Original paper Reumatologia 2026; 64, 4: 270-279
DOI: https://doi.org/10.5114/reum/222560

Fracture risk prediction based on multivariable diagnostic models
incorporating dual-energy X-ray absorptiometry-based bone
mineral density, trabecular bone score, and clinical risk factors

in women aged > 50 years: a prospective study

Maja Warzecha® °, Edward Czerwinski? P, Jarostaw Amarowicz! P

'Rehabilitation Clinic, Faculty of Health Sciences, Jagiellonian University Medical College, Krakow, Poland
2FutureMeds Medical Centre, Krakow, Poland

Abstract

Introduction: According to the available reports, there is a major treatment gap in the management
of osteoporotic fractures in Poland. It is crucial to identify those at high risk of low-energy fractures
who ought to be treated. The study aimed to assess the diagnostic value of dual-energy X-ray absor-
ptiometry (DXA) and the DXA-derived trabecular bone score (TBS) in fracture risk prediction in Polish
women > 50 years of age at risk of osteoporosis. Additional measures included the analysis of how
incorporating other risk factors may improve the fracture prediction model.

Material and methods: From a database of 5,000 randomly selected women, a total of 411 women
aged > 50 years were finally included — those who had a DXA examination followed by a com-
plete medical questionnaire performed. After 5-9 years of observation, participants completed
a follow-up questionnaire similar to the baseline questionnaire. In addition, TBS analysis was per-
formed retrospectively using lumbar spine DXA scans. Then their fracture risk was calculated using
the FRAX algorithm.

Results: Most patients with osteoporotic fractures were in a group with a degraded bone microar-
chitecture and a diagnosis of osteoporosis. Fracture patients without osteoporosis (T-score > —2.5)
were mostly (73%) characterised by a partially or significantly degraded bone microarchitecture.
The highest predictive value (AUC 0.6) was observed in relation to the models FRAX BMD and FRAX
BMD-TBS (p < 0.05), which included both skeletal and other clinical risk factors. Also, the outcomes
for all other analysed models (FRAX BMI + TBS, FRAX BMD + TBS, FRAX BMI + BMD spine + TBS) were
statistically significant.

Conclusions: Indirect bone microarchitecture analysis using DXA-derived TBS predicts fragility frac-
ture risk independently of spine BMD and with comparable predictive performance in postmeno-
pausal women in Poland. Further studies on fracture prediction models in patients with osteopenia
are required.
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of osteoporosis among postmenopausal women. Osteo-
porosis is diagnosed based on decreased bone mineral

Epidemiological trends in fragility fractures observed  density (BMD) measured by dual-energy X-ray absorp-
in developed countries are likely attributable to popu- tiometry (DXA). According to the World Health Organi-
lation aging. Over recent decades, this trend has been  zation (WHO) definition, osteoporosis is defined when
accompanied by a significant increase in the prevalence  the BMD T-score is < =2.5 [1-3]. Since a normal BMD
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result does not exclude the risk of a fracture, it is crucial
in the osteoporosis diagnostic process to identify those
with a high fracture risk who require treatment. Previous
studies have shown that up to 70% of fractures occur in
individuals who do not meet the densitometric criteria
for osteoporosis [4]. As reported by Siris et al. [5], there
is no direct correlation between BMD and fracture inci-
dence, as most fractures occur in individuals with osteo-
penia. This may be explained by the fact that osteoporo-
sis is associated not only with a reduced bone mass, but
also with a degraded bone microarchitecture and clini-
cal risk factors. Therefore, BMD alone is insufficient for
fracture risk assessment and it requires supplementary
methods [6, 7].

To improve fracture risk assessment, the Fracture
Risk Assessment Tool (FRAX) calculator was developed
in 2008. It is an algorithm that estimates 10-year prob-
ability of hip and major osteoporotic fractures. Addi-
tionally, in 2012 the United States Food and Drug Ad-
ministration accepted the trabecular bone score (TBS)
as a supplementary diagnostic tool for fracture risk as-
sessment. The trabecular bone score is calculated based
on a DXA lumbar spine scan (L1-L4) [8]. In patients with
similar BMD values, TBS provides additional information
on possible bone microarchitecture [9, 10]. Numerous
studies have reported that the indirect bone microar-
chitecture analysis using the TBS predicts fracture risk
independently of BMD, with comparable AUC values
[7,11-17]. The growing clinical utility of TBS has also been
reaffirmed in recent expert reviews [18]. Since 2015, the
FRAX calculator has been updated to incorporate bone
microarchitecture analysis derived from TBS [2, 3].

Despite the widespread international acceptance
of DXA-based BMD assessment, as well as FRAX and
DXA-derived TBS [2, 3, 18], their performance requires
local validation, as FRAX models are calibrated to coun-
try-specific epidemiological data and fracture rates [2].
The number of studies analysing the predictive val-
ue of TBS in various diagnostic models incorporating
skeletal and other risk factors in the Polish population
remains limited. Local epidemiological data indicate
a substantial treatment gap among individuals with fra-
gility fractures [19], underscoring the need for improved
diagnostic strategies in this population. Furthermore,
access to TBS analysis in Poland remains restricted,
emphasizing the need for expanded local research to
support the clinical implementation of fracture risk as-
sessment models incorporating bone microarchitecture.
Accordingly, the present study was undertaken in this
population. The aim of the study was to assess the diag-
nostic value of DXA-based assessment, including BMD
(spine and hip when available) and DXA-derived TBS, in
fracture risk prediction in Polish women aged > 50 years

at risk of osteoporosis, in combination with other rele-
vant factors (such as FRAX).

The present study is expected to provide clinically
relevant evidence on the predictive performance of dif-
ferent combinations of diagnostic tools for clinical use.
Integrating commonly used assessment methods may
enhance fracture risk stratification in postmenopausal
women and support the wider implementation of TBS
in Poland. Therefore, this may support a reduction in fra-
gility fracture occurrence and facilitate the development
of more effective management strategies for individuals
aged > 50 years at high risk of osteoporotic fractures in
the Polish population.

Material and methods
Study design and study population

A prospective study with follow-up was conduct-
ed between 2010 and 2019 at the Rehabilitation Clinic
of the Jagiellonian University Medical College and the
Cracow Medical Centre (CMC).

To conduct the study, a group of 5,000 women aged
> 50 years was randomly selected from a database
0f 59,270 CMC patients. These patients had been admit-
ted for diagnostic purpose and had undergone at least
lumbar DXA examination at the facility. Menopaus-
al status was confirmed in each patient via a medical
questionnaire, which documented the age of the last
menstrual period. The mean age at menopause was
49.9 +5.3 years (range: 21-65). As age at menopause
was self-reported, it may be subject to recall bias, par-
ticularly in older participants and those with surgically
induced menopause. Following the randomization pro-
cess, all women included in the analysis were required
to meet the following inclusion criteria: aged 50-85
years at the time of DXA examination and confirmed
postmenopausal status. Additionally, all participants
were required to have a lumbar spine DXA scan (L1-L4)
performed on the same device and complete a base-
line medical questionnaire (including written informed
consent), both conducted between 2010 and 2013.
The study excluded women who did not meet the above
inclusion criteria and also cases with spine DXA scans
with significant artefacts or technical errors. Addition-
ally, women with conditions that significantly distort
DXA or TBS interpretation (e.g. severe scoliosis) and also
mental or neurological disorders that prevent the collec-
tion of information and may undermine the reliability
of the research were excluded.

Finally, in a group of 411 women the authors conducted
telephone questionnaires that enabled collection of a com-
plete set of data required for planned analysis. Details
of the randomization process are presented in Figure 1.
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5,000 women assessed for eligibility

v

Excluded (n = 3,358)
DXA < 2010 and > 2013 incomplete
medical history lack of consent

v

Included (n = 1,672)

Y

Lost to follow-up (n = 1,261)
unable to reach deceased lack
of consent for follow-up

Y

Final sample (n = 411)
included in analysis

Fig. 1. Flowchart of the study sample selection process.

DXA — dual-energy X-ray absorptiometry.

Clinical data collection and dual-energy
X-ray absorptiometry assessment

The questionnaire included demographic and an-
thropometric data, comorbidities and medication use.
An additional section addressed fracture risk factors, with
particular emphasis on the number of sustained frac-
tures (type, location and circumstances of the incident).
A trained member of the clinical staff assessed whether
the fracture could be classified as a low-energy trauma
(e.g., falls). Prior to DXA examination, each patient’s
height and weight were measured using calibrated
and certified equipment. Subsequently, the radiology
technician performed a lumbar (L1-14) and, in selected
cases, a hip (neck) DXA scan (57.2% of cases) using
a Hologic Delphi W densitometer (SN70622; software
version 11.7), in accordance with the recommendations
of the International Society for Clinical Densitometry
[20]. Bone mineral density classification was based on
WHO criteria for T-scores cut-off values for spine and hip
locations (T > =1 normal; —2.5 to —1 osteopenia; T< 2.5
osteoporosis) [1-3].

Follow-up assessment

Follow-up assessment was conducted as a single
telephone interview between January 2018 and Decem-
ber 2019 by the author (M.W.) of the study. The duration
of follow-up was calculated individually from the date
of the baseline DXA examination and questionnaire
(2010-2013), resulting in a variable observation period
of 5-9 years (mean 6.5 +1.0 years). At follow-up, partici-
pants completed a questionnaire similar to that used in
the baseline assessment. Particular attention was giv-
en to incidents involving new fractures: their location,
circumstances (low/high energy) and timing. This was
intended to ensure that the fracture occurred during
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the observation period and had not been reported in
the first questionnaire.

Retrospective trabecular bone score
assessment

All participants (n = 411) underwent additional
analysis of their spine DXA scan (L1-L4) using Trabec-
ular Bone Score iNsight software (ver. 2.0). Trabecular
bone score is a quantitative textural index derived from
DXA images and does not represent a separate imaging
modality. Instead, it constitutes an analytical extension
of standard DXA-based BMD assessment. This TBS eval-
uation was performed retrospectively during the fol-
low-up phase using the baseline DXA scans obtained
between 2010 and 2013. Following the TBS methodol-
ogy guideline, published by the tool manufacturer, any
patients outside the relevant body mass index (BMI)
range (15-37 kg/m?) were excluded from further anal-
ysis. The cut-off points for bone microarchitecture deg-
radation and fracture risk used in our study were: > 1.31
normal microarchitecture (low risk), 1.23-1.31 — partially
degraded microarchitecture (average risk), < 1.23 de-
graded microarchitecture (high risk) [12].

Fracture risk assessment

After all information regarding the skeletal DXA-based
parameters (BMD and TBS) and other clinical fracture
risk factors had been obtained (by questionnaire), every
member of the study group had their fracture risk cal-
culated using the FRAX algorithm (available online at
https://www.sheffield.ac.uk/FRAX/tool.aspx?lang=po).
FRAX probabilities were calculated retrospectively during
the follow-up phase. The probability was calculated for
both the hip and major osteoporotic fracture (MOF) us-
ing BMI (for every patient) and also hip BMD (for 57.2%
of the study group) along with TBS. A FRAX MOF probabil-
ity of > 10% was considered high risk, 5-10% average risk
and < 5% low risk. For hip fracture risk, a FRAX probability
> 3% was considered high risk [21]. Although FRAX was
originally developed to estimate 10-year risk, previous
studies have reported that it may be efficiently used for
shorter observation periods. This served as a rationale to
use FRAX in the present study [22].

Statistical analysis

Upon the completion of data collection, the authors
conducted a statistical analysis using Statistica 13 soft-
ware. The list of tests included those for quantitative
variables (Shapiro-Wilk, Kolmogorov-Smirnov tests),
frequency analysis (Pearson x? and Fisher tests) as well
as the dependency analysis (Student’s t-test, Mann-
Whitney U test and ANOVA tests). The prediction of the
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classification of data into a state variable was performed
using the receiver operating characteristics (ROC) curve
and area under the curve (AUC), whereas for data model-
ling, a logistic regression model was used. In the logistic
regression models, TBS and BMD were entered as con-
tinuous variables in their original measurement units.
Consequently, the reported odds ratios correspond to
a 1-unit change, which can yield small OR values. Values
of p < 0.05 were considered statistically significant.

Bioethical standards

The study was performed in accordance with the
principles of the Declaration of Helsinki of the World
Medical Association after appropriate consent had been
obtained from the Jagiellonian University Bioethics
Committee (No. 1072.6120.37.2017 from September 28,
2017).

Results

Atotal of 411 women aged 63.5 (50-85; SD 6.6) were
finally enrolled in the study at the baseline and lasted
until the end, with an average age of 70 (56-90; SD 6.6)
years at the follow-up. Detailed characteristics, includ-
ing anthropometric parameters and all analysed skeletal
factors, are presented in Table I. The table summarizes
baseline data for the entire cohort and stratifies partic-

ipants according to whether they sustained a fracture
during the follow-up period.

Using the obtained DXA results (spine and/or hip
neck), osteoporosis was diagnosed in over half of the
study subjects (51%, n = 210), whereas osteopenia was
found in 37% (n = 151) of the group. Notably, only 51%
of those with osteoporosis had reported past antiresorp-
tive treatment (defined as use of an active treatment
agent for at least 12 months). Among treated patients,
bisphosphonates were the most commonly used medi-
cations, accounting for 94 cases (88% of all treatment
recipients). Reports of the use of other anti-osteoporot-
ic medications were infrequent: hormone replacement
therapy (HRT, n = 15), calcitonin (n = 6) and denosumab
(n = 2). Approximately 58% of women with a clinical
osteoporosis diagnosis received calcium and 43% vita-
min D supplementation.

According to baseline data, over 1in 4 women (n = 113,
27%) had a previously reported fracture before enter-
ing our study group. At the end of the study follow-up
period, 96 women reported sustaining a new fragility
fracture (23%). The most commonly reported locations
included Colles (n = 33) and vertebral (n = 33) fractures.
In a group of participants with a newly reported fragili-
ty fracture (sustained during the study), in 41% of cases
it was a re-fracture. Among women who sustained
a new fragility fracture during follow-up, 59% (n = 57)

Table I. Characteristics of the study group at baseline, stratified by fracture occurrence during follow-up

Variables Baseline Follow-up p

Whole study group Group with a fracture  Group without a fracture

(n = 411) (n = 95) (n =313)

n Value Value Value
Age [years] 411 63 (59.0-68.0) 652 +7.2 62.0 (58.0-67.0) < 0.05
BMI [kg/m?] 411 26.5 (23.9-29.4) 27.5 +4.1 26.4 (23.7-29.3) 5 0.05
TBS L1-L4 spine 408* 1.25 +0.09 1.23 +0.09 1.25 +0.09 < 0.05
BMD spine [g/cm?] 408* 0.779 (0.720-0.854) 0.760 (0.688-0.838) 0.782 (0.731-0.857) < 0.05
T-score spine 408* 2.4 (from-3.0t0-1.8) -2.6 (from-3.3t0-1.9) -2.4 (from-2.9t0-1.7) < 0.05
BMD hip [g/cm?] 235% 0.654 (0.597-0.726) 0.655 £0.097 0.655 (0.605-0.727) > 0.05
T-score hip 235** -1.8 (from-23to-11) -1.8+0.9 -1.8 (from —2.2 to -1.1) > 0.05
FRAX hip BMI [%] 411 1.1 (0.6-2.4) 1.6 (0.8-3.1) 1.00 (0.6-2.1) <0.05
FRAX MOF BMI [%] 411 5.3 (3.4-8.0) 6.4 (3.8-11.0) 4.7 (3.3-7.6) < 0.05
FRAX hip BMD [%] 235** 1.1(0.6-2.2) 1.3 (0.7-2.6) 1.0 (0.5-2.0) > 0.05
FRAX MOF BMD [%] 235%* 5.5 (3.8-8.2) 6.2 (4.8-8.9) 5.4 (3.6-7.5) < 0.05
FRAX hip BMD-TBS [%] ~ 235** 1.2 (0.6-2.5) 1.7 (1.0-2.9) 1.1(0.6-2.4) 5 0.05
FRAX MOF BMD-TBS [%] 235** 6.8 (4.4-9.8) 7.2 (5.6-10.0) 6.5 (4.2-9.2) < 0.05

Data are presented as mean +SD for normally distributed variables and median (Q1-Q3) for non-normally distributed variables.

*Three cases were excluded due to artefacts identified during DXA spine examination.

**All subjects had a spine BMD result, whereas hip BMD was available for 57.2% of patients.

BMD — bone mineral density, BMI — body mass index, FRAX — Fracture Risk Assessment Tool, Q1-Q3 — first to third quartile, SD — standard
deviation, MOF — major osteoporotic fracture, TBS — trabecular bone score.
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Fig. 2. Number of cases with a “new” fragility
fracture depending on their TBS result and osteo-
porosis diagnostic criteria as defined by WHO
(p > 0.05).

Table IlI. Probability of a “new” fragility fracture occur-
rence as assessed via the ROC curve

Variables AUC 95% ClI p
AUC AUC
lower  upper
T-score spine 0.57 0.502  0.637 <0.05
T-score hip 0.541 0455 0.627 > 0.05
TBS L1-L4 spine 0.573 0509 0.637 <0.05
FRAX MOF BMI 0596  0.527 0.666 <0.05
FRAX MOF BMD 0.601 0519 0.684 <0.05
FRAX MOF BMD-TBS 0.6 0517  0.682  <0.05

AUC — area under the curve, BMD — bone mineral density,

BMI - body mass index, Cl — confidence interval, FRAX — Fracture
Risk Assessment Tool, MOF — major osteoporotic fracture,

ROC — receiver operating characteristic, SD — standard deviation,
TBS — trabecular bone score.

reported previous antiresorptive therapies (of which
82% were bisphosphonates). It should be emphasized
that the reported past antiresorptive therapy may have
influenced fracture risk in the study group. However, ex-
act treatment duration, adherence and timing of thera-
py in relation to the study period were heterogeneous
and not routinely monitored. Therefore, the extent to
which previous therapy influenced fracture risk in our
cohort should be interpreted with caution. A description
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of the groups stratified by occurrence of a “new” frac-
ture in shown in Table I.

As expected, most patients with low-energy frac-
tures were in the group with a degraded bone microar-
chitecture and diagnosed osteoporosis. Notably, fracture
patients without osteoporosis were still mostly (73%,
n = 27) characterised by a partially (43.2%) or signifi-
cantly (29.7%) degraded bone microarchitecture (Fig. 2).

Fracture prediction assessment with ROC curve
analysis showed that all analysed variables taken into
consideration were characterised by an AUC over 0.5.
The highest values (AUC 0.6) were observed for FRAX
BMD and FRAX BMD-TBS models (p < 0.05), which in-
corporate DXA-based skeletal parameters (BMD with or
without TBS) together with additional clinical risk fac-
tors (Table I1). Also, it should be noted that one model
(T-score hip) was not statistically significant, which may
have been attributable to the lack of data regarding hip
DXA (as mentioned, collected only in 57.2% of cases).
Nevertheless, the observed AUC values of < 0.7 indicate
limited discriminative performance and, therefore, limit-
ed clinical utility in their current form.

We next assessed the predictive value of skeletal fac-
tors on the basis of the ROC curve in women with osteo-
penia (n = 151). Unlike spine T-score, TBS demonstrated
only limited discriminative ability, with an AUC of 0.512.
However, the result was not significant, possibly due to
the limited number of fractures in this group (n = 28).

As a final step, we sought to identify the most effec-
tive fracture prognostic model using FRAX as the base
tool and adding additional factors (Table I11). While the OR
for the TBS factor alone was 0.05 (95% Cl: 0.004-0.611),
incorporating TBS into models including skeletal and clin-
ical risk factors resulted in a significant improvement in
its predictive value. Including TBS in the analysis of FRAX
BMI, FRAX BMD or FRAX BMI + BMD spine increased
the OR value for that factor in every case (respectively,
0.112, 0.291 and 0.172). We found that the OR for spine
BMD (OR = 0.178; 95% Cl: 0.031-1.003) after including
it in the FRAX BMI + BMD spine + TBS diagnostic model
increased significantly (OR = 0.466; 95% Cl: 0.07-3.07).

To sum up, all the analysed models (FRAX BMI + TBS,
FRAX BMD + TBS, FRAX BMI + BMD spine + TBS) were
statistically significant, which may suggest a potential
role in clinical assessment, although their predictive per-
formance remains limited and should be interpreted with
caution. As regards the assessment of hip fracture risk,
the OR values were notably lower for most parameters
(except for FRAX BMI) in all analysed models. This may be
related to the limited number of hip fractures reported in
our study group. The lack of significance limits the ability
to draw meaningful conclusions regarding hip fracture
prediction in terms of using the evaluated models.
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Table Ill. Major osteoporotic fracture and hip fracture risk assessment using a non-linear logistic regression model
using the FRAX algorithm and skeletal risk factors (BMD and TBS)

Variable MOF risk p (variable) p (model) Hip risk p (variable) p (model)
OR (95% Cl) OR (95% CI)
Model |
FRAX BMD 1.080 (1.013-1.152) < 0.05 < 0.05 1.059 (0.858-1.307) > 0.05 > 0.05
TBS 0.050 (0.004-0.611) < 0.05 < 0.05 0.001 (0.000-1.224) > 0.05 > 0.05
FRAX BMD + TBS
FRAX BMD 1.072 (1.002-1.147) < 0.05 < 0.05 1.024 (0.809-1.296) > 0.05 > 0.05
TBS 0.291 (0.009-9.899) > 0.05 0.022 (0.000-1.224) > 0.05
Model Il
FRAX BMI 1.106 (1.048-1.167) < 0.05 < 0.05 1.136 (1.012-1.276) < 0.05 > 0.05
TBS 0.050 (0.004-0.611) < 0.05 < 0.05 0.001 (0.000-1.224) > 0.05 > 0.05
FRAX BMI + TBS
FRAX BMI 1.095 (1.037-1.156) < 0.05 < 0.05 1.133 (1.008-1.274) < 0.05 < 0.05
TBS 0.112 (0.008-1.499) > 0.05 0.002 (0.000-1.775) > 0.05
Model IlI
FRAX BMI 1.106 (1.048-1.167) < 0.05 < 0.05 1.136 (1.012-1.276) < 0.05 > 0.05
TBS 0.050 (0.004-0.611) < 0.05 < 0.05 0.001 (0.000-1.224) > 0.05 > 0.05
BMD spine 0.178 (0.031-1.003) > 0.05 <0.05 0.002 (0.000-4.889) > 0.05 > 0.05
FRAX BMI + BMD spine + TBS
FRAX BMI 1.092 (1.034-1.153) < 0.05 1.134 (1.007-1.276) < 0.05 > 0.05
TBS 0.172 (0.010-2.876) > 0.05 <0.05 0.005 (0.000-8.498) > 0.05
BMD spine 0.466 (0.07-3.07) > 0.05 0.083 (0.000-34.5) > 0.05

BMD — bone mineral density, BMI — bocly mass index, Cl — confidence interval, FRAX — Fracture Risk Assessment Tool, MOF — major osteoporotic

fracture, SD — standard deviation, TBS — trabecular bone score.

Discussion

Our findings indicate that the highest risk of fragili-
ty fractures was observed in individuals with confirmed
osteoporosis accompanied by degraded bone microarchi-
tecture (TBS < 1.23). Notably, the majority of patients
with a history of osteoporotic fracture (n = 27), who had
a T-score > —=2.5, were simultaneously characterized by
a TBS < 1.31 (73% of the subgroup). However, it should
be noted that the distribution of fractures across TBS
and BMD categories did not reach statistical signifi-
cance (p > 0.05). Therefore, these findings represent nu-
merical differences that were not statistically significant.
The observed pattern in the data may suggest that TBS
has potential clinical relevance in identifying individuals
at higher fracture risk, despite the absence of densi-
tometric osteoporosis. Nevertheless, this observation
should be interpreted cautiously and requires further
confirmation (Fig. 2). Similar findings were reported by
Lee et al. [23] in a study of 929 women (mean age 67.1
years), in which most fractures (n = 29; 31.5%) occurred
in individuals with osteoporosis and low TBS. Notably,
approximately a quarter of the fracture patients with

degraded bone microarchitecture (12% degraded and
13% partially degraded) also had T-score above —2.5. In
a study of 407 women, Therdyothin et al. [24] identified
115 fragility fractures. The majority of these fractures
(n = 28; 24.3%) occurred in individuals with diagnosed
osteoporosis (BMD spine) and low TBS. Consistent with
previous observations, a substantial proportion of frac-
tures (n = 27; 23.5%) was also reported in women with
a non-osteoporotic T-score (> —2.5) and degraded mi-
croarchitecture (TBS <1.23). Del Rio et al. [13] focused on
hip fractures in a cohort of 191 women aged > 50 years,
reporting 83 fracture incidents. Most hip fractures (n = 21;
25.3% of the fracture group) occurred in individuals with
osteopenia and significantly degraded bone microar-
chitecture (< 1.23). Importantly, 45.8% of patients had at
least partially degraded bone microarchitecture without
densitometric evidence of osteoporosis.

Both scientific literature and our findings indicate
that, although BMD is associated with fragility fracture
risk, no clear T-score threshold can reliably identify indi-
viduals at negligible risk. This is supported by previous
studies which showed a substantial proportion of fra-

Reumatologia 2026; 64/4
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gility fractures in individuals without osteoporosis [25].
These observations emphasize the value of DXA-derived
TBS as a complementary parameter in clinical practice,
enabling the identification of individuals with impaired
bone microarchitecture who are at increased fracture
risk. This is particularly relevant given that TBS anal-
ysis does not require additional imaging and can be
performed retrospectively using an existing spine BMD
scan. This additional information may reduce the risk
of under-treatment, especially among patients who do
not meet the diagnostic criteria for osteoporosis but re-
main at increased fracture risk.

It is well established that reduced BMD is an inde-
pendent fracture risk factor. However, as noted pre-
viously, the majority of fractures occur in individuals
with a T-score higher than —2.5 [4, 22-24]. In our study,
the predictive performance of BMD and TBS in fracture
risk assessment was comparable, whereas the highest
value (AUC 0.6; p < 0.05) was observed for FRAX-based
models incorporating BMD and BMD combined with
TBS. Although the inclusion of TBS in the FRAX BMD
model improved its statistical performance, the overall
prediction remained limited. The AUC values observed
in our study (0.6) indicate only moderate predictive ac-
curacy. These findings, while consistent with previously
published large population-based cohort studies evalu-
ating fracture prediction tools [11, 17], suggest that cur-
rent models may not provide sufficient precision to sup-
port unequivocal clinical decision-making. These results
confirm the relevance of the study approach; however,
their clinical applicability remains limited. Similar obser-
vations have been reported by other authors, indicating
that the combination of DXA-based skeletal parameters,
including BMD and TBS, improves fracture risk predic-
tion [26-28]. Nevertheless, the overall improvement in
predictive performance remains modest.

Arecent analysis of 71,209 individuals (89.8% women)
demonstrated that the addition of TBS resulted in a small
but statistically significant improvement in FRAX-based
fracture prediction [17]. Similar findings were reported
in the population-based Manitoba study (n = 29,407
postmenopausal women), in which comparable pre-
dictive probability was observed for spine BMD (AUC
0.64; 95% Cl: 0.63-0.66) and TBS (AUC 0.63; 95% Cl:
0.61-0.64). The combined model showed improved
predictive accuracy (AUC 0.66; 95% Cl: 0.65-0.68) [11].
Accordingly, Del Rio et al. [13] reported comparable re-
sults in the prediction of hip fractures (n = 191 women;
mean age 66.8 years) for spine BMD (AUC 0.695; 95% Cl:
0.625-0.76) and TBS (AUC 0.668; 95% Cl: 0.597-0.734).
The combined model incorporating both skeletal para-
meters demonstrated a higher AUC value (0.714; 95% Cl:
0.645-0.77) compared to either predictor alone [13].
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Su et al. [29] similarly emphasized the importance of
supplementing BMD assessment (AUC 0.578; 95% Cl:
0.543-0.613) with bone microarchitecture, as this ap-
proach improved the predictive performance of their
models (AUC 0.581; 95% Cl: 0.55-0.612). In a study by
Popp et al. [30] (556 women; mean age 76.1 years), TBS
demonstrated higher predictive value (AUC 0.69; 95% Cl:
0.62-0.77) than BMD (AUC 0.62; 95% Cl: 0.55-0.7).
Consistent with previous findings, combining both pa-
rameters increased the model AUC value (0.71; 95% Cl:
0.64-0.79). Similar results were reported by Vasic et al.
[31], where bone microarchitecture assessment (AUC
0.663; 95% Cl: 0.633-0.692) showed slightly higher
predictive performance than BMD (AUC 0.646; 95% Cl:
0.616-0.675) and provided additional predictive value
when incorporated into a combined model (AUC 0.681;
95% Cl: 0.652—-0.71). Overall, these findings are consis-
tent with existing scientific literature, indicating that
indirect bone structure assessment using DXA-derived
TBS predicts fracture risk independently and with com-
parable (if not superior) performance to BMD [11, 13, 17,
30, 31]. Importantly, the combination of these parame-
ters is likely to improve fracture risk prediction in post-
menopausal women.

As BMD alone proved to be only partially effective
in predicting fracture occurrence, we aimed to identify
the most effective model for fracture risk assessment.
In our study, we found that models incorporating more
comprehensive assessment approaches (such as FRAX
BMD + TBS, FRAX BMI + TBS and FRAX BMI + BMD spine
+TBS) increase the potential predictive value of skeletal
parameters in the assessment of MOF. Del Rio et al.
[13] reported an OR of 1.86 (95% Cl: 1.29-2.68) for BMD
spine and 1.66 (95% Cl: 1.15-2.4) for TBS. The combined
model demonstrated a substantial increase in predictive
performance (2.39; 95% Cl: 1.70-3.37), corresponding
to a 55-74% improvement. A similar enhancement in
predictive value (35-43%) was reported in group of 1,031
women for a model combining BMD and TBS (OR = 1.93;
95% Cl: 1.67-2.23). When analysed separately, both
parameters showed weaker associations with fracture
risk (BMD OR = 1.50; 95% Cl: 1.27-1.77 vs. TBS OR = 1.58;
95% Cl: 1.32-1.78) [31]. Skeletal parameters were evaluat-
ed in the vertebral fracture assessment (n = 441 women)
in a study by Rabier et al. [14] TBS was associated with
an OR of 3.2 (95% Cl: 2.01-5.08) per 1 SD, compared with
1.9 (95% Cl: 1.34-2.84) for lumbar spine BMD. When
the parameters were included in a combined model, pre-
dictive performance significantly increased (OR = 3.62;
95% Cl: 2.32-5.65). Borgen et al. [32] (n = 496 women;
mean age 65.6 years) reported that models with skeletal
parameters may be significantly improved by adjustment
for clinical risk factors (such as age, BMI, and fracture
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history). Odds ratio values for BMD and TBS analysed
independently were 0.7 (95% Cl: 0.56-0.87) and 0.73
(95% Cl: 0.59-0.9), respectively. After including these risk
factors, model performance improved modestly, with OR
increasing to 0.75 (95% Cl: 0.6-0.95; p = 0.017) for BMD
and 0.81 (95% Cl: 0.64-1.03; p = 0.084) for TBS [32]. In
a study involving 2,165 women aged over 40 years, both
BMD (OR = 1.24; 95% Cl: 1.09-1.4) and TBS (OR = 1.38;
95% Cl: 1.22-1.56) demonstrated predictive value when
analysed separately. When a combined model includ-
ing both parameters and age was applied, predictive
performance remained unchanged (OR = 1.38; 95%
Cl: 1.23-1.55) but statistically significant. Notably, BMD
was not statistically significant within the combined
model (OR = 1.12; 95% Cl: 0.98-1.28) [33]. Our findings
in the Polish population are generally consistent with
those reported in the literature, indicating that fracture
risk assessment models may gain additional prognostic
value with the inclusion of complementary parameters.
The use of multidimensional assessment approaches
may allow for more accurate fracture risk assessment
and facilitate the identification of patients requiring
appropriate treatment.

Study limitations

Considering the observed treatment gap and epi-
demiological characteristics of low-energy fractures in
Poland, population-specific validation of combined dia-
gnostic models appears particularly important. While
the present analysis is based on a regional cohort,
the methodological framework and observed relation-
ships may be informative for other populations in which
FRAX calibration, treatment gaps and access to TBS are
comparable. However, despite our efforts, this study has
several limitations, including the lack of systematic fol-
low-up assessment that would allow for a more precise
evaluation of fracture timing. The analytic cohort (n = 411
out of 5,000 screened DXA records) reflects a predefined
eligibility process prioritizing data completeness, DXA
technical quality (for valid TBS re-analysis), and the fea-
sibility of a long-term follow-up. While this multistep
inclusion process may limit a full representativeness
assessment against all screened records, the exclu-
sions were predominantly technical rather than clinical.
The cohort also yielded 96 incident fractures, meeting
conventional events-per-variable criteria and support-
ing the adequacy of the statistical analyses. Therefore,
the risk of substantial overfitting due to an insufficient
number of outcome events is likely low. Nevertheless,
as all participants were women referred for osteoporo-
sis screening, the generalizability of these findings may
be limited. Another limitation is the potential recall bias
associated with telephone-based follow-up. As fracture

events were self-reported several years after their oc-
currence, some degree of misclassification, particular-
ly regarding the exact timing or mechanism of injury,
cannot be excluded. Efforts were made to ensure data
completeness; however, as with all questionnaire-based
studies, certain limitations remain. In cases of miss-
ing data, additional information was collected during
the follow-up assessment.

Questionnaires with substantial missing data were
excluded at the initial stage of the study.

Approximately half of the participants were missing
hip BMD results, as this was not an inclusion criterion
(given that TBS requires only spine DXA). This distribu-
tion reflects routine clinical practice, where lumbar spine
DXAis typically the initial diagnostic test, and hip DXA'is
obtained selectively based on clinical indications. How-
ever, this limitation may have weakened the predictive
performance of hip BMD FRAX and combined BMD-TBS
models. Therefore, these findings should be interpreted
with caution. To the best of our knowledge, the limited
availability of hip BMD measurements was a likely con-
tributor to the weaker performance of the hip fracture
prediction analyses. Another limitation is the lack of de-
tailed information on previous antiresorptive treatment.
Although slightly more than half of the osteoporotic pa-
tients reported prior therapy, the absence of standard-
ized data on adherence and treatment duration limits
the ability to quantify its impact on fracture risk. This
may have partially influenced fracture risk estimates in
this subgroup. The present results suggest that studies
evaluating the predictive value of combined diagnostic
models have potential. However, despite achieving sta-
tistical significance, AUC values below 0.7 indicate only
moderate discriminatory ability. Therefore, the predic-
tive performance of these models remains limited and
should be interpreted with caution. Further studies are
required, particularly focusing on patients with osteope-
nia and their medical history. The relatively small num-
ber of fractures observed in the osteopenia subgroup
(n = 28) substantially reduces the statistical power
of the fracture prediction analysis and limits the inter-
pretability of TBS performance in this population.

Conclusions

Indirect bone microarchitecture assessment using
DXA-derived TBS predicts fragility fracture risk inde-
pendently of spine BMD, with comparable predictive
performance in postmenopausal women in Poland.
However, TBS demonstrated only moderate fracture
prediction, and its performance was not statistically
significant in the osteopenia subgroup (likely due to
the limited number of fractures). The use of combined
models, including parameters such as FRAX, BMD and
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TBS, may improve fracture risk prediction, particularly
for MOF. DXA-derived TBS may provide complementary
information to BMD or FRAX in fracture risk assessment
among Polish postmenopausal women. Further studies
are required to evaluate fracture prediction models in
patients with osteopenia.

Disclosures

Conflict of interest: The authors declare no conflict of in-
terest.

Funding: Jagiellonian University Medical College — grant
no. N43/DBS/000063.

Ethics approval: The study was approved by the Jagiel-
lonian University Bioethics Committee (No. 1072.6120.
37.2017 from September 28, 2017).

Data availability: The data that support the findings
of this study are available on request from the corre-
sponding author (LA.).

References

—_

. Kanis JA. Assessment of fracture risk its application to screen-
ing for postmenopausal osteoporosis: synopsis of a WHO
report. WHO Study Group. Osteoporos Int 1994; 4: 368-381,
DOI: 10.1007/BF01622200.

. Kanis JA, Cooper C, Rizzoli R, Reginster JY. European guidance
for the diagnosis and management of osteoporosis in post-
menopausal women. Osteoporos Int 2019; 30: 3-44, DOI:
10.1007/500198-018-4704-5.

. Gregson CL, Armstrong DJ, Avgerinou C, et al. The 2024 UK
clinical guideline for the prevention and treatment of oste-
oporosis. Arch Osteoporos 2025; 20: 119-169, DOI: 10.1007/
511657-025-01588-3.

4, Siris ES, Boonen S, Mitchell PJ, et al. What’s in a name? What
constitutes the clinical diagnosis of osteoporosis? Osteoporos
Int 2012; 23: 2093-2097, DOI: 10.1007/500198-012-1991-0.

. Siris ES, Chen YT, Abbott TA, et al. Bone mineral density
thresholds for pharmacological intervention to prevent frac-
tures. Arch Intern Med 2004; 164: 1108-1112, DOI: 10.1001/
archinte.164.10.1108.

. Pothuaud L, Barthe N, Krieg MA, et al. Evaluation of the poten-
tial use of Trabecular Bone Score to complement bone mineral
density in the diagnosis of osteoporosis: A Preliminary Spine
BMD-Matched, Case-Control Study. J Clin Densitom 2009; 12:
170-176, DOI: 10.1016/j.jocd.2008.11.006.

. Winzenrieth R, Dufour R, Pothuaud L, Hans D. A Retrospective
case-control study assessing the role of Trabecular Bone Score
in postmenopausal Caucasian women with osteopenia: ana-
lyzing the odds of vertebral fracture. Calcif Tissue Int 2010; 86:
104-109, DOI: 10.1007/500223-009-9322-y.

. Martineau P, Leslie WD. Trabecular Bone Score (TBS): Method
and applications. Bone 2017; 104: 66—72, DOI: 10.1016/j.bone.
2017.01.035.

. Harvey NC, Gluer CC, Binkley, et al. Trabecular Bone Score
(TBS) as a new complementary approach for osteoporosis

N

w

i

o

~

[«

NeJ

Reumatologia 2026; 64/4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—_

evaluation in clinical practice: A consensus report of Europe-
an Society for Clinical and Economic Aspects of Osteoporosis
and Osteoarthritis (ESCEO) Working Group. Bone 2015; 78:
216-244, DOI: 10.1016/j.bone.2015.05.016.

Bousson V, Bergot C, Sutter B, et al. Trabecular Bone Score:
Where are we now? Joint Bone Spine 2015; 82: 320-325, DOI:
10.1016/j.jbspin.2015.02.005.

Hans D, Goertzen AL, Frieg MA, Leslie WD. Bone microarchitec-
ture assessed by TBS predicts osteoporotic fractures indepen-
dent of bone density: The Manitoba Study. ) Bone Miner Res
2011; 26: 2762-2769, DOI: 10.1002/jbmr.499.

McCloskey E, Oden A, Harvey NC, et al. A meta-analysis
of Trabecular Bone Score in fracture risk prediction and its
relationship to FRAX. JBMR 2016; 31: 940-948, DOI: 10.1002/
jbmr.2734.

Del Rio L, Winzenrieth R, Cormier C, Gregorio SD. Is bone mi-
croarchitecture status of the lumbar spine assessed by TBS re-
lated to femoral neck fracture? A Spanish case-control study.
Osteoporos Int 2013; 24: 991-998, DOI: 10.1007/s00198-012-
2008-8.

Rabier B, Heraud A, Grand-Lenoir C, et al. A multicenter, ret-
rospective case-control study assessing the role of Trabecu-
lar Bone Score (TBS) in menopausal Caucasian women with
low areal bone mineral density (@BMD): analyzing the odds
of vertebral fractures. Bone 2010; 46: 176-181, DOI: 10.1016/
j-bone.2009.06.032.

Lamy O, Krieg MA, Stoll D, et al. The OsteoLaus Cohort Study:
bone mineral density, micro-architecture score and vertebral
fracture assessment extracted from a single DXA device in
combination with clinical risk factors improve significantly the
identification of women at high risk of fracture. Osteologie
2012; 21: 77-82, DOI: 10.1016/].jocd.2012.08.020.

Shevroja E, Reginster YJ, Lamy O, et al. Update on the clini-
cal use of trabecular bone score (TBS) in the management
of osteoporosis: results of an expert group meeting organized
by the European Society for Clinical and Economic Aspects
of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases
(ESCEO), and the International Osteoporosis Foundation (IOF)
under the auspices of WHO Collaborating Center for Epidemi-
ology of Musculoskeletal Health and Aging. Osteoporosis Int
2023; 34: 1501-1529, DOI: doi: 10.1007/500198-023-06817-4.
Leslie WD, Binkley N, McCloskey EV, et al. FRAX Adjustment by
Trabecular Bone Score with or Without Bone Mineral Density:
The Manitoba BMD Registry. J Clin Densitom 2023; 26: 101378,
DOI: 10.1016/j.jocd.2023.101378.

Lewiecki EM. Utility of Trabecular Bone Score in the Manage-
ment of Patients with Osteoporosis. Endocrinol Metab Clin
North Am 2024; 53: 547-557, DOI: 10.1016/j.ecl.2024.07.001.
Willers C, Norton N, Harvey NC, et al. Osteoporosis in Europe:
a compendium of country-specific reports. Arch Osteoporos
2022; 17: 23-152, DOI: 10.1007/511657-021-00969-8.

ISCD Official Positions, Adults. 2019. Available at: https://iscd.
org/wp-content/uploads/2021/09/2019-Official-Positions-
Adult-1.pdf (Access: 10.05.2025).

. Lorenc R, Gtuszko B, Franek, et al. Zalecenia postepowania dia-

gnostycznego i leczniczego w osteoporozie w Polsce. Aktuali-
zacja 2017. Endokrynol Pol 2017; 68: 604-609, DOI: 10.5603/
EP.a2023.0012 [Article in Polish].


https://doi.org/10.1007/s00198-018-4704-5
file:///W:/08-DZIA%c5%81-WYDAWNICZY/2026/RU%204%202026_M/teksty/javascript:void(0);
file:///W:/08-DZIA%c5%81-WYDAWNICZY/2026/RU%204%202026_M/teksty/javascript:void(0);
file:///W:/08-DZIA%c5%81-WYDAWNICZY/2026/RU%204%202026_M/teksty/javascript:void(0);

Fracture risk prediction in Polish women aged > 50

279

22.

23.

24

25.

26.

27.

28.

Leslie WD, Majumdar SR, Morin SN, et al. FRAX for fracture
prediction shorter and longer than 10 years: the Manitoba
BMD registry. Osteoporos Int 2017; 28:2557-64, DOI: 10.1007/
500198-017-4091-3.

Lee JE, Kim KM, Kim L, et al. Comparison of TBS and lumbar
spine BMD in the association with vertebral fractures. Accord-
ing to the T-score: a cross-sectional observation. Bone 2017;
105: 269-275, DOI: 10.1016/j.bone.2017.09.017.

. Therdyothin A, Amphansap T, Apiromyanont K. Trabecular bone

score as an additional therapeutic decision tool in osteo-
porosis and osteopenia. Osteoporos Sarcopenia 2022; 8: 123-130,
DOI: 10.1016/j.af0s.2022.09.001.

Leslie WD, Seeman E, Morin SN. The diagnostic threshold for
osteoporosis impedes fracture prevention in women at high
risk for fracture: A registry-based cohort study. Bone 2018;
114: 298-303, DOI: 10.1016/j.bone.2018.07.004.

Trajanowska K, Schoufour JD, de Jonge EAL, et al. Fracture inci-
dence and secular trends between 1989 and 2013 in a popu-
lation-based cohort: The Rotterdam Study. Bone 2018; 114:
116-1124, DOI: 10.1016/j.bone.2018.06.004.

Borgen TT, Bjgrnerem A, Solberg LB, et al. Post-fracture risk as-
sessment: target the centrally sited fractures first! A substudy
of NoFRACT. JBMR 2019; 34: 2036-2044, DOI: 10.1002/jbmr.3827.
Borgen TT, Bjgrnerem A, Solberg LB, et al. High prevalence of
vertebral fractures and low trabecular bone score in patients

29.

30.

3L

32.

33.

with fragility fractures: a ross-sectional sub-study of NoFRACT.
Bone 2019; 122: 14-21, DOI: 10.1016/j.bone.2019.02.008.

Su Y, Leung J, Hans D, et al. The added value of trabecular
bone score to FRAX® to predict major osteoporotic fractures
for clinical use in Chinese older people: the Mr. OS and Ms. OS

cohort study in Hong Kong. Osteoporos Int 2017; 28: 111-117,
DOI: 10.1007/500198-016-3741-1.

Popp W, Meer S, Krieg MA, et al. Bone mineral density (BMD)
and vertebral Trabecular Bone Score (TBS) for the identifica-
tion of elderly women at high risk for fracture: the SEMOF
cohort study. Eur Spine J 2016; 25: 3432-3438, DOI: 10.1007/
500586-015-4035-6.

Vasic J, Petranova T, Povoroznyuk V, et al. Evaluating spine
micro-architectural texture (via TBS) discriminates major osteo-
porotic fracture from controls both as well as and independent
of site matched BMD: The Eastern European TBS Study. JBMM
2014; 32: 556-562, DOI: 10.1007/500774-013-0529-7.

Borgen TT, Bjornerem A, Solberg LB, et al. Determinants of Trabec-
ular Bone Score and prevalent vertebral fractures in women with
fragility fractures: a cross-sectional sub-study of NoFRACT. Oste-
oporos Int 2020; 31: 505-514, DOI: 10.1007/500198-019-05215-z.
Lieb ES, Winzenrieth R, Lamy O, Hans D. Comparing bone
microarchitecture by Trabecular Bone Score (TBS) in Caucasian
American women with and without osteoporotic fractures. Calcif
Tissue Int 2014; 95: 201-208, DOI: 10.1007/500223-014-9882-3.

Reumatologia 2026; 64/4



	_Hlk200806102
	_Hlk198292214
	_Hlk221270249
	_Hlk198292251
	_Hlk198292318
	_Hlk198292341
	_Hlk221267176
	_Hlk198292379
	_Hlk198292391
	_Hlk198292401
	_Hlk232409437
	_Hlk198292435
	_Hlk221283442

