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Background: A decrease in computed tomography (CT)-derived skeletal muscle radiodensity (SMD) reflects age-related ectopic fat 
infiltration of muscle, compromising muscle function and metabolism. We investigated the age-related trajectory of SMD and its as-
sociation with vertebral trabecular bone density in healthy adults. 
Methods: In a cohort of healthy adult kidney donors aged 19 to 69 years (n=583), skeletal muscle index (SMI, skeletal muscle area/
height2), SMD, and visceral-to-subcutaneous fat (V/S) ratio were analyzed at the level of L3 from preoperative CT scans. Low bone 
mass was defined as an L1 trabecular Hounsfield unit (HU) <160 HU.
Results: L3SMD showed constant decline from the second decade (annual change –0.38% and –0.43% in men and women), where-
as the decline of L3SMI became evident only after the fourth decade of life (–0.37% and –0.18% in men and women). One HU de-
cline in L3SMD was associated with elevated odds of low bone mass (adjusted odds ratio, 1.07; 95% confidence interval, 1.02 to 
1.13; P=0.003), independent of L3SMI, age, sex, and V/S ratio, with better discriminatory ability compared to L3SMI (area under 
the receiver-operating characteristics curve 0.68 vs. 0.53, P<0.001). L3SMD improved the identification of low bone mass when 
added to age, sex, V/S ratio, and L3SMI (category-free net reclassification improvement 0.349, P<0.001; integrated discrimination 
improvement 0.015, P=0.0165).
Conclusion: L3SMD can be an early marker for age-related musculoskeletal changes showing linear decline throughout life from 
the second decade in healthy adults, with potential diagnostic value for individuals with low bone mass.
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INTRODUCTION

Sarcopenia and osteoporosis are becoming major public health 
issues in aging societies [1,2]. Sarcopenia is defined as age-re-

lated loss of muscle mass, strength, and physical performance 
[3]. Osteoporosis, can be similarly defined as the age-related 
decline in bone mass and strength [2]. Although separate, they 
are increasingly identified as co-occurring processes [4,5]. The 
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association between these concurrent diseases has been widely 
reported, and growing evidence shows that bone and muscle are 
interacting tissues, not only at their anatomical interface, but 
also metabolically and mechanically [6-9]. 

For the diagnosis of sarcopenia, quantitative computed to-
mography (CT) is considered as a potential instrument to non-
invasively determine muscle quantity [1]. Since CT can accu-
rately differentiate between fat and muscle using the specific at-
tenuation characteristics of each kind of tissue, it can provide 
accurate measurement of body composition with assessing 
quantitative and qualitative changes in muscle mass [10]. The 
cross-sectional area of skeletal muscle (SMA) at the level of the 
3rd lumbar vertebra (L3) was endorsed to provide an accurate 
surrogate of the whole-body skeletal muscle mass using the re-
cently updated guidelines of the European Working Group on 
Sarcopenia in Older People (EWGSOP 2) [1,11]. SMA has also 
been reported as a prognostic marker for several diseases in-
cluding cancer [12,13].

However, in addition to the muscle area, skeletal muscle ra-
diodensity (SMD) reflects muscle composition including ecto-
pic fat accumulation in the skeletal muscle, known as myoste-
atosis [14,15]. An age-related increase in fat accumulation with-
in the skeletal muscle compromises muscle function and meta-
bolic status [14,16]. Therefore, a decline in SMD may reflect 
age-related changes in skeletal muscle quality. However, the 
trajectory of SMD across aging and its association with low 
bone mass in healthy adults has not yet been thoroughly investi-
gated.

In this study, we aimed to investigate the age-related trajecto-
ry of SMD and its association with vertebral trabecular bone 
mass in healthy adults. 

METHODS

Participants
To analyze the age-related trajectory of CT-based body compo-
sition data derived from healthy adults, we retrospectively stud-
ied 601 healthy adult kidney donors between the ages of 19 and 
69 years, who underwent CT scans at Severance Hospital (Seoul, 
Korea) as part of routine preoperative evaluation between 2005 
and 2013 (Fig. 1). Kidney donors showed no evidence of type 
1/2 diabetes mellitus, HIV infection, uncontrolled hypertension 
or a history of hypertension with evidence of end stage organ 
damage, nephrolithiasis (more than two episodes), sickle cell 
anemia, medically significant liver or heart disease, active or in-
completely treated malignancy, acute symptomatic infection, 

renal cystic disease, or psychiatric conditions requiring treatment 
before donation [17]. Participants were excluded if they had any 
of following conditions (n=18): missing L3 skeletal muscle area 
(n=9); missing height (n=7); missing laboratory values (n=1); 
and unclear CT specification (n=1). A total of 583 subjects were 
included in the final analyses. The study protocol was approved 
by the Institutional Review Board of Yonsei University Health 
System, Severance Hospital (IRB No. 4-2020-1154). The re-
quirement for informed consent was waived owing to the retro-
spective nature of the medical record review.

Measurements
Laboratory tests were performed using fasting morning blood 
samples. The glomerular filtration rate (GFR) was estimated us-
ing the following Chronic Kidney Disease-Epidemiology equa-
tion: GFR=141×min(Scr/κ,1)α×max(Scr/κ,1)–1.209×0.993Age×

1.018, where Scr is serum creatinine, κ is 0.7 for females and 0.9 
for males, α is –0.329 for females and –0.41 for males, min in-
dicates the minimum Scr/κ,1, and max indicates the maximum 
Scr/κ,1 [18]. 

Skeletal muscle, fat, and bone measurements from CT
Quantification of skeletal muscle, bone, and fat area was per-
formed using baseline CT scans obtained as part of the preoper-
ative evaluation. Images were taken using multidetector CT scan-
ners as follows: Sensation 64 (Siemens Healthcare, Forchheim, 
Germany) and SOMATOM Definition (Siemens Healthcare). 
The images utilized in this study were non-contrast abdominal 
CT with a slice thickness of 3 mm, tube voltage of 120 kV, and 
exposure of 400 mA in the coronal plane. The datasets of body 

Fig. 1. Flow chart of the study. CT, computed tomography. 

601 Healthy kidney donors, aged 19–69, with preoperative  
abdominal CT scan at Severance Hospital, Korea (2005–2013)

583 Participants who were finally selected for the analysis

274 Men
   199 Normal
     75 Low bone mass

309 Women
   237 Normal
     72 Low bone mass

18 Any missing study variable value
   9 Missing L3 skeletal muscle area values
   7 Missing height values
   1 Missing lab values (cholesterol)
   1 Unclear CT manufacturer
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composition were reconstructed using a dedicated workstation 
(Aquarius iNtuition Edition version 4.4.12, TeraRecon, San Ma-
teo, CA, USA) by a single analyst who was blinded to biochem-
ical data and clinical outcomes. Measurement of skeletal muscle 
area (SMA, cm2), SMD (Hounsfield unit [HU]), visceral fat area 
(VFA, cm2), and subcutaneous fat area (SFA, cm2) was performed 
at the axial slice nearest to the lower edge of each lumbar verte-
bral body by applying predefined radiation attenuation. CT at-
tenuation thresholds were –29 to 150 HU for skeletal muscle, 
–190 to –30 HU for subcutaneous adipose tissue, and –50 to –150 
HU for visceral adipose tissue [19]. Anterior abdominal muscles 
(external and internal obliques muscles, and rectus abdominus 
muscles), posterior abdominal muscles (psoas muscles, erector 
spinae muscles, quadratus lumborum muscles), and paraspinal 
muscles (erector spinae muscles and multifidus muscles), ex-
cluding intraabdominal visceral muscles, were considered as a 
region of interest (ROI) for SMA (Supplemental Fig. S1) [20]. 
Skeletal muscle index (SMI, cm2/m2) was calculated as SMA 
divided by height-squared to adjust for body size [21]. SMD was 
computed as the mean HU value of all pixels included in SMA. 
The workstation automatically traced the abdominal muscular 
wall to separate SFA and VFA, of which tissue boundaries were 
manually corrected, as necessary. To show the association of 
visceral fat with bone parameters after controlling for subcuta-
neous fat, we calculated the visceral-to-subcutaneous fat (V/S) 
ratio. To investigate inter- and intra-rater reliability, cross mea-
surements of SMA, SMD, VFA, and SFA were conducted in 30 
randomly selected participants between two analysts (Supple-
mental Table S1) [22,23]. All the intraclass correlation coeffi-
cient (ICC) values were over 0.98, indicating good inter- and 
intra-rater reliability. Vertebral body attenuation at the L1 level 
was obtained using the simple trabecular ROI attenuation tech-
nique as suggested by Pickhardt et al. [24]. The simple trabecu-
lar ROI attenuation technique entails placing oval ROIs on the 
anterior trabecular region, avoiding the posterior venous plexus, 
surrounding cortical bone and any focal lytic or sclerotic lesion. 

Definition of sarcopenia and low bone mass
Sex-specific mean and standard deviation (SD) values of SMA, 
SMI, and SMD at each lumbar vertebral level were calculated in 
healthy young adults aged 18 to 39 years (Supplemental Table S2). 
Sarcopenia (SMI) and sarcopenia (SMD) was defined as SMI or 
SMD at the level of L3 below 1 SD of the young adult reference 
range (cutoff values: sarcopenia [SMI], 51.0 and 37.8 cm2/m2; 
sarcopenia [SMD], 42.3 and 36.9 HU in men and women) (Sup-
plemental Table S2) [25-27]. Lumbar spine trabecular attenua-

tion in non-enhanced CT accurately predicted dual-energy X-ray 
absorptiometry (DXA) T-score-based osteoporosis [24]. Pick-
hardt et al. [24] suggested a threshold of 160 HU for the mean 
coefficient of L1 trabecular bone attenuation to detect low bone 
mass with high sensitivity and specificity when using a standard 
120 kV single-energy CT scanner. Based on the study, low bone 
mass was defined as L1 trabecular bone attenuation <160 HU.

Statistical analysis
All statistical tests were performed in R version 3.6.2 (R Foun-
dation for Statistical Computing, Vienna, Austria), using the 
package ‘ggplot2’ for data visualization and STATA 14.4 (Stata 
Corp., College Station, TX, USA). The characteristics of study 
subjects were described according to the presence of low bone 
mass. Variables were presented as mean±SD, median (inter-
quartile range), or as number (percentage). Differences in clini-
cal characteristics were tested using two-sample independent  
t tests, Wilcoxon rank-sum test, and chi-square test for continu-
ous and categorical variables as appropriate. Age-related trajec-
tories for SMI, SMA, SMD at the L3 level, trabecular bone at-
tenuation at the L1 level, and VFA and V/S ratio at the L3 level 
were depicted based on a non-linear local polynomial regression 
model with a 95% confidence interval (CI) using Stata’s lpolyci 
command, which is a generalization of local mean smoothing as 
described by Nadaraya [28]. The association of L3SMI and 
L3SMD with low bone mass was evaluated using multivariable 
linear regression analyses, adjusted for age, sex, and V/S ratio. 
The ability to discriminate low bone mass between SMI and 
SMD was compared using receiver operating characteristics 
(ROC) curve analyses [29]. Net classification improvement 
(NRI) and integrated discrimination improvement (IDI) statistics 
were performed to assess the incremental discriminatory perfor-
mance of L3SMD for detecting low bone mass when added to 
conventional predictors including SMI [30]. The statistical sig-
nificance level was set at two-sided P<0.05.  

RESULTS 

Baseline characteristics of study population
A total of 583 kidney donor candidates were included in the 
analysis (mean age 39.3±11.2 years, 53.0% females) (Table 1). 
Among the study population, 25.2% candidates (n=147) had 
low bone mass according to the L1 trabecular bone attenuation 
cutoff of 160 HU (men, n=75 [12.9%]; women, n=72 [12.3%], 
P=0.301). The subjects with low bone mass had significantly 
lower SMA, SMD, and higher VFA at L3 in both men and 
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women. Overall, 97 subjects (16.6%) had sarcopenia (SMI) and 
169 (29.0%) had sarcopenia (SMD). Subjects with low bone 
mass had a higher prevalence of sarcopenia (SMI) and sarcope-
nia (SMD) compared to those without low bone mass (men, 
49.3% vs. 30.7%; women, 58.3% vs. 22.2%; P<0.01 for all).

Age-related trends of skeletal muscle, fat, and bone 
parameters 
The age-dependent trajectories for the mean of L3SMD, L3SMI, 
L3SMA, L1 trabecular bone attenuation, VFA and V/S ratio are 
shown in Fig. 2, Supplemental Fig. S2. Age-related decline rate 
of L3SMA differed significantly before and after 40 years of age 
(men: 0.06% vs. –0.53%, P=0.001; women: 0.02% vs. –0.31%, 
P=0.043) (Supplemental Table S3), whereas L3SMD showed a 
constant decline rate without significant differences (men: –0.50% 
vs. –0.53%, P=0.833; women: –0.48% vs. –0.47%, P=0.956). 
When the prevalence of sarcopenia (SMI) and sarcopenia (SMD) 

was plotted against age groups by decade, the prevalence of sar-
copenia (SMI) remained relatively constant with advancing age 
except for the sixth decade, whereas sarcopenia (SMD) showed 
a linear increasing trend across age from 8.1% to 70.2% (P for 
trend=0.016) (Fig. 3).

L1 trabecular bone attenuation according to sarcopenia
When subjects were grouped into combination of sarcopenia 
(SMD) and sarcopenia (SMI), L1 trabecular HU was lower in 
individuals with sarcopenia (SMD) in subgroups with (170 HU 
vs. 199 HU, P<0.001) or without sarcopenia (SMI) (145 HU 
vs. 192 HU, P<0.001) (Supplemental Fig. S3). Prevalence of 
low bone mass was increased in stepwise fashion from individ-
uals without sarcopenia (SMD) and sarcopenia (SMI) toward 
those with both conditions (P for trend <0.001), with more prom-
inent effect with presence of sarcopenia (SMD).

Table 1. Clinical Characteristics of Subjects

Characteristic
Men (n=274)

P value
Women (n=309)

P valueNormal 
(n=199)

Low bone mass 
(n=75)

Normal 
(n=237)

Low bone mass 
(n=72)

Age, yr 33.7±10.3 46.7±11.2 <0.001 38.3±8.8 50.5±8.0 <0.001

Height, cm 172.3±5.7 169.9±6.3 0.006 159.7±5.1 157.9±6.1 0.016

Weight, kg 71.0±8.9 69.1±9.1 0.122 57.4±7.8 57.6±7.4 0.816

Body mass index, kg/m2 23.9±2.7 23.9±2.5 0.953 22.6±2.8 23.1±2.6 0.104

L3SMA, cm2 171.9±21.9 157.9±21.6 <0.001
0.017b

110.4±13.3 105.8±14.8 0.014
0.328b

L3SMI (normalized by height2), 
cm2/m2

57.9±7.0 54.7±6.8 <0.001
0.005b

43.3±5.1 42.4±5.4 0.201
0.147b

L3SMD, HU 46.3±5.0 42.5±4.8 <0.001
0.068b

40.6±5.1 35.9±5.9 <0.001
0.004b

L3SFA, cm2 113.0 (78.2–147.0) 106.0 (82.1–126.0) 0.389
0.969b

146.0 (116.0–186.0) 167.5 (130.5–208.5) 0.022
0.382b

L3VFA, cm2 73.5 (43.7–102) 106.0 (67.6–136.0) <0.001
0.060b

51.0 (31.3–74.0) 62.7 (43.6–90.4) 0.002
0.429b

Hemoglobin, g/dL 13.8±1.2 13.5±1.1 0.145 11.8±2.4 11.9±1.0 0.726

Random glucose, mg/dL 112.3±19.0 116.3±20.2 0.122 114.7±22.2 125.5±26.8 <0.001

Total cholesterol, mg/dL 158.0 (136.0–179.0) 161.0 (143.0–187.0) 0.398 155.0 (130.0–177.0) 163.0 (142.5–193.5) 0.019

eGFR, mL/min/1.73 m2 81.4±13.4 79.3±10.8 0.219 88.5±16.7 85.7±14.7 0.198

Sarcopenia (based on SMI)a 28 (14.1) 23 (30.7) 0.003 30 (12.7) 16 (22.2) <0.001

Sarcopenia (based on SMD)b 37 (18.6) 37 (49.3) <0.001 53 (22.4) 42 (58.3) <0.001

Values are expressed as mean±standard deviation, median (interquartile range), or number (%).
L3SMA, skeletal muscle area at L3 level; L3SMI, skeletal muscle index at L3 level; L3SMD, skeletal muscle radiodensity at L3 level; HU, Hounsfield 
unit; L3SFA, subcutaneous fat area at L3 level; L3VFA, visceral fat area at L3 level; eGFR, estimated glomerular filtration rate. 
aSarcopenia (SMI) and sarcopenia (SMD) was defined as SMI or SMD at the level of L3 below one standard deviation of the young adult reference range 
(cutoff values: sarcopenia [SMI], 51.0 and 37.8 cm2/m2; sarcopenia [SMD], 42.3 and 36.9 HU in men and women); bAge-adjusted P values.
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Fig. 2. Age-dependent trajectories for the mean of (A) skeletal muscle index at L3 level (L3SMI, cm2/m2), (B) skeletal muscle density at L3 
level (L3SMD, Hounsfield unit [HU]), (C) vertebral bone attenuation at L1 level (L1HU, HU), and (D) visceral-to-subcutaneous fat ratio at 
L3 level (L3 V/S ratio). CI, confidence interval.
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Association of L3SMD and L3SMI with low bone mass
In univariate analysis, one HU decrement in L3SMD was asso-
ciated with elevated odds of low bone mass (odds ratio [OR] 
1.12, P<0.001) (Table 2). In the multivariable models, the asso-
ciation of low L3SMD with low bone mass remained robust 
(adjusted odds ratio [aOR] 1.07 per 1 HU decrement, P=0.003) 
independent of L3SMI (aOR, 1.04; P=0.040), age, sex, and V/S 
ratio. When grouped by sex, distinctive association between mus-
cle parameters and low bone mass was observed that L3SMD 
(aOR, 1.10; P=0.003) but not L3SMI (aOR, 1.02; P=0.651) 
was the significant predictor of low bone mass in women, where-
as L3SMI (aOR, 1.05; P=0.030) remained as an independent 
predictor and statistical significance of L3SMD (aOR, 1.05; P=  
0.221) was attenuated in men (Supplemental Table S4). Howev-
er, the effect modification for association between L3SMD and 
low bone mass by sex did not reach statistical significance (P for 
interaction=0.166 for L3SMD×sex; P for interaction=0.522 
for L3SMI×sex). L3SMD predicts low bone mass better than 
L3SMI (area under the receiver-operating characteristics curve 
[AUC] 0.680 vs. 0.530; P<0.001) (Supplemental Fig. S4). The 
discriminatory performance of the model to predict low bone 
mass was improved when L3SMD added to L3SMI (AUC, 0.530 
to 0.693; P<0.001). AUC improvement by L3SMD did not 
reach statistical significance when added to the full model with 
L3SMI, age, sex, V/S ratio (AUC, 0.828 to 0.838; P=0.050). 
However, NRI (0.349; P<0.001) and IDI (0.015; P=0.017) 
showed that L3SMD improved discrimination for low bone 
mass when added to the full model. When low SMD was en-
tered into multivariable models as a categorical variable, the 
presence of sarcopenia (SMD) was associated with 1.9-fold ele-
vated odds of low bone mass (aOR, 1.94; 95% CI, 1.21 to 3.12; 
P=0.006), independent of sarcopenia (SMI) (aOR, 2.36; 95% 
CI, 1.31 to 4.25; P=0.004), age, sex, and V/S ratio (Supplemen-

tal Table S5). In subgroup analysis by sex (Supplemental Table 
S6), sarcopenia (SMD) remained significant predictor of low 
bone mass in women (aOR, 2.41; P=0.011), whereas statistical 
significance for sarcopenia (SMD) was attenuated in men (aOR, 
1.63; P=0.169) without significant group interaction (P for in-
teraction=0.319).

DISCUSSION

In this study, we investigated age-related trajectories for CT-de-
rived skeletal muscle parameters including SMA, SMI, SMD at 
the level of L3 in healthy adult kidney donors. In the healthy 
kidney donor cohort, SMD showed a relatively linear decline 
from the early twenties throughout life, whereas the decline of 
SMI became evident after the fourth-to-fifth decade. Thus, SMD 
may play a role as an earlier, more sensitive marker representing 
age-related muscle changes. CT-derived SMD was also closely 
related to bone density. Individuals with low SMD values at L3 
levels had elevated odds of low bone mass as measured by L1 
trabecular bone attenuation, independent of L3SMI value, age, 
sex, and V/S ratio. L3SMD showed better discriminatory ability 
for the presence of low bone mass compared to L3SMI, with 
improved detection of low bone mass when added to covariates.

Earlier studies have showed that reduced skeletal muscle at-
tenuation on CT was directly associated with ectopic fat accu-
mulation within muscle, determined by biochemical and histo-
logical analysis, such that a lower attenuation reflects higher fat 
content [14,31]. Accumulation of intramyocellular fat was 
known to decrease insulin sensitivity, which can impair the ca-
pacity for normal protein synthesis in skeletal muscle, since in-
sulin is anabolic to skeletal muscle [32,33]. Protein synthesis 
enhances muscle hypertrophy and the maintenance of muscle 
strength; thus, decreased insulin sensitivity can directly affect 

Table 2. Association of L3SMI and L3SMD with Low Bone Mass (Defined as L1HU <160) in Healthy Kidney Donors

Variable
Univariate model Multivariable model 1 Multivariable model 2 Multivariable model 3

Unadjusted OR 
(95% CI) P value Adjusted OR 

(95% CI) P value Adjusted OR 
(95% CI) P value Adjusted OR 

(95% CI) P value

L3SMI, /1 cm2/m2 decrease 1.02 (0.99–1.04) 0.143 0.98 (0.96–1.00) 0.076 1.04 (1.00–1.08) 0.041 1.04 (1.00–1.08) 0.040

L3SMD, /1 HU decrease 1.12 (1.08–1.16) <0.001 1.14 (1.09–1.18) <0.001 1.08 (1.03–1.13) 0.002 1.07 (1.02–1.13) 0.003

Age, /1 year increase 1.14 (1.11–1.16) <0.001 1.12 (1.09–1.15) <0.001 1.12 (1.09–1.15) <0.001

Women (vs. men) 0.81 (0.55–1.17) 0.259 0.20 (0.10–0.41) <0.001 0.26 (0.11–0.59) 0.001

V/S ratio, /0.1 increase 1.16 (1.10–1.23) <0.001 1.05 (0.96–1.13) 0.292

L3SMI, skeletal muscle index at L3 level; L3SMD, skeletal muscle radiodensity at L3 level; L1HU, vertebral body attenuation at L1 level; OR, odds ra-
tio; CI, confidence interval; HU, Hounsfield unit; V/S, visceral-to-subcutaneous fat.
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muscle mass and muscle strength [32]. Studies have suggested 
that ectopic fat infiltration in skeletal muscle is also related to 
functional deficits independent of muscle size by showing the 
correlation between thigh muscle attenuation and knee exten-
sion strength [34]. In our previous study, we observed that SMD 
also positively correlated with peak weight-corrected jump 
power in older adults [35]. Studies have increasingly demon-
strated that a decline in muscle function started to manifest at an 
earlier age, compared to the concomitant loss of muscle mass 
[3,36]. Our findings showed the sensitive age-dependent decline 
of SMD, corresponding to the age-related increase of intramyo-
cellular fat and decreased muscle function. These studies por-
tent that SMD can be utilized as a surrogate marker for muscle 
quality, reflecting age-associated change in muscle.

This study showed that SMD at the third lumbar level could 
predict low bone mass independent of SMI as an indicator of 
muscle quantity. Additionally, SMD was a better predictor of 
low bone mass than SMI. Prior studies indicated that muscle 
function including muscle strength and physical performance 
had a strong relationship with bone mineral density and fracture 
risk [37-39]. This could be because the underlying mechanism 
of muscle deterioration and bone function that occurs with ag-
ing is accompanied by ectopic fat accumulation [32]. Aging is 
accompanied by accumulation of bone marrow adipocytes, and 
bone marrow fat accumulation is strongly associated with bone 
loss, suppressed bone formation, and increased fracture risk [32]. 
Apart from fatty infiltration of the bone marrow, fat accumula-
tion in muscle has also been recognized as an important compo-
nent of aging [40]. The association between SMD and low bone 
mass was robust after adjustment of the V/S ratio, which can be 
interpreted as the decrease in muscle quality triggered by ecto-
pic fat accumulation within the muscle. This might have a dis-
tinctive role on bone metabolism, independent of visceral or 
subcutaneous adiposity, which need to be validated further.

With the increasing utilization of CT in clinical practice, the 
concept of opportunistic CT (using the imaging modality beyond 
the primary diagnostic purpose) is emerging [41]. This approach 
allows for screening of low bone mass and sarcopenia without 
additional examination time, cost, or radiation [42]. Pickhardt et 
al. [24] suggested L1 trabecular bone attenuation thresholds to 
identify low BMD with >90% sensitivity and specificity using 
screening thresholds of 160 and 110 HU. CT was typically used 
to evaluate muscle size by measuring muscle cross-section area 
on an axial CT image of L3, often with an adjustment for height, 
resulting in SMI [41]. Use of SMD may potentially improve the 
utility of CT by measuring skeletal muscle quality along with 

conventional measurements for muscle quantity [42]. A study 
based on CT scans of kidney donor provided cutoff for sarcope-
nia (SMD) as 2 SD below the average of population SMD val-
ues (34.3 and 34.8 HU for women and men, respectively) [26]. 
We modified this concept using 1 SD below the average of L3 
SMD values from young population aged 18 to 39, yielded 36.9 
HU for women and 42.3 HU for men. A recent study based on 
young Korean population aged 20 to 44 suggested T-score ap-
proach for determining threshold for sarcopenia (SMD), grouped 
as class I (–1 SD to –2 SD; 45.9 HU for women; 45.7 HU for 
men) and class II (–2 SD or below; 39.9 HU for women; 40.2 HU 
for men) sarcopenia (SMD), which was similar to our approach 
[27]. However, thresholds for low SMD varied significantly 
among studies, at least partly due to potential variability in CT 
protocol and manufacturers across study centers. This needs to 
be addressed further in future studies to facilitate harmonized 
approach for utilizing SMD as a CT-derived biomarker.

This study has several limitations. Due to the retrospective, 
cross-sectional design of our study, the results do not reflect ac-
tual longitudinal changes in muscle attenuation with aging. Since 
this study was based on adult Korean kidney donors, our find-
ings may not be generalizable to community-dwelling individu-
als or ethnically different individuals. However, our design en-
abled us to analyze CT scans from healthy donors across a wide 
age range, with a well-controlled CT protocol, which was opti-
mal for examining the effect of aging on muscle changes with-
out confounding diseases or medications. CT attenuation values, 
particularly kVp, can be affected by CT manufacturers or scan 
protocols [24,41]. However, we only used CT scans with a fixed 
protocol of 120 kVp and our findings were unchanged after fur-
ther statistical adjustment for CT manufacturers in multivariable 
models. Since the present study only utilized CT-based defini-
tions of sarcopenia and lacked collaborative information on 
muscle strength and physical performance, further investigation 
is needed to explore the association between CT-based muscle 
measurements and physical function. DXA-based osteoporosis, 
which is the current gold standard to define low bone mass, was 
not available in this study. However, we used L1 trabecular CT 
attenuation, a well validated marker that detects DXA-based os-
teoporosis with high sensitivity [24]. Although menopausal sta-
tus is key determinant of bone and muscle health, menopausal 
status was not available in our dataset. Although we observed 
potential sexual dimorphism in association between muscle 
mass, quality, and bone mass, these findings need to be validated 
further in future studies with larger sample size. Serum 25-hy-
droxyvitamin D level, a potential confounder, was not available 
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in this study. In this study, we were not able to measure body 
composition parameters using bioimpedance analysis (BIA) or 
whole body DXA. However, in our prior work, we found that 
skeletal muscle area at lumbar area showed substantial correla-
tion (0.65 in women; r=0.72 in men) with appendicular lean 
mass measured using BIA [43]. Average body fat index in the 
waist (cm2/kg) derived from CT was highly correlated with body 
fat percent (%) derived from BIA (r=0.82 in women; r=0.86 in 
men).

In conclusion, CT-derived L3SMD can be an early, sensitive 
marker for age-related muscular changes, showing a linear de-
cline throughout life from early in the second decade even in 
healthy adults. Low L3SMD was associated with elevated odds 
of low bone mass, independent of L3SMI, age, sex, and fat mass. 
Opportunistic screening based on L3SMD along with L3SMI 
from routine clinical CT may improve detection for individuals 
at high risk for sarcopenia, which merits further validation. 
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