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Quantitative Study of Vertebral Body and Paravertebral
Muscle Degeneration Based on Dual-Energy Computed
Tomography: Correlation With Bone Mineral Density
Zhenghua Liu, MM,* Yuting Zhang, MM,* Dageng Huang, MD,† Xiaowen Ma, MD,*
Yaqing Duan, MM,* and Yonghong Jiang, MD*
Objectives: This study aimed to quantify the degeneration of the verte-
bral body and paravertebral muscles using dual-energy computed tomogra-
phy (DECT) and study its relationship with osteoporosis.
Methods: A total of 130 patients with chronic low back pain were in-
cluded in this study, and DECT scanning of the lumbar region was under-
taken prospectively. By placing a standard quantitative computed tomogra-
phy corrected phantom under the waist during the DECT procedure, bone
mineral density (BMD) and the following quantitative parameters were ob-
tained: calcium density (CaD), vertebral fat fraction (VFF), psoas major
area, psoas major fat fraction, erector spinalis area, and erector spinalis
fat fraction (ESFF). Independent sample t test and 1-way analysis of vari-
ance were used between different age-BMD groups. Pearson test was ap-
plied to determine correlations for all measurements, and a mathematical
model of BMD was established through regression analysis.
Results: Calcium density, VFF, psoasmajor area, psoasmajor fat fraction,
erector spinalis area, and ESFF were significantly different among the
age-BMD groups (P < 0.05), and BMD was significantly correlated with
these parameters (P < 0.05). Calcium density, VFF, and ESFF were in-
cluded in the BMD regression equation: BMD = 69.062 + 11.637 �
CaD − 1.018�VFF − 0.726� ESFF (R2 = 0.860, F = 125.979, P < 0.001).
Conclusions: Degeneration of the vertebral body and paravertebral mus-
cles can be quantitatively analyzed using DECT, and CaD, VFF, and ESFF
were independent influencing factors of BMD.
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O steoporosis (OP) is an increasingly serious problem in an ag-
ing society, mainly manifested by the degradation of bone

microstructure and bone mineral density (BMD).1 Recent studies
have shown that bone and skeletal muscle, as common functional
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units, participate in the pathological process of OP.2,3 Reduced
mechanical loading generated by skeletal muscle is an important
cause of bone mineral loss,4 and appropriate mechanical loading can
delay or reverse the decline in aging of bone and skeletal muscle.5,6

The decline in muscle strength is associated with structural
changes, such as atrophy and fat infiltration, mainly in the form
of a decrease in muscle volume (or cross-sectional area [CSA])
and an increase in muscle fat fraction (FF).7,8 Age-related degen-
eration of vertebral cancellous bone includes loss of BMD and
morphological changes, including thinning of trabeculae and in-
crease in intertrabecular spacing,9 which is filled by bone marrow
adipose tissue (BMAT).10 Imaging techniques allow us to perform
noninvasive quantitative studies of muscle and bone degeneration.

In the study of Fischer et al,11 multiple imaging modalities
were used to quantify muscle fat infiltration (MFI) in patients with
lower back pain, arguing that dual-echo and multi-echo magnetic
resonance imaging allows for rapid and accurate measurement of
muscle fat content. In the studies of Zhao et al12 and Pacicco
et al,13 magnetic resonance imaging was used to assess muscle
size and FF, and the results showed that muscle FF and CSA cor-
related with age and MFI resulted in lower lumbar spine BMD.
The study of Sollmann et al14 concluded that there was also a sig-
nificant correlation between vertebral body BMAT content and fat
infiltration of the paravertebral muscles. In the aforementioned
studies, the effect of vertebral and paravertebral muscle degenera-
tion as a common mechanism of BMD has not been reported.

As a new quantitative method, dual-energy computed tomog-
raphy (DECT) can quantify specific substances (calcium, fat, etc)
with multimodal and multiparametric analysis15 and has shown
great potential in quantitative studies of the musculoskeletal
system.16–18 In this study, we aimed to quantify vertebral calcium
density (CaD), BMAT, and paravertebral muscle CSA and FF in
patients with different degrees of OP using DECT, to study their
correlation with BMD, and to explore the relationship between
vertebral body and paravertebral muscle degeneration and OP.

MATERIALS AND METHODS

Study Design
This studywas conducted in accordancewith the Declaration

of Helsinki (as revised in 2013) and adopted a prospective design,
which was approved by the Ethics Committee of our hospital
(number 201902068). After obtaining informed consent of each
participant, DECT scanning of the lumbar regions was performed
from March 2019 to July 2021 in patients with chronic low back
pain. The subjects were randomly selected, and then the scans
were deemed necessary and advised by the spinal surgeons at
our facility. The inclusion criteria were as follows: (1) 18 years
or older and (2) signed informed consent. The exclusion criteria
were as follows: (1) scoliosis, (2) after lumbar surgery, (3) lumbar
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fracture and bone destruction, (4) alcohol consumption of more
than 50 mL per day, (5) taking adrenocortical hormone, and (6)
chronic diseases such as chronic malnutrition and hyperthyroid-
ism. By placing a standard quantitative computed tomography
(QCT) corrected phantom (QCT Pro v5.0; Mindways, Austin,
TX) under the waist during the DECT procedure, we obtained
DECT parameters and QCT-based BMD concurrently.
DECT Scanning
Dual-energy computed tomography examinations relied on a

second-generation 128-section dual-source unit operating in the
dual-energy mode (Somatom Definition Flash; Siemens Healthineers,
Erlangen, Germany). The settings of both x-ray tubes were con-
stant (tube A: 80 kV, 250 mAs; tube B: 140 kV with Sn filter, 97
mAs). Other scanning parameters were set as follows: pitch, 0.6;
collimation width, 32 � 0.6 mm; rotation time, 500 ms; field of
view, 500 mm � 500 mm. The scanning range was extended
from the 12th thoracic vertebra to the first sacral vertebra. Im-
ages were reconstructed using a kernel of I30f, 1-mm section
thickness, and 0.75-mm increment. All radiation doses received
by the patients were recorded upon completion.
FIGURE 1. Measurement of quantitative parameters of vertebral body a
dawning a region of interest along the medial edge of the bone cortex of
cortex and the osteosclerosis area around the vertebral vein groove. The
CSA and FF of paravertebral muscle were measured. The area and FF of b
and PMFF2, and the area and FF of bilateral erector spinalis muscle were
PMA = (PMA + PMA2)/2; PMFF = (PMFF1 + PMFF2)/2; ESA = (ESA1 + ES

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
Quantitation of Vertebral and
Paravertebral Muscle

Quantitative measurements of the vertebrae and paraverte-
bral muscles were performed based on the virtual noncontrast
function module of the liver using dual-energy analytic software
(Syngo. using VB10; Siemens Healthcare, Erlangen, Germany).
In the configuration file under 80 kV/Sn140 kV tube voltage,
the default value of soft tissue was 55 Hounsfield units (HU)
and 51 HU, fat value was −110 HU and −87 HU, and iodine slope
to 1.71 was modified.19

All vertebral and paravertebral muscle measurements were
independently performed by 2 doctors with more than 8 years of
experience in musculoskeletal radiology. The following quantita-
tive parameters were measured on the axial images at the level
of the third lumbar transverse process, including CaD, vertebral
fat fraction (VFF), psoas major area (PMA) and psoas major fat
fraction (PMFF), erector spinalis area (ESA), and erector spinalis
fat fraction (ESFF), and the detailed measurement and calculation
method are shown in Figure 1. The erector spinalis complex is
composed of the iliocostalis, longissimus, and spinotransverse
muscles (predominantly the multifidus) from the outside to the
nd paravertebral muscle. The CaD and VFF were measured by
third lumbar vertebral body, avoiding the inner edge of the bone
muscle along the edges of psoas major and erector spinalis and the
ilateral psoas major muscle were recorded as PMA1, PMFF1, PMA2
recorded as ESA1, ESFF2, ESA1, and ESFF2, respectively.
A2)/2; ESFF = (ESFF1 + ESFF2)/2.
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FIGURE 2. Bland-Altman analysis of 2 readers.

TABLE 1. Comparison of Age, BMI, and Quantitative Parameters (N = 130)

Group A (n = 22) Group B (n = 31) Group C (n = 32) Group D (n = 45) F P

Age, y 34.45 ± 5.59 52.74 ± 4.34 57.47 ± 6.34 62.24 ± 8.49 88.561 <0.001
BMI, kg/m2 24.11 ± 3.26 25.51 ± 3.57 23.37 ± 3.95 24.03 ± 3.21 1.433 0.065
BMD, mg/cm3 146.02 ± 18.19 136.33 ± 10.98 97.42 ± 10.72 51.64 ± 17.9 286.841 <0.001
CaD, mg/cm3 9.27 ± 1.41 8.86 ± 1.5 7.23 ± 0.97 5.08 ± 1.36 73.320 <0.001
VFF, % 37.92 ± 8.33 38.53 ± 7.66 53.57 ± 7.63 57.4 ± 8.4 51.266 <0.001
PMA, cm2 8.5 ± 2.42 6.4 ± 2.17 6.28 ± 1.92 5.12 ± 1.83 13.536 <0.001
PMFF, % 2.31 ± 3.16 5.76 ± 2.53 8.64 ± 2.97 9.83 ± 3.49 33.486 <0.001
ESA, cm2 19.79 ± 4.9 16.76 ± 4.55 17.78 ± 3.34 15.11 ± 3.75 7.072 <0.001
ESFF, % 2.64 ± 4.05 9.64 ± 3.86 9.67 ± 3.42 14.04 ± 6.31 27.912 <0.001

Group A, young normal BMDgroup; group B, middle-aged and elderly normal BMD group; group C, osteopenia group; group D, OP group; BMI, body
mass index.
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FIGURE 3. Psoas major fat fraction and ESFF in different age-BMD groups. *P < 0.05; Group A, young normal group; group B, middle-aged
and elderly normal group; group C, osteopenia group; and group D, OP group.
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inside, and the region of interest was manually defined along the
edge of the muscle.20,21

BMD Measurement and Grouping
Dual-energy computed tomography data of mixed ratio (0.5)

were imported to the QCT software (QCT Pro v5.0; Mindways)
application, the BMDs of the first and second lumbar vertebrae were
measured, and the mean value was taken as the final BMD value.22

According to age and BMD, patients were divided into 4
groups: young normal BMD group (group A, younger than
45 years and BMD>120mg/cm3), middle-aged and elderly normal
BMD group (group B, 45 years or older and BMD >120 mg/cm3),
osteopenia group (group C, 120 mg/cm3 ≥ BMD > 80 mg/cm3),
and OP group (group D, BMD ≤80 mg/cm3).1

Statistical Analysis
All computations were powered by MedCalc (version 19.0;

MedCalc Software, Ostend, Belgium) and expressed as the
mean ± SD. Consistency analyses for the measurements of the 2
readers were performed using the intraclass correlation coeffi-
cient. Variables were tested for normality of distribution using
the Shapiro-Wilk test. Differences between groups were deter-
TABLE 2. Correlation Analysis of Quantitative Parameters

Variables CaD, mg/cm3 VFF, % PMA

BMD, mg/cm3 0.880* −0.756* 0
CaD, mg/cm3 −0.630* 0
VFF, % −0
PMA, cm2

PMFF, %
ESA, cm2

*P < 0.01.

†P < 0.05.

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
mined using the independent samples t test and 1-way analysis
of variance. The Pearson test was used to determine the correlation
between all measurements, and a mathematical model of BMD
was established using multiple linear regression analysis. The sig-
nificance for all tests was set at P value <0.05.
RESULTS

General Information
A total of 130 patients were included in this study. Of them,

52 were males and 78 were females, aged from 25 to 88 years,
with an average age of 54.10 ± 11.66 years. The volume computed
tomography (CT) dose index was 9.53 mGy, and the average
dose-length product was 285.36 ± 37.56 mGy·cm, and the mean ±
SD radiation dose was 3.99 ± 0.53 mSv.

Consistency Analysis
The CaD, VFF, PMA, PMFF, ESA, and ESFF values mea-

sured by the 2 doctors were in good agreement (intraclass correla-
tion coefficient valueswere 0.929, 0.907, 0.946, 0.858, 0.914, and
0.899, respectively). The corresponding Bland-Altman plots are
, cm2 PMFF, % ESA, cm2 ESFF, %

.364* −0.520† 0.313* −0.671*

.276* −0.518* 0.222† −0.496*

.285* 0.596* −0.260* 0.384*
−0.421† 0.659* −0.543*

−0.379† 0.619†
−0.428*
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FIGURE 4. Linear correlation of CAD, VFF, ESFF, and regression predicted values with BMD.
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shown in Figure 2, which indicate a reliable agreement between
the observers.

Grouping
The age, body mass index, and quantitative parameters of

DECT in the different groups are shown in Table 1. One-way anal-
ysis of variance showed that the CaD, VFF, PMA, PMFF, ESA,
and ESFF were statistically different among the different age
groups (F values were 73.320, 51.266, 13.536, 33.486, 7.072,
and 27.912, respectively; all P < 0.05). An independent sample t
test showed that there were significant differences between PMFF
and ESFF in groups B, C, and D (t = 4.681, P < 0.001; t = 1.286,
P = 0.023; t = 3.917, P < 0.001), but no significant difference was
observed in group A (t = 0.301, P = 0.0.765) (Fig. 3).

Correlation and Regression Analysis
Bone mineral density was significantly correlated with all

DECT parameters, including CaD, VFF, PMA, PMFF, ESA, and
ESFF. Meanwhile, the CaD and VFF of the vertebrae were signif-
icantly correlated with the PMA, PMFF, ESA, and ESFF of the
paravertebral muscles. All the correlation coefficients are listed in
Table 2.

Multiple linear regression analysis showed that the CaD,
VFF, and ESFF were ultimately included in the regression equa-
tion for BMD. The linear correlations between CAD, VFF, ESFF,
standard regression predicted values, and BMD are shown in
90 www.jcat.org
Figure 4. The regression equation was expressed as BMD =
69.062 + 11.637 � CaD − 1.018 � VFF − 0.726 � ESFF, and
the regression model was statistically significant (F = 125.979,
P < 0.001). The determinant coefficient was 0.860, and the partial
regression coefficients (B) and standardization coefficient (β) of
all independent variables are shown in Table 3.
DISCUSSION
Bone and muscle are the functional units that interact with

each other. Muscle atrophy, decreased muscle strength, and de-
creased muscle function can accelerate the resorption of cortical
bone, reduce the number and thinning of trabeculae in cancellous
bone, and decrease BMD.2 Changes in bone structure, such as spi-
nal degeneration and scoliosis, can also lead to imbalances in the
volume and MFI of paravertebral muscles.23,24 Our study showed
that BMD and CaD of the lumbar vertebra significantly correlated
with CSA and MFI of the paravertebral muscle, which is consis-
tent with the aforementioned view and reflects the relationship be-
tween bone mineral loss of the vertebral body and degeneration of
the paravertebral muscles. Multiple linear regression analysis
showed that CaD was the most important positive factor affecting
BMD, accounting for approximately 61%; VFF and ESFF were
negative factors affecting BMD, accounting for 29% and 10%, re-
spectively.

The synergistic effect of bone and muscle degeneration was
also reflected in the association between BMAT and MFI. Bone
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 3. Multivariate Linear Regression Analysis of BMD

Variables B SE β t P

(Constant) 69.062 15.698 — 4.399 <0.001
CaD 11.637 0.894 0.607 13.017 <0.001
VFF −1.018 0.168 −0.291 −6.066 <0.001
PMA 0.271 0.867 0.015 0.312 0.756
PMFF −0.487 0.502 −0.048 −0.969 0.335
ESA 0.274 0.432 0.029 0.634 0.527
ESFF −0.726 0.330 −0.107 −2.200 0.030
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marrow adipocytes can play a role in systemic endoenvironmental
homeostasis, including skeletal muscle homeostasis, through
targeted endocrine action.25 This was confirmed by the significant
correlation of the VFF with the PMFF and ESFF in this study.

Notably, in the young normal group, there was no significant
difference in FF between the psoas major and erector spinae, but
with age and loss of BMD, FF in the erector spinae was signifi-
cantly higher than in the psoas major, suggesting that fat infiltra-
tion in the psoas major and erector spinae was not synchronized,
which is similar to the study by Lee et al.26 We speculate that this
may be related to the different mechanisms by which the psoas
major and erector spinae muscles maintain mechanical properties
of the spine. Contraction of the psoas major is associated with
lower limb and lateral movements of the spine, whereas the erector
spinae is subjected to more tension in the longitudinal direction
during spinal activity and is more sensitive to biomechanical
changes caused by spinal degeneration and BMD loss.

In addition, some studies have pointed out that the degree of
fatty infiltration of the erector spinae varies at different interverte-
bral levels, especially in the lumbosacral region.26,27 In the study
by Lee et al,26 the data showed that the CSA and FF values of
the paravertebral muscle at the L3 and L4 intervertebral disc level
were relatively close to the mean values of all lumbar vertebral
levels. In the present study, we considered L3 transverse process
to be an appropriate level of observation. It was located in the mid-
dle of the vertebrae, which facilitated us to perform vertebral body
and paravertebral muscle measurements in the same cross-section;
as well as, it also takes into account the average of paravertebral
muscle measurements at different lumbar levels.

Dual-energy computed tomography is a reliable method for
quantifying the degree of fat infiltration in bones and muscles,17,18,28

but its biggest drawback is the use of ionizing radiation. With the
development of several generations of DECT technology, the radi-
ation dose has significantly reduced,29 and the volume CT dose in-
dex of patients in this study was even lower than that of single-
source CTabdominal scanning.30 Also, opportunistic examinations
were possible because OP evaluations were performed at the same
time as the lumbar spine scans, which reduced the radiation dose
specifically for bone densitometry.

This study has the following limitations. Manual outlining of
the paravertebral muscles has some errors, and learning-based au-
tomatic segmentation techniques may be a better option,31 which
requires a special software. In addition, paravertebral muscle vol-
ume is a better parameter for quantification compared with CSA
at a single cross-section level, and it is recommended for investi-
gation in future studies.

In conclusion, the degeneration of vertebrae and paravertebral
muscles can be quantitatively analyzed by DECT, and CaD, VFF,
and ESFF are independent influencing factors of BMD. Fatty infil-
tration in both bone marrow and paravertebral muscles plays an im-
portant role in the progression of OP.
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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