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ABSTRACT

Background: Heterogeneity in vertebral trabecular bone attenuation may influence fracture risk. Chest computed
tomography (CT) offers an opportunity to assess attenuation variability without additional radiation exposure. This
study aimed to evaluate the distribution and variability of trabecular attenuation in the thoracic (T') vertebrae (T5—-T12)
on chest CT and to investigate the association between attenuation variability and chest wall composition.

Methods: This retrospective study included 101 adults aged 18—65 years who underwent chest CT. Trabecular attenuation
was measured from T5 to T12, and attenuation variability was quantified using the coefficient of variation (CV%). Chest
wall composition, including pectoralis major (PM) area and attenuation and subcutaneous fat area, was assessed at the
T4 level. Associations were analyzed using Spearman correlation and multivariable linear regression.

Results: There was significant regional variation in thoracic vertebral trabecular characteristics. Mean trabecular atten-
uation progressively decreased from T5—T6 to T12 (p < 0.001), with relatively stable values across T7—T11. Attenuation
variability was lowest at T5—T6, increased at T8—T9 (p < 0.001), and decreased again at T11-T12, with no significant
difference between the two lowest segments (p = 0.708). On multivariable analysis, age was independently associated
with increased attenuation variability (B = 0.198, p < 0.001). In contrast, PM muscle area (p = 0.588), PM muscle
attenuation (p = 0.080), and subcutaneous fat area (p = 0.263) were not significantly associated with attenuation
variability.

Conclusion: Thoracic vertebral trabecular attenuation and its variability show level-dependent variation. Age was
significantly associated with increased attenuation variability, whereas sex and body composition parameters were not
independent predictors.
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INTRODUCTION

ertebral trabecular bone in the thoracic spine plays

a vital role in maintaining spinal stability [1].

Computed tomography (CT) is a reliable modality

for assessing trabecular bone density, with atten-
uation values expressed in Hounsfield units (HU) serving as
a surrogate marker of bone mineral content [2—5].
Recent advances in trabecular texture analysis and quanti-
tative CT suggest that trabecular heterogeneity, quantified
by coefficient of variation (CV) and spatial distribution pat-
terns, may indicate architectural degradation. CV is an imag-
ing measure that may provide information about bone quality
and fracture risk, although it requires further clinical valida-
tion. Trabecular bone loss in osteoporosis is heterogeneous
throughout the skeleton [6, 7]. Understanding trabecular mi-
crostructure may improve the evaluation and management of
osteoporotic fractures and support surgical decision-making
[1].
Body composition parameters, including skeletal muscle qual-
ity and adipose tissue distribution, influence bone health
[8, 9]. Excess visceral and subcutaneous fat has been associ-
ated with variable effects on bone density [10, 11], whereas
greater muscle mass and higher muscle quality are generally
linked to improved bone strength [12—14].
Routine chest CT scans, increasingly performed for thoracic
evaluation, offer an opportunity to assess thoracic vertebral
bone quality without additional imaging or radiation exposure
[15, 16]. Compared with the upper thoracic levels (T1-T4),
the lower thoracic spine is less affected by beam-hardening
artifacts caused by dense osseous structures of the shoulder
girdle and upper limbs, which can degrade image quality [17].
Furthermore, previous studies have shown that muscle and
fat measurements at the T4 level are strongly concordant with
whole-body composition, supporting their use as a surrogate
for L3-based assessments [18].
Many previous studies have focused on evaluating lumbar ver-
tebrae using dedicated abdominal and lumbar CT protocols
[19, 20]. In contrast, the regional distribution and variability
of thoracic vertebral trabecular attenuation on routine chest
CT remain insufficiently characterized. Although opportunis-
tic CT has been widely applied for bone density assessment,
limited data are available regarding trabecular attenuation
variability and its relationship with regional chest body com-
position parameters.
Therefore, this study aimed to evaluate the distribution of
trabecular bone attenuation, expressed in HU, and to assess
attenuation variability using CV values across the mid- and
lower-thoracic spine on routine chest CT scans. The studyalso
investigated the association between trabecular attenuation
variability and chest body composition parameters, including
thoracic subcutaneous fat area, total PM muscle area, and
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mean PM attenuation measured at the T4 level.

MATERIALS AND METHODS
Study design

This retrospective cross-sectional study was conducted at
a general teaching hospital between June 2024 and January
2026. Ethical approval was obtained from the local Ethics
Committee of the College of Medicine, University of Kirkuk
(Approval No. 80 B, dated 8 December 2025). The require-
ment for informed consent was waived because of the ret-
rospective design. No financial support was provided, and
patient-identifiable data were not accessed.

A total of 101 consecutive adult patients aged 18—65 years
who underwent routine non-contrast chest CT examinations
were included. The CT examinations were performed as part
of the clinical evaluation of intrathoracic diseases. The in-
clusion criteria were age between 18 and 65 years, availabil -
ity of non-contrast chest CT, and adequate image quality for
quantitative analysis. The exclusion criteria were prior spinal
surgery, vertebral fractures or tumors, CT images with signif-
icant motion or reconstruction artifacts, and age older than
65 years to reduce confounding from advanced degenerative
changes. Information regarding osteoporosis, osteomalacia,
hyperparathyroidism, corticosteroid use, osteoporosis treat-
ment, biological therapy, and other metabolic bone conditions
was not consistently available because of the retrospective de-
sign and therefore could not be incorporated into the analysis.
Clinical indications for CT included evaluation of respiratory
symptoms, infection, oncologic assessment, and follow-up
of thoracic conditions. Because of the retrospective nature
of the study, important clinical variables, such as body mass
index (BMI), menopausal status, smoking history, steroid
use, osteoporosis treatment, and chronic systemic diseases,
were not available and were not included in the analysis.

Chest CT and quantitative analysis

All chest CT scans were performed using a 64-detector row
scanner (Philips Healthcare). The acquisition parameters
included automatic tube current modulation (DoseRight) with
a tube voltage of 120 kVp. All images were reconstructed using
a hybrid iterative reconstruction algorithm (iDose4, Philips)
with a bone-specific kernel (Philips L, level 3) and a slice
thickness of 4.0 mm. Examinations were performed with
patients in the supine position while holding their breath
during deep inspiration. Only non-contrast CT images were
retrieved from the radiology system in DICOM format and
analyzed using 3D Slicer software (version 5.7.1). All CT scans
were reviewed and analyzed by a single radiologist with 15
years of experience in CT imaging.
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Trabecular bone attenuation was measured in all vertebrae
from T5 to T12 in every patient. For each vertebra, a single
oval region of interest (ROI) was manually placed at the level
of the pedicles within the central trabecular bone, carefully
avoiding cortical bone, endplates, and the basivertebral vein
[21]. The ROI size was kept as large as possible while remain-
ing within the trabecular region. Attenuation values were
recorded as mean + standard deviation (HU). Trabecular at-
tenuation variability was quantified using the coefficient of
variation (CV). For each vertebral level, level-specific atten-
uation variability was calculated as the ROI standard devia-
tion divided by the ROI mean attenuation and multiplied by
100. These level-specific CV values were used to describe at-
tenuation variability from T5 to T12. In addition, an overall
patient-level trabecular attenuation CV across T5—T12 was
calculated and used for correlation and regression analyses.
CV was calculated as follows:

(fean)
= —— | x100
mean

where SD represents the standard deviation of attenuation
values and the mean represents the average attenuation. CV
reflects relative dispersion and serves as an indirect measure
of trabecular heterogeneity [20].

Opportunistic body composition measurements were per-
formed using a single axial slice at the T4 level. PM muscle
area (cm?) was measured using semi-automatic threshold
segmentation of muscle tissue (—29 to 150 HU) with manual
refinement of the bilateral PM muscles. Mean PM attenuation
(HU) was also recorded to assess muscle quality. Measure-
ments were taken from the right and left PM muscles. The
mean of the two sides was used to analyze muscle attenuation,
and the total area from both sides was used to analyze muscle
area.

Subcutaneous fat area (cm?) was segmented using semi-
automatic thresholding of adipose tissue (—190 to —30 HU),
excluding intrathoracic structures. Measurements included
anterior, lateral, and posterior subcutaneous fat. Axillary and
breast adipose tissue were included as part of the total sub-
cutaneous fat area. Because breast tissue is present only in
females and may influence fat measurements, sex-stratified
analyses were performed to account for differences in fat dis-
tribution.

Statistical analysis

Jamovi software (version 2.5, 2024) was used for statistical
analysis. Intra-observer reliability was evaluated by repeating
the measurements in 13 randomly selected cases from the
total sample of 101 patients after a three-week interval. The
same radiologist, blinded to the initial results, performed the

repeated measurements in a separate session. Reproducibility
was evaluated using the intraclass correlation coefficient (ICC)
and Bland—Altman analysis. ICC values were interpreted as
poor (< 0.50), moderate (0.50—0.75), good (0.75—0.90), or
excellent (> 0.90).

Normality was assessed using the Shapiro—Wilk test. Data
were expressed as mean + SD or median (interquartile range
[IQR]), as appropriate. Group comparisons were performed
using Student’s t-test or the Mann—Whitney U test, as ap-
propriate. Differences in mean trabecular attenuation and
attenuation variability (CV) across vertebral levels (T5—-T12)
were evaluated using repeated-measures analysis of variance
(ANOVA). Spearman correlation was used to assess associa-
tions between attenuation variability and body composition
parameters. Multivariable linear regression analysis was per-
formed to evaluate the independent predictors of trabecular
attenuation variability. Coefficients (B), 95% confidence in-
tervals (CIs), and p-values were reported. Multicollinearity
was assessed using variance inflation factors (VIFs). A p-value
of less than 0.05 was considered statistically significant.

RESULTS

Intra-observer reproducibility showed excellent agreement
for all measurements. ICC values and Bland—Altman analy-
sis results were as follows. For mean trabecular attenuation,
Bland—Altman analysis demonstrated a mean difference of
0.75 HU between repeated measurements, with 95% limits
of agreement ranging from —7.57 to 9.07 HU; intra-observer
reliability was excellent (ICC = 0.91, 95% CI 0.82—0.98). For
trabecular attenuation SD, the mean difference was 0.31 HU,
with 95% limits of agreement ranging from —2.81 to 3.43
HU; intra-observer reliability was excellent (ICC = 0.94, 95%
CI 0.83—0.98). For subcutaneous fat area, the mean differ-
ence was 50.55 cm?, with 95% limits of agreement ranging
from —127.93 to 229.03 cm?; intra-observer reliability was
excellent (ICC = 0.95, 95% CI 0.83—0.99). For PM muscle
area, the mean difference was —1.10 cm?, with 95% limits of
agreement ranging from —8.01 to 5.80 cm?; intra-observer
reliability was excellent (ICC = 0.92, 95% CI 0.77—0.98). For
PM muscle attenuation, the mean difference was —1.10 HU,
with 95% limits of agreement ranging from —6.94 to 5.30 HU;
intra-observer reliability was excellent (ICC = 0.94, 95% CI
0.83-0.98).

Atotal of 101 patients were included, with a balanced sex dis-
tribution. Baseline characteristics and morphometric data
are summarized in Table 1. There was no significant age dif-
ference between males and females. However, significant
sex-related differences were observed in body composition
at the T4 level, with males demonstrating greater PM muscle
area and higher PM attenuation, while females exhibited a
higher subcutaneous fat area. No significant sex-based differ-
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Table 1. Baseline characteristics, chest wall composition, and thoracic trabecular attenuation parameters of the study population.
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Variable Total Male Female p-value
(n=101) (n=55) (n=46)

Demographic characteristic

Age (years) 44.0 (35.0—55.0) 44.0 (35.0—52.0) 45.0 (35.0—56.8) 0.508

CT-derived chest wall composition at the T4 level

Total pectoralis major muscle area 70.0 (49.9—91.5) 82.9 (67.8—116.8) 50.4 (41.7—64.0) <0.001

(cm?)

Mean pectoralis major attenuation 35.2 (26.4—41.3) 40.5 (35.1—44,.1) 25.9 (14.0—-34.6) <0.001

(HU)

Subcutaneous fat area (cm?) 528.8 (362.0—750.0) 383.0 (315.2—495.5) 761.5 (588.1—956.1) <0.001

Thoracic trabecular attenuation parameters

Mean trabecular attenuation (HU) 194.0 (158.8—212.0) 188.6 (167.6—207.6) 197.6 (99.9—262.0) 0.614

Trabecular attenuation SD (HU) 28.5 (25.1-32.0) 28.5 (18.2—51.8) 28.5 (25.6—31.3) 0.728

Trabecular attenuation CV (%) 16.0 (12.8—18.6) 16.0 (13.1—18.9) 15.5 (12.8—17.8) 0.738

Data are presented as median (interquartile range). Male and female groups were compared using the Mann—Whitney U test.
CT, computed tomography; CV, coefficient of variation; HU, Hounsfield units; SD, standard deviation.

Table 2. Thoracic vertebral trabecular attenuation and attenuation variability from T5 to T12.

Vertebral level Trabecular attenuation Attenuation variability

Mean + SD (HU) CV £ SD (%)

T5 196.13 = 39.34 14.90 + 5.48

T6 190.72 + 40.70 15.67 + 5.41

T7 185.44 + 41.57 16.81 + 6.03

T8 182.48 + 4236 17.66 + 7.17

T9 184.38 + 41.41 18.01 + 7.16

T10 185.05 + 43.99 17.58 + 6.82

T11 182.57 & 47.04 15.74 + 6.24

T12 172.44 + 47.89 15.16 &+ 6.48

Data are presented as mean + standard deviation for 101 cases. Repeated-measures ANOVA showed significant level-dependent variation in both

trabecular attenuation and attenuation variability.

Level-specific CV values were calculated as the ROI standard deviation divided by the ROI mean attenuation at each vertebral level and multiplied by
100. These values describe attenuation variability at each vertebral level from T5 to T12.
ANOVA, analysis of variance; CV, coefficient of variation; HU, Hounsfield units; ROI, region of interest; SD, standard deviation.

ences were identified in trabecular attenuation parameters,
including mean attenuation, SD, and CV.
Repeated-measures ANOVA established significant differ-
ences across thoracic vertebral levels (T5-T12) for both mean
trabecular attenuation and CT-derived attenuation variability.
Mauchly’s test indicated violation of sphericity (p < 0.001);
therefore, the Greenhouse—Geisser correction was applied for
all analyses. Post hoc pairwise comparisons with Bonferroni
adjustment demonstrated significant regional variation in
trabecular attenuation and attenuation variability across the
thoracic spine. Mean trabecular attenuation declined from
the upper to the lower thoracic spine, with the highest values
observed at T5 and T6 and the lowest at T12 (p < 0.001). Inter-
mediate levels (T7—T11) showed relatively similar attenuation
values without marked fluctuation. For trabecular attenuation
variability (CV), post hoc comparisons showed that CV at T5—
T6 was significantly lower than that at T8—T9 (p < 0.001). A
subsequent reduction in variability was observed at the lower
thoracic levels (T11—T12), with no significant difference be-
tween these final two segments (p = 0.708) (Table 2).

Spearman correlation analysis (Table 3) demonstrated signif-
icant inverse associations between mean vertebral trabecular
CV and both total PM muscle area and mean PM attenuation.
Specifically, a weak negative correlation was observed with
total PM muscle area, whereas a moderate negative correla-
tion was identified with mean PM attenuation. In contrast, no
significant association was detected between subcutaneous
fat area and trabecular bone CV in either sex.

Multiple linear regression analysis was performed to assess
the extent to which the independent variables predicted tra-
becular bone CV. The model showed moderate explanatory
power, accounting for 33.4% of the variance in the outcome
(R? = 0.334). Model assumptions and overall model fit were
evaluated using standard diagnostic procedures. Residual
normality was assessed using the Shapiro—Wilk test, which
indicated a statistically significant deviation from normal-
ity (p < 0.001). However, visual inspection of the Q—Q plot
showed that the residuals were approximately normally dis-
tributed, with only minor deviations in the upper tail. Ho-
moscedasticity and linearity were examined using residual
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Table 3. Spearman correlation between trabecular attenuation variability and CT-derived body composition parameters.

Body composition parameter Spearman correlation coefficient (r;) p-value
Total pectoralis major muscle area (cm?) —0.199 0.046
Mean pectoralis major attenuation (HU) —0.262 0.008
Subcutaneous fat area in males (cm?) —0.154 0.262
Subcutaneous fat area in females (cm?) 0.071 0.639

The outcome variable was trabecular attenuation variability, expressed as the coefficient of variation.

CT, computed tomography; HU, Hounsfield units; rs, Spearman rank-order correlation coefficient.

Table 4. Multivariable linear regression analysis of factors associated with trabecular attenuation variability.

Predictor variable B coefficient 95% CI p-value
Age (years) 0.198 0.122, 0.273 <0.001
Total pectoralis major muscle —0.009 —0.042, 0.024 0.588
area (cm?)
Mean pectoralis major —0.109 —0.232, 0.013 0.080
attenuation (HU)
Subcutaneous fat area (cm?) —0.003 —0.008, 0.002 0.263
Sex (male—female) 2.002 —0.680, 4.684 0.142.

The dependent variable was trabecular attenuation variability, expressed as the coefficient of variation.
B, unstandardized regression coefficient; CI, confidence interval; HU, Hounsfield units.

plots, which revealed no substantial violations. Influential
observations were assessed using Cook’s distance, with a
maximum value of 0.224, indicating no influential outliers.
Multicollinearity among predictors was evaluated using VIFs,
which ranged from 1.27 to 2.73 and suggested no evidence of
multicollinearity. Overall model fit was assessed using the
coefficient of determination (R? = 0.334). A two-sided signif-
icance level of p < 0.05 was adopted for all statistical analyses.
As shown in Table 4, age was positively related to trabecular
bone CV and was the only statistically significant indepen-
dent variable. Other variables, including total PM area, PM
muscle attenuation, subcutaneous fat area, and sex, were not
significant predictors of trabecular bone CV after adjustment.
To account for sexual dimorphism in fat distribution, sex was
included as a covariate in the multivariable model, allowing

assessment of the impact of subcutaneous fat independent of
sex-specific baseline differences.

Linear regression analysis was conducted to assess the rela-
tionship between trabecular bone CV and patient age. The
scatter plot shown in Figure 1 demonstrated a statistically sig-
nificant positive linear correlation, suggesting that increasing
age was associated with increasing trabecular bone CV. The
regression line showed a steady upward trend across the age
range of approximately 18—65 years, with most data points
distributed around the fitted regression line. Although the
trend was consistent in younger and middle-aged patients,
greater data scatter and outliers were observed in patients
older than 60 years, indicating greater variability in bone
composition in later life.
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Figure 1. Scatter plot demonstrating the linear relationship between age (years) and trabecular bone CV (%). The solid line shows the linear regression trend, and the shaded

area shows the 95% confidence interval.

DISCUSSION

In this study, there was no significant difference in mid- and
lower-thoracic vertebral trabecular attenuation or attenua-
tion variability between male and female groups. Similarly,
sex was not identified as an independent predictor in the mul-
tivariable regression analysis. Previous studies have shown no
considerable sex-related differences in vertebral cancellous
bone strength, bone volume fraction, or trabecular density
and attenuation variability [20, 22, 23]. However, other stud-
ies found significant sex-related differences only in certain
age groups and at certain spinal sites [24, 25]. These obser-
vations suggest that factors such as aging and anatomy may
influence vertebral trabecular characteristics more than sex
does.

The present analysis demonstrated a decline in mean tra-
becular attenuation from T5 to T12, with the highest values
observed at T5 and T6 and the lowest at T12. This finding is
consistent with several previous studies [26—28].

In contrast, attenuation variability (CV) followed a different
pattern, increasing from T5 to peak at T8—T9 before declin-
ing toward T11-T12. This divergence between mean attenua-
tion and variability may reflect the biomechanical properties
of the thoracic spine. The rib cage stabilizes the upper and
mid-thoracic spine; therefore, trabecular attenuation at these
levels may be more homogeneous. At the T8-T9 levels, the

stabilizing forces of the rib cage may decrease, potentially con-
tributing to stress-related attenuation changes and increased

variability. Meanwhile, at the lower thoracic levels, loading
becomes predominantly axial and more uniform, which may
explain the reduction in trabecular attenuation variability
observed at T11-T12. These findings suggest that regional
thoracic spine biomechanics and loading forces may influence
trabecular attenuation variability [29, 30].

Beyond these biomechanical factors, the non-linear pattern
may be influenced by several physiological and technical vari-
ables. Regional variations in vertebral marrow composition,
particularly the transition from red to yellow marrow, can af-
fect bone attenuation heterogeneity. In addition, progressive
changes in thoracic kyphosis, combined with variations in
vertebral size and shape, may influence local load transmis-
sion and the spatial distribution of bone density. Finally, the
proximity of these levels to the diaphragm introduces the po-
tential for respiratory motion artifacts, which may dispropor-
tionately affect measurements at specific thoracic segments.
Consequently, trabecular attenuation variability is likely in-
fluenced by a complex interplay of regional biomechanics,
marrow composition, and technical imaging constraints [31—
33].

The present study found that vertebral trabecular attenuation
variability increased with advancing age. This finding is con-
sistent with many previous studies that identified age as a
key factor associated with reduced bone homogeneity. With
aging, the bone-remodeling process becomes imbalanced,
with osteoclastic bone resorption exceeding osteoblastic bone
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formation. This imbalance may result in trabecular perfora-
tion, thinning, and loss of connectivity, processes that can
affect trabecular attenuation homogeneity [34].

In univariate analysis, total PM muscle area and mean PM at-
tenuation showed significant inverse correlations with trabec-
ular attenuation variability. However, these parameters were
not independent predictors after adjustment in the multivari-
able regression model. This suggests that their association
with vertebral attenuation variability may be partly explained
by age, sex, or other covariates. Local mechanical loading
may play a more important role in the muscle—bone relation-
ship than systemic effects alone. The PM muscle primarily
contributes to upper limb movement and has limited direct
biomechanical interaction with the thoracic vertebrae. In con-
trast, the paraspinal muscles are functionally and anatom-
ically linked to the spine and contribute directly to spinal
stability and load transmission. Consequently, paraspinal
muscle quality may demonstrate a stronger association with
vertebral bone characteristics than chest wall musculature
[35, 36]. Moreover, subcutaneous fat is a peripheral fat depot
and may have less metabolic interaction with bone than vis-
ceral fat. This finding is consistent with several studies [37].
Increased attenuation variability may reflect age-related al-
terations in trabecular structure and could potentially provide
complementary information regarding bone quality beyond
mean attenuation alone. However, the clinical significance of
this metric remains uncertain and requires validation against
established reference standards, including dual-energy X-ray
absorptiometry (DXA), quantitative CT, and longitudinal frac-
ture outcomes, before it can be considered for clinical risk
stratification.

The present study has several limitations, including the po-
tential for selection bias and its single-center design. The use
of a single-level body composition measurement is another
limitation. In addition, the use of routine chest CT with a
section thickness of 4 mm may limit the precision and inter-
pretation of the biological significance of CV. Because of the
retrospective design, potentially important confounding clin-
ical variables, such as BMI and diseases affecting bone health,
were not available. Furthermore, attenuation variability was
not validated against DXA-derived bone mineral density, ded-
icated quantitative CT measurements, or incident fracture
outcomes. Therefore, the clinical utility of this parameter as
a biomarker of bone quality or fracture susceptibility remains
to be established. Although inter-observer variability is im-
portant for generalizability, the primary aim of this study was
to investigate biological variability in trabecular attenuation
rather than measurement variability. Standardized ROI place-
ment and consistent analysis by a single experienced observer
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were used to minimize technical variation.

CONCLUSION

Routine chest CT may provide useful opportunistic informa-
tion about vertebral bone characteristics. However, the clini-
cal relevance of attenuation variability requires further val-
idation against established measures of bone density, bone
microarchitecture, and fracture risk before routine clinical
implementation. Vertebral trabecular attenuation and its
variability exhibit distinct regional patterns along the tho-
racic spine, which may reflect underlying biomechanical and
anatomical influences. While mean attenuation decreases
progressively from the upper to lower thoracic levels, attenua-
tion variability demonstrates a non-linear distribution, peak-
ing in the mid-thoracic region. Among the included factors,
age emerged as the only significant factor associated with
increased trabecular attenuation variability.
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