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Abstract
Summary Trabecular bone score (TBS) seems to provide ad-
ditive value on BMD to identify individuals with prevalent
fractures in T1D. TBS did not significantly differ between
T1D patients and healthy controls, but TBS and HbA1c were
independently associated with prevalent fractures in T1D. A
TBS cutoff <1.42 reflected prevalent fractures with 91.7 %
sensitivity and 43.2 % specificity.
Introduction Type 1 diabetes (T1D) increases the risk of os-
teoporotic fractures. TBS was recently proposed as an indirect
measure of bone microarchitecture. This study aimed at inves-
tigating the TBS in T1D patients and healthy controls.
Associations with prevalent fractures were tested.
Methods One hundred nineteen T1D patients (59 males, 60
premenopausal females; mean age 43.4±8.9 years) and 68
healthy controls matched for gender, age, and body mass in-
dex (BMI) were analyzed. The TBS was calculated in the
lumbar region, based on two-dimensional (2D) projections
of DXA assessments.
Results TBS was 1.357±0.129 in T1D patients and 1.389±
0.085 in controls (p=0.075). T1D patients with prevalent frac-
tures (n=24) had a significantly lower TBS than T1D
patients without fractures (1.309±0.125 versus 1.370±

0.127, p=0.04). The presence of fractures in T1D was
associated with lower TBS (odds ratio=0.024, 95 %
confidence interval (CI)=0.001–0.875; p=0.042) but not
with age or BMI. TBS and HbA1c were independently asso-
ciated with fractures. The area-under-the curve (AUC) of TBS
was similar to that of total hip BMD in discriminating T1D
patients with or without prevalent fractures. In this set-up, a
TBS cutoff <1.42 discriminated the presence of fractures with
a sensitivity of 91.7 % and a specificity of 43.2 %.
Conclusions TBS values are lower in T1D patients with prev-
alent fractures, suggesting an alteration of bone strength in this
subgroup of patients. Reliable TBS cutoffs for the prediction
of fracture risk in T1D need to be determined in larger pro-
spective studies.
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Abbreviations
BMD Bone mineral density
BMI Body mass index
HbA1c Glycated hemoglobin A1c
SD Standard deviation
TBS Trabecular bone score

Introduction

Type 1 diabetes (T1D) is characterized by autoimmune de-
struction of pancreatic beta cells and impaired insulin secre-
tion. This results in hyperglycemia and long-term impairment
of different organs, especially kidneys, peripheral nerves, and
retina. It is also known that T1D leads to an increased risk of
fractures [1] and that patients with T1D have a lower bone
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mineral density (BMD). However, it has also been observed
that the actual fracture rates largely exceed the fracture risk
calculated from the measurement of BMD [2]. Thus, BMD
measurements do not entirely reflect the reduction of bone
strength caused by diabetes. Major mechanisms potentially
contributing to the increased fracture risk in T1D are the insu-
lin deficiency and the increased accumulation of non-
enzymatic cross-links (AGEs) in bone matrix, with conse-
quent impairment of bone strength [3]. Indeed, serum levels
of AGEs are associated with prevalent fractures in T1D, inde-
pendently from BMD values [4].

The trabecular microarchitecture is an important compo-
nent of bone quality; however, this is not measured by con-
ventional dual-energy absorptiometry (DXA). The recently
proposed trabecular bone score (TBS), in contrast, is able to
evaluate tri-dimensional (3D) characteristics of bone micro
architecture in the spine. Previous studies have reported that
TBS is not significantly correlated with BMD, but significant-
ly correlated with trabecular number, trabecular separation,
and structure model index (SMI) [5–8]. TBS measurements
are based on experimental variograms of two-dimensional
(2D) projections of existing DXA assessments and—when
used in addition to BMD measurements taken at the same
anatomical site—help to predict bone quality and osteoporotic
fractures independently of clinical risk factors [9]. It has re-
cently been demonstrated that in premenopausal women, the
microstructural parameters of bone, as evaluated by high-
resolution peripheral quantitative computed tomography
(HR-pQCT), correlate with TBS [10]. In general, higher
TBS reflect a denser bone with a higher resistance to
fracture. Unlike DXA, notably, TBS values are not sig-
nificantly affected by osteoarthritic changes, making TBS
potentially of even greater value for the evaluation of
bone quality in the spine [8, 11].

It has already been demonstrated that TBS is reduced in
type 2 diabetes (T2D) and inversely associated with poor gly-
cemic control [12]. Furthermore, TBS predicts fracture risk in
T2D patients [13].

The present cross-sectional study was initially conducted
and powered to investigate differences in BMD between pa-
tients with T1D and controls [14]. We now re-investigated the
initial cohort, and focused on the indirect evaluation of the
lumbar spine trabecular microarchitecture by means of TBS
measurements obtained from conventional DXA. We aimed
to elucidate factors that influence TBS in T1D and hypothe-
sized that TBS enabled the discrimination of T1D patients
with prevalent fractures from those without fractures.

Methods and materials

The study was approved by the local ethics committee and
was performed according to the principles of the Declaration

of Helsinki. All subjects gave written informed consent before
study participation.

The cross-sectional study was designed to calculate the
TBS by means of 2D gray-scale DXA images of the lumbar
spine obtained from a large cohort of male and female patients
with long-standing T1D and controls [14]. Associations of
various parameters, including individual patient characteris-
tics, BMD and TBS, with prevalent fractures were also
investigated.

Patient population

This cohort was initially recruited to investigate the associa-
tion between glycemic control, BMD, and risk of fractures in
T1D [14]. Exclusion criteria were a disease duration <3 years,
co-medication with corticosteroids, menopause or no
menstrual period within the last 12 months, pregnancy,
chronic inflammatory disease, malnutrition, renal failure
[glomerular filtration rate (modification of diet in renal
disease formula) <30 ml/min], and severe mental or so-
matic disease. The initial cohort consisted of 128 pa-
tients with T1D (63 males, age 45.2±9.7 years; 65 fe-
males, age 41.5±7.5 years) and 77 controls (39 males,
age 44.9±11.2 years; 39 females, age 41.1±8.1 years).
For the present analysis of TBS, a body mass index
(BMI) >35 kg/m2 was introduced as additional exclu-
sion criterion because this factor has been shown to
interfere with the accuracy of the measurements. This
resulted in the exclusion of nine controls and nine pa-
tients with T1D, leading to the analysis of 119 T1D
patients and 68 controls.

Clinical evaluation

A physical examination and a standardized interview on med-
ical history, including fracture history, were performed.
Previous fractures were retrieved from the patient’s history
and confirmed by medical notes of primary care physicians.
Only fractures occurring after the age of 20 years were includ-
ed. Fractures of the ribs, fingers, and toes were excluded from
analysis.

Laboratory analysis

HbA1c (no rma l 24 .6–41 .0 mmol /mo l ) and 25-
hydroxyvitamin Dweremeasured by high-performance liquid
chromatography (HPLC; Tosoh glycohemoglobin-analyzer-
HLC-723-GHbV; Tosoh Corporation, Tokyo, Japan and
Chromosystems Instruments and Chemicals, Munich,
Germany). The levels of HbA1c and 25-hydroxy vitamin D
were available for all study participants.
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Measurement of BMD

The DXA scans were performed using a Prodigy Advance
densitometer (General Electric Medical Systems Lunar,
Madison, WI, USA). BMD measurements were recorded in
lumbar spine (L1 through L4), femoral neck, and total hip.
Regular scans of a body-composition phantom were per-
formed to control for inter-day variations (variation coefficient
0.46 %).

Measurement of TBS

The TBS calculations were performed at the Bone Disease
Unit of the University of Lausanne, Lausanne, Switzerland,
using the TBS iNsight Software, Version 1.8 (Med-Imaps,
Pessac, France). This software version was optimized for
women and not yet for men. Pre-existing spine DXA files
were anonymized to ensure blinding of the TBS investigators
to all clinical parameters and outcomes. The TBS was evalu-
ated by determining the variograms of the trabecular bone
projected image, calculated as the sum of the squared gray-
level differences between pixels at a specific distance and
angle. TBS were calculated as the slope of the log-log trans-
formation of the variograms, as previously published [15].
The software used the anterior-posterior spine raw images
from the densitometer, so that the TBS calculation was per-
formed exactly over the same region of interest as the BMD
measurement.

Statistical analysis

Descriptive statistics were expressed as mean±SD or absolute
and relative frequencies as appropriate. Group comparisons of
continuous variables were performed using independent sam-
ple t tests, and categorical variables were compared by
Fisher’s exact test.

Pearson’s correlation coefficients were calculated to mea-
sure the association between TBS, BMD, and anthropometric
parameters. The influence of different covariates (gender, age,
HbA1c, and BMI) on TBS was estimated with a multivariate
linear regressionmodel. Binary logistic regression was used to
evaluate the influence of diabetes status on BMD and TBS
measurements (lowest versus highest tertile). Logistic regres-
sion models were also fitted to estimate adjusted odds
ratios (OR) of fracture prevalence as measure of associ-
ations between potentially influencing variables and frac-
tures. Receiver operator characteristics (ROC) analyses
were performed to discriminate between individuals with
and without prevalent fractures by the different TBS and
BMD measures. A p value of <0.05 was considered to be
statistically significant. Statistical analyses were performed
using IBM SPSS Statistics for Macintosh, Version 20.0 (IBM
Corporation, Armonk, NY, USA).

Results

The baseline descriptive data, as well as data on BMD, bone
turnover markers, and prevalent fractures of the initial cohort
have been published elsewhere [14]. The baseline character-
istics of 119 patients with T1D and of 68 controls matched for
gender, age, and BMI are described in Table 1. Mean duration
of diabetes was 21.5 years. Diabetes-related complications
(nephropathy, neuropathy, or retinopathy) were present in
46.2 % of all T1D patients (Table 1). As expected, the levels
of HbA1c were significantly higher in T1D patients than in
controls, and those of 25-hydroxy vitamin D significantly
lower in T1D patients than in controls (Table 1).

The total hip BMD values—but not those of lumbar spine
or femoral neck—were significantly lower (p=0.019) in T1D
patients than in controls (Table 1). Females (whether T1D
patients or controls) had significantly higher mean TBS than
males (1.411 versus 1.367, p=0.028; 1.406 versus 1.308,
p<0.001, respectively) (data not shown).

Lumbar spine TBS were inversely correlated with age, in
T1D patients as well as in controls (Table 2, Fig. 1). In the
control group, there were significant correlations between
TBS and BMD of lumbar spine, total hip, and femoral neck,
whereas in T1D patients the correlation was limited to the
BMD of lumbar spine (Table 2).

We also investigated the influence of gender, age, HbA1c,
and BMI on TBS by multivariate analysis. Mean TBS signif-
icantly depended on gender and age in controls (decrease of
0.004 per year, p<0.001; difference females versus males=
0.039, p=0.049) and on gender in T1D patients (difference
females versus males=0.089, p<0.001). Adding diabetes du-
ration to the analysis in the T1D group had no influence on the
results (data not shown).

The adjusted odds ratio (aOR) for lumbar spine TBS in the
lowest tertile (versus highest tertile reference) was significant-
ly above 1 in the comparison between T1D patients and con-
trols (aOR 2.59, 95 % confidence interval (CI)=1.08–6.21;
p=0.033) (Fig. 2). In contrast, the aORs for BMD at lumbar
spine, femoral neck or total hip did not differ between the two
groups (Fig. 2).

Twenty-four of the 119 T1D patients (20.2 %) had experi-
enced previous fractures. One to four fractures were reported
per patient, resulting in a fracture frequency of 0.018 per ob-
servational year. Most patients experienced fractures in distal
extremities (15 in forearm/hand and 13 in lower leg/foot). Hip
fractures occurred only in two cases, clinically apparent ver-
tebral fractures in four cases. Patients with fractures were char-
acterized by significantly higher levels of HbA1c and by sig-
nificantly lower levels of total hip BMD and lumbar spine
TBS (Table 3).

Eight of 68 controls (11.8 %) reported at least 1 prevalent
fracture (maximum 3), resulting in a fracture frequency of
0.006 per observational year. In most individuals, fractures
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occurred in lower extremities (five in forearm/hand and two in
lower leg/foot), whereas one individual had a vertebral frac-
ture. No hip fractures were reported.

The logistic regression analysis showed that the presence
of fractures in T1D patients was associated with a reduction of
TBS (OR=0.024, 95 % CI=0.001–0.875, p=0.042), but not
with advancing age (OR=1.046, 95 % CI=0.991–1.103, p=
0.101) or increasing BMI (OR=1.025, 95 % CI=0.902–
1.165, p=0.704). After adjustment for lumbar spine BMD,
the association with TBS remained significant (OR=0.021,
95 % CI=0–0.940, p=0.046); however, it failed the level of
significance when TBS was adjusted for total hip BMD (OR=
0.033, 95 % CI=0.001–1.519, p=0.081). For healthy con-
trols, there was no association of prevalent fractures with
TBS, BMI, or age (data not shown).

In a multivariate model, TBS (OR=0.026, 95 % CI=
0.003–0.979, p=0.049) and HbA1c (OR=1.040, 95 % CI=
1.003–1.078, p=0.036) were independently associated with
prevalent fractures in T1D.

The discriminative value for prevalent non-vertebral frac-
tures of TBS and BMD of various skeletal sites was also
assessed by the area under the ROC curve. The ROC curve
showed that only TBS and total hip BMD significantly differ-
entiated between diabetic patients with and without fractures

(AUC 0.63, 95 % CI=0.51–0.74, p=0.048 and AUC 0.64,
95 % CI=0.51–0.78, p=0.032, respectively) (Fig. 3). When
mean TBS and total hip BMD values were combined, the
AUC increased to 0.68 (95 % CI=0.55–0.81; p=0.007).

The cutoff of TBS with the best compromise between sen-
sitivity and specificity by ROC curve analysis was set at 1.42.
This cutoff had a sensitivity of 91.7 % (95 % CI=73.0–99.0)
and a specificity of 43.2 % (95 % CI=33.0–53.8). The posi-
tive predictive value to identify individuals with prevalent
fractures was 28.9 % (95 % CI=19.1–40.5), the negative pre-
dictive value 95.3 % (95 % CI=84.1–99.5). In a separate
analysis for gender, the cutoff values were 1.38 (sensitivity
92.3 %) for males and 1.48 (sensitivity 90.9 %) for females.

The cutoff of 1.42 was used also to calculate the OR able to
detect fractures in patients with T1D. The subgroup with a
TBS <1.42 had an OR of 8.35 (95 % CI=1.85–37.56) com-
pared with the subgroup with TBS >1.42 (reference group).

Discussion

Microarchitectural abnormalities are probably the most impor-
tant determinants of fractures [16]. Based on the current def-
inition, both bone density and quality—which includes

Table 1 Baseline characteristics,
bone mineral density (BMD), and
trabecular bone score (TBS) in
controls and patients with type 1
diabetes (T1D). Results are
presented as mean±standard
deviation (SD) or frequency in
percent

Controls (n=68) T1D patients (n=119) p value

Age (years) [range] 42.8±10.0 [19.8–69.8] 43.4±8.9 [19.3–65.5] 0.69

Gender (males/females) 35/33 59/60 0.88

BMI (kg/m2) 25.6±4.0 25.9±3.5 0.54

Smokers (%) 30.9 26.1 0.50

Duration of diabetes (years) [range] – 21.5±10.4 [3.0–21.5] –

Nephropathy (%) – 5.0 –

Retinopathy (%) – 40.3 –

Neuropathy (%) – 19.3 –

HbA1c (mmol/mol) 34.5±3.7 60.7±12.7 <0.001

25-hydroxy vitamin D (ng/ml) 64.5±30.8 50.5±30.7 0.003

Family history of fractures (%) 14.7 23.5 0.19

Prevalent fractures (%) 11.8 20.2 0.16

Lumbar spine BMD (g/cm2) 1.139±0.144 1.120±0.122 0.33

Total hip BMD (g/cm2) 1.058±0.126 1.010±0.137 0.02

Femoral neck BMD (g/cm2) 0.971±0.132 0.936±0.123 0.07

TBS of lumbar spine (L1–L4) 1.389±0.085 1.357±0.129 0.08

Table 2 Correlations of trabecular bone score with age, body mass index (BMI), and bone mineral density (BMD) in controls and patients with type 1
diabetes (T1D)

Age (years) BMI (kg/m2) Lumbar spine BMD (g/cm2) Total hip BMD (g/cm2) Femoral neck BMD (g/cm2)

Controls −0.472 (p<0.001) −0.126 (p=0.308) 0.302 (p=0.012) 0.241 (p=0.047) 0.376 (p=0.002)

T1D patients −0.227 (p=0.013) −0.103 (p=0.265) 0.311 (p=0.001) 0.101 (p=0.276) 0.174 (p=0.059)
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structural and material properties of the bone—are important
factors of bone strength. However, bone density alone does
not entirely reflect the bone microarchitecture, and BMD
values considerably overlap between individuals with and
without fractures [17]. Also, in T1D and T2D patients, there
are discrepancies between the calculated fracture risk based on
BMD measurements and the actually observed fracture rate
[2]. Furthermore, the observed fracture rate in older T2D pa-
tients exceeds the risk predicted by the World Health
Organization Fracture Risk Algorithm (FRAX) as composite
score [18].

In contrast to postmenopausal women and elderly individ-
uals, the calculation of fracture risks and the indication for
osteoporosis treatment in young adults (i.e., between 20 and
50 years of age) remain poorly defined [19]. As T1D typically
has an early onset in childhood or adolescence, a cumulative

higher fracture risk can develop already at a young age.
Owing to the lack of valid screening procedures in young
adults, frequently, the risk of fractures becomes evident only
after the first fracture has manifested. Since the BMD alone
does not provide sufficient information to predict the fracture
risk in T1D, additional or alternative methods need to be ex-
plored. The TBS, developed as a clinical tool for the indirect
assessment of bone microarchitecture [6], may fulfill this
expectation.

To the best of our knowledge, this is the first study
investigating the clinical value of TBS in assessing skel-
etal fragility in T1D. We first compared TBS in T1D
patients and controls, and found that T1D patients had a
lower TBS than controls, if only borderline significant.
The TBS were weakly correlated with the BMD of lum-
bar spine, femoral neck and total hip in the controls,
and only with lumbar spine BMD in T1D patients.
This is in accordance with previous findings from larger
cohorts suggesting that TBS is measuring different bone
properties [9].

We then compared BMD and TBS from the lower bound
with the upper bound of the range, and found that only the
highest tertile of TBS—but not BMD values—significantly
discriminated T1D patients from controls. TBS depended on
gender, with higher values in females, but an independent
association with age was seen only in controls. Thus, if TBS
reflects bone microarchitecture, there appear to be differences
between T1D patients and healthy individuals that BMDmea-
surements alone cannot depict. As a matter of fact, only one
study has investigated the bonemicrostructure in T1D patients
[20], specifically by histomorphometry of biopsies obtained
from the iliac crest. Interestingly, this study failed to show
differences in structural parameters between T1D patients
and controls, although the younger age of the T1D patients
and the shorter disease duration may limit the comparability
with our cohort.

Fig. 1 Regression analysis and
correlations between trabecular
bone score (TBS) and bone
mineral density (BMD) of lumbar
spine. a Controls. b Patients with
type 1 diabetes

Fig. 2 Odds ratios (OR) and 95 % confidence intervals for bone mineral
density (BMD) (LS lumbar spine, FN femoral neck, TH total hip) or
trabecular bone score (TBS) of lumbar spine (L1–L4) in the lowest tertile
(reference: highest tertile) associated with type 1 diabetes. Results are
adjusted for age and body mass index
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TBS has been shown to predict fractures in postmenopaus-
al women [9]. In our study, we attempted to test the discrim-
inative power of TBS in the T1D patients with prevalent frac-
tures and found indeed that a low TBS was significantly as-
sociated with a fracture history in patients with T1D.
Furthermore, TBS had a sufficient accuracy to identify indi-
viduals with prevalent fractures when tested by ROC curve
analysis. When a TBS cutoff of >1.42 was used to exclude
patients with fractures, a specificity of 43.2 % and a negative
predictive value of 95.3 % could be achieved. The discrimi-
native power of TBS to identify individuals with T1D that
have experienced fractures was greater than that of BMD at
lumbar spine or femoral neck, and nearly as good as those of
BMD at total hip.

The present cutoff of 1.42, showing the best compromise
between sensitivity and specificity, resulted higher than in
studies with other conditions [21–23]. This is not surprising
because our cohort was substantially younger than in other
studies, and it is well known that TBS decreases with age
[24]. A normative mean TBS of 1.328 was determined in a
cohort of individuals aged between 45 and 55 years [24]. The
mean age (43.4 years) of our cohort is at the lower end of this
range. As we analyzed only a small number of fractures in a
comparatively small cohort, the power of this threshold needs
to be tested in a large prospective analysis. This study indi-
cates that TBS is associated with prevalent fractures in T1D
patients, as are increased Hb1Ac and AGEs.

Major limitations of this study are the cross-sectional de-
sign, the relatively small sample size, and the retrospective
analysis of fractures. The initial power analysis was performed
to detect differences in BMD [14]. There was no option to
calculate the power for a study of TBS to discriminate indi-
viduals with fractures in T1D because data were lacking. We

Table 3 Patients characteristic,
bone mineral density (BMD), and
trabecular bone score (TBS) in
type 1 diabetes (T1D) with or
without prevalent fractures

Prevalent fractures (n=24) No prevalent fractures (n=95) p value

Age (years) [range] 46.0±7.9 [30.3-65.5] 42.7±9.0 [19.3-61.2] 0.10

Gender (males/females) 13/11 46/49 0.62

BMI (kg/m2) 26.1±3.3 25.8±3.6 0.70

Smokers (%) 25.0 26.3 1.00

Duration of diabetes (years) 28.3 19.7 <0.001

Nephropathy (%) 16.7 2.1 0.015

Retinopathy (%) 62.5 34.7 0.019

Neuropathy (%) 54.2 10.5 <0.001

HbA1c (mmol/mol) 65.8±13.2 59.4±12.3 0.03

25-hydroxy vitamin D (ng/ml) 45.2±27.8 51.8±31.3 0.36

Family history of fracture (%) 16.7 25.3 0.434

Lumbar spine BMD (g/cm2) 1.110±0.143 1.123±0.117 0.65

Total hip BMD (g/cm2) 0.958±0.128 1.023±0.136 0.04

Femoral neck BMD (g/cm2) 0.895±0.129 0.946±0.120 0.08

TBS of lumbar spine (L1–L4) 1.309±0.125 1.370±0.127 0.04

Fig. 3 Receiving operator characteristic (ROC) curves of trabecular bone
score (TBS) of lumbar spine and bone mineral density of lumbar spine
(LS-BMD), femoral neck (FN-BMD), and total hip (TH-BMD) for the
prediction of prevalent fractures in patients with type 1 diabetes
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cannot draw any conclusions on causality between low TBS
and occurrence of fractures, and the study was not powered to
detect differences in mean TBS values.

In conclusion, TBS values are lower in female and male
patients with T1D who experienced fractures, suggesting an
alteration of bone strength in this subgroup of patients. TBS
appears to be more accurate than BMD of the lumbar spine,
and can be used in addition to total hip BMD in predicting the
risk of peripheral fractures. HbA1c does not influence the
association of TBS with prevalent fractures. Reliable TBS
cutoffs for the prediction of fractures in T1D patients need to
be tested in a large, prospective trial.
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