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Abstract

Bone quality is a critical factor that, along with bone quantity, determines bone strength.
Image-based parameters are used for assessing bone quality non-invasively. The trabecu-
lar bone score (TBS) is used to assess quality of trabecular bone and femur geometry for
cortical bone. Little is known about the associations between these two bone quality param-
eters and whether they show differences in the relationships with age and body mass index
(BMI). We investigated the associations between the trabecular bone score (TBS) and
femur cortical geometry. Areal bone mineral density (BMD) was assessed using dual energy
X-ray absorptiometry (DXA) and the TBS was assessed using iNsight software and, femur
geometry using APEX (Hologic). A total of 452 men and 517 women aged 50 years and
older with no medical history of a condition affecting bone metabolism were included. Z-
scores for TBS and cortical thickness were calculated using the age-specific mean and SD
for each parameter. A ‘discrepancy group’ was defined as patients whose absolute Z-score
difference between TBS and cortical thickness was > 1 point. TBS and cortical thickness
correlated negatively with age both in men and women, but the associations were stronger
in women. Regarding the associations with BMI, TBS provided significant negative correla-
tion with BMI in the range of BMI > 25 kg/m?. By contrast, cortical thickness correlated posi-
tively with BMI for all BMI ranges. These bone quality-related parameters, TBS and cortical
thickness, significantly correlated, but discordance between these two parameters was
observed in about one-third of the men and women (32.7% and 33.4%, respectively). Con-
clusively, image-based bone quality parameters for trabecular and cortical bone exhibit both
similarities and differences in terms of their associations with age and BMI. These different
profiles in TBS and FN cortical thickness might results in different risk profiles for the verte-
bral fractures or hip fractures in a certain percentage of people.
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Introduction

Osteoporosis is a skeletal disorder characterized by low bone mass and deterioration of bone
quality, which increase the vulnerability of the bone and the risk of fracture [1]. As the popula-
tion ages, the incidence of osteoporosis and number of osteoporotic fractures are growing and
becoming a major public health problem, which is related to higher morbidity, mortality, and
medical costs [2]. In addition, problems including chronic disabling pain, gait disturbance,
deformity, and performance impairment in daily life may occur after fracture and can reduce
the quality of life, especially in the elderly population [3]. Therefore, early detection of people
with a higher risk of fractures and timely appropriate intervention are important.

Bone strength is determined by the composite of bone mass and bone quality [4]. A quanti-
tative parameter, bone mass is assessed by measuring bone mineral density (BMD) by dual-
energy X-ray absorptiometry (DXA), and the severity of low BMD is diagnosed as osteopenia
or osteoporosis using the T-score value [5]. The risk of fracture is higher in people with osteo-
porosis, although the frequency of fragility fractures is higher in those with osteopenia [6].
This means that bone quality, another parameter that determines bone strength in addition to
bone mass, is also critical to the risk of fractures in some people.

Bone quality reflects several factors related to bone structural and material properties [7]
and image-based noninvasive parameters, such as the trabecular bone score (TBS) and femur
geometry has been used to assess bone quality. The TBS, that was proposed by Pothuaud et al.
evaluates the pixel grey-level variations in DXA images of the lumbar spine and is used to
assess the bone quality of trabecular bone [8]. Femur geometry represents the distributive
property of hip bone mass and is closely related to the strength of hip cortical bone [9].
Among the femur geometric parameters, the cortical thickness in the femur neck is known to
be most closely related to the femur strength [10]. Previous studies have shown that the TBS
and femur geometry are independent predictors of fracture [6,11,12].

The femur and lumbar spine have different compositional properties: femur bone is com-
posed by mainly cortical bone, and lumbar spine contains mainly trabecular bone [13,14]. The
bone biology differs somewhat between cortical bone and trabecular bone, which means that
the clinical factors that affect bone can also differently influence bone according to the bone
site. Based on these, several studies have compared bone quality between femur and spine [15-
17]. However, it has not been clearly elucidated yet whether bone quality-related parameters of
the spine and femur might differ in terms of their associations with age and body mass index
(BMI), the two most critical clinical factors affecting bone quality. The aims of our study were
to investigate the effects of age and BMI on the TBS and geometry, and to determine whether
these two parameters differ in certain proportion of people.

Materials and methods
Subjects and design

This is a single-center, cross-sectional study and we consecutively included men and peri- or
postmenopausal women aged >50 years who had undergone DXA as screening for osteoporo-
sis at Seoul National University Bundang Hospital (SNUBH, Seongnam, South Korea) from
January 2015 to March 2016. Participants were excluded if they (i) were younger than 50 years
old; (ii) were taking any medication (e.g., systemic steroids, hormone-replacement therapy,
bisphosphonates, calcium or vitamin D replacement) and/or had any preexisting medical con-
dition (e.g., parathyroid disease, hyper- or hypothyroidism, rheumatoid arthritis, or asthma)
that could affect bone metabolism; (iii) had malignancy or chronic liver/renal disease; or (iv)
had a previous major fracture. This study was approved by the Ethical Review Board of
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SNUBH (IRB No. B-1510/318-110) and informed consent from the patients or their legal rep-
resentatives was waived. All the data were fully anonymized before we accessed them.

Bone mineral density and hip structural analysis

BMD was measured in g/ m? at the site of the lumbar spine (L1-L4), femoral neck (FN), and
total hip (TH) using DXA equipment (Discovery W; Hologic, Bedford, MA, USA) following
the manufacturer’s protocol. Further analysis of geometric bone structure properties was per-
formed using the hip structure analysis (HSA) program included in the APEX software (Holo-
gic). The HSA program yields geometric data such as cross-sectional area (CSA, cm?), cross-
sectional moment of inertia (CSMI, cm*), mean cortical thickness (mm), section modulus
(cm?), and buckling ratio for each of the narrow neck (NN) regions [18]. Among those param-
eters, FN cortical thickness was used for the analyses as a representative parameter of femur
geometry.

Trabecular bone score

The TBS value was evaluated simultaneously with the lumbar spine in the DXA imaging using
TBS iNsight software (version 2.1; Med-Imaps, Bordeaux, France). TBS value was determined
as the mean value of the individual measurements for vertebrae L1-14 [19].

Statistical analysis

The baseline characteristics of the patients grouped by gender were compared using Student’s
t test for continuous variables and Pearson chi-square test for categorical variables. The data
are presented here as frequency (percentage) or mean (SD) as appropriate. The Shapiro-Wilk
test was used to assess normality of BMI, TBS, and each parameter of femur geometry. Corre-
lations of age or BMI, with TBS or femur geometry, and between TBS and femur geometry,
were investigated using Pearson’s correlational analysis.

The Z scores for the TBS or FN cortical thickness were calculated using the mean and stan-
dard deviation (SD) values of the corresponding parameters in the same age group by the fol-
lowing equation: (actual TBS/ or FN cortical thickness value-mean TBS/ or FN cortical
thickness value)/ SD of TBS/ or FN cortical thickness for the same age groups. To identify
baseline characteristics associated with a discrepancy between the TBS and cortical thickness,
we defined ‘discrepancy group’ as patients whose absolute Z-score difference between TBS and
cortical thickness was > 1 point, and further categorized that group into two subgroups as fol-
lows. Patients with a TBS Z-score minus cortical thickness z-score >1 were categorized into
the “TBS-dominant group.” Patients with a score less than -1 were categorized into the “corti-
cal thickness-dominant group.” Patients with a score between 1 and -1 were categorized into
the “no discrepancy group.” The baseline characteristics were compared between groups using
ANOVA for continuous variables and the Pearson chi-square test for categorical variables.
When a significant difference was detected by ANOVA, Bonferroni’s correction for three
groups was used to identify the source of the difference. Statistical significance was set at
P < 0.05 for two-tailed tests. All statistical analyses were performed using Stata/SE software
(version 14.0; Stata Corp, College Station, TX, USA).

Results

A total of 969 patients aged >50 years of age were included: 517 peri- or postmenopausal
women and 452 men. Table 1 shows the clinical characteristics, the BMD, T-score, and bone
quality parameters including TBS and femur geometry. All values showed normal

PLOS ONE | https://doi.org/10.1371/journal.pone.0260924  January 11, 2022 3/13


https://doi.org/10.1371/journal.pone.0260924

PLOS ONE TBS and femur geometry

Table 1. Baseline clinical characteristics and bone profiles of study subjects.

Men (n = 452) Women (n =517) p-value
Age (years) 64.73 +9.42 66.65 £ 9.10 0.001
Height (cm) 1669+ 7.1 153.3+5.9 <0.001
Weight (kg) 69.1+11.4 59.0+9.1 <0.001
BMI (kg/m”) 24.71 £3.13 25.01 + 3.50 0.163
BMI subgroups, n (%) 0.758
BMI < 23 kg/m? 124 (27.43) 148 (28.63)
23 < BMI < 25 kg/m> 110 (24.34) 132 (25.53)
BMI > 25 kg/m> 218 (48.23) 237 (45.84)
Calcium (mg/dL) 8.93 £ 0.46 9.00 £+ 0.44 0.017
Phosphorus (mg/dL) 3.49 £ 0.60 3.62 £ 0.54 <0.001
BUN (mg/dL) 16.12 £ 6.74 15.47 £ 5.32 0.094
Creatinine (mg/dL) 0.91 £0.73 0.75 £ 0.38 <0.001
eGFR 86.84 + 25.44 91.14 £ 25.09 <0.001
Lumbar Spine
Lumbar spine BMD (g/cmz) 1.035 £ 0.198 0.861 £0.171 <0.001
Lumbar spine LS T-score 0.544 + 1.465 -1.149+1.237 <0.001
TBS L1-4 (unitless) 1.353 £ 0.088 1.255 + 0.097 <0.001
Hip
Total hip BMD (g/cmz) 0.902 £ 0.134 0.743 £ 0.124 <0.001
Total hip T score -0.417 + 1.025 -1.346 + 1.243 <0.001
Femur neck BMD (g/cmz) 0.934 +0.170 0.787 +0.148 <0.001
Femur neck T-score -0.805+1.412 -1.903+1.242 <0.001
Femur neck geometry
CSA (sz) 3.217 £ 0.603 2.422 +£0.422 <0.001
CSMI (Cm4) 3.410 £ 0.919 2.036 £ 0.502 <0.001
Neck width (cm) 3.631 £ 0.297 3.258 £0.273 <0.001
Cortical thickness (cm) 0.179 + 0.035 0.151 + 0.030 <0.001
Section modulus (cm®) 1.708 + 0.376 1.113 £ 0.228 <0.001
Buckling ratio 11.648 + 3.134 12.861 + 3.772 <0.001

The data are expressed as mean + SD. BMI, body mass index; TBS, trabecular bone score; BMD, bone mineral density; CSA, cross-sectional area; CSMI, cross-sectional
moment of inertia; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate.

https://doi.org/10.1371/journal.pone.0260924.t001

distributions in Shapiro-Wilk test. The mean age was 64.7 + 9.4 years in men and 66.7 + 9.1
years in women. The mean BMI was 24.7 + 3.1 kg/m” in men and 25.0 + 3.5 kg/m” in women.
The lumbar spine BMD and T-score were 1.035 + 0.198 g/cm”® and 0.5 + 1.5 in men, and
0.861 +0.171 g/cm® and ~1.1 + 1.2 in women, respectively. The TBS was 1.353 + 0.088 in men
and 1.255 + 0.097 in women. All values were significantly lower in women than in men

(p < 0.001 for each comparison). All bone-related parameters, including TH BMD, FN BMD,
and FN geometric parameters, were also significantly lower in women than in men. (p < 0.001
for each comparison).

Association between age and TBS or FN cortical thickness

Fig 1 shows the correlations between age and TBS and FN cortical thickness in men and
women. Age correlated negatively with both TBS and FN cortical thickness in both men and
women, although the association was stronger in women than in men (TBS, r = -0.196 for
men, —0.462 for women; cortical thickness, r = -0.288 for men, —-0.510 for women; p < 0.05 for
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Fig 1. Correlation between age and TBS, or FN cortical thickness in men and women. (A, B). Simple linear regression (solid line) and lowess curve (dashed line)
between age and TBS in men and women. r, Pearson’s coefficient. (C,D). Simple regression (solid line) and lowess curve (dashed line) between age and FN cortical
thickness in men and women. r, Pearson’s coefficient. (E,F) Regression coefficient between age and TBS, or FN cortical thickness in each age group.” p<0.05. TBS,

trabecular bone score; FN, femur neck.

https://doi.org/10.1371/journal.pone.0260924.9001

each comparison) (Fig 1A-1D). Patients were grouped further into three categories according
to age: 50-59, 60-69, and >70 years. The TBS correlated significantly with the age group 60-
69 years, and FN cortical thickness correlated negatively with the age groups 60-69 years and
>70 years in men (Fig 1E). In women, the strongest correlations were observed in the 50-59
years age group for TBS, and significant negative correlations across all age groups for FN cor-
tical thickness (Fig 1F).

Association between BMI and TBS or FN cortical thickness

Fig 2 shows the associations between BMI and TBS, or FN cortical thickness. TBS provided
generally negative correlations with BMI in both men and women (Fig 2A and 2B). In con-
trast, FN cortical thickness was correlated positively with BMI in both gender (Fig 2C and 2D).
The patients were further stratified into three groups according to BMI: low or normal body
weight (< 23kg/m?), overweight (> 23 to < 25kg/m?), and obese (> 25kg/m?) according to
the Asian population categories [20]. Analysis of the three BMI subgroups showed that the
association between BMI and TBS differed between the non-obese and obese subgroups in
both men and women. TBS did not correlate significantly with BMI <23kg/m?, but correlated
negatively with BMI >25kg/m? in both men and women (p < 0.05). By contrast, BMI corre-
lated positively with FN cortical thickness across all BMI ranges (r = -0.318 for men vs. r = —
0.222 for women, p < 0.05 respectively) (Fig 2).

Discrepancy in z-score between TBS and FN cortical thickness

Fig 3 displayed the association between lumbar spine BMD and total hip BMD, and the associ-
ation between TBS and FN cortical thickness: The lumbar spine BMD correlated positively
with TH BMD (Fig 3A) (r = 0.649, p < 0.05). The TBS and FN cortical thickness also corre-
lated positively (r = 0.524, p < 0.05).

Despite of these strong positive correlations between BMDs at lumbar spine and total hip,
and between TBS and FN cortical thickness, about one-third of patients had a discrepancy
between z-scores for TBS and FN in both men and women (32.7% in men, and 33.3% in
women) (Table 2). The “I'BS-dominant group” had lower BMI than the “No discrepancy
group”, whereas the “FN cortical thickness-dominant group” had a higher BMI in both men
and women. Except for these bone-related parameters, the other parameters did not differ
between the TBS-dominant and FN cortical thickness-dominant groups (Table 3).

Discussion

In this study, we investigated the relationships of TBS and FN cortical thickness between age
and BMI, critical determinants of bone strength in treatment-naive patients. We found that
both TBS and FN cortical thickness correlated negatively with age, as predicted. However,
some differences were observed; the TBS declined rapidly with aging, and it was more pro-
nounced in relatively younger age group (<70 years old in men and, <60 years old in
women). In contrast, FN cortical thickness provided modest decline with aging, and started to
decline only after 60 years old in men and decreased similarly in all age groups in women after
their 50s. There was also a significant difference in the association with BMI. The TBS pro-
vided significant negative correlations with a BMI in only obese subjects with BMI>25kg/m?
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Fig 2. Correlation between BMI and TBS, or FN cortical thickness in men and women. (A, B). Simple linear regression (solid line) and lowess curve (dashed line)
between BMI and TBS in men and women. r, Pearson’s coefficient. (C,D). Simple regression (solid line) and lowess curve (dashed line) between BMI and FN cortical
thickness in men and women. r, Pearson’s coefficient. (E,F) Regression coefficient between BMI and TBS, or FN cortical thickness in each BMI group.* p<0.05. BMI,
body mass index; TBS, trabecular bone score; FN femur neck. r, Pearson’s coefficient.

https://doi.org/10.1371/journal.pone.0260924.9002

in both men and women. However, FN cortical thickness correlated positively for all BMI cate-
gories from normal to overweight.

BMD is a major determinant of bone strength and is the most reliable measure for assessing
fracture risk. However, BMD has limited accuracy for assessing bone strength in certain condi-
tions, such as the presence of vertebral compression fractures, aortic calcification, or osteo-
phytes, all of which increase with age [21,22]. Moreover, in other pathological conditions
including lytic bone disease, chronic inflammatory disease, laminectomy, metallic materials,
or obesity, BMD has limited ability in predicting fracture risk [22]. For these reasons, BMD by
itself may not be the best measure for assessing bone strength. Many osteoporotic fractures
occur in people with osteopenic BMD levels [6].

Bone quality is another critical component of bone strength, and bone turnover rate, min-
eralization, accumulation of microdamage, and bone geometry are bone quality-related prop-
erties. Despite the clinical importance of bone quality in determining bone strength, most of
these parameters require invasive assessment and therefore have limited clinical application.
However, several image-based indirect methods have been proposed for evaluating bone qual-
ity, and the TBS and FN cortical thickness are now used widely in clinical practice [9,11,12].
Several studies have shown that these parameters are associated with vertebral and non-verte-
bral osteoporotic fractures in postmenopausal women and men. The TBS is lower in patients
with a prior osteoporotic fracture than in those without a fracture history, regardless of the
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Fig 3. Correlation between total hip BMD and lumbar spine BMD, and between TBS and FN cortical thickness. TBS, trabecular bone score; FN, femur
neck; r, Pearson’s coefficient.

https://doi.org/10.1371/journal.pone.0260924.9003
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Table 2. Discrepancy between TBS and FN cortical thickness.
Male, n (%) Female, n (%) Total, n (%)
No discrepancy 304 (67.3) 345 (66.7) 649 (67.0)
TBSyscore-FNCT score> 1 74 (16.4) 84 (16.3) 158 (16.3)
FNCTy score-TBS7 score> 1 74 (16.4) 88 (17.0) 162 (16.7)

TBS, trabecular bone score; FN, femur neck; FNCT, femur neck cortical thickness.

https://doi.org/10.1371/journal.pone.0260924.t002

presence of osteoporosis or osteopenia [6,23,24]. Other studies have shown that femur geome-
try is associated with increased risk of hip fracture [12,25,26].

There was a general trend that BMD shows similar tendency in site-specific measurement,
but several studies have reported a discrepancy in BMD between the lumbar spine and hip
[16,27]. That is, some people with osteoporosis exhibit a discrepancy in BMD T-score between
their lumbar spine and hip, which may mean that the risk of vertebral and hip fractures may
differ according to the individual patient’s pattern of BMD in different sites [16,28]. The early
postmenopausal state and secondary osteoporosis (caused by hyperthyroidism, malabsorption,
liver disease, rheumatoid arthritis, or medication) can lead to decreased lumbar spine BMD.
By contrast, compression fracture, osteophytosis, and aortic calcification increase lumbar
spine BMD. Vitamin D deficiency affects the hip rather than the spine. In this study, we
observed significant associations between age and BMI, the main determinants of bone mass
and strength, and the TBS and FN cortical thickness. The TBS reflects earlier bone loss, and
EN cortical thickness seems to show later bone loss compared to other in both genders. This
may reflect differences in the bone properties at each site. Bone loss begins earlier and pro-
ceeds faster in trabecular bone (typical of the lumbar spine) than in cortical bone (typical of
the femur) because of higher bone-resorbing site in trabecular structures [29,30].

There is a more-pronounced difference in the association between BMI and the two bone
quality parameters: TBS and FN cortical thickness. Lumbar spine BMD correlates positively
with BMI, but BMD can be overestimated in obese people because of their central obesity [31].
However, in contrast to the relationship between BMD and BMI, one study reported a negative
association between obesity and the TBS [32], although another study reported no association
between BMI and TBS [33]. In the present study, TBS correlated negatively only in the group
with BMI>25kg/m? but not in the group with BMI<25 kg/m?>. Obesity increases bone mar-
row adiposity, and greater fat mass and bone marrow adiposity may contribute to the lower
TBS [34].

In contrast to the TBS, FN cortical thickness correlated positively with BMI in all BMI cate-
gories, and the strongest positive association was in the group with a BMI<23 kg/m”. This pos-
itive association was weakened or disappeared in the overweight and obese groups. Obesity
imposes a greater mechanical loading on bone, which causes the bone mass to increase as it
adapts to the greater load. This loading mechanism could be a protective mechanism, espe-
cially in the hip area [35,36].

Our study also showed a discrepancy between TBS and EN cortical thickness in about one-
third of patient. The TBS-dominant group had a normal BMI, but the FN cortical thickness-
dominant group had a higher BMI compared with the no discrepancy group. This finding sug-
gests that the risk of future vertebral or hip fracture may differ according to the region-specific
bone quality status, which means that some patients may be at higher risk of vertebral fracture
but not hip fracture, or vice versa. Therefore, physicians should assess patients individually
according to their fracture risk as indicated by their region-specific bone quality parameters.
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Table 3. Differences in clinical characteristics and bone parameters of discrepancy group in men and women.
A. Men
No discrepancy Discrepancy group
TBS dominant FNCT dominant P-value
TBS7 score FNCT 7 score> 1 FNCTZ score TBSz-score> 1
Age (years) 64.6 (9.313) 66.3 (10.93) 63.9 (8.086) 0.25
Height (cm) 166.6 (6.77) 166.4 (6.354) 167.7 (6.134) 0.374
Weight (kg) 68.3 (9.708)* 63.1 (10.04)° 76.8 (9.146)° <0.001
BMI (kg/m?) 24.6 (2.889)* 22.7 (2.683)° 27.3 (2.819)° <0.001
Calcium (mg/dL) 8.9 (0.447) 9.0 (0.565) 8.9 (0.39) 0.508
Phosphorus (mg/dL) 3.5 (0.602)* 3.4 (0.606)" 3.4 (0.566)" 0.047
BUN (mg/dL) 16.2 (7.492) 15.8 (4.737) 15.9 (4.994) 0.856
Creatinine (mg/dL) 0.93 (0.876) 0.87 (0.248) 0.84 (0.189) 0.545
LS BMD (g/cm?) 1.036 (0.188) 1.006 (0.232) 1.060 (0.204) 0.788
LS T-score 0.6 (1.459) 0.3 (1.315) 0.8 (1.599) 0.058
LS TBS 1.359 (0.074)* 1.423 (0.077)° 1.264 (0.088)° <0.001
FN BMD (g/cm?) 0.939 (0.143)* 0.791 (0.162)° 1.056 (0.182)° <0.001
FN T-score -0.8 (1.207)* 1.9 (1.351)° 0.2 (1.531)¢ <0.001
FN cortical thickness 0.180 (0.029)* 0.150 (0.032)° 0.204 (0.037)° <0.001
B. Women
No discrepancy Discrepancy group
TBS dominant FNCT dominant P-value*
TBSz score FNCT7 score> 1 FNCTZ score" TBSz score> 1

Age (years) 66.5 (8.726) 67.8 (10.904) 66.1 (8.678) 0.413
Height (cm) 153.9 (5.859) 152.4 (6.648) 153.1 (5.339) 0.096
Weight (kg) 59.5 (8.452)* 53.1 (8.542)° 62.9 (10.197)¢ <0.001
BMI (kg/m?) 25.1 (3.21) 22.8 (3.044)° 26.8 (3.895)° <0.001
Calcium (mg/dL) 9.0 (0.415) 9.0 (0.521) 9.1 (0.424) 0.187
Phosphorus (mg/dL) 3.6 (0.541) 3.5(0.57) 3.6 (0.514) 0.386
BUN (mg/dL) 15.1 (5.072) 16.3 (5.543) 16.1 (5.963) 0.092
Creatinine (mg/dL) 0.75 (0.42) 0.79 (0.336) 0.74 (0.184) 0.603
LS BMD (g/cm?) 0.862 (0.140) 0.850 (0.290) 0.867 (0.128) 0.251
LS T-score -1.1(1.237) -1.4 (1.322) -1.1(1.132) 0.122
LS TBS 1.257 (0.084)* 1.324 (0.102)° 1.178 (0.088)¢ <0.001
FN BMD (g/cm?) 0.791 (0.128)* 0.656 (0.122)° 0.897 (0.149)° <0.001
FN T-score -1.9 (1.081)* -2.9(1.133)° -1.1 (1.265)¢ <0.001
EN cortical thickness 0.151 (0.026)° 0.124 (0.024)° 0.173 (0.031)° <0.001

All data are shown as mean (standard deviation).

*Analyses were done with ANOVA with Bonferroni correction and a, b, ¢ values not sharing the same superscript are significantly different at a p<0.05.

BMI, body mass index; BUN, blood urea nitrogen; LS, lumbar spine: BMD, bone mineral density; TBS, trabecular bone score; FN, femur neck; FNCT, femur neck

cortical thickness.

https://doi.org/10.1371/journal.pone.0260924.t003

There are several limitations of this study. This study was a hospital-based study, and the
results may not be generalizable to the general population. Bone-related parameters such as

parathyroid hormone or vitamin D levels and bone turnover markers were not included in the
present study. Furthermore, FN cortical thickness was assessed by DXA that was not originally
designed for assessing geometric parameters. Although strong positive correlations have
already been reported between DXA- and QCT-derived geometric parameters in the previous
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studies [37], further studies using different imaging modalities to evaluate bone geometric
parameters were needed to confirm these observations. In addition, history of fractures and
maternal fractures could not be investigated because of the retrospective study design. A fur-
ther limitation is that few people with very high or very low BMI were included. Despite these
limitations, our study has some advantages. This is the first study to analyze the relationship
between femur geometry and TBS according to age and BMI in large number of treatment-
naive patients. This study provides clinical information that may be useful for predicting
femur and lumbar strength, and hip and vertebral fracture risk on an individual basis.

Conclusions

Image-based bone quality parameters of trabecular and cortical bone have both similarities
and dissimilarities in terms of their associations with age and BMI. The TBS value showed
drastic and earlier changes with age, whereas modest and constant changes were observed in
FN cortical thickness. A higher BMI is associated with a greater FN cortical thickness, indicat-
ing greater femoral strength, but negatively affects TBS values and may be detrimental to verte-
bral strength in the range above 25 kg/m2. These different profiles of TBS and FN cortical
thickness with age and BMI could result in the different risk profiles for the vertebral fractures
or hip fractures in given individuals and a considerable percentage of adults aged>50 years
may have different bone strength profiles depending on the skeletal sites.

Supporting information

S1 Data.
(XLS)

Acknowledgments

All the data were collected and analyzed from the Seoul National University Bundang Hospital,
Republic of Korea but the corresponding author’ affiliation has been changed as Yonsei Uni-
versity College of Medicine, Yongin, Republic of Korea during the submission and publication
process.

Author Contributions

Conceptualization: Kyoung Min Kim.

Data curation: Kyong Young Kim, Kyoung Min Kim.
Formal analysis: Kyong Young Kim.

Investigation: Kyoung Min Kim.

Methodology: Kyong Young Kim.

Project administration: Kyoung Min Kim.
Supervision: Kyoung Min Kim.

Visualization: Kyong Young Kim.

Writing - original draft: Kyong Young Kim, Kyoung Min Kim.
Writing - review & editing: Kyoung Min Kim.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260924  January 11, 2022 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260924.s001
https://doi.org/10.1371/journal.pone.0260924

PLOS ONE

TBS and femur geometry

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

NIH Consensus Development Panel on Osteoporosis Prevention Diagnosis and Therapy. Osteoporosis
prevention, diagnosis, and therapy. Jama. 2001; 285(6):785-95. Epub 2001/02/15. https://doi.org/10.
1001/jama.285.6.785 PMID: 11176917.

Burge R, Dawson-Hughes B, Solomon DH, Wong JB, King A, Tosteson A. Incidence and economic bur-
den of osteoporosis-related fractures in the United States, 2005—-2025. Journal of bone and mineral
research. 2007; 22(3):465—75. https://doi.org/10.1359/jomr.061113 PMID: 17144789

Carda S, Cisari C, Invernizzi M, Bevilacqua M. Osteoporosis after stroke: a review of the causes and
potential treatments. Cerebrovasc Dis. 2009; 28(2):191-200. https://doi.org/10.1159/000226578 PMID:
19571530.

Seeman E, Delmas PD. Bone quality—the material and structural basis of bone strength and fragility.
New England journal of medicine. 2006; 354(21):2250-61. https://doi.org/10.1056/NEJMra053077
PMID: 16723616

Broy SB, Cauley JA, Lewiecki ME, Schousboe JT, Shepherd JA, Leslie WD. Fracture Risk Prediction
by Non-BMD DXA Measures: the 2015 ISCD Official Positions Part 1: Hip Geometry. J Clin Densitom.
2015; 18(3):287-308. https://doi.org/10.1016/j.jocd.2015.06.005 PMID: 26277848.

Hans D, Goertzen AL, Krieg MA, Leslie WD. Bone microarchitecture assessed by TBS predicts osteo-
porotic fractures independent of bone density: the Manitoba study. J Bone Miner Res. 2011; 26
(11):2762-9. https://doi.org/10.1002/jbmr.499 PMID: 21887701.

Paschalis EP, Mendelsohn R, Boskey AL. Infrared assessment of bone quality: a review. Clin Orthop
Relat Res. 2011; 469(8):2170-8. https://doi.org/10.1007/s11999-010-1751-4 PMID: 21210314;
PubMed Central PMCID: PMC3126953.

Pothuaud L, Carceller P, Hans D. Correlations between grey-level variations in 2D projection images
(TBS) and 3D microarchitecture: applications in the study of human trabecular bone microarchitecture.
Bone. 2008; 42(4):775-87. https://doi.org/10.1016/j.bone.2007.11.018 PMID: 18234577.

Link TM, Majumdar S. Current diagnostic techniques in the evaluation of bone architecture. Curr Osteo-
poros Rep. 2004; 2(2):47-52. https://doi.org/10.1007/s11914-004-0003-5 PMID: 16036082.

Poole KE, Treece GM, Mayhew PM, Vaculik J, Dungl P, Horak M, et al. Cortical thickness mapping to
identify focal osteoporosis in patients with hip fracture. PloS one. 2012; 7(6):e38466. https://doi.org/10.
1371/journal.pone.0038466 PMID: 22701648

Harvey N, Glier C, Binkley N, McCloskey E, Brandi M-L, Cooper C, et al. Trabecular bone score (TBS)
as a new complementary approach for osteoporosis evaluation in clinical practice. Bone. 2015; 78:216—
24. https://doi.org/10.1016/j.bone.2015.05.016 PMID: 25988660

Kaptoge S, Beck TJ, Reeve J, Stone KL, Hillier TA, Cauley JA, et al. Prediction of incident hip fracture
risk by femur geometry variables measured by hip structural analysis in the study of osteoporotic frac-
tures. J Bone Miner Res. 2008; 23(12):1892-904. https://doi.org/10.1359/jbmr.080802 PMID:
18684092; PubMed Central PMCID: PMC2686919.

Iki M, Tamaki J, Kadowaki E, Sato Y, Dongmei N, Winzenrieth R, et al. Trabecular bone score (TBS)
predicts vertebral fractures in Japanese women over 10 years independently of bone density and preva-
lent vertebral deformity: the Japanese Population-Based Osteoporosis (JPOS) cohort study. Journal of
Bone and Mineral Research. 2014; 29(2):399—-407. https://doi.org/10.1002/jbmr.2048 PMID: 23873699

Zebaze RM, Ghasem-Zadeh A, Bohte A, luliano-Burns S, Mirams M, Price R, et al. Intracortical remod-
elling and porosity in the distal radius and post-mortem femurs of women: a cross-sectional study. Lan-
cet. 2010; 375(9727):1729-36. https://doi.org/10.1016/S0140-6736(10)60320-0 PMID: 20472174

Mazess RB, Barden HS, Drinka PJ, Bauwens SF, Orwoll ES, Bell NH. Influence of age and body weight
on spine and femur bone mineral density in U.S. white men. J Bone Miner Res. 1990; 5(6):645-52.
https://doi.org/10.1002/jbmr.5650050614 PMID: 2382588.

Woodson G. Dual X-ray absorptiometry T-score concordance and discordance between hip and spine
measurement sites. Journal of clinical densitometry. 2000; 3(4):319-24. https://doi.org/10.1385/
jcd:3:4:319 PMID: 11175911

Hong AR, Kim JH, Lee JH, Kim SW, Shin CS. Metabolic characteristics of subjects with spine-femur
bone mineral density discordances: the Korean National Health and Nutrition Examination Survey
(KNHANES 2008—-2011). J Bone Miner Metab. 2019; 37(5):835—43. https://doi.org/10.1007/s00774-
018-0980-6 PMID: 30607617.

Beck T. Hip structural analysis (HSA) program (BMD and structural geometry methodology) as used to
create NHANES |ll dataset. Baltimore, MD: Johns Hopkins University, School of Medicine. 2002;11.

Valderrabano RJ, Lee J, Lui L-Y, Hoffman AR, Cummings SR, Orwoll ES, et al. Older men with anemia
have increased fracture risk independent of bone mineral density. The Journal of Clinical Endocrinology
& Metabolism. 2017; 102(7):2199-206.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260924  January 11, 2022 12/13


https://doi.org/10.1001/jama.285.6.785
https://doi.org/10.1001/jama.285.6.785
http://www.ncbi.nlm.nih.gov/pubmed/11176917
https://doi.org/10.1359/jbmr.061113
http://www.ncbi.nlm.nih.gov/pubmed/17144789
https://doi.org/10.1159/000226578
http://www.ncbi.nlm.nih.gov/pubmed/19571530
https://doi.org/10.1056/NEJMra053077
http://www.ncbi.nlm.nih.gov/pubmed/16723616
https://doi.org/10.1016/j.jocd.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26277848
https://doi.org/10.1002/jbmr.499
http://www.ncbi.nlm.nih.gov/pubmed/21887701
https://doi.org/10.1007/s11999-010-1751-4
http://www.ncbi.nlm.nih.gov/pubmed/21210314
https://doi.org/10.1016/j.bone.2007.11.018
http://www.ncbi.nlm.nih.gov/pubmed/18234577
https://doi.org/10.1007/s11914-004-0003-5
http://www.ncbi.nlm.nih.gov/pubmed/16036082
https://doi.org/10.1371/journal.pone.0038466
https://doi.org/10.1371/journal.pone.0038466
http://www.ncbi.nlm.nih.gov/pubmed/22701648
https://doi.org/10.1016/j.bone.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/25988660
https://doi.org/10.1359/jbmr.080802
http://www.ncbi.nlm.nih.gov/pubmed/18684092
https://doi.org/10.1002/jbmr.2048
http://www.ncbi.nlm.nih.gov/pubmed/23873699
https://doi.org/10.1016/S0140-6736%2810%2960320-0
http://www.ncbi.nlm.nih.gov/pubmed/20472174
https://doi.org/10.1002/jbmr.5650050614
http://www.ncbi.nlm.nih.gov/pubmed/2382588
https://doi.org/10.1385/jcd%3A3%3A4%3A319
https://doi.org/10.1385/jcd%3A3%3A4%3A319
http://www.ncbi.nlm.nih.gov/pubmed/11175911
https://doi.org/10.1007/s00774-018-0980-6
https://doi.org/10.1007/s00774-018-0980-6
http://www.ncbi.nlm.nih.gov/pubmed/30607617
https://doi.org/10.1371/journal.pone.0260924

PLOS ONE

TBS and femur geometry

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

WHO EC. Appropriate body-mass index for Asian populations and its implications for policy and inter-
vention strategies. Lancet (London, England). 2004; 363(9403):157. https://doi.org/10.1016/S0140-
6736(03)15268-3 PMID: 14726171

Syed Z, Khan A. Bone densitometry: applications and limitations. J Obstet Gynaecol Can. 2002; 24
(6):476-84. https://doi.org/10.1016/s1701-2163(16)31095-7 PMID: 12196854.

Martineau P, Bazarjani S, Zuckier LS, editors. Artifacts and incidental findings encountered on dual-
energy X-ray absorptiometry: atlas and analysis. Seminars in nuclear medicine; 2015: Elsevier. https://
doi.org/10.1053/j.semnucimed.2015.02.001 PMID: 26278856

Leib E, Winzenrieth R, Aubry-Rozier B, Hans D. Vertebral microarchitecture and fragility fracture in
men: a TBS study. Bone. 2014; 62:51-5. https://doi.org/10.1016/j.bone.2013.12.015 PMID: 24361639.

Boutroy S, Hans D, Sornay-Rendu E, Vilayphiou N, Winzenrieth R, Chapurlat R. Trabecular bone score
improves fracture risk prediction in non-osteoporotic women: the OFELY study. Osteoporos Int. 2013;
24(1):77-85. https://doi.org/10.1007/s00198-012-2188-2 PMID: 23070481

Crabtree N, Kroger H, Martin A, Pols H, Lorenc R, Nijs J, et al. Improving risk assessment: hip geome-
try, bone mineral distribution and bone strength in hip fracture cases and controls. The EPOS study.
Osteoporosis International. 2002; 13(1):48-54. https://doi.org/10.1007/s198-002-8337-y PMID:
11883408

Mayhew PM, Thomas CD, Clement JG, Loveridge N, Beck TJ, Bonfield W, et al. Relation between age,
femoral neck cortical stability, and hip fracture risk. Lancet. 2005; 366(9480):129-35. https://doi.org/10.
1016/S0140-6736(05)66870-5 PMID: 16005335.

Fink HA, Harrison SL, Taylor BC, Cummings SR, Schousboe JT, Kuskowski MA, et al. Differences in
site-specific fracture risk among older women with discordant results for osteoporosis at hip and spine:
study of osteoporotic fractures. Journal of Clinical Densitometry. 2008; 11(2):250-9. https://doi.org/10.
1016/j.jocd.2007.12.018 PMID: 18296090

Moayyeri A, Soltani A, Tabari NK, Sadatsafavi M, Hossein-Neghad A, Larijani B. Discordance in diagno-
sis of osteoporosis using spine and hip bone densitometry. BMC Endocr Disord. 2005; 5(1):3. https:/
doi.org/10.1186/1472-6823-5-3 PMID: 15762986; PubMed Central PMCID: PMC555556.

Lloyd M. Treatment of postmenopausal osteoporosis. N Engl J Med. 1998; 339(3):202; author reply 3.
PMID: 9669921

Mounach A, Abayi DM, Ghazi M, Ghozlani |, Nouijai A, Achemlal L, et al., editors. Discordance between
hip and spine bone mineral density measurement using DXA: prevalence and risk factors. Seminars in
arthritis and rheumatism; 2009: Elsevier.

Albala C, Yanez M, Devoto E, Sostin C, Zeballos L, Santos J. Obesity as a protective factor for post-
menopausal osteoporosis. International journal of obesity and related metabolic disorders: journal of
the International Association for the Study of Obesity. 1996; 20(11):1027-32.

Romagnoli E, Lubrano C, Carnevale V, Costantini D, Nieddu L, Morano S, et al. Assessment of trabecu-
lar bone score (TBS) in overweight/obese men: effect of metabolic and anthropometric factors. Endo-
crine. 2016; 54(2):342—7. https://doi.org/10.1007/s12020-016-0857-1 PMID: 26815904.

Ayoub M-L, Maalouf G, Cortet B, Legroux-Gérout |, Zunquin G, El Hage R. Trabecular Bone Score and
Osteoporotic Fractures in Obese Postmenopausal Women. Journal of clinical densitometry: the official
journal of the International Society for Clinical Densitometry. 2016; 19(4):544. https://doi.org/10.1016/j.
jocd.2016.03.004 PMID: 27067300

Cohen A, Dempster DW, Recker RR, Lappe JM, Zhou H, Zwahlen A, et al. Abdominal fat is associated
with lower bone formation and inferior bone quality in healthy premenopausal women: a transiliac bone
biopsy study. The Journal of Clinical Endocrinology & Metabolism. 2013; 98(6):2562—72. https://doi.org/
10.1210/jc.2013-1047 PMID: 23515452

Beck TJ, Petit MA, Wu G, LeBoff MS, Cauley JA, Chen Z. Does obesity really make the femur stronger?
BMD, geometry, and fracture incidence in the women'’s health initiative-observational study. Journal of
Bone and Mineral Research. 2009; 24(8):1369-79. https://doi.org/10.1359/jbmr.090307 PMID:
19292617

Kohrt WM, Snead DB, Slatopolsky E, Birge SJ Jr. Additive effects of weight-bearing exercise and estro-
gen on bone mineral density in older women. Journal of Bone and Mineral Research. 1995; 10
(9):1303—11. https://doi.org/10.1002/jobmr.5650100906 PMID: 7502701

Danielson ME, Beck TJ, Karlamangla AS, Greendale GA, Atkinson EJ, Lian Y, et al. A comparison of
DXA and CT based methods for estimating the strength of the femoral neck in post-menopausal
women. Osteoporosis International. 2013; 24(4):1379-88. https://doi.org/10.1007/s00198-012-2066-y
PMID: 22810918

PLOS ONE | https://doi.org/10.1371/journal.pone.0260924  January 11, 2022 13/13


https://doi.org/10.1016/S0140-6736%2803%2915268-3
https://doi.org/10.1016/S0140-6736%2803%2915268-3
http://www.ncbi.nlm.nih.gov/pubmed/14726171
https://doi.org/10.1016/s1701-2163%2816%2931095-7
http://www.ncbi.nlm.nih.gov/pubmed/12196854
https://doi.org/10.1053/j.semnuclmed.2015.02.001
https://doi.org/10.1053/j.semnuclmed.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26278856
https://doi.org/10.1016/j.bone.2013.12.015
http://www.ncbi.nlm.nih.gov/pubmed/24361639
https://doi.org/10.1007/s00198-012-2188-2
http://www.ncbi.nlm.nih.gov/pubmed/23070481
https://doi.org/10.1007/s198-002-8337-y
http://www.ncbi.nlm.nih.gov/pubmed/11883408
https://doi.org/10.1016/S0140-6736%2805%2966870-5
https://doi.org/10.1016/S0140-6736%2805%2966870-5
http://www.ncbi.nlm.nih.gov/pubmed/16005335
https://doi.org/10.1016/j.jocd.2007.12.018
https://doi.org/10.1016/j.jocd.2007.12.018
http://www.ncbi.nlm.nih.gov/pubmed/18296090
https://doi.org/10.1186/1472-6823-5-3
https://doi.org/10.1186/1472-6823-5-3
http://www.ncbi.nlm.nih.gov/pubmed/15762986
http://www.ncbi.nlm.nih.gov/pubmed/9669921
https://doi.org/10.1007/s12020-016-0857-1
http://www.ncbi.nlm.nih.gov/pubmed/26815904
https://doi.org/10.1016/j.jocd.2016.03.004
https://doi.org/10.1016/j.jocd.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27067300
https://doi.org/10.1210/jc.2013-1047
https://doi.org/10.1210/jc.2013-1047
http://www.ncbi.nlm.nih.gov/pubmed/23515452
https://doi.org/10.1359/jbmr.090307
http://www.ncbi.nlm.nih.gov/pubmed/19292617
https://doi.org/10.1002/jbmr.5650100906
http://www.ncbi.nlm.nih.gov/pubmed/7502701
https://doi.org/10.1007/s00198-012-2066-y
http://www.ncbi.nlm.nih.gov/pubmed/22810918
https://doi.org/10.1371/journal.pone.0260924

