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Comparisons of different indices 
of low muscle mass in relationship 
with cardiometabolic disorder
Ju Young Kim  1, Sohee Oh2, Hwa Yeon Park3, Ji Hye Jun4 & Hwa Jung Kim5

This study aimed to evaluate the most valid index among various indices of low muscle mass in 
assessing cardiometabolic risks in a Korean population. Appendicular lean mass index (ALMI, kg/m2), 
fat mass index (FMI, kg/m2), FMI-adjusted ALMI (ALMfmi), ratio of ALM to weight index (ALMwt), ratio 
of ALM to body mass index (ALMbmi) and ratio of ALM to truncal fat index (ALMtrunkfat) were measured 
by dual energy X-ray absorptiometry in 17,870 participants from 2008 to 2011. We adopted all the 
aforementioned indices of low muscle mass expressed as sex- and age-specific standard deviation 
scores (Z-scores). Low muscle mass for age was defined as Z-score <−1. The prevalence of low muscle 
mass was approximately 16% across all indices. Low muscle mass defined by ALMI had low muscle 
mass and low fat mass, and ALMfmi had low muscle mass at the same FMI. However, low muscle mass 
defined by ALMwt, ALMbmi and ALMtrunkfat had similar muscle mass with high FMI. The receiver operating 
characteristic curve in metabolic syndrome showed that the ALMtrunkfat was 0.74 in male and 0.69 in 
female, indicating that ALMtrunkfat was the best discrimination index for metabolic syndrome. This 
study showed that ALMtrunkfat could be a useful indicator for screening cardiometabolic risk factors, 
particularly in normal or overweight Asian population.

The decrease in skeletal muscle has a complex multifactorial pathogenesis. The prevalence of low muscle mass 
increases in patients with cancer, cardiovascular disease and chronic obstructive airway disease1,2. It also car-
ries poor prognosis in terms of frailty, hospitalisation and mortality in several settings3. Low muscle mass has 
recently been recognised as a disease and assigned the code M62.84 in the ICD-10 (the International Statistical 
Classification of Disease and Related Health Problems)4.

Currently, no general consensus exists on the definition of muscle mass depletion, partly due to diverse meas-
urement tools in assessing skeletal muscle mass and conceptual confusion between the disease or condition 
related to low muscle mass and frailty5. Imaging technologies, such as computed tomography and magnetic res-
onance imaging, are precise and valid but cannot be used in general population because of high cost and lack of 
feasibility6. Therefore, most operational definitions of low muscle mass have been assessed by dual energy X-ray 
absorptiometry (DXA) or bioelectrical impedance analysis (BIA)7. However, DXA and BIA have limitations in 
assessing muscle mass. Fat-free mass assessed by DEXA or BIA is a heterogeneous compartment that consists of 
muscle and connective tissues. It does not correctly reflect muscle mass with increasing age, advancing body fat 
mass or disturbance of hydration in fat-free mass such as chronic heart and renal failure8.

Another barrier in defining low muscle mass is the diversity of body composition parameters used and dis-
crepancies in the method of normal range definition8. According to age, height, sex, ethnicity and body mass 
index (BMI), normal distribution of muscle mass with fatness is quite different, and universal reference criteria 
are not well defined8,9. These diversities lead to large variation up to 26-fold in the prevalence of sarcopenic 
obesity and no predictive roles in self-reported physical difficulties and knee extension strength10,11. The final 
challenge in defining low muscle mass is that it presents as a predictor of various phenotypic outcomes, such as 
cardiometabolic risks12,13, frailty14 or cognitive dysfunction15 usually in older adults and survival or functional 
declines in cancer patients16. In particular, cardiometabolic risk factors related to low muscle mass show stronger 
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associations in younger adults than in older adults17. However, few studies have focused on the outcome of func-
tion or cardiovascular risk assessment in younger adults.

Whether assessing the phenotypes of low muscle beyond BMI and waist circumference can add another 
insight into cardiometabolic risk assessment requires evidence, but some studies suggest that low muscle with 
high fat is more closely associated with insulin resistance than with obesity12,18,19. Thus, in this study, we aimed to 
focus on evaluating the most valid index among various indices of low muscle mass in assessing cardiometabolic 
risks in a Korean population.

Results
The characteristics of the participants of the Korea National Health and Nutrition Examination Surveys 
(KNHANES) are summarised in Table 1. The prevalence of metabolic syndrome among KNHANES population 
was 22% in male and 19% in female.

Comparison of body composition between low muscle mass for age and control groups among 
different indices. Table 2 shows the characteristics between decreased muscle mass and normal muscle mass 
groups according to the five different definitions of muscle mass depletion. Since we adopted the definition of 
relative low muscle mass (Z score less than −1 SD) across age and sex, the prevalence of low muscle mass was 
approximately 16% among different indices. The difference in the average BMI was the highest in appendicular 
lean mass index (ALMI) criteria (20.5 in the low muscle mass group vs 24.2 in the control group) and the lowest 
in ratio of appendicular lean mass to body mass index (ALMbmi) criteria (25.5 in the low muscle mass group vs 
23.2 in the control group).

When low muscle mass was classified by ratio of appendicular lean mass index adjusted for fat mass index 
(ALMIfmi), the ALMI was decreased in the low muscle mass group (the difference was −1.50 in male, −1.06 in 
female) given the same FMI between the groups. If the low muscle mass was classified by ratio of appendicular 
lean mass to weight (ALMwt) or ALMbmi criteria, the difference in ALMI was −0.30 in male and −0.33 in female, 
whereas the difference in FMI was more prominent (2.03 to 2.68 in male, 2.40 to 2.97 in female). The biggest dif-
ference was noted when low muscle mass was classified by ratio of ALM to truncal fat index (ALMtrunkfat) criteria; 
the difference in ALMI was −0.04 in male and 0.02 in female, whereas that in FMI was 3.06 in male and 3.46 in 
female.

Association of different indices of low muscle mass with cardiometabolic risk factors. Each 
index of low muscle mass adjusted for age, sex and BMI was strongly associated with waist circumference or 

Variables Male Female

Mean (SE) or frequency (%) n = 7667 n = 10203

Age, year 44.34 (0.28) 46.61 (0.27)

Body height (cm) 170.62 (0.10) 157.04 (0.10)

Body weight (kg) 69.81 (0.15) 56.89 (0.11)

Waist circumference (cm) 83.86 (0.14) 77.68 (0.16)

BMI (kg/m2) 23.94 (0.04) 23.09 (0.05)

ALM (kg) 22.55 (0.06) 14.43 (0.03)

ALMI (kg/m2) 7.72 (0.02) 5.85 (0.01)

FM (kg) 14.40 (0.09) 17.90 (0.08)

FMI (kg/m2) 4.94 (0.03) 7.28 (0.04)

ALM/weight 0.32 (0.00) 0.26 (0.00)

ALM/BMI (m2) 0.95 (0.00) 0.63 (0.00)

ALM/truncal fat 3.20 (0.03) 1.75 (0.01)

Clinical factor

   Fasting blood glucose (mg/dL) 98.26 (0.32) 94.97 (0.24)

   HOMA-IR 2.44 (0.02) 2.39 (0.03)

   HDL cholesterol (mg/dL) 49.69 (0.19) 55.38 (0.17)

   Triglyceride (mg/dL) 158.21 (2.00) 111.09 (1.03)

   Systolic blood pressure (mmHg) 117.68 (0.28) 114.25 (0.30)

   Diastolic blood pressure (mmHg) 77.28 (0.21) 72.67 (0.17)

   Metabolic syndrome (%) 1922 (21.9) 2272 (19.1)

Behavioural factor

   Current smoker (%) 4745 (63.4) 787 (8.7)

   Drinking problem (%) 1585 (26.1) 415 (7.6)

   No regular physical activity (%) 3412 (44.3) 5139 (50.2)

Table 1. Anthropometric, clinical and behavioural characteristics of 17,870 participants of the Korean National 
Health and Nutrition Examination Survey 2008–2011. BMI = body mass index; ALM = appendicular lean mass; 
ALMI = appendicular lean mass index; FM = fat mass; FMI = fat mass index; HOMA-IR = homeostatic model 
assessment for insulin resistance.
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triglyceride (TG) in both male and female. However, the relationship with other cardiometabolic components was 
different among each index as shown in Table 3. The ALMI or ALMIfmi was not associated with SBP and weakly 
associated with high-density lipoprotein (HDL) in male and weakly associated with HDL or TG in female. In gen-
eral, the ALMtrunkfat was the only index strongly associated with each cardiometabolic component and inversely 
associated with homeostasis model assessment of insulin resistance (HOMA-IR) (β = −0.38 in male, β = −0.25 
in female, p < 0.001) in both sexes.

When analysed with multivariable logistic model, each index was strongly associated with metabolic syn-
drome in male, but again the ALMtrunkfat was the only index associated with metabolic syndrome in female (odds 
ratio = 1.45, 95% confidence interval [CI]: 1.25, 1.67).

Comparison of receiver operating characteristic curves in metabolic syndrome among differ-
ent indices of low muscle mass. The receiver operating characteristic (ROC) curves of different indices 
of low muscle mass in predicting metabolic syndrome are shown in Fig. 2 in male and Fig. 3 in female. The area 
under the receiver operating characteristics (AUCs) of ALMI, ALMIfmi, ALMbmi and ALMwt showed moderately 
good discrimination for metabolic syndrome. The AUCs of ALMtrunkfat were 0.74 (95% CI: 0.73, 0.75) in male and 
0.69 (95% CI: 0.68, 0.70) in female, indicating that ALMtrunkfat was the best discrimination index for metabolic 
syndrome.

Indices of 
muscle mass 
depletion Variables

Male Female

Low muscle 
mass as Z 
score ≤ −1SD Control p value

Low muscle 
mass as Z 
score ≤ −1SD Control p value

ALMI

N (%) 1176 (15.3) 6491 (84.7) 1568 (15.4) 8635 (84.6)

BMI 20.49 (2.14) 24.51 (2.78) <0.0001 20.47 (2.32) 23.79 (3.30) <0.0001

ALMI 6.38 (0.43) 7.87 (0.76) <0.0001 4.88 (0.28) 6.05 (0.62) <0.0001

FMI 4.13 (1.62) 5.12 (1.74) <0.0001 6.58 (1.85) 7.53 (2.20) <0.0001

ALMwt 0.31 (0.03) 0.32 (0.03) <0.0001 0.24 (0.02) 0.26 (0.03) <0.0001

ALMbmi 0.90 (0.13) 0.93 (0.11) <0.0001 0.59 (0.09) 0.63 (0.09) <0.0001

ALMtrunkfat 3.37 (1.87) 3.06 (1.53) <0.0001 1.64 (0.69) 1.72 (0.73) 0.0023

ALMIfmi

N (%) 1382 (18.0) 6285 (82.0) 2157 (21.1) 8046 (78.9)

BMI 21.62 (2.60) 24.39 (2.92) <0.0001 21.64 (3.02) 23.72 (3.34) <0.0001

ALMI 6.49 (0.49) 7.90 (0.75) <0.0001 5.03 (0.38) 6.09 (0.62) <0.0001

FMI 4.93 (1.74) 4.98 (1.76) 0.3924 7.36 (2.21) 7.38 (2.17) 0.7456

ALMwt 0.30 (0.03) 0.33 (0.03) <0.0001 0.24 (0.02) 0.26 (0.02) <0.0001

ALMbmi 0.86 (0.11) 0.94 (0.12) <0.0001 0.57 (0.08) 0.64 (0.09) <0.0001

ALMtrunkfat 2.71 (1.40) 3.19 (1.61) <0.0001 1.47 (0.62) 1.77 (0.74) <0.0001

ALMwt

N (%) 1203 (15.7) 6464 (84.3) 1554 (15.2) 8649 (84.8)

BMI 26.19 (3.10) 23.47 (2.85) <0.0001 25.82 (3.82) 22.82 (3.09) <0.0001

ALMI 7.35 (0.92) 7.70 (0.88) <0.0001 5.60 (0.79) 5.92 (0.69) <0.0001

FMI 7.23 (1.46) 4.55 (1.46) <0.0001 9.90 (2.13) 6.93 (1.86) <0.0001

ALMwt 0.28 (0.01) 0.33 (0.02) <0.0001 0.22 (0.01) 0.26 (0.02) <0.0001

ALMbmi 0.80 (0.09) 0.95 (0.11) <0.0001 0.52 (0.06) 0.64 (0.08) <0.0001

ALMtrunkfat 1.74 (0.31) 3.36 (1.59) <0.0001 1.06 (0.23) 1.82 (0.72) <0.0001

ALMbmi

N (%) 1189 (15.5) 6478 (84.5) 1562 (15.3) 8641 (84.7)

BMI 25.69 (3.16) 23.57 (2.92) <0.0001 25.35 (3.76) 22.90 (3.17) <0.0001

ALMI 7.40 (0.92) 7.69 (0.88) <0.0001 5.61 (0.78) 5.92 (0.70) <0.0001

FMI 6.68 (1.72) 4.65 (1.57) <0.0001 9.41 (2.25) 7.01 (1.96) <0.0001

ALMwt 0.29 (0.02) 0.33 (0.03) <0.0001 0.22 (0.02) 0.26 (0.02) <0.0001

ALMbmi 0.77 (0.07) 0.95 (0.11) <0.0001 0.51 (0.05) 0.64 (0.08) <0.0001

ALMtrunkfat 1.97 (0.61) 3.32 (1.62) <0.0001 1.15 (0.32) 1.81 (0.73) <0.0001

ALMtrunkfat

N (%) 1217 (15.9) 6450 (84.1) 1583 (15.5) 8620 (84.5)

BMI 26.74 (2.85) 23.36 (2.78) <0.0001 26.63 (3.52) 22.66 (2.98) <0.0001

ALMI 7.61 (0.92) 7.65 (0.89) 0.0908 5.89 (0.84) 5.87 (0.70) 0.3071

FMI 7.54 (1.23) 4.48 (1.37) <0.0001 10.30 (1.87) 6.84 (1.77) <0.0001

ALMwt 0.28 (0.02) 0.33 (0.02) <0.0001 0.22 (0.02) 0.26 (0.02) <0.0001

ALMbmi 0.82 (0.09) 0.95 (0.11) <0.0001 0.54 (0.07) 0.64 (0.08) <0.0001

ALMtrunkfat 1.67 (0.22) 3.38 (1.59) <0.0001 1.02 (0.17) 1.83 (0.72) <0.0001

Table 2. Comparison between participants with decreased muscle mass and control according to the different 
indices of low muscle mass. BMI = body mass index; ALM = appendicular lean mass; ALMI = appendicular 
lean mass index; FM = fat mass; FMI = fat mass index; ALMwt = appendicular lean mass to weight; 
ALMbmi = appendicular lean mass to body mass index; ALMtrunkfat = appendicular lean mass to truncal fat.
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The ROC contrast estimation showed that when compared with ALMI, the ALMwt (difference 0.051, 95% CI: 
0.029, 0.073) and ALMtrunkfat (difference 0.091, 95% CI: 0.071, 0.110) were better index for metabolic syndrome 
in male. In female, the same estimation revealed that ALMIfmi (difference −0.065, 95% CI: −0.071, −0.060) and 
ALMwt (difference −0.061, 95% CI: −0.081, −0.060) were not better than ALMI index, but ALMtrunkfat performed 
better (difference 0.040, 95% CI: 0.022, 0.059) than ALMI.

Figure 1. Selection of study participants.

Waist 
circumference SBP DBP Glucose HDL TG HOMA-IR

Metabolic 
syndrome by 
low muscle mass 
(Z < −1SD)

β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) OR (95% CI)

Male

ALMI Z score 
(SD)

0.32***  
(0.16, 0.47)

0.12  
(−0.36, 0.60)

−063**  
(−0.97, −0.29)

−2.68*** 
(−3.39,−1.97)

0.60**  
(0.28, 0.92)

−12.66*** 
(−16.80, −8.52)

−0.14***  
(−0.19, −0.09)

1.80***  
(1.45, 2.25)

ALMIfmi Z score −0.42***  
(−0.53, −0.30)

−0.14  
(−0.49, 0.21)

−0.51***  
(−0.75, −0.26)

–1.99***  
(−2.51, −1.46)

0.74**  
(0.50, 0.97)

−11.07*** 
(−14.12, −8.04)

−0.16*** 
(−0.20,−0.12)

1.78***  
(1.49, 2.12)

ALMwt Z score −1.81***  
(−1.93, −1.69)

−0.95***  
(−1.34, −0.55)

−0.47**  
(−0.74, −0.19)

−2.69***  
(−3.28, −2.10)

1.31***  
(1.05, 1.57)

−13.89*** 
(−17.49, −10.48)

−0.30***  
(−0.35, −0.26)

1.92***  
(1.65, 2.22)

ALMbmi Z score −0.06  
(−0.19, 0.06)

−0.85***  
(−1.22, −0.47)

−0.05  
(−0.31, 0.21)

−1.63***  
(−2.19, −1.07)

0.56***  
(0.31, 0.81)

−11.87*** 
(−15.09, −8.65)

−0.15***  
(−0.19, −0.11)

1.31***  
(1.13, 1.52)

ALMtrunkfat Z score −2.64***  
(−2.77, −2.51)

−1.06***  
(−1.49, −0.62)

-0.67***  
(−0.98, −0.37)

−2.75***  
(−3.40, −2.10)

1.69***  
(1.40, 1.98)

−19.98*** 
(−23.74, −16.21)

−0.38***  
(−0.43, −0.33)

2.04***  
(1.76, 2.36)

Female

ALMI Z score 0.78***  
(0.64, 0.91)

0.27  
(−0.12, 0.68)

−0.21  
(−0.47, 0.05)

−0.28  
(−0.79, 0.24)

−0.71***  
(−0.98, −0.43)

−2.09*  
(–4.03, −0.17)

0.02  
(−0.04, 0.08)

1.02  
(0.84, 1.24)

ALMIfmi Z score 0.04  
(−0.05, 0.12)

0.06  
(−0.19, 0.31)

−0.16*  
(−0.33, −0.00)

−0.19  
(−0.52, 0.13)

−0.27**  
(−0.45, −0.10)

−1.73**  
(−2.95, −0.52)

−0.03  
(−0.06, 0.01)

0.99  
(0.85, 1.16)

ALMwt Z score −0.97***  
(−1.09, −0.85)

−0.31  
(−0.66, 0.04)

−0.18  
(−0.40, 0.04)

-0.68**  
(−1.13, −0.23)

−0.04  
(−0.27, 0.20)

−3.72***  
(−5.38, −2.06)

−0.11***  
(−0.16, −0.06)

1.14  
(0.98, 1.33)

ALMbmi Z score 0.27***  
(0.15, 0.38)

−0.25  
(−0.58, 0.09)

0.12  
(−0.10, 0.33)

−0.16  
(−0.59, 0.27)

−0.13  
(−0.36, 0.09)

−3.24***  
(−4.84, −1.63)

−0.06*  
(−0.11, −0.01)

0.97  
(0.83, 1.12)

ALMtrunkfat Z score −2.07***  
(−2.19, −1.94)

−0.86***  
(−1.24, −0.47)

−0.44**  
(−0.69, −0.19)

−1.82***  
(−2.32, −1.32)

0.89***  
(0.63, 1.15)

−11.26*** 
(−13.09, −9.40)

−0.25***  
(−0.30, −0.19)

1.45***  
(1.25, 1.67)

Table 3. Age-, sex- and body mass index-adjusted linear and logistic models evaluating associations 
between several indices of low muscle mass with cardiometabolic components. BMI = body mass index; 
ALM = appendicular lean mass; ALMI = appendicular lean mass index; FM = fat mass; FMI = fat mass index; 
ALMIfmi = appendicular lean mass index adjusted for fat mass index; ALMwt = appendicular lean mass to 
weight; ALMbmi = appendicular lean mass to body mass index; ALMtrunkfat = appendicular lean mass to truncal 
fat; SBP = systolic blood pressure; DBP = diastolic blood pressure; HDL = high-density lipoprotein cholesterol; 
TG = triglyceride; HOMA-IR = homeostatic model assessment for insulin resistance. *p value < 0.05, **p 
value < 0.01, ***p value < 0.001.
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Table 4 shows the different AUCs of ALMtrunkfat in various age, BMI and sex groups. When a person’s BMI is 
normal weight (BMI< 23) or overweight (BMI between 23 and 25), the ALMtrunkfat index performed significantly 
better in predicting metabolic syndrome. However, when a person’s BMI is more than 30, the ALMIfmi index in 
male or the ALMI index in female modestly worked, but performed better than the ALMtrunkfat index in predicting 
metabolic syndrome. Based on maximised Youden’s index, cut-off values of 2.60 in male (sensitivity 76.2% and 
specificity 62.1%) and 1.44 in female (sensitivity 76.6% and specificity 67.0%), which were the optimal cut-off 
values of the ALMtrunkfat index in predicting metabolic syndrome, were obtained20.

Discussion
In this study, we proved a clinically meaningful index of low muscle mass associated with cardiometabolic risk 
factors considering age, sex and BMI categories among a Korean representative population.

Increased central adiposity has been well established for adverse cardiometabolic outcomes21,22, but the impact 
of low muscle mass has been recently investigated12,23. Several studies regarding low muscle mass and cardio-
metabolic syndrome have been published. However, they sometimes show conflicting results depending on the 
index used for muscle mass depletion, in addition to different age and sex13,24–27. Recently, a study compared three 
different indices of low muscle mass associated with cardiometabolic risks among a Korean population using the 
young reference group. The results showed that ASM/BMI-defined index seems to have a closer relationship with 

Figure 2. Comparison of ROCs in metabolic syndrome among different low muscle mass indices in male.

Figure 3. Comparison of ROCs in metabolic syndrome among different low muscle mass indices in female.
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cardiometabolic risks28. However, this index did not show a strong association with metabolic syndrome in a 
Korean population compared with a Caucasian population29.

Asians are particularly known to be vulnerable to increased cardiometabolic risks even at the lower BMI30. 
Low muscle mass and decreased mitochondrial function in skeletal muscles have been speculated to contribute 
to higher risk for insulin resistance and diabetes in Asians31. Assessing cardiometabolic risks of Asians just by 
cut-off of abdominal circumferences or BMI could miss several preventable adverse cardiovascular events or 
diabetes. In this regard, our study added a significant index of low muscle mass for evaluating cardiometabolic 
risks, especially at normal BMI.

Wells32 first suggested the concept of “metabolic load” of adiposity and “metabolic capacity” of lean mass, and 
Prado et al.7 conceptualised the metabolic load-capacity model of sarcopenic obesity instead of absolute muscle 
mass adjusted by body size. Siervo et al.33 suggested body composition indices of a load capacity model using 
reference curves of fat mass to fat-free mass or truncal fat mass to ALM with consideration of sex, age and BMI. 
They tested the validity of truncal fat mass to ALM in predicting mortality in a population aged between 50 and 
70 years old34. This concept of metabolic load and capacity model was assessed using the ratio of visceral fat to 
thigh muscle area by CT scan and proved significant association with metabolic syndrome and incident type 2 
diabetes35,36. We also confirmed the ALMtrunkfat index in relation with cardiometabolic risks across sex, age and 
most of BMI categories except more than 30.

However, when a subject is obese (BMI >30), we found that absolute muscle mass adjusted for height seems 
to be more important than metabolic load-capacity model. Since an older population with BMI >30 constitutes 
a relatively small percentage of population in KNHANES, we could not draw an adequate conclusion with regard 
to the relevant index of low muscle mass. However, many studies have been performed to evaluate low muscle 
mass with cardiovascular disease and mortality. Decreased muscle mass with obesity in older adults seems to 
have more adverse effects on cardiovascular disease and mortality than those with low muscle mass or obesity 
alone37. Since the most important risk factor in cardiometabolic disorder is obesity defined by BMI >3038, having 
low muscle mass defined by ALMI in this population might have added another risk into the already existing 
cardiometabolic risk profiles.

Considering the effect of complex interplay with fat mass, fat-free mass, influence of sex hormones and ethnic 
variability on cardiometabolic risks, these factors should be considered altogether in the assessment of clinically 
meaningful low muscle mass in predicting health status or diseases8. In this regard, we adopted the Z-score 
based on several body composition indices by considering age- and sex-specific influences instead of the simple 
cut-off value of muscle mass indices compared with the young reference group. We believe that our approach may 
expand the concept of low muscle mass in relatively young and middle-aged population instead of focusing on 
older adults.

In this study, we compared muscle mass with fat mass among different indices in the low muscle mass and 
control groups. The low muscle mass group defined by ALMI showed lower muscle mass with FMI and that by 
ALMfmi had lower muscle mass with similar FMI, but that defined by ALMwt, ALMbmi and ALMtrunkfat showed sim-
ilar muscle mass with higher FMI compared with the control group. Thus, the ALMfmi index seemed to represent 
a strict definition of low muscle mass at a given FMI, but this index was not associated with metabolic syndrome 
in our population. This was consistent with another study showing that low muscle mass alone was not a risk 
factor for metabolic syndrome26.

The cross-sectional design of this study limited the causal or temporal relationship between body composition 
and adverse cardiometabolic risk factors. The KNHANES dataset is instrument specific, and generalisation to 
different instruments or measurement methods is limited.

We used the Z-score-driven indices of low muscle mass and tested its association with metabolic syndrome 
using the same dataset, which limited external validation. More rigorous external validation will be needed. Our 
study also lacked muscle quality measurements, such as strength and gait speed, which are critical for functional 
assessment in older adults39.

Sex
Age 
group

BMI <23 23≤ BMI< 25 25≤ BMI <30 BMI ≥30

ROC model Area (95% CI) ROC model Area (95% CI) ROC model Area (95% CI) ROC model Area (95% CI)

Male

20–34 ALMtrunkfat 0.71 (0.52,0.89) ALMtrunkfat 0.78 (0.68, 0.88) ALMtrunkfat 0.58 (0.51, 0.66) ALMIfmi 0.64 (0.51, 0.77)

35–49 ALMtrunkfat 0.74 (0.68, 0.80) ALMtrunkfat 0.62 (0.56, 0.68) ALMtrunkfat 0.63 (0.59, 0.66) ALMIfmi 0.64 (0.51, 0.77)

50–64 ALMtrunkfat 0.70 (0.64, 0.75) ALMtrunkfat 0.65 (0.60, 0.70) ALMtrunkfat 0.62 (0.58, 0.66) ALMtrunkfat 0.59 (0.24, 0.94)

≥65 ALMtrunkfat 0.72 (0.67, 0.77) ALMtrunkfat 0.63 (0.57, 0.68) ALMtrunkfat 0.67 (0.61, 0.72) ALMtrunkfat 0.64 (0.21, 1)

Female

20–34 ALMtrunkfat 0.63 (0.27, 0.99) ALMtrunkfat 0.72 (0.55, 0.89) ALMtrunkfat 0.65 (0.56, 0.75) ALMIfmi 0.62 (0.45, 0.79)

35–49 ALMtrunkfat 0.75 (0.67, 0.84) ALMbmi 0.59 (0.51, 0.67) ALMI 0.62 (0.57, 0.67) ALMI 0.66 (0.56, 0.76)

50–64 ALMtrunkfat 0.61 (0.56, 0.67) ALMtrunkfat 0.58 (0.53, 0.62) ALMtrunkfat 0.58 (0.54, 0.62) ALMI 0.52 (0.40, 0.65)

≥65 ALMtrunkfat 0.68 (0.64, 0.72) ALMtrunkfat 0.55 (0.50, 0.60) ALMtrunkfat 0.61 (0.57, 0.66) ALMI 0.60 (0.43, 0.77)

Table 4. Best ROC models of decreased muscle mass index in metabolic syndrome across sex, age and body 
mass groups. BMI = body mass index; ALM = appendicular lean mass; ALMI = appendicular lean mass 
index; FM = fat mass; FMI = fat mass index; ALMIfmi = appendicular lean mass index adjusted for fat mass 
index; ALMwt = appendicular lean mass to weight; ALMbmi = appendicular lean mass to body mass index; 
ALMtrunkfat = appendicular lean mass to truncal fat.
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Although we suggested crude cut-off values for ALMtrunkfat as 2.60 in male and 1.44 in female to predict meta-
bolic syndrome in normal or overweight subjects whose BMI are less than 30, further evaluation and testing age, 
sex and BMI referenced values for ALMtrunkfat will be explored for clinical use.

Despite the several limitations of this study, we compared five recently published indices of low muscle mass in 
association with cardiometabolic risks in a Korean population. We first adopted the Z-score based on low muscle 
mass reflecting age- and sex-related body composition changes and proved the usefulness of low muscle mass 
index in a Korean population.

Our study showed that ALM to truncal fat ratio could be a useful indicator for screening cardiometabolic 
risk factors, particularly in normal or overweight Asian population who are vulnerable to adverse cardiovascular 
events even at normal weight40. Further evaluation of identifying metabolic risk groups using the low muscle mass 
index in various ethnic groups is necessary.

Methods
Study subjects. We used data from the fourth and fifth KNHANES conducted from July 2008 to May 2011. 
These surveys have been conducted periodically since 1998 to assess the health and nutritional status in a repre-
sentative population of Korea. This was a cross-sectional study conducted by the Korean Ministry of Health and 
Welfare and the Korea Centers for Disease Control and Prevention. A complex, multistage, probability rolling 
survey sampling method was used to enrol participants in KNHANES based on geographic area, sex and age 
group using household registries. There were 19,269 subjects aged between 20 and 100, and the total and regional 
lean mass with fat mass were measured by DXA (Lunar Corp., Madison, WI, USA). Patients currently receiving 
cancer treatments or who reported recent weight change more than 10 kg for the last 1 year were excluded. A 
total of 17,870 subjects (7,667 men, 10,203 women) were finally included in the study population and study flow 
is illustrated in Fig. 1. All participants in this survey provided written informed consent, and the institutional 
review board of the Korea Centers for Disease Control and Prevention approved the study protocol. All research 
activities in this study were conducted in accordance with the ethical principles of the Declaration of Helsinki.

Indices of muscle mass, low muscle mass and low muscle mass for age. Body composition varia-
bles included fat mass and lean soft mass measured by DXA.

Five different definitions for muscle mass measurements with low muscle mass were used using DXA. The 
first index was ALM adjusted by height (ALM/height2, ALMI). Since normal lean mass can be determined by age, 
sex, fat mass and body region, novel definition of ALMI adjusted for FMI (fat mass/height2) has been developed 
and proved its validity in predicting functional impairments among patients with rheumatoid arthritis or chronic 
kidney disease41–43. Thus, sex- and age-specific curves for ALMI and FMI were used using KNHANES data with 
the lamda, mu, sigma (LMS) method, which is the standard method for expressing body composition as a stand-
ardised deviation score44,45.

As a second index, we calculated ALMIFMI Z-score and T-score using equations previously developed with 
NHANES data41. Data from KNHANES were used to regress ALMI Z or T score on FMI Z or T score. While the 
mean beta coefficient of ALMI on the FMI Z score was approximately 0.6 and the addition of FMI2 term improved 
the model fit according to the report using US NHANES, the mean beta coefficient was approximately 0.33 in a 
Korean population. Since the ALMI Z and FMI Z scores were non-linear, the addition of FMI2 term with FMI Z 
score*ALMI Z score better improved the model fit than the FMI2 alone in our model. Thus, the predicted ALMI 
Z score relative to the FMI Z score using age and sex was as follows:

= β + β + β ∗

+

Predicted ALMI Z score 1 (FMI Z score) 2 (FMI Z score) 3 (FMI Z score ALMI Z score)

constant

2

The third index was the ratio of ALMwt. We calculated the ALMwt Z score and T score using the LMS method. 
The ALMwt shows better correlation with metabolic syndrome than with ALMI in a Korean population19,46.

The fourth index was ALMbmi, which was developed and tested its validity by the Foundation for the National 
Institutes of Health Sarcopenia Project47. ALMbmi not only shows better relationship with mobility impairment 
and mortality among older adults47 but also with cardiometabolic components compared with ALMI or thigh 
muscle cross-sectional area adjusted with weight28.

The fifth index was the ratio of fat to muscle, which accounted for age, sex and BMI33. In particular, the ratio 
of truncal fat to ALM proved to be a useful diagnostic approach in overall mortality34. Several studies found that 
skeletal muscle mass to visceral fat ratio is associated with metabolic syndrome, nonalcoholic steatohepatitis and 
arterial stiffness48–50. We adopted this index as ALMtrunkfat because we focused on assessing and comparing indices 
of low muscle mass relative to height, weight, BMI, FMI or truncal fat.

Instead of previously used cut-off values compared with young reference group, we used normalised Z 
score for each index generated by the LMS method from age- and sex-specific original reference curves. The 
LMS method normalises the data after Box–Cox power transformation to yield a corresponding Z score 
using smoothed L (skewness), M (median) and S (coefficient of variation). This method addresses skewness, 
non-linearity and heteroskedasticity, as well as accounts for the effects of age, sex and ethnicity51. Measurements 
of ALMI, ALMIfmi, ALMwt, ALMbmi and ALMtrunkfat were converted to sex- and age-specific Z and T scores based 
on the LMS values in a 25-year old using the original data as well as published KNHANES LMS data52. It should 
be noted that the aim of the study was to evaluate the most valid index among various indices of low muscle mass 
in assessing cardiometabolic risks across age and sex. T score-defined low muscle mass was too much deviated 
in older age with the low BMI group. Thus, we adopted the concept of relative low muscle mass using Z-score in 
this study.
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Measurements of cardiometabolic risk factors. During the fourth and fifth KNHANES surveys, par-
ticipants were asked about medical history and health-related behaviours. The participants also underwent phys-
ical examination and biochemical measurements by trained medical staff following standardised procedures.

The subjects were categorised as current smokers, ex-smokers if they reported any history of cigarette smoking 
or never smokers. Alcohol intake was assessed by asking about the usual frequency and amount of consumption 
over the past year. It was categorised as high-risk intake if subjects had an average daily consumption of alcohol 
more than 35 g/day based on the results of alcohol intake and risk of metabolic syndrome53. Subjects were classi-
fied as regular exercisers if they reported moderate- to high-intensity exercise of 30 min per session on multiple 
days with a total of 150 min of exercise per week54.

Weight and height were measured with light clothes and no shoes. BMI was calculated as weight (kg) divided 
by height in meters squared. Waist circumference was measured at the midline between the inferior margin of the 
lowest rib and the iliac crest on a horizontal zone. Blood pressure (BP) was measured using a standard mercury 
sphygmomanometer (Baumaometer; WA Baum Co., Inc., Copiague, NY, USA). Two systolic and diastolic BP 
readings were recorded and averaged for analysis.

Blood samples were obtained after an 8-h morning fast. Serum total cholesterol, TG, HDL-cholesterol 
(HDL-C), low-density lipoprotein cholesterol and fasting blood glucose (FBG) were measured with a Hitachi 
Automatic Analyzer 7600 (Hitachi, Tokyo, Japan) using enzymatic methods. Insulin level was measured by immu-
noradiometric assay (Biosource, Belgium) with a gamma counter (1470 Wizard; Perkin Elmer, Turku, Finland). 
The HOMA-IR55 was calculated using the following formula: FBG (mg/dL) × fasting insulin (µU/mL)/405.

Metabolic syndrome was defined using the National Cholesterol Education program Adult Treatment Panel 
III criteria56 and adopted the criteria of abdominal obesity by the Korean Society for the Study of Obesity57. 
Subjects were categorised as having metabolic syndrome if they have three or more of the following parameters: 
(1) waist circumference ≥90 cm for men and ≥85 cm for women, (2) TG level ≥150 mg/dL, (3) FBG ≥100 mg/dL 
or use of anti-diabetic medication, (4) systolic BP ≥130 mmHg or diastolic BP ≥85 mmHg or use of antihyper-
tensive medication and (5) HDL-C level <40 mg/dL for men and <50 mg/dL for women.

Statistical analysis. Baseline characteristics of participants were expressed as means and standard errors 
for continuous variables or as percentages in categorical variables by using the survey means or survey frequency 
procedure in SAS version 9.3 program (SAS Institute, Cary, NC, USA). A total of 17,890 study participants were 
stratified by sex, age group and BMI. Age was classified as 20 to 34 years, 35 to 49 years, 50 to 64 years and more 
than 65 years. BMI categories were classified as normal weight (BMI< 23), overweight (23≤ BMI< 25), obese 
(25≤ BMI< 30) and morbid obese (BMI ≥30) according to the criteria proposed by the Regional Office for 
Western Pacific Region of WHO58.

The LMS method was applied to generate age- and sex-specific reference curves among different indices of 
low muscle mass using LMS chartmaker Pro version 2.5.459. Sex- and age-specific reference curves for ALMI, 
ALMIfmi, ALMwt, ALMbmi and ALMtrunkfat were applied to yield a corresponding Z score as the following equation:

= − ∗Z [(measure/M) 1]/(L S)L

Z: standardized z score for each index, measure: low muscle mass index, L: lambda, M: mu, S: sigma.
Each index derived from the LMS method was evaluated with cardiometabolic components such as waist 

circumference, FBG, systolic BP, diastolic BP, TG, HDL-C or HOMA-IR using linear regression methods adjusted 
with age, sex and BMI categories. We also explored the association of different definitions of low muscle mass 
with metabolic syndrome using logistic regression methods and calculated odds ratio.

Finally, five indices of low muscle mass were compared in relation to metabolic syndrome using the AUC 
curves in each sex, age and BMI categories and in general. Two-sided p values lower than 0.05 were considered 
significant.

References
 1. Beaudart, C., Rizzoli, R., Bruyere, O., Reginster, J. Y. & Biver, E. Sarcopenia: burden and challenges for public health. Arch. Public 

Health. 72, 45 (2014).
 2. Ali, S. & Garcia, J. M. Sarcopenia, cachexia and aging: diagnosis, mechanisms and therapeutic options - a mini-review. Gerontology. 

60, 294–305 (2014).
 3. Liguori, I. et al. Sarcopenia: assessment of disease burden and strategies to improve outcomes. Clin. Interv. Aging. 13, 913–927 

(2018).
 4. Anker, S. D., Morley, J. E. & von Haehling, S. Welcome to the ICD-10 code for sarcopenia. J. Cachexia Sarcopenia Muscle. 7, 512–514 

(2016).
 5. Dionyssiotis, Y. et al. Sarcopenia: from definition to treatment. Hormones (Athens). 16, 429–439 (2017).
 6. Muller, M. J., Geisler, C., Pourhassan, M., Gluer, C. C. & Bosy-Westphal, A. Assessment and definition of lean body mass deficiency 

in the elderly. Eur. J. Clin. Nutr. 68, 1220–1227 (2014).
 7. Prado, C. M., Wells, J. C., Smith, S. R., Stephan, B. C. & Siervo, M. Sarcopenic obesity: a critical appraisal of the current evidence. 

Clin. Nutr. 31, 583–601 (2012).
 8. Bosy-Westphal, A. & Muller, M. J. Identification of skeletal muscle mass depletion across age and BMI groups in health and disease-

there is need for a unified definition. Int. J. Obes. (Lond) 39, 379–386 (2015).
 9. Prado, C. M. et al. A population-based approach to define body-composition phenotypes. Am. J. Clin. Nutr. 99, 1369–1377 (2014).
 10. Batsis, J. A. et al. Variation in the prevalence of sarcopenia and sarcopenic obesity in older adults associated with different research 

definitions: dual-energy X-ray absorptiometry data from the National Health and Nutrition Examination Survey 1999–2004. J. Am. 
Geriatr. Soc. 61, 974–980 (2013).

 11. Dupuy, C. et al. Searching for a relevant definition of sarcopenia: results from the cross-sectional EPIDOS study. J. Cachexia 
Sarcopenia Muscle. 6, 144–154 (2015).

 12. Chung, J. Y., Kang, H. T., Lee, D. C., Lee, H. R. & Lee, Y. J. Body composition and its association with cardiometabolic risk factors in 
the elderly: a focus on sarcopenic obesity. Arch. Gerontol. Geriatr. 56, 270–278 (2013).



www.nature.com/scientificreports/

9SCieNtiFiC REPORts | (2019) 9:609 | DOI:10.1038/s41598-018-37347-3

 13. dos Santos, E. P. et al. Sarcopenia and sarcopenic obesity classifications and cardiometabolic risks in older women. Arch. Gerontol. 
Geriatr. 59, 56–61 (2014).

 14. Rolland, Y. et al. Difficulties with physical function associated with obesity, sarcopenia, and sarcopenic-obesity in community-
dwelling elderly women: the EPIDOS (EPIDemiologie de l’OSteoporose) Study. Am. J. Clin. Nutr. 89, 1895–1900 (2009).

 15. Levine, M. E. & Crimmins, E. M. Sarcopenic obesity and cognitive functioning: the mediating roles of insulin resistance and 
inflammation? Curr. Gerontol. Geriatr. Res. 2012, 826398 (2012).

 16. Prado, C. M. et al. Prevalence and clinical implications of sarcopenic obesity in patients with solid tumours of the respiratory and 
gastrointestinal tracts: a population-based study. Lancet Oncol. 9, 629–635 (2008).

 17. Srikanthan, P., Hevener, A. L. & Karlamangla, A. S. Sarcopenia exacerbates obesity-associated insulin resistance and dysglycemia: 
findings from the National Health and Nutrition Examination Survey III. PloS One. 5, e10805 (2010).

 18. Levine, M. E. & Crimmins, E. M. The impact of insulin resistance and inflammation on the association between sarcopenic obesity 
and physical functioning. Obesity. 20, 2101–2106 (2012).

 19. Lim, S. et al. Sarcopenic obesity: prevalence and association with metabolic syndrome in the Korean Longitudinal Study on Health 
and Aging (KLoSHA). Diabetes Care. 33, 1652–1654 (2010).

 20. Fluss, R., Faraggi, D. & Reiser, B. Estimation of the Youden Index and its associated cutoff point. Biom. J. 47, 458–472 (2005).
 21. Klein, S. et al. Waist circumference and cardiometabolic risk: a consensus statement from shaping America’s health: Association for 

Weight Management and Obesity Prevention; NAASO, the Obesity Society; the American Society for Nutrition; and the American 
Diabetes Association. Obesity. 15, 1061–1067 (2007).

 22. Despres, J. P. et al. Abdominal obesity and the metabolic syndrome: contribution to global cardiometabolic risk. Arterioscler. 
Thromb. Vasc. Biol. 28, 1039–1049 (2008).

 23. Kim, T. N. & Choi, K. M. The implications of sarcopenia and sarcopenic obesity on cardiometabolic disease. J. Cell. Biochem. 116, 
1171–1178 (2015).

 24. Chin, S. O. et al. Sarcopenia is independently associated with cardiovascular disease in older Korean adults: the Korea National 
Health and Nutrition Examination Survey (KNHANES) from 2009. PloS One. 8, e60119 (2013).

 25. Park, S., Ham, J. O. & Lee, B. K. A positive association between stroke risk and sarcopenia in men aged ≥50 years, but not women: 
results from the Korean National Health and Nutrition Examination Survey 2008-2010. J. Nutr. Health Aging. 18, 806–812 (2014).

 26. Koo, H. S., Kim, M. J., Kim, K. M. & Kim, Y. S. Decreased muscle mass is not an independent risk factor for metabolic syndrome in 
Korean population aged 70 or older. Clin. Endocrinol. (Oxf) 82, 509–516 (2015).

 27. Liu, L. K. et al. Sarcopenia, and its association with cardiometabolic and functional characteristics in Taiwan: results from I-Lan 
Longitudinal Aging Study. Geriatr. Gerontol. Int. 14(Suppl 1), 36–45 (2014).

 28. Kim, T. N. et al. Comparisons of three different methods for defining sarcopenia: an aspect of cardiometabolic risk. Sci. Rep. 7, 6491 
(2017).

 29. Scott, D. et al. Associations of low muscle mass and the metabolic syndrome in Caucasian and Asian middle-aged and older adults. 
J. Nutr. Health Aging. 20, 248–255 (2016).

 30. Abate, N. & Chandalia, M. Risk of obesity-related cardiometabolic complications in special populations: a crisis in Asians. 
Gastroenterology. 152, 1647–1655 (2017).

 31. Nair, K. S. et al. Asian Indians have enhanced skeletal muscle mitochondrial capacity to produce ATP in association with severe 
insulin resistance. Diabetes. 57, 1166–1175 (2008).

 32. Wells, J. C. Ethnic variability in adiposity, thrifty phenotypes and cardiometabolic risk: addressing the full range of ethnicity, 
including those of mixed ethnicity. Obes. Rev. 13(Suppl 2), 14–29 (2012).

 33. Siervo, M. et al. Body composition indices of a load-capacity model: gender- and BMI-specific reference curves. Public Health Nutr. 
18, 1245–1254 (2015).

 34. Van Aller, C. et al. Sarcopenic obesity and overall mortality: results from the application of novel models of body composition 
phenotypes to the National Health and Nutrition Examination Survey 1999–2004. Clin Nutr. (2018).

 35. Lim, K. I. et al. The association between the ratio of visceral fat to thigh muscle area and metabolic syndrome: the Korean Sarcopenic 
Obesity Study (KSOS). Clin. Endocrinol. (Oxf) 73, 588–594 (2010).

 36. Han, S. J. et al. Effects of combination of change in visceral fat and thigh muscle mass on the development of type 2 diabetes. Diabetes 
Res. Clin. Pract. 134, 131–138 (2017).

 37. Wannamethee, S. G. & Atkins, J. L. Muscle loss and obesity: the health implications of sarcopenia and sarcopenic obesity. Proc. Nutr. 
Soc. 74, 405–412 (2015).

 38. Dominguez, L. J. & Barbagallo, M. The cardiometabolic syndrome and sarcopenic obesity in older persons. J. Cardiometab. Syndr. 2, 
183–189 (2007).

 39. Schaap, L. A., Koster, A. & Visser, M. Adiposity, muscle mass, and muscle strength in relation to functional decline in older persons. 
Epidemiol. Rev. 35, 51–65 (2013).

 40. Benyshek, D. C. The “early life” origins of obesity-related health disorders: new discoveries regarding the intergenerational 
transmission of developmentally programmed traits in the global cardiometabolic health crisis. Am. J. Phys. Anthropol. 152(Suppl 
57), 79–93 (2013).

 41. Weber, D., Long, J., Leonard, M. B., Zemel, B. & Baker, J. F. Development of novel methods to define deficits in appendicular lean 
mass relative to fat mass. PloS One. 11, e0164385 (2016).

 42. Baker, J. F. et al. Assessment of muscle mass relative to fat mass and associations with physical functioning in rheumatoid arthritis. 
Rheumatology (Oxf). 56, 981–988 (2017).

 43. Ziolkowski, S. et al. Sarcopenia, relative sarcopenia and excess adiposity in chronic kidney disease. J. Cachexia Sarcopenia Muscle. 3, 
e00055 (2018).

 44. Cole, T. J. & Green, P. J. Smoothing reference centile curves: the LMS method and penalized likelihood. Stat. Med. 11, 1305–1319 
(1992).

 45. Kelly, T. L., Wilson, K. E. & Heymsfield, S. B. Dual energy X-Ray absorptiometry body composition reference values from NHANES. 
PloS One. 4, e7038 (2009).

 46. Kim, K. M. et al. Cardiometabolic implication of sarcopenia: The Korea National Health and Nutrition Examination Study 
(KNHANES) 2008–2010. IJC Metab. Endocr. 4, 63–69 (2014).

 47. McLean, R. R. et al. Criteria for clinically relevant weakness and low lean mass and their longitudinal association with incident 
mobility impairment and mortality: the foundation for the National Institutes of Health (FNIH) sarcopenia project. J. Gerontol. A 
Biol. Sci. Med. Sci. 69, 576–583 (2014).

 48. Kim, T. N. et al. Skeletal muscle mass to visceral fat area ratio is associated with metabolic syndrome and arterial stiffness: The 
Korean Sarcopenic Obesity Study (KSOS). Diabetes Res. Clin. Pract. 93, 285–291 (2011).

 49. Xu, J. et al. Association between skeletal muscle mass to visceral fat area ratio and arterial stiffness in Chinese patients with type 2 
diabetes mellitus. BMC Cardiovasc. Disord. 18, 89 (2018).

 50. Shida, T. et al. Skeletal muscle mass to visceral fat area ratio is an important determinant affecting hepatic conditions of non-
alcoholic fatty liver disease. J. Gastroenterol. 53, 535–547 (2018).

 51. Pan, H. & Cole, T. J. A comparison of goodness of fit tests for age-related reference ranges. Stat. Med. 23, 1749–1765 (2004).
 52. Hong, S. et al. Characteristics of body fat, body fat percentage and other body composition for Koreans from KNHANES IV. J. 

Korean Med. Sci. 26, 1599–1605 (2011).



www.nature.com/scientificreports/

1 0SCieNtiFiC REPORts | (2019) 9:609 | DOI:10.1038/s41598-018-37347-3

 53. Sun, K. et al. Alcohol consumption and risk of metabolic syndrome: a meta-analysis of prospective studies. Clin. Nutr. 33, 596–602 
(2014).

 54. Lackland, D. T. & Voeks, J. H. Metabolic syndrome and hypertension: regular exercise as part of lifestyle management. Curr. 
Hypertens. Rep. 16, 492 (2014).

 55. Matthews, D. R. et al. Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and 
insulin concentrations in man. Diabetologia. 28, 412–419 (1985).

 56. Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults. Executive summary of the third report 
of the national cholesterol education program (NCEP) expert panel on detection, evaluation, and treatment of high blood 
cholesterol in adults (adult treatment panel III). JAMA. 285, 2486–2497 (2001).

 57. Lee, S. Y. et al. Appropriate waist circumference cutoff points for central obesity in Korean adults. Diabetes Res. Clin. Pract. 75, 72–80 
(2007).

 58. WHO/IASO/IOTF. The Asia-Pacific Perspective: Redefining Obesity and its Treatment. Health Communications Australia Pty; 2000.
 59. Pan, H. & Cole, T. J. LMS chartmaker, a program to construct growth references using the LMS method. Version 2.54 (2011).

Acknowledgements
This study was supported by Grant No. 02-2011-037 from the SNUBH Research Fund.

Author Contributions
J.Y.K. designed the study, analyzed the data, contributed to the discussion, and wrote the manuscript. J.H.J. and 
H.Y.P. contributed the methods and discussion. S.H.O. and H.J.K. analyzed the data, interpreted the results and 
contributed to the discussion.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://creativecommons.org/licenses/by/4.0/

	Comparisons of different indices of low muscle mass in relationship with cardiometabolic disorder
	Results
	Comparison of body composition between low muscle mass for age and control groups among different indices. 
	Association of different indices of low muscle mass with cardiometabolic risk factors. 
	Comparison of receiver operating characteristic curves in metabolic syndrome among different indices of low muscle mass. 

	Discussion
	Methods
	Study subjects. 
	Indices of muscle mass, low muscle mass and low muscle mass for age. 
	Measurements of cardiometabolic risk factors. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Selection of study participants.
	Figure 2 Comparison of ROCs in metabolic syndrome among different low muscle mass indices in male.
	Figure 3 Comparison of ROCs in metabolic syndrome among different low muscle mass indices in female.
	Table 1 Anthropometric, clinical and behavioural characteristics of 17,870 participants of the Korean National Health and Nutrition Examination Survey 2008–2011.
	Table 2 Comparison between participants with decreased muscle mass and control according to the different indices of low muscle mass.
	Table 3 Age-, sex- and body mass index-adjusted linear and logistic models evaluating associations between several indices of low muscle mass with cardiometabolic components.
	Table 4 Best ROC models of decreased muscle mass index in metabolic syndrome across sex, age and body mass groups.


