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The role of torso computed tomography (CT) in evaluating body composition has been unexplored.
This study assessed the potential of low-dose torso CT from positron emission tomography (PET)/

CT for analyzing body composition and its relation to muscle strength. We retrospectively recruited
384 healthy Korean adults (231 men, 153 women) who underwent torso *®F-FDG PET/CT, bioelectrical
impedance analysis (BIA), and muscle strength tests (handgrip strength [HGS] and knee extension
strength [KES]). CT images were segmented into three compartments: torso volumetric, abdominal
volumetric, and abdominal areal. Muscle amounts from each compartment were indexed to height
(m?). BIA and HGS served as reference standards, with correlation coefficients (r) calculated. Torso
muscle volumetric index (TorsoMVI) had the strongest correlations with BIA-derived values (r=0.80
for men; r=0.73 for women), surpassing those from the abdominal compartments. TorsoMVI was also
correlated significantly with HGS (r=0.39, p<0.01) and differentiated between normal and possible
sarcopenia in men (n=225, 5960 + 785 cm3/m? vs. n=6, 5210 + 487 cm3/m?, p=0.02). In women, KES
correlated more strongly with muscle parameters than HGS. Despite gender-specific variations, torso
CT-derived parameters show promise for evaluating body composition and sarcopenia.

Keywords Torso computed tomography, Positron emission tomography, Body composition analysis, Muscle
strength, Bioelectrical impedance analysis, Sarcopenia

A growing body of evidence suggests that body composition and physical performance are essential factors in
health-related parameters, not only for healthy individuals but also for patients with various medical conditions,
including malignancies, metabolic diseases, and cardiovascular diseases'~%. Body composition, comprising mus-
cle, fat, bone, and other tissues, is crucial, with muscle-related parameters being pivotal in relation to physical
performance and aging’. Therefore, a comprehensive assessment of body composition, including muscle mass,
is vital for better characterization and management of both healthy individuals and patients.

Several tools have been used to quantitatively analyze body composition for health screening and medical
purposes. Among them, bioelectrical impedance analysis (BIA) is the most practical and robust tool owing to
its accessibility®. BIA calculates the differential impedance and resistance of different body tissues to provide
body composition information. BIA-derived appendicular skeletal mass (ASM) serves as a reference standard for
diagnosing sarcopenia, as it strongly correlates with various physical health-related parameters, including calf
circumference, grip strength, and gait speed’. However, the use of electric current in the indirect measurement
raises questions about its ultimate accuracy and reproducibility®.

Other medical image-based approaches, such as dual X-ray absorptiometry (DXA), computed tomography
(CT), and magnetic resonance imaging, are also used for body composition analysis. CT is considered the gold
standard method to assess muscle mass and quality simultaneously and is recommended as the gold standard
tool by guidelines®. Although routine CT acquisition for body composition analysis or diagnosing sarcopenia is
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impractical, opportunistic analysis of body composition from chest or abdomen CT has been implemented as
an alternative approach®'°. This involves using Hounsfield unit (HU) or region of interest-based segmentation
of CT images to directly measure the amount of muscle mass, abdominal visceral fat (AVF), and subcutaneous
fat (SF), providing a reproducible method for body composition analysis. These measurements have shown a
close association with physical performance, chemotherapy compliance, and prognosis in patients with various
malignancies'"'2. However, the current regional CT approach is limited to analyzing a single slice around the
third lumbar vertebra (L3), and a more comprehensive evaluation involving as many skeletal muscles as possible
is desirable, considering appendicular muscles as the standard reference for evaluating sarcopenia'®. Therefore,
CT images offering a wider field of view (FOV) beyond the chest or abdomen are considered a promising option.

Torso or whole-body CT images obtained by positron emission tomography (PET)/CT have emerged as
potential candidates for body composition analysis. As one of the components of the PET/CT fusion system, CT
supports PET through attenuation correction and anatomical correlation'*. Conversely, HU-based quantitative
information from CT itself has been largely overlooked when interpreting the PET/CT scans. Considering the
recent trend of abdominal or chest CT-based automated areal or volumetric body composition analysis'?, it is
also possible to analyze much larger CT datasets from PET/CT in a single step using deep learning algorithms
such as convolutional neural networks'®. Consequently, torso PET/CT-based body composition analysis has
been reported, providing extensive information on both muscle and fat'>'é. However, before clinical adoption,
it is essential to establish race, sex, or age-specific normal data incorporating entire torso muscle and fat and to
validate the results by comparing them with other body composition-related parameters.

Herein, we aimed to provide torso CT-derived parameters of body composition from healthy Korean adults
and compare these values with conventional body composition and muscle strength-related parameters to estab-
lish the foundation of torso PET/CT-based body composition analysis.

Results

Participant baseline characteristics

A total of 384 healthy adults (231 males, 56.5 +9.2 years; 153 females, 56.3 +9.2 years) were included in the study.
Table 1 and Supplementary Table 1 present the baseline characteristics of the participants according to sex and
PET/CT scanner type, respectively.

Among the participants, 20 female participants (Discovery 690, n=7; Discovery 690 Elite, n=9; Discovery
710, n=3; Discovery STE 8, n=1) and six male participants (Discovery 690, n=1; Discovery 690 Elite, n=4;
Discovery 710, n= 1) were identified as having possible sarcopenia based on their lower hand grip strength
(HGS) values, which were below the Asian Working Group for Sarcopenia 2019 (AWGS-2019) recommended
cut-off (Fig. 1). All male participants had skeletal muscle index (SMI) values within the normal reference range.
Only one female participant who underwent PET/CT imaging with Discovery STE 8 scanner had a SMI value of
5.5 kg/m?* by BIA, which was below the normal cut-off value (5.7 kg/m?) suggested by AWGS-2019 consensus.
However, her HGS value (20.5 kg) was within the normal reference range (> 18 kg), thus no participant was
classified as having sarcopenia.

Quantitative body composition parameters derived from torso PET/CT images

Table 1 and Supplementary Table 2 summarize the measured body composition parameters derived from CT
images of PET/CT. Muscle volumetric indices from the torso compartment were approximately 10 times higher
than those from the abdominal compartment, regardless of sex. Similarly, the volumetric SF value from the torso
compartment exhibited approximately 8-9 times higher values compared with the abdominal compartment.
However, volumetric AVF values from the torso compartment were only 2-3 times higher than those from the
abdominal compartment, due to intrinsically restricted FOV of AVE which primarily covers the abdomen. All
AVF values were higher in males, while SF values were higher in females. The myosteatosis-related parameters
including the volumetric or areal muscle indices with very low attenuation (VLA) or low attenuation (LA) in each
compartment, representing apparent intramuscular adipose tissue and intramuscular lipid pool, which reflect
poor and intermediate muscle quality, were relatively higher in women compared to men. Analysis of covariance,
adjusted for baseline parameters such as CT acquisition parameters, body mass index (BMI), or HGS, revealed
no significant differences in muscle or fat-related parameters among the different scanner types.

Correlation of body composition parameters measured from Torso CT and BIA

When compared with SMI by BIA, TorsoMVI had the highest correlation (men r=0.80 [confidence interval
(CI) 0.75-0.84]; women r=0.73 [CI: 0.65-0.80]), followed by abdominal muscle areal index (AbdMAI) (men
r=0.73 [CI: 0.66-0.79]; women r=0.72 [CI: 0.63-0.79]) and abdominal muscle volumetic index (AbdMVTI)
(men r=0.66 [CI: 0.58-0.73]; women r=0.64 [CI: 0.54-0.73]) regardless of sex (Figs. 2 and 3). In line with this
trend, other volumetric parameters from the torso compartment, torso skeletal volumetric index (TorsoSMVTI)
and TorsoMVI-normal attenuation (NA), also showed strong correlation with SMI compared with those from
the abdominal compartment.

Regarding fat analysis, the correlation coefficients between CT-derived and BIA-derived parameters exhibited
generally higher values than those observed in the muscle analysis (Fig. 2). Similar to the muscle correlation
analysis, the torso fat volumetric index (TorsoFVI) showed the highest correlation coeflicients with body fat mass
of BIA (men r=0.93 [CI: 0.91-0.95], women r=0.93 [CI: 0.90-0.95]), followed by the abdominal fat areal index
(AbdFAI) (men r=0.90 [CI: 0.87-0.92], women r=0.89 [CI: 0.85-0.92]), and finally the abdominal fat volu-
metric index (AbdFVI) (men r=0.84 [CI: 0.80-0.87], women r=0.88 [CI: 0.84-0.91]). In most cases, SF-related
parameters from the three compartments showed slightly higher correlations with BIA-derived fat parameters
(body fat mass, body fat percentage) than AVF-related parameters, regardless of sex.

Scientific Reports |

(2024) 14:21597 | https://doi.org/10.1038/s41598-024-71878-2 nature portfolio



www.nature.com/scientificreports/

Parameters Men (N=231) | Women (N=153)
Age (years) 56.5+9.22 56.3+£9.2
Body mass index (kg/m?) 25.0+2.8 233+33
Height (cm) 170.3+5.8 157.8+5.5
Weight (kg) 72.65£9.6 58.0£9.0
Baseline parameters Hand grip strength (kg) 38.9+6.5 21.8+4.8
Knee extension strength (kg) 73.7£26.0 36.8+12.0
Body fat percentage (%) 232454 31.7+6.8
Body fat mass (kg) 17.11+£5.4 18.8+6.3
Skeletal muscle index (kg/m?) 10.7+1.0 8.4+0.8
TorsoMVI 5,940+ 788 4,343 +544
TorsoSMVI 5,682+753 4,087 £496
TorsoMVI-NA 3,979+ 588 2,654+382
Torso volumetric compartment (cm?/m?) TorsoMVI-LA 1703277 1433259
TorsoMVI-VLA 258 +134 256+ 142
TorsoFVI 4,434+ 1,440 5,934+ 1,900
TorsoFVI AVF 1,112+476 797 +427
TorsoFVI_SF 3,322+1,065 5,144+1,561
AbdMVI 483+94 379+69
AbdSMVI 465+ 89 358+63
AbdMVI-NA 32668 22650
Abdominal volumetric compartment (cm*/m?) AbdMVI-LA 1823 D23
AbdMVI-VLA 18+13 2115
AbdFVI 766288 910+357
AbdFVI_AVF 377176 280158
AbdFVI_SF 389+144 631237
AbdMAI 543+7.5 41.2+59
AbdSMAI 523+7.3 39.1+5.3
AbdMAI-NA 36.9+6.2 25.0+4.5
Abdominal areal compartment (cm?/m?) AbdMAL-LA a3l 141236
AbdMAI-VLA 2015 2.1x1.6
AbdFAI 84.5+£29.6 93.8+£36.8
AbdFAI_AVF 45.0+19.8 31.6+17.8
AbdFAI_SF 39.5+14.3 62.3+£23.4

Table 1. Baseline characteristics and quantitative body composition parameters derived from computed
tomography images of participants according to sex. Presented numbers are means + standard deviation.
TorsoMVI=Torso Muscle Volumetric Index, TorsoSMVI =Torso Skeletal Muscle Volumetric Index,

NA =Normal Attenuation, LA = Low Attenuation, VLA = Very Low Attenuation, TorsoFVI="Torso Fat
Volumetric Index, AVF = Abdominal Visceral Fat, SF = Subcutaneous Fat, AbdMVI = Abdominal Muscle
Volumetric Index, AbdSMVI = Abdominal Skeletal Muscle Volumetric Index, AbdFVI=Abdominal Fat
Volumtrice Index, AbdMAI= Abdominal Muscle Areal Index, AbdSMAI = Abdominal Skeletal Muscle Areal
Index, AbdFAI = Abdominal Fat Areal Index.

Correlation of body composition parameters with muscle strength related parameters

Among the various muscle-related measures obtained from BIA or torso CT, BIA-derived SMI showed the
highest correlation with HGS (men r=0.46 [CI: 0.35-0.56]; women r=0.33 [CI: 0.18-0.46]) and KES (males
r=0.24 [CI: 0.11-0.36]; females r=0.43 [CI: 0.29-0.55]), compared with all the parameters obtained from CT
(Fig. 4). Notably, men and women showed distinct relationships between upper and lower limb strength. The
correlation coeflicient of HGS was higher in men, whereas that of KES was higher in women. Among the CT-
derived parameters and strength-related parameters in men, those from the torso compartment had the most
significant association with HGS (TorsoMVI: r=0.39 [CI: 0.27-0.49]), surpassing others from the abdominal
compartment (AbdMVI: #=0.25 [CI: 0.12-0.37]; AbdMAL r=0.26 [CI: 0.14-0.38]). However, this trend was
not observed in women. Regarding HGS, the volumetric compartment of the abdomen demonstrated higher
correlation compared with those from the volumetric torso and the areal abdomen compartments (AbdMVT:
7=0.26 [CL: 0.11-0.40]; TorsoMVT: r=0.21 [CI: 0.05-0.36]; AbAMAT: =0.16 [CI: 0.00-0.31]). In terms of KES
in women, all CT measures from the three compartments showed nearly similar values of statistically significant
correlation coefficients (TorsoMVTI: r=0.35 [CI: 0.20-0.48]; AbdMVTI: r=0.34 [CI: 0.19-0.47]; AbdMALI: r=0.36
[CL: 0.21-0.49]).
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Fig. 1. A schematic diagram of classification of the participants according to muscle strength and mass.

Subgroup analysis between the normal and the possible sarcopenia

Further categorization based on HGS gave rise to some distinct features between men and women. Several torso-
derived volumetric parameters (TorsoMVI: 5,960 + 785 vs. 5,210 + 487 cm?®/m?, p=0.02; TorsoSMVI: 5,700 + 751
vs. 5,017+ 485 cm?/m?, p=0.02; TorsoMVI-NA: 3,992 + 585 vs. 3,495+ 461 cm?/m?, p=0.04) showed significantly
different values between normal and possible sarcopenia in men (Table 2). However, none of the CT-derived
parameters in women exhibited any significant differences or tendencies differentiating normal and possible
sarcopenia. Age was identified as another decisive factor, but it only showed significance in men. Men with
possible sarcopenia were older than those with normal muscle strength (67.0+9.5 vs. 56.2+9.1 years, p=0.01).
In contrast, HGS (men: 39.2+6.1 vs. 25.1 +1.9 kg, p<0.001; women: 23.1+3.6 vs. 13.5+2.6 kg, p<0.001) and
KES (men: 74.3 £26.1 vs. 49.8 £9.3 kg, p=0.001; women: 38.8 + 11.2 vs. 26.2 £ 8.5 kg, p <0.001) were commonly
shared parameters differentiating normal and possible sarcopenia in both sexes.

Discussion

In this study, we conducted a low-dose CT from PET/CT-based body composition analysis on middle-aged,
healthy adults undergoing PET/CT for health screening, segmenting the torso CT into three distinct com-
partments. The results revealed that body composition analysis from the torso compartment correlated more
closely with measurements from BIA and muscle strength than area or volume-based analyses derived from
the abdominal compartment. Metrics obtained from abdominal compartments lacked statistical significance in
distinguishing sarcopenia, suggesting that the quantity and quality of muscle indices from the torso compartment
are emerging as the most dependable indicators. Similarly, fat-related indices derived from the torso exhibited
the strongest correlation with BIA results.
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Numbers in parentheses are 95% confidence interval.
** denotes p-value less than 0.01
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Fig. 2. Correlation coefficients with 95% confidence intervals among muscle and fat parameters from
bioelectrical impedance analysis (BIA) and torso computed tomography (CT) according to sex. The shades of
red indicate the Pearson correlation coefficients.

Although the abdomen is the most common site for body composition analysis'®!”!8
BIA indices was surpassed by the torso compartment in this study. Additionally, in men, only a few muscle
parameters derived from the torso could differentiate possible sarcopenia from normal conditions. Therefore,

, its correlation with
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Fig. 3. Scatter plots showing Pearson correlation coefficients between muscle and fat parameters from torso
computed tomography (CT) and bioelectrical impedance analysis (BIA) according to sex. (a) Skeletal muscle
index versus torso muscle volumetric index (TorsoMVI), (b) Body fat mass versus torso fat volumetric index
(TorsoFVTI), (c) Skeletal muscle index versus abdominal muscle volumetric index (AbdMVT), (d) Body fat mass
versus abdominal fat volumetric index (AbdFVI), (e) Skeletal muscle index versus abdominal muscle areal index
(AbdMALI), (f) Body fat mass versus abdominal fat areal index (AbdFAI). Men are represented by blue dots and

lines, and women by red dots and lines.
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Fig. 4. Correlation coeflicients with 95% confidence intervals between muscle strength and muscle parameters
measured by bioelectrical impedance analysis (BIA) and torso computed tomography (CT) according to sex.

The shades of red indicate the Pearson correlation coefficients.

body composition analysis from the torso compartment holds greater potential than that from the abdominal

one in evaluating sarcopenia and physical performance.
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Men ‘Women
Possible sarcopenia Possible
Parameters Normal (n=225) | (n=6) p value Normal (n=132) | sarcopenia (n=20) | p value
Age (years) 56.2+9.1 67.0+9.5 0.01* 56.1+8.6 59.0+11.1 0.41
BMI (kg/m?) 250428 234426 0.19 233432 23.7+3.4 0.63
Hand grip strength (kg) | 39.2+6.1 25.1+1.9 <0.001%* 23.1£3.6 13.5+2.6 <0.001%*
ﬁ(’;e extension strength |, 3, ¢ | 49.8+9.3 0001 | 38.8+11.2 262+85 <0.001%
SMI (kg/m?) 10.7+0.9 9.5+0.7 0.002* 8.5+0.8 8.3+0.9 0.46
TorsoMVI (cm?/m>) 5,960 +785 5,210 +487 0.02* 4,346 +526 4,381+578 0.99
TorsoSMVI (cm?/m?) 5,700+ 751 5,017 £485 0.02* 4,091+476 4,120+ 558 0.97
TorsoMVI-NA (cm?/m?) | 3,992 +585 3,495 +461 0.04* 2,660 +362 2,670 +465 0.77
TorsoMVI-LA (cm?/m?) | 1,708 +277 1,523+222 0.10 1,431+256 1,450 £263 0.70
;‘)f)”MVI’VLA (em?/ 260 +134 193+ 121 0.18 255+ 140 261+145 0.99
AbdMVT (cm?*/m?) 484+94 437+64 0.21 381+64 373+88 0.51
AbdSMVI (cm?/m?) 466+90 42166 0.21 360+59 351+83 0.36
AbdMVI-NA (cm*/m?) 327+68 291+66 0.28 228+47 221+67 0.33
AbdMVI-LA (cm*/m?) 139+34 130+26 0.46 13231 130+39 0.90
AbdMVI-VLA (cm®/m?) 18+13 16+14 0.45 21+15 23+18 0.85
AbdMVI-VLA (cm?/m?) 18+13 16+14 0.45 21+15 23+18 0.85
AbAMATI (cm?/m?) 544+7.5 50.0+8.1 0.24 41.0+57 43.0+4.8 0.08
AbdSMAI (cm?/m?) 524472 48.2+8.6 0.28 38.9+5.0 40.6£5.0 0.17
AbdMAI-NA (cm*m?) | 37.0+6.1 33.8+8.7 0.45 249+42 26.1%5.7 0.41
AbdMAI-LA (cm?/m?) 154+3.1 144427 0.43 14.0+3.5 14.4+3.7 0.29
AbdMAI-VLA (cm¥m?) | 2.0+15 1.8+15 0.43 21+1.6 24+2.0 0.59

Table 2. Comparison of muscle parameters between normal and possible sarcopenia. Presented numbers
are means + standard deviation. BMI=Body Mass Index, SMI = Skeletal Muscle Index, TorsoMVI=Torso
Muscle Volumetric Index, TorsoSMVI = Torso Skeletal Muscle Volumetric Index, NA = Normal Attenuation,
LA =Low Attenuation, VLA = Very Low Attenuation, AbdMVI= Abdominal Muscle Volumetric Index,
AbdSMVI = Abdominal Skeletal Muscle Volumetric Index, AbdMAI = Abdominal Muscle Areal Index,
AbdSMAI = Abdominal Skeletal Muscle Areal Index, AbdSMVI = Abdominal Skeletal Muscle Areal Index.
*p<0.05, *p<0.001.

In clinical practice, the use of whole-body CT scan is primarily confined to patients who have suffered major
trauma'®. However, the potential benefits of supplemental body composition analysis from CT scans in these
trauma patients are not well-documented. Given that PET/CT scans are predominantly performed in patients
with malignancy®, they provide an ancillary data on body composition, which is a factor closely intertwined with
patient prognosis. As more evidence emerges about the robust correlation between physical strength and CT-
derived body composition, clinicians could harness this data to gauge a patient’s current physical and nutritional
status. Such information could provide instrumental in tailoring suitable exercise and nutritional regimens for
cancer patients. Furthermore, when assessing cancer patients exhibiting cachexia, there is a potential to intro-
duce a novel imaging biomarker related to body composition, going beyond the current cachexia indices that
primarily focus on weight loss and chronic illness*'.

While none of the parameters obtained from PET/CT showing superiority to those from BIA when correlated
with muscle strength, CT measurements offer additional advantages over that from BIA®. First, CT allows the
estimation of the trunk muscles and the classification of AVF and SE which are impossible to assess using the
BIA. Second, BIA could not estimate the quality of muscles per se, such as intra-muscular fat. Additionally, CT is
free from confounding factors such as the hydration status of the body, ambient temperature, and exercise, which
are known drawbacks of BIA-based analysis. Considering that body composition analysis conducted by CT is
more reproducible and considered the gold standard by the guidelines, the integration of sophisticated analytical
software, such as that utilized in this study, could catalyze the broader application of PET/CT for opportunistic
body composition analysis'. As the FOV of torso PET/CT is limited, not covering the mid-to-distal upper/
lower limbs, acquiring total body PET/CT images from vertex to foot, including all limb muscles, would yield
a more holistic overview compared to both BIA and torso PET/CT?. The widespread adoption of half body or
total body PET/CT scanners, which can cover the whole-body more efficiently, may facilitate the implementa-
tion of such an approach in near future?*. Moreover, if PET/CT analytical tools are refined to distinctly evaluate
appendicular and trunk muscles, it would provide a more accurate estimation of appendicular muscle than BIA.

Additionally, the FOV of torso PET/CT is limited to the trunk and does not cover the mid-to-distal upper
and lower limbs, which contain abundant muscle and little adipose tissue. This limitation might result in higher
correlation coeflicients between CT- and BIA-derived parameters in fat analysis than those in muscle analysis,
regardless of compartments, as most adipose tissue is present in the trunk.
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Even though numerous studies have utilized PET/CT for body composition analysis, few have provided raw
data, impeding direct comparison among studies. We were able to find only one study conducted by Lee et al.
that reported an average value of TorsoM VI approximately 3,500 cm®*/m? from a sample of 520 South Korean
older adults, characterized by male-to-female ratio of 0.5 and an average age in the mid-70s'*. When adjusted
for the same gender ratio, average value of TorsoM VI obtained from our participants appears to lie between
4,500 and 5,000 cm®/m> As our participants were approximately 20 years younger than those in the study men-
tioned above, such differential figures from these two studies might be eligible for a preliminary data. When it
comes to abdominal compartment analysis, numerous studies were available for comparison. Notably, a study
conducted from our institution with healthy participants presented figures akin to ours from the abdominal
areal compartment?. However, AbdMAI, AbdSMAI, and AbdMAI-NA were slightly higher than ours, whereas
AbdMAI-LA and AbdMAI-VLA were somewhat lower. These differences might come from age discrepancies
between the cohorts and variation in CT protocols — either with or without contrast enhancement®>*.

As all participants of this study undertook the PET/CT images with both arms raised under fixed and low dose
of CT, it may be difficult to directly extrapolate into and compare with the patients whose arms were down at the
time of PET/CT acquisition. Arm positioning might affect the image quality?’. In addition, difference of vendor
and CT protocol slightly affects the value of HU thereby hampering precise comparison between muscle-related
parameters especially in quality-related one?. Therefore, acknowledging inherent difference with additional
validating process among scanners might be required under various scanners.

Women possess a relatively lower ratio of lean tissue distribution in the upper body, whereas men have a
higher proportion of muscle cross-sectional area in the biceps brachii than women?. Accordingly, HGS showed
a higher correlation with muscle component analysis in men than KES. In contrast, KES had a higher correlation
with muscle parameters than HGS in women. Although it cannot be generalized, additional research is required
to determine which muscle strength is a better indicator to diagnose possible sarcopenia for each gender®. These
differences in physical performance and fat distribution were probably from microscopically distinct composi-
tions or function of muscle fiber types, as well as grossly distinct body shapes, distribution, and compositions
between genders®.

Although area and volume-based parameters from the abdominal compartment was strongly correlated,
most of the values derived from the areal compartment exhibited better correlation with BIA-derived muscle
or fat parameters compared with those from the volumetric compartment. As few studies have been conducted
regarding the comparison between single slice and multi-slices around the abdomen'”!, reason for this paradoxi-
cal result is not yet clear. In case of PET/CT, respiratory motion may affect the CT image quality on abdominal
region because of shallow breathing during CT acquisition. Susceptibility of measurement error across a FOV
might be another plausible hypothesis.

Our research has some limitations. First, we included a small number of healthy participants from a specific
race and used data from a single vendor with a low dose CT protocol, which was insufficient to interpolate as
an absolute reference value for most of the PET/CT images used in oncologic applications. In addition, further
comparative study between DXA and torso or whole-body PET/CT is required to identify the pros and cons
of each method beyond BIA. Finally, comparison with other physical performance-related parameters such as
gait speed and chair stand test are required, as those tests are pivotal constituents for the sarcopenia screening®.

Our study indicated that CT-based volumetric parameters obtained from the torso compartment of PET/
CT showed superior performance in evaluating body composition compared with those obtained from the
abdominal compartment in healthy adults. Although we observed gender differences in the association with
physical strength, our findings suggested that torso PET/CT holds promise as an effective option for evaluating
body composition and sarcopenia.

Methods
Study participants
Participants were retrospectively selected from a pool of healthy adult participants aged 19 years and older who
underwent torso '*F-FDG PET/CT, BIA, and physical fitness evaluations by muscle strength test as part of their
health screening in the Health Screening and Promotion Center of our institution between 2011 and 2020.
Exclusions were made for individuals presenting with notable abnormalities in their baseline blood tests (serum
blood glucose level > 126 mg/dL; aspartate transaminase or alanine transferase levels > twice the upper limit
of normal; estimated glomerular filtration rate <60 ml/min/1.73m? free T4 and thyroid stimulating hormone
level > the normal range). Additionally, those who had not completed the BIA or physical fitness assessments
were excluded from the study.

This study was approved by the institutional review board at Asan Medical Center (IRB No. 2022-0496), and
was performed in line with the principles of the Declaration of Helsinki.

BIA

The BIA-derived body composition analysis was conducted using InBody 720 (Biospace Co., Seoul, Korea). Prior
to the test, participants fasted for 8 h and removed any jewellery or wearable items, such as rings, watches, and
necklaces. They were also instructed not to use a sauna or bathe for an extended period to minimize water loss.
Temperature of the test room was maintained at 20-25 °C. During the test, participants stood upright, making
contact with the electrodes of the analyzer through both hands and feet. To achieve consistent measurements,
their arms and legs were slightly separated and extended from the body. Data collected via BIA included height,
weight, BMI, body fat mass, body fat percentage, muscle mass, ASM, and body water in each of the upper and
lower limbs. The SMI (kg/m?) of BIA was calculated by dividing the ASM by the square of height. Individuals
with limb casts, limited mobility preventing standing, or limb amputations were not considered for this analysis.
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Muscle strength-related parameters

The physical fitness evaluation was conducted by muscle strength test using the comprehensive physical fitness
diagnostic equipment, Helmas 2.0 (O2 Run, Inc., Seoul, Korea). The examination environment was maintained
at a temperature of 20-22 °C with a relative humidity of 60%. Participants were advised to wear comfortable,
non-restrictive clothing, and the test was carried out under conditions that ensured maximum stability. The
specific methodologies for each test are detailed below:

o Upper limb strength (Hand Grip Strength, HGS): The participants are to position their second knuckle on
the handle of the dynamometer, keeping their arm abducted at approximately 30 degrees while ensuring the
elbow remains unbent. On the tester’s signal, participant should exert maximum grip force on the dynamom-
eter handle for 5 s. Two consecutive measurements are to be taken for each hand, and superior value from
each side to be recorded. For analysis, the highest measurement from either side is used.

®  Lower limb strength (Knee Extension Strength, KES) Participants should sit ensuring their hips and back are
firmly against the backrest, and their hamstrings are closely aligned. They are to place both feet between the
leg strength tester pad and the bar. After securing a grip on the handle of the instrument, they should exert
their maximum force by pushing both feet forward. From two measurements, the higher value is used for
analysis.

PET/CT acquisition

For this study, participants were scanned using one of four randomly selected PET/CT scanners: Discovery
STE 8, Discovery 690, Discovery 690 Elite, and Discovery 710 (GE Healthcare Chicago, USA). Participants
were required to fast for at least 6 h before the injection of '*F-FDG at a dosage of 5.18 MBq/kg, and they were
encouraged to drink more than 1 L of water. The PET/CT scan was started about 1 h after the 'F-FDG injection.
The scanning procedure commenced with a non-enhanced CT image, using a scout view and a low-dose CT
protocol (120 or 140 kVp, 25 mA, 0.5 s rotation, 3.75 mm slice thickness, and a pitch of 0.938-0.984). Table 3
presents the detailed acquisition and reconstruction parameters of CT. This image spanned from the base of the
skull to the upper thigh region. Following the CT phase, PET imaging was acquired over 7 or 8 beds consecu-
tively, with each bed being scanned for a duration of 2.0 to 2.5 min. All participants who underwent the PET/
CT scan had their arms raised.

Segmentation and analysis of CT-derived quantitative parameters
CT images were analyzed using a commercially available software, DeepCatch (MEDICALIP, Seoul, Korea). The
software automatically segmented seven body composition components using three-dimensional (3D) U-Nets:
skin, bone, muscle, two type of fat (AVE, SF), internal organs, vessels, and the central nervous system.

From the segmented data, following three distinct compartments were identified within the torso CT for
regional quantitation of muscle and fat (Fig. 5):

1. Torso volumetric compartment: This covered the entire FOV of the torso, encompassing the trunk and
bilateral proximal upper/lower limbs. Metrices derived here were torso muscle volume (TorsoMV, cm®) and
torso fat volume (TorsoFV, cm?).

Scanner type
Parameters Discovery 690 | Discovery 690 Elite | Discovery 710 | Discovery STE 8
Tube potential (kV) 120 120 120 140
Tube current (mA) 25 25 25 25
Acquisition Rotation (sec/rot) 0.5 0.5 0.5 0.5
Collimation (mm) 40 20 40 20
Pitch (mm/rot) 0.984 0.938 0.984 0.938
Slice thickness (mm) 3.75 3.75 3.75 3.75
Increment (mm) 3.27 3.27 3.27 3.27
Reconstruction Convolution kernel Standard Standard Standard Standard
Field of view (mm) 500 500 500 500
Matrix size 512x512 512x512 512x512 512x512
CTDlIvol (mGy) 1.1 1.0 1.2 1.7
Dose index DLP (mGy*cm) in male” 116.0 109.0 122.5 179.5
DLP (mGy*cm) in female® | 110.5 103.5 116.5 163.0

Table 3. Computed tomography acquisition, reconstruction parameters, and dose index according to positron
emission tomography/computed tomography (PET/CT) scanner type. CTDIvol = Computed Tomography
Dose Index volume, DLP =Dose Length Product. *denotes data obtained from a phantom having 70 kg weight
and 170 cm height. Sdenotes data obtained from a phantom having 60 kg weight and 160 cm height.
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Fig. 5. A representative coronal computed tomography image of the three compartments categorized for
quantitative analysis and automatically segmented seven components of body composition were color-coded as
shown.

2. Abdominal volumetric compartment: Spanning from the lower margin of the 12th rib to the upper margin
of iliac crest, this section yielded the abdominal muscle volume (AbdMV, cm?®) and abdominal fat volume
(AbdFV, cm?).

3. Abdominal areal compartment: Measurements at single-slice L3 level rendered the abdominal muscle area
(AbdMA, cm?) and the abdominal fat area (AbdFA, cm?).

The total fat value was calculated as the sum of the volumes or areas of AVF and SF.
For muscle quality assessment, the CT density of muscle component within each compartment (TorsoMV,
AbdMYV, and AbdMA) was further divided based on HU ranges®:

1. Normal attenuation (NA): HU range from+ 30 to + 150 indicates healthy muscle with little intramuscular
fat.

2. Low attenuation (LA): HU range from —29 to + 29 reflects the intramuscular lipid pool.

3. Very low attenuation (VLA): HU range from —190 to —30 represents apparent intramuscular adipose tissue.

Torso skeletal muscle volume (TorsoSMV), abdominal skeletal muscle volume (AbdSMV), and abdominal
skeletal muscle area (AbdSMA) were calculated after subtraction of volume or areas of VLA from TorsoMYV,
AbdSMYV, or AbdMA, respectively.

To adjust for body size, muscle and fat parameters (cm® or cm?) derived from the PET/CT were normalized
to volume index or area index values by dividing them by the square of each individual’s height (m?).

Diagnosis of sarcopenia and possible sarcopenia

Sarcopenia was classified according to the AWGS-2019 consensus criteria. First, low muscular strength assessed
by HGS (male <28 kg; female < 18 kg) was defined as “possible sarcopenia”. Next, SMI (male <7.0 kg/m?
female < 5.7 kg/m?) measured by BIA was used as the primary indicator for diagnosing sarcopenia'.

Scientific Reports |  (2024) 14:21597 | https://doi.org/10.1038/s41598-024-71878-2 nature portfolio



www.nature.com/scientificreports/

Statistical analysis

Descriptive statistics were presented as mean + standard deviation and were categorized according to group
distinctions such as sex, PET/CT scanner type, and muscular strength (normal or abnormal). Group com-
parisons were carried out using the Mann-Whitney U test or one-way ANOVA with a Tukey post hoc test. In
cases where bias adjustment was required for multiple comparisons, ANCOVA with a Bonferroni correction
was employed. The degree of correlation among each parameter of body composition and muscular strength
was assessed using the Pearson correlation coeflicient (r) with 95% confidence interval. All statistical analyses
were performed using the SPSS version 23.0 (IBM SPSS Inc., Chicago, Ill., USA). A two-sided p value <0.05 was
considered statistically significant.

Data availability
All data generated or analyzed during the current study are available from the corresponding author on reason-
able request.
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