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Abstract

Summary Trabecular bonescore (TBS) helps to predict fracture risk in older adults. In this registry-based cohort study of
patients aged 40 years and older, reduction in bone mineral density (BMD) and TBS are complementary for fracture risk
prediction enhancement with lower BMD imparting greater risk than reduction in TBS.

Purpose Trabecular bone score (TBS) enhances fracture risk prediction independent of bone mineral density (BMD) in
older adults. The purpose of this study was to further evaluate the gradient of fracture risk based on TBS tertile categories
and WHO BMD categories, adjusted for other risk factors.

Methods Using the Manitoba DXA registry, patients aged 40 years and older with spine/hip DXA and L1-L4 TBS were
identified. Any incident fractures, major osteoporotic fractures (MOF), and hip fractures were identified. Cox regression
models were used to estimate unadjusted and covariate-adjusted hazard ratios (HR, 95%CI) for incident fracture by BMD
and TBS category and for each SD decrease in BMD and TBS.

Results The study population included 73,108 individuals, 90% female with mean age 64 years. Mean (SD) minimum T-score
was — 1.8 (1.1), and mean L1-L4 TBS was 1.257 (0.123). Lower BMD and TBS, both per SD, by WHO BMD category and
by TBS tertile category, were significantly associated with MOF, hip, and any fracture (all HRs p <0.001). However, the
quantum of risk was consistently greater for BMD than TBS, with HRs showing non-overlapping CIs.

Conclusion TBS is complementary to BMD in prediction of incident major, hip, and any osteoporosis-related fracture, but
reductions in BMD impart greater risk than reductions in TBS on both continuous and categorical scales.

Keywords Trabecular bone score - Bone mineral density - Osteoporosis - Fracture - Dual-energy X-ray absorptiometry

Introduction a T-score below — 2.5 [2] which has led to approaches to

enhance fracture risk prediction by inclusion of clinical frac-

Osteoporosis has been defined as a systemic skeletal dis-
ease characterized by loss of bone mineral density (BMD)
with microarchitectural deterioration. Operationally, this
was subsequently defined as a BMD value of >2.5 SD
below the young adult mean [1]. However, only a minor-
ity of “osteoporosis-related” fractures occur in those with
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ture risk factors, most widely with the FRAX tool, and also
by enhancements to skeletal status assessment.

One DXA-based approach to enhance skeletal assessment
is trabecular bone score (TBS), a measure of bone texture
derived from lumbar spine DXA images [3]. TBS has been
extensively studied as a complementary approach to DXA
BMD to improve fracture risk prediction. Indeed, TBS pre-
dicts fracture risk independent of FRAX clinical risk factors
and femoral neck BMD [4-6]. As such, TBS has been inte-
grated into the FRAX calculator and is increasingly utilized
to facilitate patient management and recommendation of
pharmacologic therapy [7-9].

Both the WHO classification of BMD (normal, osteope-
nia, and osteoporosis) and meta-analysis-based tertiles of
TBS [10] (often reported as normal, partially degraded, and
degraded bone microarchitecture) have been widely studied.
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Recently, a combination of WHO BMD category and TBS
tertile has been integrated into DXA software output which
is based upon complementary and additive importance of
TBS and BMD categories. However, as TBS and BMD show
low correlations [11, 12], it is not rare for these categoriza-
tions to be discordant. This raises clinical uncertainty as to
which has the greater impact on fracture risk. As such, the
purpose of this work is to evaluate the gradient of fracture
risk based on these TBS and BMD categories, and for each
SD decrease in TBS and BMD, adjusted for multiple clini-
cal risk factors.

Methods
Study population

DXA is provided as an insured service in the Canadian
province of Manitoba for all qualifying residents. Via this
program, all DXA results are maintained in a database with
completeness and accuracy exceeding 99% [13]. These data
can be anonymously linked to other provincial health data-
bases through an anonymous personal identifier. From this
database, initial fan-beam DXA scans obtained in adults
aged 40 years and up were identified from February 28,
1999, to March 29, 2018. Incident fractures were captured
to March 31, 2018. This study was approved by the Research
Ethics Board of the University of Manitoba and the Health
Information Privacy Committee of Manitoba Health.

DXA performance

Lumbar spine and hip DXA scans were performed with a
narrow fan-beam DXA configuration using GE Healthcare
densitometers (Madison, WI, USA), Prodigy before Novem-
ber 2012, iDXA from November 2012 forward, and analyzed
following manufacturer recommendations. T-scores were
defined at the hip using NHANES III White female refer-
ence values; at the lumbar spine, these were derived using
the manufacturer’s White female database. All densitometers
used in this study were BMD, but not TBS, cross-calibrated.

TBS measurements at L.1-L.4 were obtained at the Bone
Disease Unit of the University of Lausanne, Switzerland,
using TBS iNsight Software, Version 3.x, (Medimaps group,
Geneva, Switzerland). No TBS phantom was available for
scanner cross-calibration given the retrospective study
design; therefore, scanner type was included as a statistical
adjustment.

All lumbar spine DXA files were anonymized for this
analysis, thereby blinding these investigators to any clini-
cal or fracture data. All TBS analyses included L1-L4; no
vertebral body exclusions were performed. Lumbar BMD
analyses included L1-L4 in 49,927 (68.3%), with one or

@ Springer

more vertebral exclusions performed in the remainder.
Eligible patients included those with DXA data who had a
body mass index (BMI) between 15 and 37 kg/mz. BMI was
determined based upon height and weight measured at the
time of their DXA scan. Those outside the 15-37 BMI range
were excluded as recommended by the TBS manufacturer.
No other inclusion/exclusion criteria were applied.

Fracture identification

Manitoba health records from the index DXA scan date for-
ward to March 31, 2018, were evaluated for fracture diag-
nosis codes, thus identifying incident fractures of the hip,
vertebra (clinical), humerus, forearm, pelvis, and other sites
(excluding those of the head, neck, ankle, hand, and foot) not
associated with severe trauma through a combination of hos-
pital discharge abstracts (diagnoses and procedures coded
using the International Classification of Diseases, Ninth
Revision, Clinical Modification [ICD-9-CM] prior to 2004
and International Classification of Diseases, Tenth Revi-
sion, Canadian Enhancements [ICD-10-CA] thereafter) and
physician billing claims (coded using ICD-9-CM). For this
analysis, it was required that hip and forearm fracture codes
be associated with site-specific fracture reduction, fixation,
or casting codes to augment specificity for an acute fracture
event. To minimize potential misclassification with prior
incident fractures, we conservatively required that there be
no hospitalization or physician visit(s) with the same frac-
ture type in the 6 months preceding an incident fracture
diagnosis. Analysis considered any fractures as listed above
and the subgroups of major osteoporotic fractures (MOF;
hip, clinical vertebral, forearm, and humerus) and hip frac-
ture separately.

Statistical analysis

Statistical analyses were performed with IBM SPSS for
Windows (Version 27). Descriptive statistics for demo-
graphic characteristics are presented as mean + SD for
continuous variables or number (%) for categorical varia-
bles. Skeletal status was divided into 9 mutually exclusive
categories based upon WHO BMD lowest T-score clas-
sification at the lumbar spine, femoral neck, or total hip
(i.e., normal > — 1.0, osteopenia— 1.1 to — 2.4, and osteo-
porosis < —2.5) and TBS tertile (lowest <1.230, middle
1.230-1.310, and highest > 1.310). Crude fracture rates
per 1000 person years were estimated by category. Unad-
justed and covariate-adjusted Cox regression models were
used to estimate hazard ratios (HR, 95% CI) for incident
fracture by BMD-TBS category (9 levels; referent normal
BMD, highest TBS tertile), by BMD category (3 levels;
referent normal BMD), and TBS tertile (3 levels; refer-
ent highest TBS tertile) with assessment for linear trend.



Archives of Osteoporosis (2023) 18:73

Page3of8 73

Unadjusted and covariate-adjusted Cox regression models
were also used to estimate HRs for each SD decrease in
BMD and SD decrease in TBS. Covariate adjustments
considered technical and clinical factors that could impact
TBS and fracture risk: type of scanner (Prodigy vs iDXA),
age, sex, BMI, any previous fracture, parental hip frac-
ture, glucocorticoid exposure (greater than 3-month use
in the prior year), smoking status, high alcohol intake,
rheumatoid arthritis, and other causes of secondary
osteoporosis (aromatase inhibitor use, androgen depri-
vation therapy, hyperthyroidism, ankylosing spondylitis,
celiac disease, chronic pancreatitis, chronic liver disease,
inflammatory bowel disease, cerebrovascular disease,
multiple sclerosis, muscular dystrophy, Parkinson disease,
solid organ or bone marrow transplantation). Medication
use was obtained from the provincial pharmacy system
[14]. Other variables were from a combination of self-
report, hospital discharge abstracts, and physician billing
claims as previously described [15]. Preliminary analysis
did not show significant interaction between TBS and sex;
therefore, results are not sex stratified.

Results
Study population

The study cohort included 73,108 individuals (90%
female) with mean (SD) age of 64 years (10.8) and
BMI 26.4 (4.4) kg/mz. Table 1 summarizes the base-
line characteristics of these subjects. Mean (SD) mini-
mum T-score was — 1.8 (1.1), and mean L1-L4 TBS was
1.257 (0.123). Over a mean follow-up period of 8.7 (5.2)
years, 7048 (9.6%) had an incident MOF, 2157 (3%)
an incident hip fracture, and 9446 (12.9%) any incident
fracture.

BMD/TBS category and fracture incidence

Based on WHO classification, normal BMD, osteopenia,
and osteoporosis were present in 24.5%, 50.5%, and 25.1%,
respectively (Table 1). Applying TBS tertile categories,
35.0%, 26.1%, and 38.9% were in the highest, middle,
and lowest tertile. Unadjusted incident fracture rates for

Table 1 Descriptive data of

Characteristic Male n=7665 Female n=65,443
study cohort; n=73,108

Age (years) 64.2+10.8 65.5+12.0 64.1+10.6
BMI (kg/m?) 26.4+4.4 27.0+4.1 26.4+4.5
Prior fracture 14,746 (20.2) 1999 (26.1) 12,748 (19.5)
Parental hip fracture 5929 (8.1) 648 (8.5) 5281 (8.1)
Smoking 7779 (10.6) 1116 (14.6) 6662 (10.2)
Prolonged glucocorticoid use 3904 (5.3) 1342 (17.5) 2565 (3.9)
Rheumatoid arthritis 2215 (3.0) 364 (4.8) 1852 (2.8)
Secondary osteoporosis 10,981 (15.0) 1845 (24.1) 9135 (14)
High alcohol use 439 (0.6) 156 (2.0) 281 (0.4)
L1-L4 TBS (unitless) 1.257+0.123 1.185+0.137 1.263+0.118
Minimum T-score -1.8+1.1 —-14+1.1 —-1.8+1.1
Femur neck T-score -14+1.0 -1.1+1.1 -14+1
Scanner type (iDXA) 18,277 (25.0) 2683 (35) 15,535 (23.7)
Observation time (years) 8.7+5.2 6.6+4.8 8.9+5.2
Incident MOF 7048 (9.6) 565 (7.4) 6485 (9.9)
Incident hip fracture 2157 (3.0) 172 (2.2) 1983 (3.0)
Incident any fracture 9446 (12.9) 772 (10.1) 8677 (13.3)
BMD

Normal 17,918 (24.5) 2784 (36.3) 15,134 (23.1)

Osteopenia 36,907 (50.5) 3662 (47.8) 33,245 (50.8)

Osteoporosis 18,283 (25.0) 1219 (15.9) 17,064 (26.1)
TBS

Highest tertile (>1.310 25,570 (35.0) 1327 (17.3) 24,243 (37.0)

Middle tertile (1.230-1.310) 19,071 (26.1) 1599 (20.9) 17,472 (26.7)

Lowest tertile (<1.230 28,467 (38.9) 4739 (61.8) 23,728 (36.3)

Data are mean +SD or N (percent)
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Table 2 Fracture number and incidence rate by BMD-TBS categories

BMD-TBS category N (percent)

Incident MOF per 1000
person years

Incident hip fracture per 1000 Incident any fracture
person years per 1,000 person years

Normal-highest TBS 9714 (13.3) 3.20
Normal-middle TBS 4018 (5.5) 5.15
Normal-lowest TBS 4186 (5.7) 6.34
Osteopenia-highest TBS 13,478 (18.4) 7.85
Osteopenia-middle TBS 10,468 (14.3) 9.53
Osteopenia-lowest TBS 12,961 (17.7) 12.89
Osteoporosis-highest TBS 2378 (3.3) 13.64
Osteoporosis-middle TBS 4585 (6.3) 17.17
Osteoporosis-lowest TBS 11,320 (15.5) 23.25

0.38 5.43
0.79 7.50
1.23 9.00
1.91 10.77
2.41 12.93
3.83 17.29
4.72 18.36
5.90 2221
9.09 29.54

BMD category defined by lowest T-score; normal > — 1.0, osteopenia— 1.1 to —2.4, osteoporosis < —2.5; TBS category defined by tertile; high-

est>1.310, middle 1.230 to 1.310, lowest <1.230

MOF, hip, and any fracture across all three BMD strata
increased with lower TBS tertile (Table 2). The crude
rates were used to estimate average increase in fracture
risk for a single category worsening in BMD or TBS. The
rate ratios for BMD are 1.85, 2.69, and 1.75 for MOF, hip
fracture, and any fracture, respectively. Corresponding
rate ratios for TBS are 1.34, 1.54, and 1.28, respectively.

BMD/TBS category and fracture hazard ratios

Based on WHO classification with normal BMD as the ref-
erence, unadjusted HRs (95% CI) in those with osteope-
nia and osteoporosis for MOF were 2.19 (2.02-2.38) and
4.11 (3.78-4.48), respectively, with a significant overall
linear trend (p <0.001) across BMD categories (Table 3).

Table 3 Hazard ratios by BMD
and TBS categories

Incident MOF HR (95% CI)

Incident hip fracture Incident any

HR (95% CI) fracture HR
(95% CI)
Unadjusted
BMD normal 1 (REF) 1 (REF) 1 (REF)
BMD osteopenia 2.19 (2.02-2.38) 3.70 (3.02-4.53) 1.96 (1.83-2.09)

BMD osteoporosis
BMD p-trend
L1-L4 TBS highest tertile
L1-L4 TBS middle tertile
L1-L4 TBS lowest tertile
TBS p-trend

Adjusted for multiple covariates™®
BMD normal
BMD osteopenia
BMD osteoporosis
BMD p-trend
L1-L4 TBS highest tertile
L1-L4 TBS middle tertile
L1-L4 TBS lowest tertile
TBS p-trend

4.11 (3.78-4.48)
<0.001
1 (REF)
1.30 (1.21-1.40)
1.80 (1.69-1.92)
<0.001

1 (REF)
1.82 (1.67-1.98)
2.73 (2.49-2.99)
<0.001
1 (REF)
1.14 (1.06-1.22)
1.38 (1.29-1.47)
<0.001

9.08 (7.41-11.13)
<0.001

1 (REF)

1.35 (1.18-1.56)
2.17 (1.92-2.45)
<0.001

1 (REF)
2.42 (1.97-2.97)
3.56 (2.88-4.41)

1 (REF)
1.01 (0.88-1.17)
1.29 (1.14-1.46)
<0.001

3.57 (3.33-3.83)
<0.001
1 (REF)
1.26 (1.18-1.33)
1.72 (1.63-1.81)
<0.001

1 (REF)
1.65 (1.54-1.77)
2.46 (2.28-2.65)
<0.001
1 (REF)
1.11 (1.05-1.18)
1.34 (1.26-1.41)
<0.001

BMD category defined by lowest T-score; normal > — 1.0, osteopenia— 1.1 to —2.4, osteoporosis < —2.5

TBS category defined by tertile; highest>1.310, middle 1.230 to 1.310, lowest<1.230

*Adjusted for type of scanner, age, sex, BMI, previous fracture, parental hip fracture, glucocorticoid expo-
sure in the prior year, smoking status, high alcohol intake, rheumatoid arthritis, and secondary osteoporosis
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In the same model, there was also significant linear trend
(»<0.001) across TBS categories; compared with the high-
est tertile, HRs were 1.30 (1.21-1.40) for the middle and
1.80 (1.69-1.92) for the lowest TBS tertiles. For hip fracture,
HRs for osteopenia and osteoporosis were 3.70 (3.02—4.53)
and 9.08 (7.41-11.13), respectively, and for any incident
fracture were 1.96 (1.83-2.09) and 3.57 (3.33-3.83), respec-
tively. As noted for MOF, in the same models, linear trends
(p<0.001) were present across TBS categories with HRs of
1.35 (1.18-1.56) and 2.17 (1.92-2.45) for hip fracture and
1.26 (1.18-1.33) and 1.72 (1.63—-1.81) for any fracture in
the middle and lowest tertiles, respectively (Table 3). Cor-
responding HRs for BMD were greater than for TBS, with
non-overlapping Cls.

After covariate adjustment (Table 3), the HRs were
slightly attenuated, but the patterns were otherwise similar.
For those with osteopenia and osteoporosis, MOF HRs were
1.82 (1.67-1.98) and 2.73 (2.49-2.99), for hip fracture were
2.42 (1.97-2.97) and 3.56 (2.88-4.41), and for any inci-
dent fracture were 1.65 (1.54—1.77) and 2.46 (2.28-2.65),
respectively. In the same models, significant linear trends
(p<0.001) across TBS categories were observed. For
MOF, compared with the highest tertile, HRs were 1.14
(1.06-1.22) for the middle and 1.38 (1.29-1.47) for the
lowest TBS tertiles. Similar results were observed for hip
fracture and any fracture (Table 3).

In both unadjusted and adjusted analyses, a significant
gradient in fracture risk for MOF, hip fracture, and any
fracture was seen for each SD decrease in BMD (Table 4).
Following covariate adjustment, HRs (95% CI) for each
SD decrease in minimum T-score were 1.38 (1.35-1.42),
1.35 (1.29-1.42), and 1.37 (1.34-1.40) for incident MOF,
hip, or any fracture, respectively. HRs were slightly greater
when femoral neck T-score was used rather than minimum
T-score, especially for hip fracture (HR 1.86, 1.75-1.97)
(Table 4). Lower TBS was also related to MOF, hip, and any

Table 4 Hazard ratios per SD decrease in BMD and TBS

fracture, with HRs (CI) per SD decrease of 1.14 (1.11-1.17),
1.16 (1.10-1.22), and 1.13 (1.10-1.16), respectively. Once
again, corresponding HRs for BMD were greater than for
TBS, with non-overlapping Cls. Similar patterns were seen
when results were stratified as age < 65 years or > 65 years
(Supplemental Table 1).

Finally, we estimated covariate-adjusted HRs for frac-
ture in models that considered all 9 combinations BMD of
TBS category (referent normal BMD, highest TBS tertile).
This showed an increase in MOF, hip, and any fracture risk
with each stepwise decrease in BMD from normal to osteo-
porosis and each stepwise decrease in TBS from highest
to lowest tertile (Fig. 1a—c). Across each individual WHO
BMD stratum and each individual TBS tertile stratum,
there was a significant linear trend in the complementary
parameter (p <0.05).

Discussion

In this registry-based cohort study of older adults, BMD and
TBS were predictive of future major osteoporosis-related
fracture (MOF), hip fracture, and any incident fracture.
Specifically, lower BMD, whether categorized by WHO
classification or per SD decline, and lower TBS, whether
categorized by tertile or per SD decline, were significantly
associated with incident fracture risk. These relationships
were attenuated but still significant when adjusted for mul-
tiple covariates including FRAX risk factors. This confirms
previous analyses showing independent information from
TBS and BMD, justifying their use in combination with clin-
ical risk factors to improve fracture risk prediction [4, 10].
Notably, this study demonstrated that the gradient of risk
for MOF, hip, and any fracture was greater for a decrease in
WHO BMD category compared to a decrease in TBS tertile
and also for per SD decrease in BMD versus TBS. Thus,

Incident MOF HR
(95% CI)

Incident hip fracture HR
(95% CI)

Incident any fracture
HR (95% CI)

Unadjusted

Minimum T-score: per SD decrease
TBS: per SD decrease

Adjusted for multiple covariates*

1.55 (1.52-1.59)
1.26 (1.23-1.29)

Minimum T-score: per SD decrease
TBS: per SD decrease
Adjusted for multiple covariates*

1.38 (1.35-1.42)
1.14 (1.11-1.17)

Femoral neck T-score: per SD decrease
TBS: per SD decrease

1.53 (1.48-1.57)
1.18 (1.15-1.21)

1.81 (1.75-1.89)
1.37 (1.31-1.43)

1.35 (1.29-1.42)
1.16 (1.10-1.22)

1.86 (1.75-1.97)
1.15 (1.10-1.21)

1.51 (1.48-1.54)
1.24 (1.22-1.27)

1.37 (1.34-1.40)
1.13 (1.10-1.16)

1.49 (1.45-1.53)
1.17 (1.14-1.19)

*Adjusted for type of scanner, age, sex, BMI, previous fracture, parental hip fracture, glucocorticoid exposure in the prior year, smoking status,

high alcohol intake, rheumatoid arthritis, and secondary osteoporosis
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Fig.1 a—c Adjusted hazard ratios for fracture by BMD and TBS cat-
egory. Decreasing BMD (normal, osteopenia, osteoporosis) and TBS
categories (lowest<1.230, middle 1.230-1.310, highest>1.310)
were independently associated with stepwise increased risk for inci-
dent major osteoporotic fracture (a), hip fracture (b), and any fracture
(c). Note: Numeric values with 95% CI and significance, age-strati-

TBS and BMD are complementary but not of equal weight
in fracture risk evaluation.

The role of TBS in facilitating fracture risk assessment
in both women and men is widely recognized. As examples,
Martineau et al. reported that incorporating TBS into FRAX
calculations led to a small but significant improvement in
hip and MOF risk assessment. Furthermore, they found that
risk reclassification improvement was greatest in women
who were close to an intervention threshold and women
younger than age 65 years [16]. Another study using the
Manitoba DXA database evaluated 33,352 women, mean age
63 years, and validated that TBS is able to predict incident
MOF independent of FRAX clinical risk factors and femoral
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1.230-1.310

21.310

fied results, and sex-stratified results are presented in Supplemental
Table 2. Adjusted for type of scanner, age, sex, BMI, previous frac-
ture, parental hip fracture, glucocorticoid exposure in the prior year,
smoking status, high alcohol intake, rheumatoid arthritis, and second-
ary osteoporosis

neck BMD (5). Schousboe et. al. reported similar results in
older men where they found that TBS was associated with
incident MOF after adjustment for FRAX 10-year risk with
BMD [17]. Su et al. studied the association of TBS with
fracture risk in 1923 men and 1950 women from Mr. OS
and Ms. OS Hong Kong studies and reported lower TBS
predicted MOF risk independent of FRAX score [18]. A
meta-analysis of 17,809 men and women in 14 prospective
cohorts found the MOF hazard ratio per SD change in TBS
to be similar in women and men [10].

Iki et al. evaluated the use of TBS in Japanese men
age > 65 years from the FORMEN study cohort and
determined that the combination of TBS and FRAX may
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improve MOF risk prediction [19]. Other studies have
shown the association of TBS with fracture risk predic-
tion even in patients receiving osteoporosis medications.
As an example, a recent study by Leslie et al. evaluated
the effect of fracture prediction from TBS in patients
who are on anti-resorptive osteoporosis treatment; it was
reported that there was no association and TBS can be
used to assess fracture risk in patients receiving anti-
resorptive therapy [20].

The utility of TBS in patients with normal BMD
T-score and incident fragility fracture has been assessed
by a few studies including Binkley et al., where they evalu-
ated postmenopausal women (n =4649) with any osteo-
porotic fracture 5 years prior and following a baseline
DXA. They reported that addition of TBS to BMD sig-
nificantly reduced the percentage of women with any prior
fracture who were previously identified as having normal
bone from 11 to 6% (p <0.001) [21].

The TBS software algorithm has and continues to
evolve over time. Schacter et al. [22] compared the origi-
nal (v1) which had been optimized for women and a newer
(v2) TBS algorithm. In 47,736 women and 4,348 men
aged > 40 years with vl was greater in women than men
who have greater abdominal soft tissue thickness which
reduces the TBS value. Software version v2 was modified
for use in men and resulted in mean TBS being higher in
men than in women. To further address the effect of soft
tissue, a forthcoming TBS software (v4, utilized thus far
only in research studies) [23] will utilize soft-tissue thick-
ness measured by the densitometer.

This study has strengths and limitations. A major strength
is study size; this is the single largest cohort to evaluate the
relationship of TBS in fracture risk prediction and is ~ four-
fold larger than the McCloskey meta-analysis [10]. Moreo-
ver, this is a clinical population cohort, and thus these results
are likely broadly applicable to clinical care. However, study
limitations exist including use of densitometers from a sin-
gle manufacturer and study of a primarily White female
cohort. Moreover, TBS categorization was based upon sim-
ple tertiles and has not been optimized for lifetime fracture
prediction as were BMD T-scores. An additional important
limitation is that these data were generated using currently
available TBS software that adjusts for BMI. Similar analy-
ses are warranted when future iterations of TBS software
adjusted for tissue thickness become commercially available.

In conclusion, BMD and TBS are predictive of incident
MOF, hip, and any fracture and in combination enhance
fracture risk prediction independent of other clinical risk
factors. In this regard, TBS is complementary to BMD, but
does not have equal weight as reductions in BMD impart
greater risk than reductions in TBS on both continuous
and categorical scales.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11657-023-01284-0.
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