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Abstract 

Glucose uptake differs in organs and tissues across the human body. To date, however, there has been no single atlas providing 
detailed glucose uptake profiles across the entire human body. Therefore, we aimed to generate a detailed profile of glucose uptake 
across the entire human body using the uEXPLORER positron emission tomography/computed tomography scanner, which offers the 
opportunity to collect glucose metabolic imaging quickly and simultaneously in all sites of the body. The standardized uptake value 
normalized by lean body mass (SUL) of 18F-fluorodeoxyglucose was used as a measure of glucose uptake. We developed a fingerprint 
of glucose uptake reflecting the mean SULs of major organs and parts across the entire human body in 15 healthy-weight and 18 
overweight subjects. Using the segmentation of organs and body parts from the atlas, we uncovered the significant impacts of age, 
sex, and obesity on glucose uptake in organs and parts across the entire body. A difference was recognized between the right and left 
side of the body. Overall, we generated a total-body glucose uptake atlas that could be used as the reference for the diagnosis and 
evaluation of disordered states involving dysregulated glucose metabolism.
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Introduction
Metabolism, whether at the level of small molecules, protein 
homeostasis, signaling patterns, or inter-tissue communication, 
underpins several vital processes that ultimately sustain life 
through a set of chemical reactions in organisms [1]. Since glu-
cose is the principal energy source for most cells, many organ-
isms have evolved numerous and sophisticated mechanisms to 
sense glucose and respond to it appropriately [2]. In contrast to 
the situation in unicellular organisms, such as bacteria or yeasts, 
human metabolism is an integral part of cellular function, relying 
on multiple cells to work in concert to achieve metabolic home-
ostasis [3]. This characteristic, in turn, allows organs to develop 
specialized metabolism, i.e. adapted to their particular biological 
functions [4]. Therefore, it is of biological significance to under-
stand the glucose metabolism of human organs in a holistic man-
ner. Assessing metabolism at the system level is also useful in 
exploring the origin and progression of various diseased condi-
tions, including obesity, diabetes, hypertension, neurodegenera-
tive diseases, and cardiovascular diseases, since these conditions 
are associated with abnormal metabolic states [5]. In addition, 
normal total-body metabolism at the system level can be used 

as the reference in evaluating the efficacy of therapeutics against 
diverse diseases, including cancers and metabolic syndrome [6].

Total-body glucose metabolism has been evaluated in several 
animal models, such as rats and pigs [4, 7–9]. Nonetheless, there 
has been a few system-level analysis of glucose metabolism in 
humans. In the past several decades, metabolic imaging has 
developed rapidly, facilitating large-scale studies that have high-
lighted the importance of metabolic dynamics in a wide range 
of diseases, including cancers, diabetes, and cardiovascular dis-
eases [10]. Positron emission tomography (PET) is a powerful tool 
for the visualization of metabolism, especially the in vivo meas-
urement of glucose uptake, which is an important step of glucose 
metabolism [11, 12]. Recent studies have assessed glucose uptake 
in the brain, visceral adipose tissue, and liver using PET imaging 
[13–15]. However, due to the inadequate axial field of view (FOV) 
of the existing PET scanners, simultaneous measurement of glu-
cose uptake in major organs and parts across the entire human 
body has not yet been achieved.

With the recent advent of the total-body PET/computed tomog-
raphy (CT) scanner by the EXPLORER consortium, it was hypothe-
sized that the detailed glucose uptake profiles across the human 
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body could be generated with the aid of the total-body PET/CT. 
Additionally, previous studies have reported that age, sex, and 
obesity had effects on total-body glucose uptake, because emerg-
ing evidence indicates that metabolic alterations accumulate over 
time during the human aging process [16–18], and sexual dimor-
phism introduces alterations in the metabolic profiles of several 
organs distributed throughout the human body [19, 20]. Therefore, 
in this study, the total-body uEXPLORER PET/CT scanner was 
applied to develop a human glucose uptake atlas encompassing 
major organs and body parts throughout the body and reflecting 
the regional variation of glucose uptake in the brain. In addition, 
this atlas was used to investigate the effect of age, sex, lateraliza-
tion, and obesity on glucose uptake, in order to prove its role in 
understanding glucose metabolism across the human body.

Results
To develop a general atlas of glucose uptake activity across the 
whole body among the healthy-weight subjects, we calculated 
the standardized uptake values (SUVs) normalized by lean body 
mass (SUL) of the major organs and body parts, and compared the 
values between sexes, sides, and age groups (Fig. 1). In addition, 

we compared the SULs of major organs and body parts between 
the healthy-weight and overweight groups (Fig. 1). Associations 
among different parameters were also analyzed.

Glucose uptake atlas of the human body
Fig. 2 shows the glucose uptake of major organs and parts through-
out the human body, calculated according to the mean SUL (the 
raw PET images for the 15 healthy subjects are displayed in 
Supplementary Fig. S1). Among the major organs and body parts, 
the brain exhibited the highest glucose uptake value, while the 
bilateral lungs, bones, and muscles manifested the lowest glucose 
uptake activity (Fig. 2a and b). Other metabolizing organs such as 
the heart and liver also had relatively high glucose uptake (Fig. 2b).

Within the brain, the occipital lobe manifested the greatest 
glucose uptake, but several brain regions, including subcortical 
nuclei, the temporal lobe, and the cerebellum, may be deacti-
vated in the resting state, resulting in decreased activity and fluc-
tuations in glucose uptake (Fig. 2c and d).

The role of age in determining glucose uptake
To understand the influence of age on glucose uptake, we inves-
tigated the association between age and SUL of organs and parts 

Figure 1 A schematic diagram showing the detection of glucose uptake activity. Total-body glucose uptake differences are assessed between sexes, 
between the left and right sides of the body (each side of the brain hemisphere corresponds to the contralateral body part), among different age groups, 
and between healthy-weight and overweight subjects.
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across the human body (Fig. 3). Notably, clustering of the healthy-
weight subjects based on the SUL ratio (min–max scaling) 
revealed that age had a large effect on glucose uptake, as people 
in their 30s, and people in their 60s or older formed separate clus-
ters when grouped by the mean SUL of organs and parts through-
out the body (Fig. 3a). Visualization and results of the association 
between age and SULs in other organs or body parts are shown in 
Supplementary Fig. S2 and Supplementary Table S1.

Correlation and regression analysis revealed that the SULs in 
several organs, including the brain, vertebra, thigh muscle, calf 
bone, and calf muscle, etc., showed associations with age (Fig. 
3b, Supplementary Fig. S2 and Supplementary Table S1). SUL of 
the stomach had significant inverted U-shape associations with 
age (Fig. 3c and Supplementary Fig. S2). In terms of brain SUL 
map, negative associations with age were observed across the 
entire brain (Fig. 3d), and significant negative associations with 
age were observed in the corpus callosum (Supplementary Fig. S3 
and Supplementary Table S2).

The role of sex in determining glucose uptake
In this study, we compared the mean SULs of major organs 
and body parts between sexes (Fig. 4a), and the results are 

demonstrated in Fig. 4b and c. Fig. 4b indicates no significant 
differences in the mean SULs of major organs and body parts 
between male and female subjects. Sexual dimorphism was 
observed in the frontal lobe of the brain (Fig. 4c, Supplementary 
Table S3 and Supplementary Fig. S4).

The role of lateralization in determining glucose 
uptake
In order to explore the role of lateralization in determining glu-
cose uptake, paired t-tests were performed to compare the mean 
SULs of major organs and parts between the right and left sides of 
the body, such as the bilateral brain hemispheres, bilateral lungs, 
bilateral kidneys, bilateral bones, and bilateral muscles (Fig. 4d). 
The results showed that lateralized differences in mean SULs 
existed in the kidney, while no lateralized differences were found 
in other organs across the body (Fig. 4e).

Within the brain, several brain regions including the mid-
dle frontal gyrus, orbital part of middle frontal gyrus, opercular 
part of inferior frontal gyrus, middle cingulate gyrus, poste-
rior cingulate gyrus, cuneus, inferior occipital gyrus, caudate 
nucleus, middle temporal pole, pallidum, crus 2 of the cer-
ebellum, cerebellum 7b showed laterality in the mean SULs 

Figure 2 Glucose uptake activity in organs and parts throughout the human body in healthy-weight subjects. (a) A representative atlas of glucose uptake 
calculated by the mean SULs of 18F-FDG in major organs and parts throughout the body. The SULs in different organs and parts were averaged across 
the 15 healthy-weight subjects. (b) Box plot of the mean SULs in organs and parts throughout the body for each subject. L: left; R: right. The error bar 
indicates mean ± standard deviation. (c) Zonation of glucose uptake in the brain, shown in axial slices ordered from inferior to superior. The SUL maps 
are averaged across the 15 healthy-weight subjects. (d) Glucose uptake among different brain regions. The solid line represents the mean SUL across the 
15 healthy-weight subjects. The filled area represents the standard deviation. SN: subcortical nuclei. SN1 includes the cingulate gyrus, hippocampus, 
parahippocampal gyrus, and amygdala. SN2 includes the putamen, pallidum, and thalamus.
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Figure 3 Association between glucose uptake and age in major organs and parts across the entire body. (a) Heatmap of SUL ratio (divided by the 
maximum value) in major organs and body parts of the 15 healthy-weight subjects (the raw PET images for the 15 healthy subjects are displayed in 
Supplementary Fig. S1). Each row represents a single subject, and each column represents the SUL ratio of an organ or body part. Samples are clustered 
using hierarchical clustering. (b) Correlation between SUL in major organs or parts across the entire body and age calculated by Pearson correlation 
analysis. (c) Association between SUL in major organs or body parts and age calculated by quadratic regression analysis. (d) Correlation maps between 
brain SUL and age shown in brain render maps.
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between the left and right structures (Supplementary Fig. S5 
and Supplementary Table S4). Specifically, the left posterior cin-
gulate gyrus, caudate nucleus, pallidum, middle temporal pole, 
and crus 2 of the cerebellum displayed higher glucose uptake 
than their contralateral parts. In contrast, the remaining left 
regions showed lower glucose uptake than their counterparts 
(Supplementary Fig. S5).

Differences in glucose uptake between the 
healthy-weight and the overweight groups
Lastly, we treated the glucose uptake profiles from the 15 healthy-
weight subjects as the reference standard, and compared glucose 
uptake between the healthy-weight and the overweight groups 

(Fig. 5, and the raw PET images for the 18 overweight subjects are 
displayed in Supplementary Fig. S6).

Compared with the healthy-weight subjects, the overweight 
subjects exhibited lower SULs in the bilateral precuneus and left 
putamen (Fig. 5a, Supplementary Fig. S7, and Supplementary 
Table S5). In addition, the healthy-weight and overweight groups 
differed in glucose uptake of the brain, heart, lung, stomach, and 
pancreas (Fig. 5b). Specifically, the overweight subjects demon-
strated increased glucose uptake in the bilateral lungs, and 
decreased glucose uptake in the brain, heart, stomach, and pan-
creas (Fig. 5b).

We further evaluated the associations between BMI and glu-
cose uptake in major organs and body parts. SULs of the bilateral 

Figure 4 Differences in glucose uptake of major organs and parts of the human body caused by sex and by laterality (left or right) in the healthy-weight 
group. (a) Overview of the comparisons of the mean SULs of major organs and body parts between sexes. (b) Comparisons of SULs in major organs and 
parts between male and female subjects, expressed as mean ± standard deviation. (c) Comparisons of SUL ratio maps of the brain between male and 
female subjects (Gaussian corrected at voxel level P < 0.01, cluster level P < 0.05). The corresponding permutation maps are shown in Supplementary 
Fig. S4. (d) Overview of comparisons of the mean SULs of major organs and parts between the left and right sides of the body. (e) Comparisons of the 
mean SULs of brain hemispheres, lungs, kidneys, bones, and muscles between the left and right sides of the body.
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Figure 5 Differences in glucose uptake of major organs and parts across the human body between healthy-weight and overweight subjects. (a) T-maps 
indicating differences in brain SUL between healthy-weight and overweight subjects (Gaussian corrected at voxel level P < 0.01, cluster level P < 0.05). 
The corresponding permutation maps are shown in Supplementary Fig. S7. (b) Violin plot demonstrating differences in the mean SUL of the brain, heart, 
bilateral lungs, stomach, and pancreas between healthy-weight and overweight subjects. The blue points represent healthy-weight subjects, and the 
pink points represent overweight subjects. The error bar indicates mean ± standard deviation. (c) Associations between BMI and glucose uptake of major 
organs and parts across the human body among the 33 subjects. * means P < 0.05, ** means P < 0.001.
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lungs showed positive associations with BMI, but SULs in most 
of the brain regions and pancreas showed negative associations 
with BMI (Fig. 5c, Supplementary Fig. S8−S10, and Table S6).

Discussion
Changes in metabolism contribute to the development and pro-
gression of various disorders and render them vulnerable to 
interventions [21]. However, research of human metabolism at 
the whole-body scale is still in its infancy due to technical chal-
lenges in detecting and quantifying small molecules [21–24]. 
In this study, using the uEXPLORER total-body PET/CT scanner, 
we generated the first atlas of glucose uptake across the entire 
human body and the zonation of glucose uptake in the brain. 
Since aging, cancer, and other health conditions such as obesity, 
metabolic syndrome, and metabolic encephalopathy give rise to 
altered glucose metabolism [21, 25, 26], the current results can be 
used as a standard or baseline for glucose uptake in the clinical 
treatment of these disorders. In addition, via this glucose uptake 
atlas, we revealed the association between glucose uptake and 
age, as well as the differences in glucose uptake between sexes, 
between the left and right sides of the body, and between the 
healthy-weight and overweight subjects, which in turn demon-
strated the role of this atlas in understanding glucose metabo-
lism across the human body.

Although there are several studies making endeavor to gen-
erate the total-body metabolic profiles via PET imaging [27, 28], 
and there are many studies describing metabolic profiles for 
several organs across the human body between healthy and dis-
eased subjects [13–15], as existing PET scanners have inadequate 
axial FOV, the measurement of glucose uptake in major organs 
and parts across the human body can only be achieved via mul-
ti-bed position scan (not at the same time) [23, 24]. Thus, such 
atlases may fail to reveal the simultaneous and exact metabolic 
profiles across the entire human body. The recent total-body PET/
CT system by the EXPLORER consortium, with a 194-cm-long FOV, 
enables the covering of the whole body and allows simultaneous 
tracing of biochemical processes in the entire human body [23, 24]. 
With the aid of this PET/CT scanner, it is possible to obtain glucose 
uptake images of the entire human body simultaneously and 
precisely.

Enabled by the uEXPLORER total-body PET/CT system, we 
developed a glucose uptake atlas of the human body for the first 
time. A recent proposal has called for an integrated human met-
abolic model at the system level, which would provide a scaffold 
for the integrative analysis of multidimensional omics data [29]. 
The current atlas with glucose uptake profiles across the human 
body may provide a platform for the investigation of metabolom-
ics at the system level. What’s more, many diseased conditions, 
including obesity, diabetes, cancers, etc., involve the dysregulated 
metabolic activities not only in a few nearby organs, but many 
organs and parts across the entire body [5]. Therefore, the cur-
rent atlas may also provide a useful tool and reference for the 
investigation of these diseased conditions involving dysregulated 
metabolism. In addition, the current atlas with glucose uptake 
profiles may enhance the understanding of glucose uptake and 
metabolism across the human body, demonstrated by the present 
investigations between glucose uptake, age, sex, lateralization, 
and obesity.

During the human aging process, metabolic alterations accu-
mulate over time [16]. Generally, older age is characterized by 
inflammation, oxidative stress, and reduced physiological func-
tion [17]. In this study, glucose uptake of the stomach exhibited 

a significant association with age. A previous study has revealed 
the 18F-fluorodeoxyglucose (18F-FDG) uptake pattern in the 
stomach [30]. During human aging, histological, and physiolog-
ical alterations occur in the stomach, which are mainly due to 
chronic insults such as helicobacter pylori and polymedication, 
and can be captured by the PET/CT [31, 32]. Therefore, the cur-
rent association may reflect histological and physiological alter-
ations in the stomach during aging. In the meanwhile, metabolic 
alterations with aging were manifested as increased SUL in the 
bilateral bones. Bone formation and remodeling occurs through-
out the lifespan, and increasing evidences have linked bone cell 
activity to global energy homeostasis [33]. In fact, bone turnover 
and metabolic indicators are related to age and gender [34]. A 
previous review reports that in some cases, properties of bones 
improve in function, and in others, deteriorate in function with 
aging [35], which was in line with the current results. However, 
glucose uptake of most other organs and body parts exhibited 
inverted U-shape associations with age showing a turning point 
around 40−59 years. The turning point can be explained by the 
secondary influences of body fat and physical fitness [36, 37].

There are differences in lifestyle, body composition, hormonal 
secretion, and metabolic enzymes between males and females, 
suggesting a potential effect of sex on total-body glucose metab-
olism [19]. Indeed, sexual dimorphism in metabolic profiles has 
been observed [20, 38]. The current study revealed dimorphism of 
glucose metabolism in the frontal lobe of the brain. The frontal 
lobe is one of the most sexually dimorphic regions of the human 
brain, since previous studies have found differences between 
sexes of neuroglial relationships and brain structures in the 
frontal fields [39, 40]. In addition, hormones play a certain role 
in the metabolism of men and women. Sex hormones influence 
the development of female- and male-specific traits and primar-
ily affect the structure and function of sex-specific brain regions 
and organs [41]. Other organs and body parts, including kidneys, 
showed dimorphism of glucose metabolism to some extent, 
which may be related to the expression and role of sex-regulating 
hormones in the apical and basolateral membranes of nephron 
epithelial cells, and the differences in structure and size under 
physiological conditions [41–43].

The human brain is asymmetric in both structure and func-
tion, allowing some neural functions or cognitive processes to be 
carried out unilaterally in specialized regions [44, 45]. In the pres-
ent study, several brain regions displayed hemispheric lateraliza-
tion in terms of glucose metabolism. Functional lateralization of 
the frontal gyrus, cingulate gyrus, globus pallidus, and temporal 
gyrus has been observed in both healthy subjects and diseased 
subjects [46–49]. As suggested by previous studies, the left–right 
differences in glucose metabolism in these brain regions may 
reflect functional lateralization of these regions. In addition, sev-
eral brain regions displayed higher glucose metabolism on the 
left side than on the right, while other regions displayed the oppo-
site patterns, which might reflect a compensatory mechanism in 
brain energy metabolism [50]. In the present study, a metabolic 
difference was also observed between the left and right kidneys, 
which may be resulted from the differences in position and size 
between the left and right kidneys [51].

Obesity is a complex condition mainly resulting from unbal-
anced energy homeostasis [52], and appears to be associated with 
alterations in brain structure and function [53]. Previous stud-
ies have revealed that brain regions including the putamen and 
the caudate nucleus are responsible for food reward processing 
[54]. The precuneus is involved in a variety of complex functions, 
and previous research has revealed the role of the precuneus in 
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cognitive control in obesity and obesity prevention [55]. As for 
heart, obesity can cause changes in cardiac metabolism, which 
make ATP production and utilization less efficient [56]. The brain 
and the digestive organs closely interact in regulating food intake. 
However, in obesity, the balanced interaction is altered, which may 
lead to the altered activity in the digestive organs including the 
stomach [57]. In addition, the association among pancreatic fat, 
obesity, and metabolic disease is well-established, as obesity can 
result in abnormal function of the endocrine pancreas, which fur-
ther leads to impaired glucose tolerance [58]. The current results 
demonstrated the effects of overweight on glucose metabolism 
in several organs including the brain, bilateral lungs, heart, and 
pancreas, which were well-consistent with the previous findings.

There are several limitations in the present study. First, the 
number of subjects were small, which is due to the advent devel-
opment of the uEXPLORER scanner. We have set strict criteria 
for healthy subjects according to their BMI, blood glucose con-
centration, etc., as many studies did not exclude healthy sub-
jects according to their BMI and blood glucose concentration. In 
addition, the high cost for the PET/CT also limited the number 
of healthy subjects. Second, partial volume effect (PVE) is not 
addressed. Admittedly, PVE is a huge concerning for PET analy-
sis. However, PVE is more serious regarding to small objects, and 
in this study, we have focused on major organs and parts across 
the entire human body, which might be less affected by PVE. In 
addition, as the uEXPLORER has the vantages of high sensitivity, 
which makes the PET images less affected by PVE. Lastly, we have 
not collected the information including smoking and drinking 
due to the retrospective nature of the study. Future studies will 
pay more attention to the clinical information.

In summary, we developed the first glucose uptake atlas with 
the aid of the uEXPLORER PET/CT scanner. This atlas provides 
baseline glucose uptake profiles in major parts throughout the 
human body and variations in glucose uptake among brain 
regions. In addition, we demonstrated the effects of age, sex, lat-
erality, and obesity on total-body metabolism via this atlas, which 
proved its role in the understanding of human metabolism and 
metabolomics. This glucose uptake atlas would also open a new 
path to the clinical diagnosis and treatment of cancers, obesity, 
diabetes, and other health conditions involving dysregulated 
metabolism.

Materials and methods
Participants and basic description
We collected participants with the following inclusion criteria: (i) 
an age between 20 and 80 years, (ii) right-handedness, (iii) 2-h 
postprandial blood glucose concentration in the normal range 
(3.9−7.8 mmol/L), and (iv) for premenopausal female subjects, 

they are not in their menstrual period. The exclusion criteria 
were as follows: (i) hypermetabolic lesions such as tumors, (ii) 
metabolic diseases such as diabetes, (iii) vascular diseases, and 
(iv) self-reported history of major or unstable medical illness. 
Thereafter, subjects were categorized according to body mass 
index (BMI), which was calculated as weight in kilograms divided 
by height in meters squared. BMI categories were defined as 
follows [38]: healthy-weight, <23.9  kg/m2; overweight, ≥24  kg/
m2. Ultimately, 15 healthy-weight subjects and 18 overweight 
subjects were included in this study. Table 1 presents the demo-
graphic details of the 33 subjects.

PET/CT acquisition
Prior to image acquisition, daily and weekly quality control and 
calibration steps were performed to ensure the quality of the 
PET/CT scan (details are given in the Supplementary text). The 
subjects received an injection of 18F-FDG via a vein near the 
ankle according to body mass [2.96 MBq/kg (0.08 mCi/kg)] after 
fasting for at least 6 h. The total-body PET/CT imaging was col-
lected using the uEXPLORER system (United Imaging Healthcare, 
Shanghai, China) 50 min after the injection. The subjects are told 
to empty their bladder before the scan. The static total-body PET 
scan was performed via uEXPLORER for 600  s. The PET images 
were reconstructed using all 600 s of data with time of flight and 
point spread function modeling, 2 iterations, 20 subsets, a matrix 
size of 192  ×  192, a slice thickness of 2.89  mm, a pixel size of 
3.125  ×  3.125  ×  2.886  mm3 with a Gaussian filter (full width at 
half maximum = 3 mm), and all necessary corrections (including 
attenuation and scatter correction).

Glucose uptake mapping
Major organs and parts across the entire human body, including 
the brain, heart, bilateral lungs, vertebrae, stomach, liver, spleen, 
pancreas, large intestine, small intestine, bilateral kidneys, bilat-
eral thigh bones, bilateral thigh muscles, biliteral calf bones, and 
bilateral calf muscles, were annotated by a certified radiologist 
using the active contour tool ITK-SNAP (version 3.6.0) (Fig. 1). 
Thereafter, the annotated organs and body parts were inspected 
by another certified radiologist, and relevant corrections were 
performed. At this stage, masks of these organs and body parts 
were obtained. The mean SUVs normalized SUL of 18F-FDG in 
these organs and body parts was calculated. First, SUV was cal-
culated as the ratio of radioactivity concentration divided by the 
administered dose at the time of injection divided by body weight. 
Lean body mass was then calculated according to Hume [59] 
(Supplementary Equation). The SUV value was then normalized 
by lean body mass to obtain the SUL value.

In addition, brain PET images were extracted from the total-
body PET images. Thereafter, statistical parametric mapping 

Table 1 Demographic features of the 33 subjects.

 Healthy-weight (n = 15) Overweight (n = 18) 

Age 52.07 ± 14.23 (31−73) 55.89 ± 8.53 (42−77)

Gender 5M/10F 13M/5F

Body mass (kg) 57.27 ± 7.84 (45−70) 79.33 ± 10.64 (59−100)

Height (m) 1.66 ± 0.06 (1.55−1.73) 1.70 ± 0.08 (1.56−1.80)

BMI (kg/m2) 20.76 ± 2.15 (16.73−23.94) 27.33 ± 1.69 (24.21−30.86)

2 h postprandial blood glucose concentration (mmol/L) 5.52 ± 0.71 (4.4−7.2) 6.27 ± 0.83 (5.2−7.6)

*Continuous variables are represented as mean ± standard deviation (minimum–maximum).
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software (SPM8) was used for the processing of brain PET images. 
Specifically, brain PET images were spatially registered to the 
Montreal Neurologic Institute template, and an SUL was calcu-
lated for each voxel within the brain. Then, the SUL map was 
smoothed using a 6-mm full width at half maximum Gaussian 
isotropic kernel.

Analysis of associations among different 
parameters
The association between age and glucose uptake was evaluated 
by performing Pearson correlation or quadratic regression anal-
ysis between age and the mean SUL in major organs and parts 
throughout the human body in the healthy-weight group. The 
best-fitting model was determined using the Akaike information 
criterion (AIC). The model with a smaller AIC value was used to 
describe the association between glucose uptake and age. The 
association between age and brain glucose uptake was evalu-
ated by performing Pearson correlation analysis between age and 
brain SUL maps.

In order to investigate the total-body differences in glucose 
uptake between men and women in healthy-weight group, an 
independent t-test was used to compare the mean SULs of major 
organs and body parts throughout the human body between 
sexes. General linear model was used to compare brain SUL ratio 
maps (standardized by z-score approach) between male and 
female subjects, with age as a nuisance covariate.

In terms of glucose uptake differences between the left and 
right sides of the body, paired t-test was applied to compare the 
mean SULs of the bilateral lungs, kidneys, muscles and bones of 
the thighs and calves, and bilateral brain subregions (each side 
of brain subregions correspond to the contralateral body parts) 
according to brain parcellation by the automated anatomical 
labeling atlas.

Lastly, differences of glucose uptake across the whole body 
between healthy-weight and overweight groups were evaluated. 
An independent t-test was used to compare the differences in 
the mean SULs of major organs and body parts throughout the 
human body between the two groups. General linear model was 
used to compare brain SUL ratio maps (standardized by z-score 
approach) between healthy-weight and overweight subjects, with 
age and gender as nuisance covariates.

Supplementary data
Supplementary material is available at Life Metabolism Journal 
online.

Acknowledgements
We thank all the staffs in the Department of PET/CT, the First 
Affiliated Hospital of Shandong First Medical University for their 
help in subject collection and data acquisition. This work was 
supported by the “Outstanding University Driven by Talents” 
Program and Academic Promotion Program of Shandong First 
Medical University (2020LJ002 and 2019QL009) and the Taishan 
Scholars Program of Shandong Province (TS201712065).

Author contributions
J.Q. and S.L. supervised the study. W.L. and Z.C. wrote the manu-
script. Z.C., K.L., Y.D., M.L., and C.M. collected the PET data. W.L. 
and X.X. performed most of the experiments and analysis.

Conflict of interest
The authors declare that no conflict of interest exists.

Ethics approval and consent to participate
This study was performed in line with the principles of the 
Declaration of Helsinki. Approval was granted by the Ethics 
Committee of Shandong First Medical University. Informed con-
sent was obtained from all individual participants included in the 
study.

Data availability
Data will be made available on reasonable request.

References
1.	 Ottens F, Franz A, Hoppe T. Build-UPS and break-downs: metab-

olism impacts on proteostasis and aging. Cell Death Differ 
2021;28:505–21.

2.	 Baraille F, Planchais J, Dentin R et al. Integration of ChREBP-
mediated glucose sensing into whole body metabolism. 
Physiology 2015;30:428–37.

3.	 Chantranupong L, Wolfson RL, Sabatini DM. Nutrient-sensing 
mechanisms across evolution. Cell 2015;161:67–83.

4.	 Jang C, Hui S, Zeng X et al. Metabolite exchange between mam-
malian organs quantified in pigs. Cell Metab 2019;30:594–606.e3.

5.	 De Feyter HM, Behar KL, Corbin ZA et al. Deuterium metabolic 
imaging (DMI) for MRI-based 3D mapping of metabolism in vivo. 
Sci Adv 2018;4:eaat7314.

6.	 Delbeke D, Coleman RE, Guiberteau MJ et al. Procedure guide-
line for tumor imaging with 18F-FDG PET/CT 1.0. J Nucl Med 
2006;47:885–95.

7.	 Min W, Fang P, Huang G et al. The decline of whole-body 
glucose metabolism in ovariectomized rats. Exp Gerontol 
2018;113:106–12.

8.	 Malbert CH, Horowitz M, Young RL. Low-calorie sweeteners aug-
ment tissue-specific insulin sensitivity in a large animal model 
of obesity. Eur J Nucl Med Mol Imaging 2019;46:2380–91.

9.	 Stevens JR, McMillan RP, Resendes JT et al. Acute low-dose 
endotoxin treatment results in improved whole-body glucose 
homeostasis in mice. Metabolism 2017;68:150–62.

10.	 Liu J, Lahousse L, Nivard MG et al. Integration of epidemiologic, 
pharmacologic, genetic and gut microbiome data in a drug-me-
tabolite atlas. Nat Med 2020;26:110–7.

11.	 Burianova V, Kalinin S, Supuran CT et al. Radiotracers for pos-
itron emission tomography (PET) targeting tumour-associated 
carbonic anhydrase isoforms. Eur J Med Chem 2021;213:113046.

12.	 Viswanath V, Zhou R, Lee H et al. Kinetic modeling of 18F-(2S,4R)4-
Fluoroglutamine in mouse models of breast cancer to estimate 
glutamine pool size as an indicator of tumor glutamine metab-
olism. J Nucl Med 2021;62:1154–62.

13.	 Zhang HJ, Mitchell S, Fang YH et al. Assessment of brain glucose 
metabolism following cardiac arrest by [18F]FDG Positron emis-
sion tomography. Neurocrit Care 2021;34:64–72.

14.	 Pahk K, Kim EJ, Lee YJ et al. Characterization of glucose uptake 
metabolism in visceral fat by 18 F-FDG PET/CT reflects inflamma-
tory status in metabolic syndrome. PLoS One 2020;15:e0228602.

15.	 Warner SO, Yao MV, Cason RL et al. Exercise-induced improve-
ments to whole body glucose metabolism in type 2 diabetes: the 
essential role of the liver. Front Endocrinol 2020;11:567.

D
ow

nloaded from
 https://academ

ic.oup.com
/lifem

eta/article/1/2/190/6775914 by C
apital U

niversity of Econom
ics and Business user on 18 April 2023



Glucose uptake atlas of human body  |  199

16.	 López-Otín C, Galluzzi L, Freije JMP et al. Metabolic control of 
longevity. Cell 2016;166:802–21.

17.	 Ballak DB, Brunt VE, Sapinsley ZJ et al. Short-term interleukin-37 
treatment improves vascular endothelial function, endurance 
exercise capacity, and whole-body glucose metabolism in old 
mice. Aging Cell 2020;19:e13074.

18.	 Kalyani RR, Egan JM. Diabetes and altered glucose metabolism 
with aging. Endocrinol Metab Clin North Am 2013;42:333–47.

19.	 Li J, Li J, Shan Z et al. Gender-differential effects on blood glucose 
levels between acarbose and metformin in Chinese patients 
with newly diagnosed type 2 diabetes: a sub-analysis of the 
MARCH trial. Endocr J 2021;68:69–79.

20.	 Goossens GH, Jocken JWE, Blaak EE. Sexual dimorphism in car-
diometabolic health: the role of adipose tissue, muscle and 
liver. Nat Rev Endocrinol 2021;17:47–66.

21.	 Zhang X, Xie Z, Berg E et al. Total-body dynamic reconstruc-
tion and parametric imaging on the uEXPLORER. J Nucl Med 
2020;61:285–91.

22.	 Zhang YQ, Hu PC, Wu RZ et al. The image quality, lesion detect-
ability, and acquisition time of 18F-FDG total-body PET/CT in 
oncological patients. Eur J Nucl Med Mol Imaging 2020;47:2507–15.

23.	 Zhang X, Cherry SR, Xie Z et al. Subsecond total-body imaging 
using ultrasensitive positron emission tomography. Proc Natl 
Acad Sci USA 2020;117:2265–7.

24.	 Vandenberghe S, Moskal P, Karp JS. State of the art in total body 
PET. EJNMMI Phys 2020;7:35.

25.	 Sharma R, Ramanathan A. The aging metabolome-biomarkers 
to hub metabolites. Proteomics 2020;20:e1800407.

26.	 Houtkooper RH, Argmann C, Houten SM et al. The metabolic 
footprint of aging in mice. Sci Rep 2011;1:134.

27.	 Guglielmo P, Ekström S, Strand R et al. Validation of automated 
whole-body analysis of metabolic and morphological parameters 
from an integrated FDG-PET/MRI acquisition. Sci Rep 2020;10:5331.

28.	 Sjöholm T, Ekström S, Strand R et al. A whole-body FDG PET/MR 
atlas for multiparametric voxel-based analysis. Sci Rep 2019;9:6158.

29.	 Robinson JL, Kocabaş P, Wang H et al. An atlas of human metab-
olism. Sci Signal 2020;13:eaaz1482.

30.	 Salaun PY, Grewal RK, Dodamane I et al. An analysis of the 18F-
FDG uptake pattern in the stomach. J Nucl Med 2005;46:48–51.

31.	 Salles N. Is stomach spontaneously ageing? Pathophysiology of 
the ageing stomach. Best Pract Res Clin Gastroenterol 2009;23:805–19.

32.	 Kobayashi S, Ogura M, Suzawa N et al. 18F-FDG uptake in the 
stomach on screening PET/CT: value for predicting Helicobacter 
pylori infection and chronic atrophic gastritis. BMC Med Imaging 
2016;16:58.

33.	 Zoch ML, Abou DS, Clemens TL et al. In vivo radiometric analy-
sis of glucose uptake and distribution in mouse bone. Bone Res 
2016;4:16004.

34.	 Shao J, Zhou SS, Qu Y et al. Correlation between bone turnover 
and metabolic markers with age and gender: a cross-sectional 
study of hospital information system data. BMC Musculoskelet 
Disord 2020;21:603.

35.	 Boskey AL, Coleman R. Aging and bone. J Dent Res 2010;89:1333–48.
36.	 Shimokata H, Muller DC, Fleg JL et al. Age as independent deter-

minant of glucose tolerance. Diabetes 1991;40:44–51.
37.	 Chia CW, Egan JM, Ferrucci L. Age-related changes in glucose 

metabolism, hyperglycemia, and cardiovascular risk. Circ Res 
2018;123:886–904.

38.	 Gao M, Lv J, Yu C et al. Metabolically healthy obesity, transition 
to unhealthy metabolic status, and vascular disease in Chinese 
adults: a cohort study. PLoS Med 2020;17:e1003351.

39.	 Orzhekhovskaya NS. Sexual dimorphism of neuroglial relation-
ships in the frontal fields of the human brain. Neurosci Behav 
Physiol 2006;36:261–4.

40.	 Sacher J, Neumann J, Okon-Singer H et al. Sexual dimorphism 
in the human brain: evidence from neuroimaging. Magn Reson 
Imaging 2013;31:366–75.

41.	 Sabolić I, Asif AR, Budach WE et al. Gender differences in kidney 
function. Pflugers Arch 2007;455:397–429.

42.	 Triebner K, Matulonga B, Johannessen A et al. Menopause is 
associated with accelerated lung function decline. Am J Respir 
Crit Care Med 2017;195:1058–65.

43.	 Savage VM, Allen AP, Brown JH et al. Scaling of number, size, and 
metabolic rate of cells with body size in mammals. Proc Natl 
Acad Sci USA 2007;104:4718–23.

44.	 Güntürkün O, Ströckens F, Ocklenburg S. Brain lateralization: a 
comparative perspective. Physiol Rev 2020;100:1019–63.

45.	 Wang Q, Zhang J, Liu Z et al. “Brain connectivity deviates by sex 
and hemisphere in the first episode of schizophrenia”-a route 
to the genetic basis of language and psychosis? Schizophr Bull 
2019;45:484–94.

46.	 Maldonado IL, Parente de Matos V, Castro Cuesta TA et al. The 
human cingulum: from the limbic tract to the connectionist 
paradigm. Neuropsychologia 2020;144:107487.

47.	 Mazzetti C, Staudigl T, Marshall TR et al. Hemispheric asymme-
try of globus pallidus relates to alpha modulation in reward-re-
lated attentional tasks. J Neurosci 2019;39:9221–36.

48.	 Bočková M, Chládek J, Jurák P et al. Oscillatory reactivity to 
effortful cognitive processing in the subthalamic nucleus and 
internal pallidum: a depth electrode EEG study. J Neural Transm 
2017;124:841–52.

49.	 Sivanesan S, Mundugaru R, Rajadas J. Possible clues for brain 
energy translation via endolysosomal trafficking of APP-CTFs in 
Alzheimer’s disease. Oxid Med Cell Longev 2018;2018:2764831.

50.	 Kalucki SA, Lardi C, Garessus J et al. Reference values and sex 
differences in absolute and relative kidney size. A Swiss autopsy 
study. BMC Nephrol 2020;21:289.

51.	 Hakimi AA, Reznik E, Lee CH et al. An integrated metabolic atlas 
of clear cell renal cell carcinoma. Cancer Cell 2016;29:104–16.

52.	 Formolo DA, Gaspar JM, Melo HM et al. Deep brain stimula-
tion for obesity: a review and future directions. Front Neurosci 
2019;13:323.

53.	 Tanaka H, Gourley DD, Dekhtyar M et al. Cognition, brain struc-
ture, and brain function in individuals with obesity and related 
disorders. Curr Obes Rep 2020;9:544–9.

54.	 Saruco E, Pleger B. A systematic review of obesity and binge eat-
ing associated impairment of the cognitive inhibition system. 
Front Nutr 2021;8:609012.

55.	 Nakamura Y, Ikuta T. Caudate-precuneus functional connectiv-
ity is associated with obesity preventive eating tendency. Brain 
Connect 2017;7:211–7.

56.	 Rider OJ, Cox P, Tyler D et al. Myocardial substrate metabolism in 
obesity. Int J Obes 2013;37:972–9.

57.	 Halawi H, Khemani D, Eckert D et al. Effects of liraglutide on 
weight, satiation, and gastric functions in obesity: a ran-
domised, placebo-controlled pilot trial. Lancet Gastroenterol 
Hepatol 2017;2:890–9.

58.	 Vieira E, Merino B, Quesada I. Role of the clock gene Rev-erbα in 
metabolism and in the endocrine pancreas. Diabetes Obes Metab 
2015;17:106–14.

59.	 Hume R. Prediction of lean body mass from height and weight. J 
Clin Pathol 1966;19:389–91.

D
ow

nloaded from
 https://academ

ic.oup.com
/lifem

eta/article/1/2/190/6775914 by C
apital U

niversity of Econom
ics and Business user on 18 April 2023


