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Abstract
Summary TBS algorithm has been updated to account for regional soft tissue noise. In postmenopausal women with osteo-
porosis, denosumab improved tissue thickness–adjusted TBS vs placebo independently of bone mineral density over 3 years, 
with the magnitude of changes from baseline or placebo numerically greater than body mass index–adjusted TBS.
Introduction To evaluate the effect of denosumab on bone microarchitecture assessed by trabecular bone score (TBS) in 
the FREEDOM study using the updated algorithm that accounts for regional soft tissue thickness  (TBSTT) in dual-energy 
X-ray absorptiometry (DXA) images and to compare percent changes from baseline and placebo with classical body mass 
index (BMI)–adjusted TBS  (TBSBMI).
Methods Postmenopausal women with lumbar spine or total hip bone mineral density (BMD) T score <  − 2.5 and ≥  − 4.0 
received placebo or denosumab 60 mg subcutaneously every 6 months.  TBSBMI and  TBSTT were assessed on lumbar spine 
DXA scans at baseline and months 1, 12, 24, and 36 in a subset of 279 women (129 placebo, 150 denosumab) who completed 
the 3-year FREEDOM DXA substudy and rolled over to open-label extension study.
Results Baseline characteristics were similar between groups.  TBSTT in the denosumab group showed numerically greater 
changes from both baseline and placebo than  TBSBMI at months 12, 24, and 36. Denosumab led to progressive increases in 
BMD (1.2, 5.6, 8.1, and 10.5%) and  TBSTT (0.4, 2.3, 2.6, and 3.3%) from baseline to months 1, 12, 24, and 36, respectively. 
Both TBS changes were significant vs baseline and placebo from months 12 to 36 (p < 0.0001). As expected, BMD and 
 TBSTT were poorly correlated both at baseline and for changes during treatment.
Conclusion In postmenopausal women with osteoporosis, denosumab significantly improved bone microstructure assessed 
by  TBSTT over 3 years.  TBSTT seemed more responsive to denosumab treatment than  TBSBMI and was independent of BMD.

Keywords Trabecular bone score (TBS) · Soft tissue thickness · Bone mineral density (BMD) · Denosumab · 
Postmenopausal women · Osteoporosis

Introduction

Osteoporosis is characterized by low bone mass and micro-
architectural deterioration of the bone tissue, both of which 
contribute to the risk of fractures [1]. Bone mineral den-
sity (BMD) measured by dual-energy X-ray absorptiometry 
(DXA) explains about 60–80% of bone strength [2] and is 
used for diagnosis of osteoporosis [3]. Decreased BMD has 
been well known for many years to be an important predic-
tor of osteoporotic fractures [3]. However, there is consid-
erable overlap in BMD scores between persons with and 
without osteoporotic fracture, and many fractures occur in 
persons with non-osteoporotic BMD values (i.e., T score 
above − 2.5) [1, 4, 5, 6, 7]. These results highlight the 
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importance of other measurements that account for aspects 
of bone microarchitecture to complement BMD for fracture 
risk prediction [8, 9].

The trabecular bone score (TBS), which can be extracted 
from existing DXA or X-ray images, provides an indirect 
index of trabecular bone microarchitecture [8, 10]. TBS 
measures the gray-level texture from one pixel to the next 
across the 2-dimensional (2D) DXA scans using a modified 
approach of the known experimental variogram. The gray 
levels measured in the 2D DXA images reflect the varia-
tions in X-ray absorption properties in the corresponding 
3-dimensional (3D) tissue microarchitecture [8, 10]. A 
high TBS value is associated with more numerous and con-
nected, and less sparse trabeculae (i.e., better bone struc-
ture), whereas a low TBS value indicates a low trabecular 
number and connectivity, and high trabecular separation 
(i.e., worse bone structure) [10, 11]. TBS can differentiate 
3D microarchitecture properties between 2D DXA scans that 
present with similar BMD scores [10] and has been shown 
to predict osteoporotic fractures independently of BMD [8, 
12, 13]. TBS has an added predictive value over BMD alone 
in the estimation of fracture risk [12], and the combination 
of BMD with TBS can significantly improve the prediction 
of fractures compared to BMD or TBS alone [8]. In addi-
tion, low TBS is strongly associated with many of the clini-
cal risk factors for osteoporotic fractures [14] and predicts 
fracture risk independently of the Fracture Risk Assessment 
Tool (FRAX) clinical risk factors. TBS has now been incor-
porated into FRAX to improve its accuracy to categorize 
patients at risk for fracture [2, 12, 13, 15, 16, 17].

A technical limitation of both BMD and TBS is the effect 
of regional soft tissue noise on the DXA images and eventu-
ally in the gray-level texture. The latter depends on both the 
bone and soft tissues, which have different X-ray absorption 
characteristics. An excess of regional soft tissue thickness/
noise tends to attenuate X-ray absorption and decrease gray 
level variations and subsequently TBS values while increas-
ing BMD values [18]. To account for the regional soft tissue 
effect on the DXA images, the classical algorithm for com-
puting TBS has been corrected for body mass index (BMI; 
 TBSBMI) [19], a surrogate for soft tissue thickness in the 
general population with BMI within 15 to 37 kg/m2 [19]. 
However, BMI is a global measure of excess body fat with 
limited information on the body morphotype or fat distribu-
tion. Because BMI does not provide adiposity information 
specific for the region of interest,  TBSBMI may not accu-
rately correct for the effect of regional soft tissues on TBS, 
e.g., in individuals with a high versus low lean body mass, 
or those with abdominal weight accumulation that directly 
affects TBS derived from lumbar spine DXA versus weight 
accumulation at other sites [10]. A recent technical update 
of the TBS algorithm uses a direct built-in correction for soft 
tissue thickness  (TBSTT) measured from the DXA machines. 

Regional soft tissue thickness provides a direct and specific 
measurement of the soft tissues that affect the DXA image of 
the region [20].  TBSTT can better neutralize regional soft tis-
sue noise on the DXA image than  TBSBMI [20]. The updated 
 TBSTT algorithm has been shown to be less affected by the 
artifactual effect of the regional soft tissue presence on the 
gray-level variogram of the DXA images and is a validated 
and improved method to evaluate TBS over the previous 
 TBSBMI algorithm [20].

Denosumab is a fully human monoclonal antibody against 
receptor activator of NF-κB (RANK) ligand that inhibits 
osteoclast development and function and decreases bone 
resorption [21, 22, 23, 24]. Denosumab treatment in post-
menopausal women with osteoporosis has been shown to 
increase BMD and decrease the risk of vertebral, non-ver-
tebral, and hip fracture compared with placebo in the phase 
3 FREEDOM study and open-label extension (OLE) study 
[25, 26, 27, 28]. A subset of women in the FREEDOM study 
participated in a prospective DXA substudy and showed an 
increase in lumbar spine BMD comparable to that observed 
in the overall study population [26]. A retrospective analysis 
of this substudy explored the effect of denosumab on clas-
sical  TBSBMI and demonstrated that 3 years of denosumab 
treatment significantly improved  TBSBMI versus placebo 
independently of BMD [29].

This study is a retrospective analysis of lumbar spine 
DXA scans collected from subjects who enrolled in and 
completed the FREEDOM DXA substudy and rolled over 
to the OLE study using the updated  TBSTT algorithm with 
built-in direct correction for regional soft tissue thickness 
[20]. The objective was to investigate the effect of long-term 
denosumab on bone microarchitecture as assessed by  TBSTT 
and to compare it with  TBSBMI. We hypothesize that the new 
 TBSTT algorithm would improve sensitivity and ability to 
detect changes resulting from treatment over the classical 
 TBSBMI algorithm. This initial report presents TBS data col-
lected from the lumbar spine DXA scans of subjects during 
the 3-year DXA substudy. Results from the OLE portion of 
the study will be reported in a separate publication.

Methods

Study design

The study design of the FREEDOM (NCT00089791) and 
OLE (NCT00523341) studies and the DXA substudy have 
been reported previously [25, 26, 27, 28]. Briefly, the FREE-
DOM study was an international, multicenter, randomized, 
double-blind, placebo-controlled study conducted across 213 
study centers in 7808 postmenopausal women with osteo-
porosis. Subjects were randomized to receive either 60 mg 
of denosumab or placebo subcutaneously every 6 months 
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for 36 months. All subjects received daily supplementa-
tion of calcium (≥ 1000 mg) and vitamin D (≥ 400 IU). The 
prospective DXA substudy included 441 women from 19 
centers that performed more frequent BMD assessments and 
evaluations of additional skeletal sites (Fig. 1). Informed 
consent was obtained for all subjects who participated in the 
FREEDOM and OLE studies and the DXA substudy.

A total of 279 subjects completed the 3-year DXA sub-
study and rolled over to the OLE study. Both  TBSBMI and 
 TBSTT data were retrospectively collected from 2409 lumbar 
spine DXA scans of the 279 subjects during the 3-year DXA 
substudy (Fig. 1).

Subjects

For the FREEDOM study, eligible subjects were postmeno-
pausal women with a BMD T score between − 4.0 and − 2.5 
at the lumbar spine or total hip, naïve to osteoporosis 
treatment or had received prior bisphosphonate treatment 
for < 3 years and not within 12 months of study entry, and 
free of other conditions known to impact bone metabolism. 
Subjects were required to have a minimum of two evalu-
able lumbar vertebrae in the L1–L4 region and one evalu-
able hip (left or right). Subjects with any severe or more 
than 2 moderate vertebral fractures were excluded [25, 26]. 
For this study, subjects with BMI > 38 kg/m2 or < 15 kg/m2 
were excluded as it was out of the range for a proper assess-
ment of  TBSBMI (the same BMI range was applied to  TBSTT 
analysis to allow for an appropriate comparison of the two 
algorithms). Similarly, subjects were excluded if the DXA 
scanner or the acquisition mode used for BMD assessment 
was not compatible with TBS algorithm.

Study assessments

Lumbar spine BMD measurements by GE Healthcare Lunar 
or Hologic DXA bone densitometers in the DXA substudy 
were performed at baseline and at months 1, 6, 12, 24, and 
36 [26]. The lumbar spine analysis included four vertebrae, 
L1–L4. Vertebrae were excluded following the International 
Society of Clinical Densitometry (ISCD) criteria [30]. All 
DXA scans were centrally read by an imaging vendor (Bio-
Clinica [formerly Synarc], Princeton, NJ, USA).

Both  TBSTT and  TBSBMI were assessed retrospectively on 
previously obtained lumbar spine DXA scans for each ver-
tebra (L1-L4), in the same region of interest as BMD. The 
same vertebrae exclusion criteria for BMD analysis [2] were 
applied for TBS analysis so that an appropriate comparison 
of the changes in BMD and TBS could be performed. The 
TBS computation process included two soft tissue com-
pensation techniques: using BMI as a global surrogate of 
regional soft tissue thickness presence (TBS iNsight soft-
ware version 3.1 [Medimaps group, Geneva, Switzerland]) 
and the regional soft tissue thickness itself directly (TBS 
iNsight software version 4.0 [Medimaps group, Geneva, 
Switzerland]). Measurement of soft tissue thickness from 
the DXA scanner is based on physical application of Beer 
Lambert law regarding attenuation of X-ray, which is the 
function of density and tissue thickness. Tissue thickness 
values were extracted directly from the DXA manufacturer 
software and cross-calibrated to equivalence between Lunar 
or Hologic scanners. Tissue thickness measurement from the 
DXA scanner is highly correlated to BMI, with a correlation 
coefficient of > 0.9. Lumbar spine TBS was calculated as the 
mean value of the individual TBS of each included vertebra. 
All the TBS calculations have been performed blinded from 

Fig. 1  Study flow chart
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clinical outcomes and treatment group allocation. The main 
analyses of this study were performed using  TBSTT, given 
its advanced accountability of the regional soft tissue effect 
on the DXA image.  TBSBMI was studied and reported here 
for comparison purposes.

Statistical analyses

The analyses included subjects who completed the DXA 
substudy and continued to OLE study and had lumbar spine 
BMD,  TBSTT, and  TBSBMI measurements at baseline and 
at least one post-baseline visit during the 3-year DXA sub-
study. Missing data were not imputed. A repeated meas-
ures mixed-effects linear model, adjusting for visit, base-
line value, machine type, treatment-by-visit interaction, and 
baseline value-by-machine type interaction, was used to ana-
lyze the percent changes from baseline to follow-up time 
points in lumbar spine BMD,  TBSTT, and  TBSBMI. Statistical 
inferences on differences between the denosumab and pla-
cebo groups as well as differences relative to baseline within 
the denosumab group or the placebo group were assessed 
at each time point, with no adjustment for multiplicity. The 
results were reported as least-squares means and associated 
two-sided 95% confidence intervals (CIs). The percentage of 
subjects according to  TBSTT risk category  (TBSTT ≤ 1.027, 
degraded microarchitecture;  TBSTT > 1.027 to ≤ 1.074, par-
tially degraded;  TBSTT > 1.074, normal) was summarized 
at baseline and month 36 in each treatment group. Those 
thresholds are equivalent to 1.230 and 1.310 usually reported 
for the classical  TBSBMI algorithm  (TBSBMI ≤ 1.230, 
degraded microarchitecture;  TBSBMI > 1.230 to ≤ 1.310, 
partially degraded;  TBSBMI > 1.310, normal) because  TBSTT 
thresholds were derived from the same tertile analysis of the 
same study population from a meta-analysis that generated 

 TBSBMI thresholds [16]. Bhapkar’s test for homogeneity 
was used to evaluate the significance of the change in the 
percentage of subjects in each  TBSTT risk category from 
baseline to month 36. The correlation between lumbar spine 
 TBSTT and BMD was evaluated using Pearson correlation 
coefficients at baseline and for percent change from baseline 
at each time point within each treatment group. All inferen-
tial testing was two-tailed, with p ≤ 0.05 set as the threshold 
for statistical significance.

Results

A total of 279 (129 placebo, 150 denosumab) postmenopau-
sal women with osteoporosis were included in this analy-
sis (Fig. 1). Baseline characteristics were similar between 
the placebo and denosumab groups (Table 1). The mean 
age was ~ 72 years. The mean lumbar spine BMD T score 
was − 2.8, mean  TBSBMI was 1.227, and mean  TBSTT was 
1.031 in all patients included in the analysis. About 22% of 
women had a vertebral fracture at baseline. The baseline 
characteristics of patients in the present analysis were simi-
lar to those of the overall population in the FREEDOM study 
[25] (Supplementary Table 1).

Denosumab was associated with progressive increases 
from baseline to months 1, 12, 24, and 36 for lumbar spine 
BMD (LS mean increases of 1.2%, 5.6%, 8.1%, and 10.5%, 
respectively; all p < 0.0001) and  TBSTT (LS mean increases 
of 0.4%, 2.3%, 2.6%, and 3.3%, respectively; p < 0.0001 
from baseline to months 12, 24, and 36) (Fig. 2). The rela-
tive increases of the denosumab group vs the placebo group 
reached 10.4% for lumbar spine BMD and 4.7% for  TBSTT at 
month 36 (p < 0.0001 for both measurements between deno-
sumab vs placebo at months 12, 24, and 36; Fig. 2). The 

Table 1  Baseline characteristics

BMD, bone mineral density; SD, standard deviation; TBS, trabecular bone score; TBSBMI, BMI-adjusted 
TBS; TBSTT, tissue thickness–adjusted TBS
a n = 125; bn = 275; cn = 149; dn = 278; en = 126; fn = 143; gn = 269; hn = 142; in = 267. n = number of subjects 
with observed data

Placebo (n = 129) Denosumab (n = 150) Overall (n = 279)

Age (years), mean ± SD 72.1 ± 5.3 72.8 ± 4.9 72.5 ± 5.1
Body mass index (kg/m2), mean ± SD 24.9 ± 4.2a 25.2 ± 4.2 25.1 ± 4.2b

Race, n (%)
     White or Caucasian 111 (86.0) 132 (88.0) 243 (87.1)
     Hispanic or Latino 16 (12.4) 18 (12.0) 34 (12.2)
     Other 2 (1.6) 0 2 (0.7)

Prevalent vertebral fracture, n (%) 24 (18.6) 38 (25.3) 62 (22.2)
Lumbar spine BMD T-score, mean ± SD  − 2.81 ± 0.60  − 2.75 ± 0.81c  − 2.78 ± 0.72d

TBS (unitless), mean ± SD
      TBSBMI 1.227 ± 0.086e 1.227 ± 0.085f 1.227 ± 0.085 g

      TBSTT 1.033 ± 0.076a 1.029 ± 0.080 h 1.031 ± 0.078i
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 TBSTT scores in the denosumab group showed numerically 
greater changes from baseline and numerically larger differ-
ences from placebo than  TBSBMI scores at all post-baseline 
visits (Table 2).

Denosumab treatment also decreased the number of 
patients with degraded or partially degraded microarchitec-
ture according to  TBSTT (degraded, 48.6% to 35.2%; par-
tially degraded, 25.4% to 17.6%) and increased the number 

Fig. 2  Percentage change from 
baseline by visit and treatment 
group for A lumbar spine BMD 
and B  TBSTT

Table 2  Mean calibrated TBS percentage change from baseline:  TBSBMI vs  TBSTT

n = number of subjects with observed data. *p < 0.001 compared with placebo; **p < 0.0001 compared with placebo; †p < 0.0001 compared with 
baseline; CI confidence interval; LS least squares; TBS trabecular bone score; TBSBMI BMI-adjusted TBS; TBSTT tissue thickness–adjusted TBS

TBSBMI, LS mean (95% CI) TBSTT, LS mean (95% CI)

n % change from baseline Difference from placebo n % change from baseline Difference from placebo

Month 1
Placebo 122 0.20 (− 0.50, 0.90)  − 0.45 (− 1.41, 0.51) 121 0.06 (− 0.74, 0.86) 0.30 (− 0.79, 1.40)
Denosumab 140  − 0.25 (− 0.91, 0.40) 138 0.36 (− 0.38, 1.11)
Month 12
Placebo 122  − 0.32 (− 1.02, 0.39) 1.68* (0.73, 2.64) 121  − 0.60 (− 1.39, 0.20) 2.90** (1.81, 3.99)
Denosumab 142 1.37† (0.72, 2.02) 141 2.31† (1.57, 3.05)
Month 24
Placebo 125  − 0.28 (− 0.98, 0.42) 1.76* (0.81, 2.71) 124  − 0.31 (− 1.10, 0.48) 2.94** (1.85, 4.02)
Denosumab 143 1.48† (0.83, 2.13) 141 2.63† (1.89, 3.37)
Month 36
Placebo 123  − 1.07 (− 1.76, − 0.37) 2.91** (1.96, 3.87) 123  − 1.38 (− 2.17, − 0.58) 4.67** (3.59, 5.76)
Denosumab 143 1.85† (1.20, 2.50) 141 3.29† (2.55, 4.04)
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of patients with normal microarchitecture (26.1% to 47.2%) 
from baseline to month 36 (p < 0.0001; Fig. 3). In contrast, 
placebo treatment was associated with slightly more patients 
with degraded or partially degraded microarchitecture and 
fewer patients with normal microarchitecture from baseline 
to month 36 (p = 0.0480; Fig. 3).

As expected [29], the lumbar spine BMD and  TBSTT were 
poorly correlated at baseline (Pearson correlation coefficient 
r2 = 0.34), reinforcing the fact that the two parameters meas-
ured different bone properties. Over the course of treatments, 
change in  TBSTT was also poorly correlated with change in 
BMD. At month 36, correlation coefficient between mean 
 TBSTT and lumbar spine BMD percent change from baseline 
was 0.08 in the placebo group and 0.06 in the denosumab 
group (Fig. 4).

Discussion

This retrospective analysis of the DXA substudy in postmen-
opausal women with osteoporosis showed that denosumab 
significantly and progressively improved  TBSTT vs placebo, 
independently of BMD over the 3-year treatment period. The 
magnitude of change in  TBSTT from baseline and compared 
to placebo was numerically greater than that of classical 
 TBSBMI at each post-baseline visit. Bone microstructure, as 
assessed by  TBSTT, improved over 3 years of denosumab 
treatment vs baseline, with more patients achieving nor-
mal microarchitecture and less patients having degraded or 
partially degraded microarchitecture. These results showed 
consistent treatment effects of denosumab vs placebo as 
reported previously [25, 26, 29] and support the improved 

Fig. 3  Percentage of subjects by 
 TBSTT risk category at baseline 
and month 36 in A the placebo 
group and B the denosumab 
group
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responsiveness to treatment as measured by the updated 
 TBSTT algorithm.

TBSTT, as expected, was not correlated with lumbar spine 
BMD at baseline nor over 36 months of treatment with either 
placebo or denosumab, similar to the lack of correlation between 
 TBSBMI and BMD previously reported in a retrospective analy-
sis of the DXA substudy (r2 ranging from < 0.01 to 0.06) [29]. 
These results indicate that neutralizing the effect of the soft tis-
sue thickness by the updated  TBSTT algorithm did not affect the 
relationship between TBS and lumbar spine BMD [20]. BMD 
explains only a small fraction of the variability in  TBSTT at base-
line (r2 = 0.34) and over the course of 3-year denosumab treat-
ment (r2 = 0.06). In addition, in placebo-treated patients BMD 
remained constant, whereas  TBSTT decreased over 36 months. 
These results suggest that TBS provides bone information that is 
not captured by BMD, further confirming TBS and BMD as two 
independent and complementary assessments of bone status.

TBS is sensitive to the natural progression of osteopo-
rosis and to bone-affecting treatments. The magnitude of 
change in TBS varies significantly with different therapies 
[10, 17]. Certain anti-resorptive drugs, such as bisphospho-
nates (e.g., alendronate, risedronate, ibandronate, zoledronic 
acid), preserve and increase bone mass, but have not been 
shown to significantly improve bone structure to date. TBS 
does demonstrate gains in response to bisphosphonates, but 
the changes are relatively small, compared to those seen 
with other anti-resorptive agents, such as denosumab [17, 
29, 31]. Moreover, this analysis showed that denosumab sig-
nificantly improved trabecular bone texture as assessed by 
 TBSTT, decreasing the number of patients with degraded or 
partially degraded microarchitecture and increasing the num-
ber of patients with normal microarchitecture over 3 years of 
treatment. Denosumab may preserve trabecular microstruc-
ture by preventing plate perforation and preserving axially 
aligned trabeculae [32]. Denosumab may further improve 

trabecular microstructure by preserving modeling-based 
bone formation despite its potent inhibition of remodeling 
[33]. TBS response to the anabolic agent teriparatide was 
reported at just 6 months after treatment initiation and was 
of greater amplitude compared to anti-resorptive drugs. TBS 
increase with teriparatide is currently under investigation for 
its impact on fracture risk reduction [31].

At present, comparison of treatment effects on TBS 
between different therapeutic agents should be done with cau-
tion. The effect of anti-osteoporotic therapy on TBS has been 
studied for 36 months or less, and most studies have used the 
classical  TBSBMI algorithm. Not only are studies investigat-
ing longer-term treatment effects needed, but also those using 
 TBSTT, instead of  TBSBMI, so as to accurately correct for the 
effect of regional soft tissue presence on the DXA image.

This study is limited by the retrospective nature of the 
analysis in a small subset (3.6%) of the total FREEDOM 
study population, which may create imbalances in meas-
ured and unmeasured covariates between the two treatment 
groups. However, the baseline characteristics of patients 
included in this analysis and mean changes from baseline 
in lumbar spine BMD over 36 months of treatment in each 
group were comparable to those reported in the correspond-
ing group of the overall study population [25]. This suggests 
the observed effect of denosumab on  TBSTT likely reflects 
that of the originally randomized patients in the FREEDOM 
study. The study results from this analysis may have limited 
generalizability because mainly women of European ances-
try were included. Although the updated  TBSTT algorithm 
is mostly technical (to correct a single noise factor: soft tis-
sue thickness) and unlikely to be affected by gender and/or 
ethnicity, further studies in more diverse populations will 
help validate the results reported here.

TBS, derived from existing DXA scans of the lumbar 
spine, provides clinically relevant information about bone 

Fig. 4  Relationship between 
lumbar spine BMD and  TBSTT 
percentage from baseline at 
month 36 in A the placebo 
group and B the denosumab 
group
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microarchitecture and fracture risk and could assist in monitor-
ing therapeutic responses and guiding management of patients 
undergoing osteoporosis treatments [8, 10]. This analysis 
showed that 3-year denosumab treatment in postmenopausal 
women with osteoporosis was associated with a significant 
and progressive increase in regional tissue thickness–adjusted 
TBS, reflecting improved bone microstructure, as compared 
with placebo and baseline, with numerically greater respon-
siveness to treatment than BMI-adjusted TBS. Both TBS 
measurements were poorly correlated with BMD at baseline. 
Changes in both TBS measurements and BMD from baseline 
were also poorly correlated at each time point over 3 years of 
treatment, as shown in this and previous analyses [29]. These 
results, together with previous observations that TBS predicts 
fracture risk independently of BMD [8, 12, 13, 34], support the 
usefulness of the updated  TBSTT algorithm as a practical tool, 
in addition to BMD, to monitor osteoporotic patients under 
denosumab treatment in routine clinical practice. The effect 
of long-term denosumab treatment for up to 10 years on bone 
microarchitecture will be reported later, based on  TBSTT data 
collected from the OLE portion of the FREEDOM TBS post 
hoc analysis.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00198- 022- 06549-x.
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