± 120 0.343
Femoral neck (FN) aBMD (mg/cm2) 829 ± 104 829 ± 112 0.869
Femoral subtrochanteric
architectureb

Total bone vBMD (mg HA/cm3) 783 ± 110 715 ± 105 0.002
Cortical vBMD (mg HA/cm3) 1073 ± 77.3 1041 ± 66.3 0.029
Cortical thickness (mm) 4.25 ± 0.50 4.21 ± 0.58 0.716
Total cortical porosity (%) 40.9 ± 4.39 42.8 ± 3.97 0.029
Compact cortical porosity (%) 33.9 ± 3.49 34.8 ± 2.89 0.185
Outer transitional zone porosity (%) 45.6 ± 2.58 45.4 ± 2.28 0.630
Inner transitional zone porosity (%) 84.0 ± 1.56 84.1 ± 1.50 0.624
Trabecular BV/TV (%)a 0.13

(0.04–1.28)
0.17
(0.01–1.82)

0.599

Women with type 2 diabetes mellitus were compared with controls (without diabetes)
using ANCOVA, adjusted for age and fracture status. SD, standarddeviation; Prevalent frac-
ture (≥1 vs 0); Falls in last 12months (≥1 vs 0); HOMA-IR, homeostaticmodel assessment
of Insulin Resistance; PINP, procollagen type I N-terminal propeptide; CTX, C-terminal
cross-linking telopeptide of type I collagen; PTH, parathyroid hormone; eGFR, estimated
glomerular filtration rate, aBMD, areal bonemineral density, vBMD, volumetric bonemin-
eral density; BV/TV, bone volume/tissue volume.

a Median (range) are presented due to skewed distribution, otherwise numbers are
mean ± SD.

b Assessed using low-resolution clinical CT.

Table 2
Associations of a 1 SD increment in body mass index (BMI), serum levels of glucose and insulin, and insulin resistance with bone turnover markers and femoral subtrochanteric
architecture.

BMI (kg/m2) Glucose (mmol/L) Insulin (pmol/L) HOMA-IR

STB p STB p STB p STB p

Bone turnover markers
PINP (ng/mL) −0.10 0.040 −0.12 0.012 −0.02 0.658 −0.03 0.546
CTX (ng/mL) −0.18 b0.001 −0.10 0.030 −0.10 0.042 −0.10 0.039

Femoral subtrochanteric architecturea

Total vBMD (mg HA/cm3) 0.19 b0.001 0.19 b0.001 0.12 0.007 0.12 0.007
Cortical thickness (mm) 0.19 b0.001 0.08 0.090 0.08 0.086 0.07 0.114
Total cortical porosity (%) −0.03 0.503 −0.13 0.006 −0.06 0.207 −0.08 0.077
Trabecular BV/TVb 0.12 0.010 0.06 0.177 0.07 0.138 0.06 0.235

SD, standard deviation; HOMA-IR, homeostaticmodel assessment of Insulin Resistance; PINP, procollagen type I N-terminal propeptide; CTX, C-terminal cross-linking telopeptide of type I
collagen; vBMD, volumetric bonemineral density; BV/TV, bone volume/tissue volume. STB, standardized beta coefficients using linear regression analyses and adjusted for age and fracture
status.

a Assessed using low-resolution clinical CT.
b Analyzed using log-transformed variables.
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Fig. 2. a. (A) Procollagen type I N-terminal propeptide (PINP), (B) C-terminal cross-linking telopeptide of type I collagen (CTX), and (C) femoral subtrochanteric porosity of the total cortex
(compact-appearing cortex, inner and outer transitional zones) and (D) cortical thickness as a function of serum glucose. The standardized beta coefficients (STB) are estimated using
linear regression analyses and adjusted for age and fracture status. Bone architecture was assessed using low-resolution clinical CT. b. (A) Procollagen type I N-terminal propeptide
(PINP), (B) C-terminal cross-linking telopeptide of type I collagen (CTX), and (C) femoral subtrochanteric porosity of the total cortex (compact-appearing cortex, inner and outer
transitional zones) and (D) cortical thickness as a function of body mass index (BMI). The standardized beta coefficients (STB) are estimated using linear regression analyses and
adjusted for age and fracture status. Bone architecture was assessed using low-resolution clinical CT.
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without T2DM (p = 0.385). In women without fracture, those with
T2DM had lower porosity than those without T2DM (p = 0.048). All
analysis were adjusted for age and BMI.

In stratified analysis of women without T2DM, those with fracture
were taller, had lower BMI, higher serum PINP and CTX, lower vitamin
D, higher PTH, lower aBMD of the total hip and femoral neck, lower
total and cortical vBMD, and thinner cortices of femoral subtrochanteric
site than those without fracture (all p b 0.05, Table 3). In stratified anal-
ysis of women with T2DM, there were similar trends, although few as-
sociations achieved statistical significance.

4. Discussion

We report that womenwith T2DM exhibited lower cortical porosity
of the femoral subtrochanteric region than nondiabetic women. This
was quantified using low-resolution clinical CT. Women with T2DM
had higher total vBMD and cortical vBMD than nondiabetic women.
The bone formation marker PINP tended to be lower in those with
T2DM than nondiabetic women but did not reach statistical

significance. Women with T2DM had higher serum glucose, insulin,
and BMI compared to nondiabetic women, and increasing glucose and
BMI were associated with lower PINP and CTX. Increasing glucose was
associated with reduced cortical porosity, whereas increasing BMI was
associated with thicker cortices, thus it seems that both increased glu-
cose levels and BMI contributed to preserving the architecture of the
cortical bone.

The reasonswhy patients with T2DMhave increased risk of fracture,
despite normal BMD are still poorly elucidated. Higher cortical porosity
has been invoked as a possible factor increasing fracture propensity
[11–13,16]. In a pilot study, 19 postmenopausal women with T2DM
had higher cortical porosity at the distal radius than 19 controls (4.3%
vs. 1.9%) [13]. However, this difference in porositywas reduced after ex-
clusion of two fracture patients with T2DMwho had 2-fold greater po-
rosity than the group mean, and the authors suggested that the high
porosity in the T2DM group could be attributed to the contribution of
the fracture subjects [13]. In another study, 22 African-American
womenwith T2DMexhibited higher cortical porosity of the distal radius
than 78 nondiabetic controls (2.9% vs. 2.3%) [12]. Postmenopausal
womenwith T2DMof N10 years duration, had a non-significant tenden-
cy towards higher radial cortical porosity compared to controls (3.0% vs
2.2%) [16], while 11 older women (72–81 years) with diabetes had
higher radial porosity than 144 nondiabetic controls (4.3% vs 3.4%)
[11]. These data suggest a tendency towards increased cortical porosity
of the distal radius in women with T2DM in studies with limited
number of participants using HR-pQCT. However, the absolute
differences in cortical porosity between those with and without T2DM
were small, and the cortical thickness was below 1 mm at the distal
radius [11–13,34]. Moreover, HR-pQCT present low values of porosity
(1–15%) because of quantifying only porosity of the compact cortices
and only pores over 100 μm in diameter, and the threshold based seg-
mentation may misclassify trabecularised cortical bone as trabecular
bone [23,24,26,32].

In contrast to previous reports on higher cortical porosity of distal ra-
dius using HR-pQCT, we report lower cortical porosity of the proximal
femoral shaft using low-resolution CT, in a small sample of 22 women
with T2DM than in nondiabetic women. The large control group of
421 nondiabetic women added statistical power to the analysis. These
results remained unchanged after exclusion of outliers with the highest
levels of glucose. Moreover, in a recent study using HR-pQCT for assess-
ment of microarchitecture, the distal radial cortical porosity was lower

Fig. 3. Femoral subtrochanteric porosity of the total cortex (compact-appearing cortex,
inner and outer transitional zones) assessed using low-resolution clinical CT as a
function of diabetes duration. The standardized beta coefficients (STB) are estimated
using linear regression analyses and adjusted for age, bodymass index and fracture status.

Fig. 4.Mean porositywith 95% confidence intervals (±1.96 standard errors of themean) of the total cortex (compact-appearing cortex, inner and outer transitional zones) inwomenwith
type 2 diabetes mellitus (T2DM) (yellow, n = 22) and controls (without diabetes) (white, n = 421), in women with fracture (black, n = 211) and without fracture (blue, n = 232).
Porosity in stratified analysis, in women with T2DM with fracture (n = 9), in those with T2DM without fracture (n = 13), in controls with fracture (n = 202) and controls without
fracture (n = 219). All comparisons of groups were adjusted for age and body mass index. Porosity was assessed using low-resolution clinical CT.
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in 99 womenwith T2DM than in 316 nondiabetic women (1.5% vs 2.0%,
p = 0.001) [35]. Thus, women with T2DM have lower porosity when
measured at a peripheral site as well as a central site, and by using
HR-pQCT as well as low resolution CT imaging technology.

Patsch et al. reported higher cortical porosity of the distal radius and
tibia in women with T2DM and fragility fractures compared to those
with T2DM without fractures, but a non-significant tendency of lower
cortical porosity at most sites when comparing diabetic to nondiabetic
women [36]. The higher cortical porosity inwomenwith T2DMwith frac-
ture than T2DMwithout fracture, is similar to prior reports of higher po-
rosity in fracture cases than fracture-free controls [33,37,38]. Patsch et al.
did not report higher porosity in patients with T2DM than in those with-
out T2DM. In fact, they reported that T2DMpatients without fracture had
the lowest cortical porosity of all groups, and they had a non-significantly
lower porosity thannon-diabeticwomen. In agreementwith Patsch et al.,
we report thatwomenwith fracture hadhigher porosity than thosewith-
out fracture, while women with T2DM had lower porosity than nondia-
betic women. Moreover, cortical porosity is suggested to be increased
only in T2DM patients with microvascular complications, however, one
limitation in that study was that fracture status was not taken into ac-
count [34]. They reported no correlation between bone structure and du-
ration of disease, which is in agreement with our findings of a non-
significant association between cortical porosity and diabetes duration.
Nevertheless, taking together findings from prior studies and the current
study, robust evidence for higher or lower cortical porosity in larger
groups of patientswith T2DM than in nondiabetic controls, is still lacking.

We used CT and StrAx1.0 software for quantification of bone archi-
tecture [22]. StrAx1.0 is a non-threshold based algorithm, which takes
the transitional zone into account and is thus more inclusive than HR-
pQCT. This is important because there is a gradual change in attenuation
from the outer to the inner part of the bone, and it is a challenge to sep-
arate cortical from trabecular bone accurately [24]. By recognizing the
transitional zone, we avoid misclassification of trabecularised cortex
as trabecular bone [23,25]. Moreover, the StrAx1.0 algorithm does not
quantify the number or size of pores within the cortex, but the fraction

of void volume within the total cortical bone volume. Thus the partial
volume effect is taken into account by including porosity in voxels
containing both void volume and bone matrix, regardless of the pore
size [23,24]. Studies using threshold-based methods for assessment of
cortical porosity present lower values of porosity (between 1% and
15%) because of quantifying only porosity of the compact-appearing
cortex and only pores above 100 μm in diameter [6,24]. This again
may partly explain the differences in the results reported in the current
study compared to previous studies of cortical porosity in patients with
T2DM.

As high bone turnover is reported to be associated with increased
cortical porosity [18,19], it is hard to explain how patients with T2DM
can have low bone turnover and increased cortical porosity [11–13,16,
36]. Previous reports have been consistent, and reported lower levels
of BTM in subjects with T2DM compared to nondiabetic subjects [6,16,
21,39]. In insulin resistant [40], obese [17], and healthy subjects [15],
glucose-loading is reported to exhibit a suppressive effect on BTM. An
oral glucose tolerance test suppressed PINP and CTX by two-fourfold,
higher fasting serum levels of glucose were associated with lower
PINP, and higher levels of insulin were associated with increased bone
formation markers [15]. We confirmed that higher glucose levels and
higher BMI were associated with lower serum PINP and CTX.

In the current study, higher glucosewas associatedwith lower corti-
cal porosity, suggesting glucose to be involved in the pathophysiological
mechanisms of changes in cortical bone. This association is novel, but
weak, and needs to be confirmed in larger studies. We did not measure
glycosylated hemoglobin and glucose does not necessarily reflect the
long-term hyperglycemia. However, glucose was measured at a stan-
dardized setting in fasting morning samples. BMI was not associated
with lower cortical porosity, but with thicker cortices. As there is a
tight association between obesity, insulin resistance and T2DM devel-
opment this is not surprising, as thicker tibial cortices and lower tibial
cortical porosity is reported in obese women [41]. Generally, obesity
has been considered protective against fractures, but studies in the
last decade have shown that obese individuals have greater risk of

Table 3
Characteristics of women with type 2 diabetes mellitus and controls stratified by fracture status.

Type 2 diabetes mellitus Controls

With fracture Without fracture With fracture Without fracture

n 9 13 202 219
Age (years) 69.2 ± 7.1 72.1 ± 7.3 68.4 ± 7.8 68.1 ± 6.7
Weight (kg) 74.1 ± 11.6 73.5 ± 12.9 68.6 ± 10.5 69.8 ± 10.7
Height (cm) 160.8 ± 10.9 158.7 ± 5.0 162.7 ± 5.8 161.4 ± 6.7a

Body mass index (BMI) (kg/cm2) 28.8 ± 4.5 29.2 ± 5.1 25.9 ± 3.7 26.8 ± 4.2a

Physical activity (hours/week) 2.8 ± 1.9 2.3 ± 1.6 2.6 ± 1.6 2.5 ± 1.7
Fasting serum glucose (mmol/L) 7.19 ± 2.91 7.27 ± 1.30 5.29 ± 0.47 5.38 ± 0.51
Fasting serum insulin (pmol/L)d 103 (32–1117) 99 (27–160) 53 (12–316) 57 (14–397)
HOMA-IRd 5.2 (1.1–114) 5.4 (1.3–11.6) 2.1 (0.4–15) 2.2 (0.5–21)
Serum PINP (ng/ml) 48.2 ± 9.26 35.0 ± 14.0a 49.7 ± 18.5 44.0 ± 14.0c

Serum CTX (ng/ml) 0.46 ± 0.18 0.47 ± 0.32 0.49 ± 0.19 0.44 ± 0.16a

Serum Vitamin D (nmol/L) 61.2 ± 21.6 72.1 ± 20.6 77.1 ± 22.4 83.5 ± 26.3b

Serum PTH (pmol/L) 4.76 ± 1.75 5.13 ± 1.90 4.57 ± 2.43 4.07 ± 1.80a

eGFR (ml/min) 68.4 ± 15.3 78.3 ± 24.4 77.8 ± 16.8 77.8 ± 14.2
Total hip aBMD (mg/cm2) 864 ± 111 950 ± 126a 853 ± 114 930 ± 115c

Femoral neck (FN) aBMD (mg/cm2) 798 ± 73.6 851 ± 119a 794 ± 101 861 ± 112c

Femoral subtrochanteric architecturee

Total bone vBMD (mg HA/cm3) 758 ± 143 800 ± 83.4 681 ± 110 747 ± 89.7c

Cortical vBMD (mg HA/cm3) 1050 ± 98.9 1088 ± 47.4 1024 ± 71.3 1057 ± 56.8c

Cortical thickness (mm) 3.97 ± 0.41 4.44 ± 0.47a 4.06 ± 0.58 4.35 ± 0.55c

Total cortical porosity (%) 42.3 ± 5.92 40.0 ± 2.84 43.9 ± 4.27 41.8 ± 3.40c

In womenwith type 2 diabetes mellitus, those with andwithout fracture were compared, and similarly in controls, womenwith and without fracture were compared using ANCOVA ad-
justed for age and BMI. HOMA-IR, homeostaticmodel assessment of Insulin Resistance; PINP, procollagen type I N-terminal propeptide; CTX, C-terminal cross-linking telopeptide of type I
collagen; PTH, parathyroid hormone; eGFR, estimated glomerular filtration rate; aBMD, areal bone mineral density; vBMD, volumetric bone mineral density; BV/TV, bone volume/tissue
volume.

a p b 0.05.
b p b 0.01.
c p b 0.001.
d Median (range) are presented due to skewed distribution, otherwise numbers are mean ± standard deviation.
e Using low-resolution clinical CT.
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several types of fracture [42].When adjusted for BMD, increasing BMI is
protective for hip fracture only [43,44].

What is the reason for increased fracture propensity in T2DM, if not
increased cortical porosity? Although low bone turnover rate, as
reflected by low BTM, is associated with reduced risk of fracture, there
might be both advantages and disadvantages to low bone turnover. As
an example, patients treated over several years with anti-resorptive
agentswho suffer an atypical femoral fracture, are suggested to have re-
duced cortical porosity and more mineralized bone matrix at the distal
radius [45]. Bone qualities and strength are dependent onmanymateri-
al and structural features, as the collagen cross-linking, mineralization
and collagen content [15,46]. In patients with T2DM, cross-linking of
collagen and secondary mineralization might affect bone qualities neg-
atively, despite of lowbone remodeling thatmight slow loss of bone [15,
47]. Another possible explanation of deteriorated bone quality in T2DM,
is accumulation of advanced glycation end products (AGEs) in the bone
matrix because of high glucose levels, giving increased brittleness of col-
lagen, and thereby microdamage [4,15]. It is also well established that
AGEs increase with age and that glycation is associated with altered os-
teoblast activity [9], and high glucose in vitro might increase apoptosis
of osteoblasts [15,48].

The reasons for skeletal fragility in T2DM are not completely under-
stood, and the pathogenesis of the bone fragility in T2DM is likely mul-
tifactorial. In addition to insulin resistance, and hyperglycemia with
accumulation of AGEs and subsequent impaired bone material proper-
ties to brittleness of collagen, other factors may be important. Obesity
with accompanying increased visceral fat, and oxidative stress can
lead to altered structure and strength of bone, and late stages of diabetes
with failure of β cell as well as vascular complications. Both obesity and
chronic hyperglycemia can lead to changes in the osteoblast receptor
signaling [6]. For patientswith T2DM, the diabetic complications as neu-
ropathy and retinopathy might cause falls, leading to fracture [6]. How-
ever, a large study of 124,655 fracture cases and 373,962 controls
reported that diabetes in general carry an increased fracture risk, but di-
abetic complications did not explain the overall fracture risk [49].
Women with T2DM still exhibited greater risk for fracture after adjust-
ment for impaired vision and fall [50]. In the current study, womenwith
T2DM did not report more falls in the last 12 months than did nondia-
betic women. Moreover, duration of T2DM was not associated with
higher cortical porosity in the present study, but in fact a non-significant
trend of lower cortical porosity.

The strength of this study is that it is based on a general population,
with high participation rate, [27], and the diagnosis of T2DM was con-
firmed based on medical records. The StrAx1.0 software for quantifica-
tion of bone architecture is validated by confirming strong correlation
betweenmeasurements using CT and HR-pQCT, and also by rescanning
a human hip phantom using the same CT machines as used for the par-
ticipants of the studywith good reproducibility [22]. Themeasurements
were obtained from the femoral subtrochanteric region, a central site
that consists of a thicker cortex so that cortical architecture could be
well quantified.

The limited number of T2DM patients in this study is a limitation,
however, the large group of controls adds strength to the statistical anal-
ysis. The retrospective case-control designmay have introduced selection
bias, so it is possible that the strength of the associations is somewhat
underestimated due to a “healthy” selection bias. Information from the
self-administered questionnaires might be prone to recall bias, resulting
in over- or under-reporting. Furthermore, the subtrochanteric site
contained little trabecular bone, so the possibility to test its association
with diabetes or other factors was limited.

In conclusion, womenwith type 2 diabetes mellitus had lower corti-
cal porosity of the femoral shaft than nondiabetic women, assessed
using low-resolution CT and StrAx1.0 software. Cortical porosity
assessed using this software includes porosity not only of the compact
cortex, but also the transitional zone, and is thus more inclusive than
other methods. Increasing glucose and BMI were associated with

reduced bone turnover markers. Reduced bone turnover will lead to re-
duced intracortical and endocortical remodeling and reduced porosity
of thicker cortices. Such changes in bone features would be expected
to reduce fracture risk. Increasing cortical porosity is thus unlikely to ex-
plain the increased fracture propensity in women with type 2 diabetes.
Therefore, other factors as alterations in bone material composition or
increased microdamage due to reduced bone turnover are more likely
contributors to reduced bone qualities and increased fracture risk in
these patients.
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