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Abstract

Background Skeletal muscle glucose utilization is an important component of whole-body glucose consumption in normal
humans. Fluorine-18-labelled fluoro-2-deoxy-d-glucose (18F-FDG) is a non-invasive molecular imaging probe for evaluating
tissue glucose utilization. It remains unclear whether or not 18F-FDG uptake by skeletal muscle has utility as a biomarker for
metabolic derangement. We investigated the utility of measurement of muscle 18F-FDG positron emission tomography/com-
puted tomography uptake as a surrogate marker for existing and incipient metabolic abnormalities.
Methods Fluorine-18-labelled fluoro-2-deoxy-d-glucose (18F-FDG) uptakes of insulin-sensitive organs (liver, pancreas,
mesenteric visceral fat, psoas muscle, and abdominal subcutaneous fat) and their association with metabolic abnormalities
were evaluated in an experimental group comprising 91 men and 66 women (mean age 49.9 ± 11.1 years). In this cross-
sectional cohort, we assessed the predictive power of the optimal cut-off 18F-FDG uptake [maximum standardized uptake
value (SUVmax)]. We confirmed its feasibility and reliability for diagnosis of existing and incipient metabolic derangement in
the validation group (longitudinal cohort comprising 91 men and 67 women; mean age 52.6 ± 7.9 years).
Results Fluorine-18-labelled fluoro-2-deoxy-d-glucose (18F-FDG) uptake (SUVmax) of psoas muscle was strongly correlated
with clinical metabolic parameters in the experimental group. It was positively correlated with waist circumference, body mass
index, fasting glucose, triglyceride, systolic and diastolic pressure, and negatively correlated with high-density lipoprotein cho-
lesterol levels (for all, P < 0.05). SUVmax of the psoas muscle also showed the best area under the curve value (0.779) as a
predictor of metabolic syndrome (MetS) in the experimental group. Using the optimal cut-off SUVmax of 1.34, the sensitivity,
specificity, accuracy, positive, and negative predictive value for predicting existing MetS in the experimental group were
70.0%, 84.6%, 80.9%, 60.9%, and 89.2%, respectively. In the validation group, corresponding values were 47.6%, 92.3%,
86.1%, 50.0%, and 91.6%, respectively. Existing and incipient MetS were significantly higher in subjects with high 18F-FDG
uptake by the psoas muscle (SUVmax > 1.34). Subjects with higher psoas muscle SUVmax had a 3.3-fold increased risk of devel-
oping MetS (P = 0.017).
Conclusions Fluorine-18-labelled fluoro-2-deoxy-d-glucose (18F-FDG) uptake of psoas muscle is a promising surrogate marker
for existing and incipient metabolic derangement.
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Introduction

The increasing prevalence of metabolic diseases with advanc-
ing age is a major public health concern worldwide. It is well
known that both skeletal muscle volume1,2 and quality are
key determinants of the risk of metabolic abnormalities.1

Skeletal muscle glucose utilization (SMGU) accounts for 70–
80% of whole-body glucose consumption in normal humans
and is thought to be the most important determinant of
whole-body insulin resistance (IR).3

Fluorine-18-labelled fluoro-2-deoxy-d-glucose (18F-FDG), a
glucose analog, is a non-invasive molecular imaging probe that
is used for quantitative in vivo evaluation of glucose utilization
in tissues and whole organs. 18F-FDG positron emission tomog-
raphy/computed tomography (PET/CT) has been used widely
for evaluation of neoplastic diseases4–7 and less commonly
for non-neoplastic inflammatory diseases,7,8 as well as for risk
stratification in patients with carotid atherosclerosis.9–12

The utility of 18F-FDG uptake as a biomarker for metabolic
derangement is unclear. Previous reports using this probe
provided valuable insights into IR, and it has been used to
measure SMGU in vivo.3,13–16 The rate of glucose disposal dur-
ing the hyperinsulinemic euglycemic clamp test was correlated
with SMGU estimated by dynamic or static 18F-FDG PET.3,13–16

However, previous studies had small sample sizes andwere ex-
perimental; therefore, clinical assessments are needed.

We investigated the biodistribution of 18F-FDG in insulin-
sensitive organs, including the liver, skeletal muscle, and fat
tissue, to relate this marker to metabolic derangement in an
average-risk population. We also aimed to validate 18F-FDG
uptake of insulin-sensitive organs as a surrogate marker to
predict MetS.

Research design and methods

Study design

In a single centre, we retrospectively reviewed the records of
18F-FDG PET/CT assessments that were included in routine
wellness check-ups. The dataset comprised an experimental
and a validation group.

Between January and December 2014, 196 subjects
underwent 18F-FDG PET/CT. Thirty-nine were excluded for
one or more of the following reasons: positive serologic
markers for hepatitis B virus surface antigen or hepatitis
C antibody, a history of taking herbal medicines, steroids,
or amiodarone (all of which are known to cause fatty liver)
in the previous month, and suspicion of a malignant tu-
mour on abdominal ultrasonography. Subjects who received
anti-diabetic drugs, cholesterol-lowering agents, and anti-
hypertensive drugs were included in the study. Finally,
157 subjects (91 men and 66 women; mean age
49.9 ± 11.1 years) constituted the experimental group
(cross-sectional cohort).

We retrospectively reviewed subjects who had one or
more follow-up health checks after 18F-FDG PET/CT scans,
between January 2009 and December 2012. The exclusion
criteria were same as those in the experimental group, yield-
ing a total of 158 subjects (91 men and 67 women; mean age
52.6 ± 7.9 years) with complete records of the required clin-
ical parameters. These subjects comprised the validation
group (longitudinal cohort) (Table 1).

The study protocol was reviewed and approved by the in-
stitutional review board at our institution (approval number
HYIRB 2015-10-006-001).

Table 1 Baseline characteristics of the experimental and validation groups

Experimental group (n = 157) Validation group (n = 158)

Age (years) 49.90 ± 11.11 52.58 ± 7.85
Male sex (%) 91 (57.96) 91 (57.59)
Waist (cm) 91.73 ± 14.22 89.58 ± 12.33
BMI (kg/m2) 26.88 ± 5.18 25.10 ± 3.92
Triglyceride (mg/dL) 94 (66–144) 103 (75–147)
LDL cholesterol (mg/dL) 131.49 ± 36.91 123.46 ± 33.99
Total cholesterol (mg/dL) 208.20 ± 41.38 206.09 ± 37.61
HDL cholesterol (mg/dL) 49.83 ± 13.56 52.30 ± 12.30
Systolic pressure (mmHg) 129.43 ± 20.02 120.99 ± 16.73
Diastolic pressure (mmHg) 77.80 ± 13.47 75.04 ± 11.94
Fasting glucose (mg/dL) 90 (81–98) 89 (82–102)
AST (U/L) 22 (18–27) 22 (18–29)
ALT (U/L) 25 (18–37) 21 (16–34)
Bilirubin (mg/dL) 0.77 (0.56–1.04) 0.70 (0.51–1.00)
GGT (U/L) 24 (17–43) 25 (16–40)
MetS (%) 40 (25.48) 25 (15.82)

Numerical quantitative data were presented by ‘mean ± SD’ or ‘median (Q1 � Q3)’ and tested by a t-test or a Mann–Whitney U test, and
categorical data were presented by ‘frequency (%)’ and tested by a chi-squared test. ALT, alanine aminotransferase; AST, aspartate ami-
notransferase; BMI, body mass index; GGT: γ-glutamyl transferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MetS, met-
abolic syndrome
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Definitions

The diagnostic criteria for metabolic syndrome (MetS) ac-
cording to the National Cholesterol Education Program Adult
Treatment Panel III17 are based on specific cut-off points in
any three or more of the following five risk determinants:
(i) abdominal obesity, waist circumference >90 (Eastern sub-
jects) or 102 cm (Western subjects) in men and >80 (Eastern
subjects) or 88 cm (Western subjects) in women; (ii) fasting
triglyceride concentrations ≥150 mg/dL or specific treatment
for this lipid abnormality (dyslipidemia); (iii) fasting high-
density lipoprotein (HDL) cholesterol <40 mg/dL in men
and <50 mg/dL in women or specific treatment for this lipid
abnormality (dyslipidemia); (iv) BP ≥ 130/ ≥ 85 mmHg (either
value) or treatment for previously diagnosed hypertension;
and (v) fasting blood glucose ≥110mg/dL or a previous diabe-
tes diagnosis. Incipient MetS was defined as the new onset of
any three or more of the above five determinants during
follow-up period in validation group detected by reviews of
hospital charts and laboratory results.17

Biochemical analyses

After an overnight fast, peripheral blood was drawn from an
antecubital vein to measure fasting blood glucose (mg/dL), tri-
glyceride (mg/dL), total cholesterol, low-density lipoprotein
(mg/dL), HDL (mg/dL) cholesterol, aspartate aminotransferase
(U/L), alanine aminotransferase (U/L), bilirubin (mg/dL), and
γ-glutamyl transferase (U/L).

Fluorine-18-labelled fluoro-2-deoxy-d-glucose
positron emission tomography/computed
tomography imaging and analysis

Fluorine-18-labelled fluoro-2-deoxy-d-glucose (18F-FDG)
PET/CT was performed with a dedicated PET/CT scanner
(Biograph 6; Siemens Medical Systems, Knoxville, TN). All
subjects fasted for >6 h before 18F-FDG administration. Ap-
proximately 60 min after intravenous injection of 18F-FDG
(5.18 MBq/kg; mean, 565 MBq; range, 333–962MBq), CT im-
ages were acquired, immediately followed by whole-body
PET images from the base of the skull to the upper thigh.
The acquisition time for PET was 2.0 or 3.0 min per table po-
sition. The image reconstruction matrix was 168 × 168 with a
transverse field of view of 50 cm. The images were recon-
structed using a standard iterative algorithm (OSEM) and
analysed at a dedicated workstation equipped with fusion
software capable of displaying CT, PET, and PET/CT images
(MMWP, Siemens Medical Systems, Hoffman Estate, IL,
USA). A dual board-certified physician in radiology and nu-
clear medicine reviewed all images. To evaluate metabolism
of the liver, pancreas, mesenteric visceral fat, psoas muscle,

and abdominal subcutaneous fat, several fixed or flexible
spherical volumes of interest (VOIs) were used to calculate
the standardized uptake value (SUV) according to the follow-
ing equation: SUV = [regional activity (mCi/mL)]/[injected
dose (mCi)/body weight (g)]. For the liver, two fixed VOIs
6 cm in diameter (volume, 113.06 cm3) were manually drawn
over the anterosuperior and posteroinferior portions of the
right lobe of the liver, carefully avoiding the central vascular
area. These two values were averaged to estimate the mean
SUV (SUVmean) of the liver. For the psoas muscle and subcuta-
neous fat, two fixed VOIs 3 cm in diameter (volume,
14.13 cm3) were manually drawn over the right psoas muscle
and subcutaneous layer of the right gluteal area to assess the
maximum SUV (SUVmax) of each VOI. For the pancreas and
mesenteric visceral fat, two small and flexible VOIs were
drawn over the pancreas tail and retroperitoneal area around
the right kidney, avoiding small vessel activity, to assess the
SUVmax of each VOI.

Statistical analyses

Continuous data are presented as means ± SD or medians
(Q1–Q3) and compared between groups using either
Student’s t-tests or Mann–Whitney U tests as appropriate,
following normality tests. Categorical data are presented as
frequencies (%) and compared using chi-squared tests. In
the experimental group, correlation analysis using Spearman
rank correlation coefficients and simple and multiple logistic
regression analyses were used to identify independent
predictors of MetS.

The areas under the receiver operating characteristic
(AUROC) curves were estimated to assess discriminative abil-
ity, and AUROC based on psoas muscle was compared with
other potential predictors using pairwise Z-tests with
Bonferroni corrections. The known cut-off values were
adopted for given clinical predictors, whereas optimal cut-
off values were determined for PET/CT predictors to maxi-
mize the value of the Youden index for the receiver operating
characteristic curve. The sensitivity, specificity, accuracy, and
positive and negative predictive values (PPV and NPV) were
calculated and compared between the psoas muscle and
other predictors using post hoc comparisons with Bonferroni
correction after Cochran’s Q or chi-squared tests.

Finally, new-onset event-free MetS survivors and subjects
with other metabolic derangements indicated by optimal
cut-off values of SUVmax in the psoas muscle group were
assessed using Kaplan–Meier survival analysis and compared
using the log-rank test. Also, multiple Cox’s proportional haz-
ard regression analyses were performed for the psoas mus-
cle groups to assess the independent predictors of the
presence or absence of these new-onset events. P-values
<0.05 were considered statistically significant. All statistical
analyses were performed using SAS 9.4 (SAS Institute Inc.,
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Cary, NC, USA), SPSS version 23 (IBM Corp., Armonk, NY,
USA), and MedCalc Version 18.10.2 (Medcalc Software bvba,
Ostend, Belgium).

Results

Correlation between fluorodeoxyglucose uptake of
various organs and metabolic parameters

Fluorine-18-labelled fluoro-2-deoxy-d-glucose (18F-FDG)
uptakes in psoas muscle, mesenteric visceral fat, abdominal
subcutaneous fat, pancreas, and liver were all positively
correlated with waist circumference, body mass index
(BMI), systolic and diastolic pressures, and fasting glucose
(this last with the exception of pancreas) (Table 2). Among
these, 18F-FDG uptake (SUVmax) of psoas muscle showed the
strongest correlation with these clinical metabolic parame-
ters in the experimental group.

Fluorodeoxyglucose uptake of psoas muscle as an
independent risk factor for metabolic syndrome

Simple and multiple logistic regression analyses identified
SUVmax of the psoas muscle in the experimental group as an
independent risk factor for MetS [adjusted odds ratio (OR)
49.21; 95% confidence interval 1.12–999.99; P = 0.044] after
adjusting for age, waist circumference, BMI, triglycerides,
HDL cholesterol, systolic and diastolic pressure, and fasting
glucose (Table 3).

Assessment of areas under the receiver operating
characteristic and cut-off value of maximum
standardized uptake value for psoas muscle and
predictive performance for metabolic syndrome in
the experimental group

The SUVmax of the psoas muscle had the highest AUROC value,
identifying it as a significant predictor of existing MetS (0.779,

Table 2 Spearman rank correlation coefficients between metabolic parameters and FDG uptake in various organs in the experimental group

Liver Pancreas Visceral fat SubQ fat Psoas muscle

Waist (cm) 0.42* 0.38* 0.44* 0.41* 0.72*
BMI (kg/m2) 0.38* 0.40* 0.49* 0.44* 0.74*
Triglyceride (mg/dL) 0.29* 0.08 0.06 0.15 0.26*
LDL cholesterol (mg/dL) 0.02 �0.07 �0.30* �0.32* 0.05
Total cholesterol (mg/dL) 0.07 �0.13 �0.32* �0.28* 0.03
HDL cholesterol (mg/dL) �0.12 �0.27* �0.13 �0.14 �0.22*
Systolic pressure (mmHg) 0.22* 0.20* 0.27* 0.26* 0.43*
Diastolic pressure (mmHg) 0.18* 0.17* 0.21* 0.18* 0.32*
Fasting glucose (mg/dL) 0.24* 0.13 0.21* 0.28* 0.30*

BMI, body mass index; FDG, fluorodeoxyglucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SubQ, subcutaneous.
*Correlation coefficients are significantly different from 0 (P < 0.05).

Table 3 Identification of risk factors of metabolic syndrome in the experimental group

Variables

Univariate logistic regression Multivariate logistic regressiona

Unadjusted OR 95% CI P-value Adjusted OR 95% CI P-value

Age 1.04 1.00–1.07 0.0429* 1.15 1.04–1.29 0.0102*
Sex 0.78 0.37–1.62 0.5011
Waist 1.10 1.06–1.14 <0.0001* 0.83 0.70–0.99 0.0425*
BMI 1.31 1.19–1.44 <0.0001* 1.98 1.19–3.32 0.0091*
Triglycerides 1.03 1.02–1.04 <0.0001* 1.07 1.03–1.10 <0.0001*
LDL cholesterol 1.00 0.99–1.01 0.4107
Total cholesterol 1.00 0.99–1.01 0.8885
HDL cholesterol 0.93 0.89–0.96 0.0001* 0.99 0.93–1.05 0.7474
Systolic pressure 1.05 1.03–1.07 <0.0001* 0.98 0.90–1.07 0.6584
Diastolic pressure 1.05 1.02–1.08 0.0004* 1.07 0.95–1.22 0.2594
Fasting glucose 1.07 1.04–1.10 <0.0001* 1.04 1.00–1.09 0.0331*
Psoas muscle 19.61 5.92–64.95 <0.0001* 49.21 1.116–999.999 0.0437*

BMI, body mass index; CI: confidence interval; HDL, high-density lipoprotein; LDL, low-density lipoprotein; OR, odds ratio.
*Unadjusted and adjusted OR are significantly different from 1 (P < 0.05).
aThe multivariate logistic regression model incorporates possible risk factors which are significant in univariate logistic regression analysis
such as age, waist, BMI, triglycerides, HDL cholesterol, systolic blood pressure, diastolic blood pressure, fasting glucose, and
fluorodeoxyglucose uptake of the psoas muscle.
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cut-off at 1.34) relative to fluorodeoxyglucose uptake of other
insulin-sensitive organs: SUVmean of liver (0.707, cut-off at
2.34), SUVmax values for pancreas (0.625, cut-off at 2.11), vis-
ceral mesenteric fat (0.696, cut-off at 0.58), and abdominal
subcutaneous fat (0.740, cut-off at 0.39) (Figure 1A). As a pre-
dictor of MetS, SUVmax of the psoas muscle (0.779, cut-off at
1.34) was comparable to the AUROCs among other clinical pre-
dictors. There were no significant differences among meta-
bolic risk factors: BMI (0.837, cut-off at 25 kg/m2),
triglyceride (0.904, cut-off at 150 mg/dL), HDL cholesterol
(0.755, cut-off at 40mg/dL inmen and at 50mg/dL in women),
systolic pressure (0.742, cut-off at 130mmHg), and fasting glu-
cose (0.839, cut-off at 110 mg/dL) (Figure 1B).

In the experimental group, when the cut-off SUVmax for
psoas muscle was set at 1.34, the sensitivity, specificity,
accuracy, PPV, and NPV for predicting MetS were 70.0%,
84.6%, 80.9%, 60.9%, and 89.2%, respectively. Relative to
the diagnostic values of clinical predictors (BMI, triglyceride,
HDL cholesterol, systolic pressure, diastolic pressure, and
fasting glucose), the specificity and accuracy of psoas muscle
metabolism in the prediction of MetS was significantly higher
than those of BMI and systolic pressure (Table 4).

Assessment of predictive performance for
metabolic syndrome in validation group

We applied this cut-off (1.34) SUVmax for psoas muscle in the
validation group to confirm its feasibility and reliability. The
AUROC value for prediction of MetS was 0.709, and the

sensitivity, specificity, accuracy, PPV, and NPV for predicting
MetS were 47.6%, 92.3%, 86.1%, 50.0%, and 91.6%, respec-
tively. Again, relative to the diagnostic values of clinical pre-
dictors (BMI, triglyceride, HDL cholesterol, systolic pressure,
diastolic pressure, and fasting glucose), the specificity of
psoas muscle metabolism as a predictor of MetS was higher
than those of BMI, systolic pressure, and fasting glucose; its
accuracy was higher than that of BMI (Table 5).

In subjects with SUVmax > 1.34 in the psoas muscle, the
prevalence rates for metabolic abnormalities were signifi-
cantly higher than those in subjects with SUVmax ≤ 1.34 in
the psoas muscle in both the experimental group (Table S1)
and the validation group (Table S2).

Survival analysis for incipient metabolic syndrome
and its determinants in the validation group

The median duration of follow-up in the validation cohort
was 2.25 years. The Kaplan–Meier curve showed that the
cumulative incidence of new onset MetS (Figure 2A) and
other clinical risk parameters for MetS (Figure 2B) was signif-
icantly higher in subjects with higher psoas muscle uptakes of
18F-FDG (SUVmax > 1.34) than in those with lower values
(SUVmax ≤ 1.34) (log-rank test for MetS, P = 0.0093; HDL-
cholesterolemia, P < 0.0001; hypertension, P = 0.0001;
hyperglycaemia, P = 0.0458). In a Cox proportional hazards
model adjusted for age and sex, 18F-FDG uptake (SUVmax) in
the psoas muscle was associated with increased risks of in-
cipient MetS [hazard ratio (HR) 3.26, P = 0.0174], low HDL

Figure 1 Comparisons of receiver operating characteristic (ROC) curves and the areas under the receiver operating characteristic (AUROC) among (A)
Fluorodeoxyglucose uptake of insulin sensitive organs on fluorine-18-labeled fluoro-2-deoxy-d-glucose positron emission tomography/computed to-
mography and (B) other clinical predictors and fluorodeoxyglucose uptake of psoas muscle for the discrimination of metabolic syndrome (MetS) in ex-
perimental group. *Significant difference by pairwise Z-test with Bonferroni correction with respect to psoas muscle (P < 0.05). †Cut-off value is
determined to maximize the value of Youden index for ROC curve using Medcalc. BMI, body mass index; HDL, high-density lipoprotein; SubQ, subcu-
taneous; TG, triglyceride.
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Table 5 Predictive performance of metabolic indicators for MetS measured in the validation group

Variable AUROCa Sensitivityb Specificityb Accuracyb PPVc NPVc

BMI (≥25) 0.789 80.95 (17/21) 56.15* (73/130) 59.60* (90/151) 22.97 (17/74) 94.81 (73/77)
Triglyceride 0.829 71.43 (15/21) 85.38 (111/130) 83.44 (126/151) 44.12 (15/34) 94.87 (111/117)
HDL cholesterol 0.765 57.14 (12/21) 85.38 (111/130) 81.46 (123/151) 38.71 (12/31) 92.50 (111/120)
Systolic pressure 0.767 76.19 (16/21) 75.38* (98/130) 75.50 (114/151) 33.33 (16/48) 95.15 (98/103)
Diastolic pressure 0.747 47.62 (10/21) 83.85 (109/130) 78.81 (119/151) 32.26 (10/31) 90.83 (109/120)
Fasting glucose (≥110) 0.695 61.90 (13/21) 76.15* (99/130) 74.17 (112/151) 29.55 (13/44) 92.52 (99/107)
Psoas muscle (>1.34d) 0.709 47.62 (10/21) 92.31 (120/130) 86.09 (130/151) 50.00 (10/20) 91.60 (120/131)

AUROC, areas under the receiver operating characteristic; BMI, body mass index; NPV, negative predictive value; PPV, positive predictive
value.
*Significantly different to the psoas muscle (P < 0.05).
aPairwise Z-test with Bonferroni correction.
bPost hoc comparison with Bonferroni correction using minimum required absolute difference test after Cochran’s Q test.
cPost hoc comparison with Bonferroni correction after overall chi-squared test.
dCut-off value is determined in the experimental group to maximize value of the Youden index for the ROC curve using Medcalc.

Figure 2 Kaplan–Meier estimator plot of cumulative incidence for (A) metabolic syndrome and (B) risk determinants of metabolic syndrome in the two
subgroups according to fluorodeoxyglucose uptake of psoas muscle (cut-off value of maximum standardized uptake value = 1.34). Significant differ-
ences were observed between the two subgroups (for all P < 0.05, except for hypertiglyceridemia).

Table 4 Predictive performance of clinical and other predictors in the experimental group for metabolic syndrome for metabolic syndrome

Variable Sensitivitya Specificitya Accuracya PPVb NPVb

PET/CT predictorc Liver (>2.34) 57.50 (23/40) 76.92 (90/117) 71.97 (113/157) 46.00 (23/50) 84.11 (90/107)
Pancreas (>2.11) 42.50* (17/40) 85.47 (100/117) 74.52 (117/157) 50.00 (17/34) 81.30 (100/123)
Visceral fat (>0.58) 80.00 (32/40) 50.43* (59/117) 57.96* (91/157) 35.56* (32/90) 88.06 (59/67)
SubQ fat (>0.39) 65.00 (26/40) 76.92 (90/117) 73.89 (116/157) 49.06 (26/53) 86.54 (90/104)
Psoas muscle (>1.34) 70.00 (28/40) 84.62 (99/117) 80.89 (127/157) 60.87 (28/46) 89.19 (99/111)

Clinical predictor BMI (≥25) 87.50 (35/40) 52.14* (61/117) 61.15* (96/157) 38.46 (35/91) 92.42 (61/66))
Triglyceride 72.50 (29/40) 93.16 (109/117) 87.90 (138/157) 78.38 (29/37) 90.83 (109/120)
HDL cholesterol 65.00 (26/40) 79.49 (93/117) 75.80 (119/157) 52.00 (26/50) 86.92 (93/107)
Systolic pressure 72.50 (29/40) 62.39* (73/117) 64.97* (102/157) 39.73 (29/73) 86.90 (73/84)
Diastolic pressure 45.00 (18/40) 79.49 (93/117) 70.70 (111/157) 42.86 (18/42) 80.87 (93/115)
Fasting glucose (≥110) 62.50 (25/40) 88.89 (104/117) 82.17 (129/157) 65.79 (25/38) 87.39 (104/119)

BMI, body mass index; HDL, high-density lipoprotein; NPV, negative predictive value; PET/CT, positron emission tomography/computed
tomography; PPV, positive predictive value; SubQ, subcutaneous.
*Significantly different to the psoas muscle (P < 0.05).
aPost hoc comparisons with Bonferroni correction using minimum required absolute difference test after Cochran’s Q test.
bPost hoc comparison with Bonferroni correction after overall chi-squared test.
cCut-off value is determined to maximize value of the Youden index for the ROC curve using Medcalc.
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cholesterol (HR 7.15, P < 0.0001), hypertension (HR 5.59,
P = 0.0005), and hyperglycaemia (HR 3.27, P = 0.0392)
(Table S3).

Discussion

The 18F-FDG uptake value in psoas muscle measured with
18F-FDG PET/CT was positively correlated with clinical meta-
bolic parameters and proved to be an independent risk fac-
tor for metabolic derangements including MetS. This was
true even after adjustment for body weight, BMI, and other
clinical determinants of MetS such as fasting glucose level.
The 18F-FDG uptake (SUVmax) in psoas muscle showed com-
parably valuable predictive diagnostic performances for
existing MetS relative to the known clinical determinants
thereof: BMI, triglyceride, HDL cholesterol, pressure, and
fasting glucose. Specificity and accuracy were higher than
those from some clinical parameters. Subjects with higher
18F-FDG uptake (SUVmax > 1.34) in the psoas muscle
showed a higher prevalence of existing MetS, and these pa-
tients also had significantly higher incidences of incipient
MetS during clinical follow-up periods than did subjects
with lower 18F-FDG uptake (SUVmax ≤ 1.34). Therefore, the
18F-FDG uptake value in psoas muscle could be used as a
valuable surrogate marker to predict metabolic derange-
ment in clinical circumstances.

18F-FDG is mainly taken up by glucose transporter type 4
(GLUT4) proteins in muscle. Glucose transport is a
rate-limiting step for insulin-stimulated glucose utilization in
skeletal muscle.18,19 It is well known that GLUT4 is essential
for insulin-mediated glucose transport in insulin-sensitive or-
gans, including skeletal muscle, adipose tissue, and the
heart.20,21 The majority of insulin-dependent postprandial glu-
cose uptake occurs in the skeletal muscle, and it is believed
that IR on the part of GLUT4 in muscle plays a central role in
the development of type 2 diabetes.22,23 Increased insulin
levels result in translocation of the GLUT4 protein from an in-
tracellular pool to the plasma membrane,24–26 and overex-
pression of GLUT4 might enhance the uptake of 18F-FDG
when injected in the fasting state. Our data suggested that
the membrane fraction of GLUT4 expression in psoas muscle
can be a surrogate marker of existing and incipient metabolic
derangements. We are aware of three studies of 18F-FDG up-
take in skeletal muscle,13,15,16 all of which contrasted with
our findings. These reports showed that 18F-FDG uptake of
skeletal muscle was higher in lean healthy subjects than
among those with diabetes.13,15,16 All 18F-FDG PET imaging in
these studies was carried out on small numbers of insulin-
stimulated subjects, using the glucose clamp test. 18F-FDG
PET imaging in our study was used in a routine clinical set-
ting,24,27 so was performed after 4–6 h of fasting. Excess addi-
tional insulin (glucose clamp test) in patients with diabetes or

prediabetes subjects might cause saturation of overexpressed
GLUT4, and the decreased amount of GLUT4 in the intracellu-
lar pool might cause insufficient translocation of GLUT4 in re-
sponse to infused insulin. This might hinder the uptake of
18F-FDG in hyperinsulinemic-euglycemic diabetes patients. To
our knowledge, this is the first study that clinically applies
18F-FDG PETmeasures of SMGU to evaluatemetabolic disease.
There has been no large-scale clinical study to determine the
usefulness of of18F-FDG uptake by skeletal muscle as a surro-
gate marker of existing or future metabolic derangement
and systemic IR.

In our study, we used a validation group of subjects who
underwent clinical follow-ups after 18F-FDG PET imaging, to
confirm the feasibility of predicting MetS. Both of the propor-
tion of psoas SUVmax ≥ 1.34 and the prevalence of MetS were
significantly lower in this group than in the experimental
group (proportion of SUVmax ≥ 1.34: 23/158, 14.56% in Table
S2 vs. 46/157, 29.30% in Table S1, P = 0.0016 by chi-squared
test; for prevalence of MetS: 25/158, 15.82% vs. 40/157,
25.48%, Table 1, P = 0.0342). This might cause lower sensitiv-
ity and PPV in the validation group relative to those values
calculated in the experimental group. However, the predic-
tive performance for MetS of other clinical predictors showed
similar results in the validation group.

This study has several limitations. First, we did not
perform the glucose clamp test to identify the association
between intramuscular IR and 18F-FDG uptake in the psoas
muscle. Second, dynamic PET imaging for kinetic analysis
may have allowed accurate in vivo assessment of glucose
transport and phosphorylation.28,29 However, we used static
PET imaging, which is more convenient for clinical applica-
tion in a large-scale clinical study. Third, some studies have
shown that GLUT expression may be increased on the
surface of recruited macrophages and hypertrophied adipo-
cytes and mediated by chronic low-grade inflammation in
obese patients.30,31 We did not do psoas muscle biopsies
so did not check inflammatory cell infiltration in this
muscle.

In conclusion, increased 18F-FDG uptake in the psoas
muscle successfully identified subjects with a significantly in-
creased risk of incipient metabolic derangement and MetS,
even though these individuals were not clinically classified
with MetS at present.
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