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Abstract
Background: Metabolic syndrome and its individual components lead to wide-ranging consequences,
many of which affect the central nervous system. In this study, we compared the [18F]FDG regional brain
metabolic pattern of participants with type 2 diabetes mellitus (T2DM) and non-DM obese individuals.

Methods: In our prospective study 51 patients with controlled T2DM (ages 50.6 ± 8.0 years) and 45 non-
DM obese participants (ages 52.0 ± 9.6 years) were enrolled. Glucose levels measured before PET/CT
examination (pre-PET glucose) as well as laboratory parameters assessing glucose and lipid status were
determined. NeuroQ application (NeuroQTM 3.6, Syntermed, Philips) was used to evaluate regional brain
metabolic differences. [18F]FDG PET/CT (AnyScan PC, Mediso) scans, estimating brain metabolism were
transformed to MNI152 brain map after T1 registration and used for SPM-based group comparison of
brain metabolism corrected for pre-PET glucose, and correlation analysis with laboratory parameters.

Results: NeuroQ analysis did not reveal signi�cant regional metabolic defects in either group. Voxel-based
group comparison revealed signi�cantly (pFWE<0.05) decreased metabolism in the region of the
precuneus and in the right superior frontal gyrus (rSFG) in the diabetic group as compared to the obese
patients. Data analysis corrected for pre-PET glucose level showed a hypometabolic difference only in the
rSFG in T2DM. Voxel-based correlation analysis showed signi�cant negative correlation of the
metabolism in the following brain regions with pre-PET glucose in diabetes: precuneus, left posterior
orbital gyrus, right calcarine cortex and right orbital part of inferior frontal gyrus; while in the obese group
only the right rolandic (pericentral) operculum proved to be sensitive to pre-PET glucose level.

Conclusions: To our knowledge this is the �rst study to perform pre-PET glucose level corrected
comparative analysis of brain metabolism in T2DM and obesity. We also examined the pre-PET glucose
level dependency of regional cerebral metabolism in the two groups separately. Large-scale future studies
are warranted to perform further correlation analysis with the aim of determining the effects of metabolic
disturbances on brain metabolism. 

Introduction
Metabolic diseases, such as type 2 diabetes mellitus (T2DM) and obesity represent a major and
escalating public-health problem worldwide. Due to wide-spread lifestyle changes, lack of physical
activity, high fat and re�ned carbohydrate rich diet, and further environmental, genetic and epigenetic
factors, the incidence and the prevalence of metabolic diseases are gaining traction. Both T2DM and
obesity are clinically important components of today’s endemic commonly referred to as Metabolic
Syndrome (MetS) [1]. In general, more than 1 billion people have met the criteria of MetS worldwide [2].
The prevalence of MetS is associated with that of obesity [3]. According to a WHO report, between the
1980s and 2013, there has been a 27.5% increase in the number of obese adults while the number of
overweight children has risen by 47.1% [4]. Obesity is considered to be responsible for 3.4 million deaths
annually [5]. Besides the development of musculoskeletal, vascular and malignant diseases, obesity may
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ultimately lead to the development of T2DM [6]. The prevalence and incidence of T2DM also continue to
increase [7].

The components of MetS lead to wide-ranging consequences, many of which affect the central nervous
system. Rising evidence suggests that metabolic diseases lead to signi�cant cerebral microvascular
impairments; however, the underlying mechanism is not yet fully understood. Since MetS has a
staggering global prevalence and concomitantly deteriorating quality of life as well as reduced life
expectancy, there is an increasing interest in understanding the pathological mechanisms underlying the
association between MetS and its effect on brain function [8, 9]. Understanding the molecular basis of the
relationship between MetS and its impact on cerebral function may provide opportunity to discover new
targets for therapeutic intervention and drug development which could be useful tools in both the
prevention and deceleration of the progression of metabolic disturbances.

Several pathophysiological factors associated with obesity and T2DM could possibly be responsible for
the occurrence of microcircular brain changes. Fluctuating glucose levels, insulin resistance and related
altered insulin signalling together with oxidative stress may lead to neuroin�ammation, which can
eventually contribute to the appearance of MetS-associated brain abnormalities [10, 11].

As we are facing an increasing incidence of MetS, the effects of metabolic diseases on the central
nervous system are becoming frequently investigated. Based on existing research �ndings, MetS is
associated with the development of subclinical neurological alterations. In an MR study carried out by
Hirokazu B. et al., an increased prevalence of silent brain infarctions, periventricular hyperintensity and
subcortical white matter lesions were experienced in connection with MetS [12]. Further, Segura et al.
found microstructural white matter impairments in the frontal lobes of patients with MetS [13].

PET imaging is considered to be a sensitive tool to investigate brain metabolic changes. Hyun-Yeol et al.
reported concurrent low brain and high liver FDG uptake associated with MetS [14]. In another study, mild
hyperglycaemia was detected to induce decreased FDG uptake in the gray matter, mainly in the frontal,
temporal, and parietal association cortices, the posterior cingulate, and in the precuneus [15]. Liu and co-
workers observed lower glucose uptake in the brain of mice fed a high-fat diet (HFD) for about 2 months,
relative to controls [16]. Wang and co-authors detected that obese individuals compared to lean people
expressed higher fasting metabolism in the parietal somatosensory cortex regions that are responsible
for the sensation of the mouth, lips and the tongue [17]. In one study, frontal glucose metabolism was
negatively associated with body mass index (BMI) [18]. Taken together, these subclinical alterations in
cerebral metabolism and cerebrovascular reactivity may represent early brain deterioration associated
with peripheral metabolic disturbances. Based on the scope of the existing literature, there is no de�nitive
consensus so far regarding the effects of either T2DM or obesity on cerebral metabolism.

In this study, we investigated and compared the regional brain metabolic pattern with [18F]FDG in patients
with T2DM and obesity to evaluate what cerebral metabolic alterations might be induced by metabolic
disturbances as well as the association with different laboratory parameters.
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Materials And Methods
Study participants

Fifty-one patients with controlled T2DM and forty-�ve non-DM obese individuals were enrolled in this
prospective study. Subjects were recruited from the Department of Internal Medicine of the University of
Debrecen as well as from a private general medical praxis (Miskolc, Hungary). Patients were selected
based on the following inclusion criteria: age between 18 and 70, manifest obesity (BMI > 30 kg/m2) or
controlled T2DM, and no history of mental or brain disorders. Exclusion criteria involved gravidity,
breastfeeding, acute or chronic in�ammatory disease, severe liver disease, ongoing steroid treatment,
hyperthyroidism, retinoid intake, history of malignancies, crural ulcer, changes in therapy in the previous
six months, use of anticoagulant treatment, and brain injury or cerebrovascular event in medical history.
Before enrolment, subjects were provided with detailed pieces of information concerning the aims of the
study as well as the examinations. Informed consent was collected from all patients involved
(OGYEI/2829-4/2017).

[18F]FDG PET/CT

To investigate cerebral metabolism all participants underwent brain [18F]FDG-PET/CT examinations
applying AnyScan PET/CT (Mediso, Hungary). PET acquisition was initiated 45 minutes (+/- 5 minutes)
after injecting 3.5 MBq/Bw [18F]FDG intravenously using an automated infusion system (MEDRAD Intego,
Bayer). A low-dose CT was also performed for attenuation correction. The parameters of static PET
acquisition were the following: 10 min/FOV, with voxel size of 2 × 2 × 2 mm and matrix size of 160 × 160 
× 76, while low-dose CT parameters were as follows: 120 kVp and 100 mAs. In case of 48 type 2 diabetic
and 30 non-DM obese patients additional T1-weighted 3D MR (Achieva 3.0T (TX)-DS, Philips) images
were carried out for brain mapping with a voxel size of 0.5 × 0.5 × 1 mm and matrix size of 480 × 480 × 
175. Before PET imaging, the patients’ actual glucose level was measured (pre-PET glucose). Patients
with pre-PET glucose > 12 mmol/L were rescheduled after glucose control.

Laboratory assays
Besides serum glucose and HbA1c levels the following laboratory parameters were also determined:
sensitive thyroid-stimulating hormone (sTSH), triglyceride (Tg), cholesterol, high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), apolipoprotein A-I (ApoAI), apolipoprotein
B (ApoB). Pre-PET glucose level was estimated applying a test strip from �nger capillary sample right
before the start of the PET/CT examination (ACCU-CHEK ® Performa, Roche Diagnostics)

Image processing and assessment of regional brain metabolism
Two separate evaluation paths were followed.

Assessment of regional brain metabolism with NeuroQ software
FDA-approved NeuroQ application (NeuroQ™ 3.6, Syntermed, Philips) was used to analyse regional brain
metabolism of each study participant and to statistically compare the individual’s scan with an age and
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sex matched normal whole brain atlas [19]. Participants’ [18F]FDG PET �les were imported in DICOM
format into the NeuroQ software program for automatic quanti�cation, and the activity in 240
standardised regions of interest (ROIs) was calculated. Those regions were considered abnormal which
had the uptake values below 1.65 SD of the mean of the normal database.

Statistical Parametric Mapping (SPM) analysis for group comparison and correlation analysis
For SPM analysis image preprocessing was performed by an in-house developed pipeline, which involved
four main procedures. Firstly, T1 weighted images of 71 patients were transformed to the MNI152
template using the ANTS (Avants, 2008) linear and non-linear image registration software, with a 2 × 2 × 
2 mm voxel size [20]. Then, the PET images of these subjects were registered to their transformed T1 with
the FLIRT linear registration tool (Jenkinson, 2001) [21]. We used these spatially normalised images to
create an FDG template speci�c to our population by averaging the transformed PET images. Thereafter,
we applied linear transformation on every subject's FDG-PET image to create a study-speci�c FDG
template. This template was used for spatial normalisation of patients’ FDG images by using FNIRT
software of FSL package [22]. Before the statistical model �tting, we applied the standard „Proportional
thresholding SPM protocol” which set the threshold level at the 80 per cent of the mean voxel values.
Additionally, the voxel intensity values were linearly scaled to set the mean intensity of the whole brain
PET images to 50. Finally, the normalised images were smoothed with a Gaussian kernel (FWHM = 
16 mm).

We used SPM methods both for group comparison (two-sample t-test) and correlation analysis [23].
Statistical images were FWE-corrected (p < 0.05) and we only considered clusters with an extent of at
least 40 voxels.

Results
Laboratory parameters, the main anthropometric characteristics of the patients and the performed
diagnostic examinations are shown in Table 1–5.
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Table 1
Laboratory parameters (following Gaussian distribution) assessing metabolic status of type 2 diabetic

and non-DM obese study participants

  Type 2 diabetic
participants

non-DM, obese
participants

 

Parameters mean; SD mean; SD Reference value p-
value

HbA1c (%) 7.59; 1.27 5.49; 0.33 4.2–6.1% < 
0.001
**

high-density lipoprotein
cholesterol (mmol/L)

1.21; 0.34 1.39; 0.32 men: >1 mmol/L,
women > 1.3 mmol/L

0.013
*

low-density lipoprotein
cholesterol (mmol/L)

3.05; 0.95 3.82; 0.93 < 3.4 mmol/L < 
0.001
**

p-values for parameters are derived from two-sample Student's t-test of the type 2 diabetic and obese
group of patients; DM: diabetes mellitus; HbA1c: glycated haemoglobin; SD: standard deviation

* Signi�cance level < 0.05

** Signi�cance level < 0.001
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Table 2
Laboratory parameters (following non-Gaussian distribution) assessing metabolic status of type 2

diabetic and non-DM obese study participants

  Type 2 diabetic
participants

non-DM, obese
participants

 

Parameters median; IQR median; IQR Reference
value

p-
value

pre-PET glucose (mmol/L) 7.20; 2.55 6.00; 0.78 3.6-
6.0 mmol/L

< 
0.001
**

serum glucose (mmol/L) 8.45; 4.48 5.40; 0.75 3.6-
6.0 mmol/L

< 
0.001
**

sensitive thyroid-stimulating
hormone (mU/L)

1.87; 1.32 2.21; 1.54 0.3–
4.2 mU/L

0.278

triglyceride (mmol/L) 1.70; 2.20 1.40; 1.00 < 
1.7 mmol/L

0.015
*

cholesterol (mmol/L) 4.90; 1.20 5.40; 1.25 < 
5.2 mmol/L

0.005
*

apolipoprotein A-I (g/L) 1.55; 0.33 1.68; 0.39 > 1.15 g/L 0.175

apolipoprotein B (g/L) 1.11; 0.29 1.21; 0.25 < 1.0 g/L 0.045
*

p-values for parameters are derived from two-sample Student's t-test of the type 2 diabetic and obese
group of patients; DM: diabetes mellitus; IQR: interquartile range; pre-PET glucose: glucose level
measured prior to PET/CT (hybrid positron emission tomography and X-ray computer tomography)
examination; PET: positron emission tomography

* Signi�cance level < 0.05

** Signi�cance level < 0.001
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Table 3
Main anthropometric characteristics (following Gaussian distribution) of type 2 diabetic participants and

non-DM obese individuals
Parameters Type 2 diabetic subjects non-DM, obese subjects  

mean; SD mean; SD P value

weight (kg) 98.10; 19.45 111.89; 23.61 0.003

height (cm) 170.24; 8.78 170.89; 11.44 0.897

P-values for parameters are derived from two-sample Student's t-test of the type 2 diabetic and obese
group of patients; DM: diabetes mellitus; SD: standard deviation

Signi�cance level < 0.05

 
Table 4

Main anthropometric characteristics (following non-Gaussian distribution) of type 2 diabetic participants
and non-DM obese individuals

Parameters Type 2 diabetic subjects non-DM, obese subjects  

median; IQR median; IQR P value

age (year) 50.50; 12.00 52.00; 14.50 0.424 *

BMI (kg/m2) 32.81; 8.00 36.33;7.28 < 0.001 **

P-values for parameters are derived from two-sample Student's t-test of the type 2 diabetic and obese
group of patients; DM: diabetes mellitus; IQR: interquartile range; BMI: body mass index

* Signi�cance level < 0.05

** Signi�cance level < 0.001

 
Table 5

Number of performed examinations on type 2 diabetic and non-DM obese participants

  Type 2 diabetic participants Non-DM obese participants

PET/CT 51 45

MRI 48 30

Laboratory analyses 50 45

DM: diabetes mellitus; PET/CT: hybrid positron emission tomography and X-ray computer
tomography; MRI: magnetic resonance imaging
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There were no signi�cant differences in age (t-test, p = 0.42) and gender (chi-square test, p = 0.9) among
the patients involved in both groups. Serum glucose, pre-PET glucose and HbA1C levels of the patients
were measured. Obviously, these parameters were signi�cantly higher (p < 0.001) in the diabetic group
due to the presence of the disease itself. Body weight and BMI were statistically higher in the non-DM
obese group which is the consequence of obesity. Comparing the two groups, in the diabetic group higher
Tg levels (p = 0.01) were measured, while cholesterol (p = 0.01), LDL-C (p < 0.001) and ApoB (p = 0.04)
levels were signi�cantly higher in the non-DM obese group. In type 2 diabetics HDL-C levels were
signi�cantly lower compared to the obese (p = 0.01). These differences could be due to the diseases
themselves.

Regional analysis of brain metabolism

NeuroQ analysis revealed no statistically signi�cant regional metabolic defect in either group (as
demonstrated in Fig. 1). However, some brain regions were represented with lower cerebral activity,
although this was not considered statistically signi�cant either. Among these areas the following could be
mentioned.: visual cortex (V) left associative visual cortex (lAVC), left primary visual cortex (lPVC), right
primary visual cortex (rPVC), right cerebellum (rCbm).
SPM analysis for group comparison and correlation analysis

Voxel-based comparison of the two groups revealed signi�cantly decreased metabolism in the region of
the precuneus and in the right superior frontal gyrus (rSFG) in the type 2 diabetic group as shown in Fig. 2
(pFWE<0.05).

Since the pre-PET glucose level of diabetic patients were signi�cantly higher (p < 0.05) than those of the
obese, additional glucose correction was performed during SPM analysis. After pre-PET glucose
correction only the rSFG region showed hypometabolism in the diabetic group compared to the obese.
Additionally, the metabolism in the region of the precuneus was detected to be inversely proportional to
pre-PET glucose level, that is, the higher the pre-PET glucose level, the greater the degree of metabolic
reduction was.

Further analysis of glucose-sensitive regional metabolic differences was performed in the two study
groups separately. In the type 2 diabetic group the following brain regions were detected to show glucose-
sensitive hypometabolism (demonstrated in Fig. 3):

precuneus/posterior cingulate gyrus

left posterior orbital gyrus

right calcarine cortex

right orbital part of the inferior frontal gyrus

In the obese group, unlike the diabetic population, we found glucose-dependent reduced metabolism in
only one area, namely the region of the right rolandic (pericentral) operculum as seen in Fig. 3
(pFWE<0.05). The results of SPM analysis and the parameters of the brain regions are detailed in Table 6.
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Table 6
Results of Statistical Parametric Mapping (SPM) analyses

  Region peak cluster

  x y z Tvalue pFWE volume
(cm3)

pFWE

Group
difference

precuneus -14 -72 32 5.22 0.001 35.7 < 
0.001

right superior frontal gyrus 24 42 34 5.2 0.001 4.2 0.008

Diabetes
correlation

left posterior orbital gyrus -36 30 -16 4.84 0.010 1.6 0.018

right orbital part of the
inferior frontal gyrus

44 26 -8 4.75 0.013 0.7 0.028

precuneus/ posterior
cingulate gyrus

0 -46 34 4.55 0.022 2.6 0.013

right calcarine cortex 10 -64 12 4.43 0.031 0.7 0.028

Obesity
correlation

right rolandic (pericentral)
operculum

50 -18 12 5.03 0.007 3.1 0.009

FWE: Family-Wise Error; SPM: Statistical Parametric Mapping

 
Regional brain metabolism did not correlate with the other laboratory parameters investigated (HbA1c,
sTSH, Tg, cholesterol, HDL-C, LDL-C, ApoAI, ApoB).

Discussion
As MetS impose a signi�cant �nancial and economic burden on societies, the need for the reduction of its
prevalence becomes relevant [2, 9]. Since rising evidence suggests that MetS and its components are
associated with the development of brain abnormalities, there is a growing demand for imaging
modalities that are sensitive to brain changes developed on the basis of metabolic diseases [8].

Previous studies examined the connection between brain metabolism and MetS and its individual
components [8, 24]. A [18F]FDG PET study conducted by Willette et al. with 150 cognitively normal, late-
middle aged adults involved, revealed lower cerebral regional glucose metabolism in ventral prefrontal,
cingulate, temporal, insular, posteromedial cortices and in the cerebellum in association with Higher
Homeostatic Model Assessment of Insulin Resistance (HOMA-IR), a parameter assessing metabolic
disturbances [25]. The relationship seemed to be the strongest in the following brain regions:
hippocampus, left medial temporal lobe, rostral and posterior cingulate, precuneus and cuneus. Although
T2DM is characterised by IR, our study could not fully strengthen the results of the detailed study which
might possibly be due to the fact that we did not determine the severity of IR, nor we considered the
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impact of IR on brain glucose metabolism. Further, participants involved by Willette and co-authors were
not taking drugs for glycaemic control at the time of the study or previously, while individuals in our study
were under antidiabetic medical treatment. Finally, in the mentioned study only 7 patients had diagnosed
T2DM. These might also explain the incoherency between their and our results. In another FDG PET study,
Wei Li and co-authors stated that patients with T2DM expressed lower brain glucose metabolism than the
non-diabetic individuals [24]. Our result of the comparison analysis could not be actually compared to
that of Wei Li et al. regarding that the effects of antidiabetic treatment were not taken into consideration.
Additionally, regional brain metabolic alterations were not assessed in the mentioned research. Further,
recent research detected reduced frontal metabolism in type 2 diabetics [26]. In addition, frontotemporal
brain regions were registered to show decreased brain glucose uptake in type 2 diabetic individuals, even
after controlling for different vascular risk factors [27]. While some studies indicated higher fasting
cerebral metabolism in obese patients compared to lean people, others pointed out no associations
between obesity and brain glucose uptake [17, 28]. The underlying mechanism behind cerebral metabolic
changes related to metabolic diseases is not exactly known. Decreased neuronal function owing to
mitochondrial damage, enhanced oxidative stress, disturbancies regarding lipid metabolism and
neuroin�ammation may underpin the association between them [25, 29].

Although several studies supported the association between obesity/T2DM and altered brain glucose
metabolism, to our knowledge there is no study so far that have compared the metabolism of the two
metabolic diseases.

NeuroQ application based regional metabolic analysis showed no signi�cant difference from normal
database which could be explained by the fact that patients involved were well treated and had controlled
glycaemic status. However, the same shift trend from normal in both groups may reveal that metabolic
diseases potentionally have similar pathophysiological effects on brain metabolism. Some brain areas
were depicted with lower activity, but this was statistically not signi�cant either. Future studies are
warranted to investigate the underlying cause behind this. In an FDG PET study García et al. found
reduced frontotemporal metabolism in T2DM compared to healthy cohort [27]. The fact that vascular risk
factors are not taken into account in NeuroQ analysis may possibly explain the differences between the
results of the current study and that of García and co-workers.

In our research, voxel-bases group comparison revealed hypometabolism in the region of the precuneus in
the diabetic group compared to the obese. This could be in line with the results of Apostolova and co-
authors who pointed out that elevated blood glucose level (98.4 ± 15.8 mg/dl/5,5 ± 0,88 mmol/L), even in
the normal range (reference range 59–149 mg/dl/3,3–8,34 mmol/L) is associated with a decrease
regarding [18F]FDG uptake in the posterior cortex [30]. Increasing plasma glucose levels causing reduced
brain glucose metabolism in the region of the precuneus and the posterior cingulate gyrus detected by
Ishibashi K and co-workers could also be in coherence with our result [31]. Another PET study also
supported that glucose loading prior to PET examination induced a reduction in FDG uptake in the
precuneus [32]. In that study 9 healthy young volunteers (112 ± 22 mg/dl/6,27 ± 1,23 mmol/L) without IR
underwent both [18F]FDG and O15-H2O PET/CT examinations. Besides the precuneus and the posterior
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cingulate, lateral parietal and frontal cortex also showed decreased metabolism after glucose loading.
Beyond the region of the precuneus we only detected hypometabolism in the rSFG in T2DM. The
inconsistency in the results may be because of the difference in the population involved. It should also be
noted that median serum glucose level of type 2 diabetics was mildly increased in our study group and
they were not in a glucose-loading condition. Further, Baker et al. pointed out decreased metabolism in the
posterior cingulate region both in prediabetic and manifest type two diabetic patients [26]. Finally, Robert
Ro. and co-authors examined patients with or without diabetes and found reduced brain glucose
metabolism among others in the posterior cingulate gyrus [33].

However, when taking pre-PET glucose level into consideration, precuneus did not show hypometabolic
difference between the two examined groups. Additionally, the level of pre-PET glucose level seemed to be
inversely related to the metabolism of the precuneus. Thus, we assume that hypometabolism in the
region of the precuneus is a glucose-dependent regional metabolic alteration, indicating that actual serum
blood glucose level in�uences its FDG uptake. Further, we hypothesize that the extent of glucose
hypometabolism in this brain region is rather determined by the actual metabolic state of patients than by
diabetes or obesity themselves. Searching for the future clinical signi�cance of our result, we presume
that healthy people with glucose levels above the reference value even without metabolic disturbances
may have an increased risk for decreasing brain glucose metabolism. Thus, our hypothesis may
emphasize the importance of glucose level management, perhaps even outside diabetes and obesity.
Future studies are warranted to determine its clinical signi�cance.

The rSFG was also detected to be a hypometabolic brain region in the type 2 diabetic individuals
compared to the obese participants. Based on the scope of the existing literature no previous studies
have demonstrated similar results so far. Although the underlying mechanism behind this is not known,
we suppose that glucotoxicity may have a role in the appearance of this metabolic change. We also
assume that this brain region could be more vulnerable to diabetes-associated brain changes than other
areas. The detection of the future clinical signi�cance of that �nding requires further investigation.

When examining the groups separately, the subsequent four regions in the diabetic group demonstrated a
negative correlation with pre-PET glucose level: precuneus/posterior cingulate cortex, right calcarine
cortex, right orbital part of the inferior frontal gyrus and the left posterior orbital gyrus, while in the obese
group the right rolandic (pericentral) operculum showed reduced metabolic activity. Based on the scope
of the available literature data, no previous research has demonstrated pre-PET glucose dependent brain
metabolic changes in T2DM and obesity. We presume that these brain regions might be affected �rst by
the metabolic diseases and could be the most vulnerable to the diabetes/obesity-related brain effects. We
suppose that parallel with the progression of the diseases, other brain regions will exhibit decreased
metabolism. The fact that in the two groups not the same brain regions were detected to show pre-PET
glucose dependent metabolic reduction may suggest that obesity and diabetes affect the metabolic
response of the different brain areas to varying degrees. Further, besides the existence of metabolic
diseases other factors such as current metabolic state and individual characteristics may also have a role
in the appearance of these region speci�c brain metabolic alterations.
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Since other metabolic parameters were not associated with decreased brain metabolism, we suppose that
the pre-PET glucose level may be a sensitive marker for the prediction of MetS-associated brain metabolic
impairments.

There are important limitations to our study worth noting. First, we had a relatively small sample size that
limited our capability to evaluate further correlations between [18F]FDG brain metabolism and other
measured laboratory parameters. Future research should involve more patients and include follow-up
with the aim of investigating how [18F]FDG brain metabolism changes over time. Second, we involved
controlled diabetic patients under different types of medications (antidiabetics with different mechanism
of action, antihypertensive and lipid- lowering drugs and antidiuretics). Third, we did not examine the
effect of gender on glycaemic control. Finally, the comparison to healthy control subjects was based on
the data base of NeuroQ rather than our own group with matching demographic parameters.

Conclusion
Pre-PET glucose level dependent hypometabolism was detected in the precuneus in type 2 diabetic
individuals compared to non-DM obese participants. To our knowledge this is the �rst study to perform
pre-PET glucose level corrected comparative analysis of brain metabolism in T2DM and obesity. Pre-PET
glucose sensitive brain regions were also revealed in the two study groups separately. Our �ndings
highlight the importance of future correlative studies in the search for mechanistic explanations of the
effect of dysmetabolic states on brain glucose metabolism. Since individuals with T2DM/obesity face
impairments in daily living activities, imposing a considerable burden of care on both society and family,
sensitive diagnostic methods showing alterations in cerebral metabolism have clinical signi�cance as
biological markers derived from brain imaging may be effective early indicators of the appearance of
cerebrovascular diseases.

Abbreviations
[18F]FDG                2- [18F]-Fluoro-2-deoxy-D-glucose

T2DM                     type 2 diabetes mellitus

DM                         diabetes mellitus

PET/CT                    hybrid positron emission tomography and X-ray computer tomography

pre-PET                   prior to positron emission tomography

MNI                         Montreal Neuroscience Institute

SPM                         statistical parametric mapping

FWE                         Family-Wise Error
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rSFG                        right superior frontal gyrus

MetS                        Metabolic Syndrome

WHO                        World Health Organisation

MR                           magnetic resonance

PET                          positron emission tomography

HFD                         high-fat diet

BMI                         body-mass index

MBq                         megabecquerel

Bw                          body weight

CT                          computer tomography

FOV                        �eld of view

kVp                        kilovolt peak

mAs                       milliamper secundum

HbA1c                   glycated haemoglobin

sTSH                      sensitive thyroid-stimulating hormone

Tg                          triglyceride

HDL-C                   high-density lipoprotein cholesterol

LDL-C                   low-density lipoprotein cholesterol                           

ApoAI                    apolipoprotein A-I

ApoB                     apolipoprotein B

FDA                       Food and Drug Administration (USA)

DICOM                   Digital Imaging and Communications is Medicine

ROI                        Region of Interest

SD                          standard deviation
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ANTS                    Advanced Normalisation Tools

FLIRT                    FMRIB's Linear Image Registration Tool

FNIRT                    FMRIB’s Nonlinear Image Registration Tool

FSL                        FMRIB Software Library

FWHM                   Full Width at Half Maximum

V                           Visual Cortex

lAVC                      left associative visual cortex

lPVC                       left primary visual cortex

rPVC                      right primary visual cortex

rCbm                     right cerebellum

HOMA-IR                Higher Homeostatic Model Assessment of Insulin Resistance

IR                           insulin resistance

[15O]H2O               15O dihidrogen oxide

Declarations
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 University of Debrecen (DE RKEB/IKEB / 4845B-
2017 / 07/14/2017). Before enrolment, subjects were given detailed pieces of information concerning the
aims of the study as well as the examinations. Informed consent was collected from all patients involved
(OGYEI/2829-4/2017).

Consent for publication: Not applicable.

Availability of data and materials: The dataset used and/or analysed during the current study are
available from the corresponding author on reasonable request.

Competing interest: The authors declare that they have no competing interests.

Funding: This research was supported by the National Grant No. GINOP-2.1.1-15-2015-00609. Image
preprocessing pipeline used in this study was developed in the National Brain Research Program No.
2017-1.2.1-NKP-2017-00002.



Page 17/22

Authors’ Contributions: IG is the leader of the project. ZSH analysed and interpreted the PET/CT images.
CSA, ME and JV performed the SPM analyses and contributed to the creation of the Tables and Figures.
AF and FN took part in the statistical analyses as well. KK had an important role in the preparation of the
Tables and Figures. MK, SS and RE provided clinical data. All authors read and approved the �nal
manuscript.

Acknowledgements: Not applicable.

References
1. Ginsberg HN, MacCallum PR. The Obesity, Metabolic Syndrome, and Type 2 Diabetes Mellitus

Pandemic: Part I. Increased Cardiovascular Disease Risk and the Importance of Atherogenic
Dyslipidemia in Persons With the Metabolic Syndrome and Type 2 Diabetes Mellitus. J Cardiometab
Syndr. 2009;4:113–9.

2. Saklayen MG. The Global Epidemic of the Metabolic Syndrome. Curr Hypertens Rep. 2018;20:12.

3. Rochlani Y, Pothineni NV, Kovelamudi S, Mehta JL. Metabolic syndrome: pathophysiology,
management, and modulation by natural compounds. Ther Adv Cardiovasc Dis. 2017;11:215–25.

4. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional, and national
prevalence of overweight and obesity in children and adults during 1980–2013: a systematic
analysis for the Global Burden of Disease Study 2013. Lancet. 2014;384:766–81.

5. Kelishadi R. Health impacts of Obesity. Pakistan J Med Sci. 2014;31.

�. Bray GA. Medical Consequences of Obesity. J Clin Endocrinol Metab. 2004;89:2583–9.

7. Bhupathiraju SN, Hu FB. Epidemiology of Obesity and Diabetes and Their Cardiovascular
Complications. Circ Res. 2016;118:1723–35.

�. Yates KF, Sweat V, Yau PL, Turchiano MM, Convit A. Impact of Metabolic Syndrome on Cognition and
Brain. Arterioscler Thromb Vasc Biol. 2012;32:2060–7.

9. Etchegoyen M, Nobile MH, Baez F, Posesorski B, González J, Lago N, et al. Metabolic Syndrome and
Neuroprotection. Front Neurosci. 2018;12.

10. Alfaro FJ, Gavrieli A, Saade-Lemus P, Lioutas V-A, Upadhyay J, Novak V. White matter microstructure
and cognitive decline in metabolic syndrome: a review of diffusion tensor imaging. Metabolism.
2018;78:52–68.

11. Kordestani-Moghadam P, Assari S, Nouriyengejeh S, Mohammadipour F, Pourabbasi A. Cognitive
Impairments and Associated Structural Brain Changes in Metabolic Syndrome and Implications of
Neurocognitive Intervention. J Obes Metab Syndr. 2020;29:174–9.

12. Bokura H, Yamaguchi S, Iijima K, Nagai A, Oguro H. Metabolic Syndrome Is Associated With Silent
Ischemic Brain Lesions. Stroke. 2008;39:1607–9.

13. Segura B, Jurado MA, Freixenet N, Falcon C, Junque C, Arboix A. Microstructural white matter
changes in metabolic syndrome: A diffusion tensor imaging study. Neurology. 2009;73:438–44.



Page 18/22

14. Nam H-Y, Jun S, Pak K, Kim IJ. Concurrent Low Brain and High Liver Uptake on FDG PET Are
Associated with Cardiovascular Risk Factors. Korean J Radiol. 2017;18:392.

15. Kawasaki K, Ishii K, Saito Y, Oda K, Kimura Y, Ishiwata K. In�uence of mild hyperglycemia on cerebral
FDG distribution patterns calculated by statistical parametric mapping. Ann Nucl Med. 2008;22:191–
200.

1�. Liu Z, Patil I, Sancheti H, Yin F, Cadenas E. Effects of Lipoic Acid on High-Fat Diet-Induced Alteration
of Synaptic Plasticity and Brain Glucose Metabolism: A PET/CT and 13C-NMR Study. Sci Rep.
2017;7:5391.

17. Wang G-J, Volkow ND, Felder C, Fowler JS, Levy A V., Pappas NR, et al. Enhanced resting activity of
the oral somatosensory cortex in obese subjects. Neuroreport. 2002;13:1151–5.

1�. Volkow ND, Wang G-J, Telang F, Fowler JS, Goldstein RZ, Alia-Klein N, et al. Inverse Association
Between BMI and Prefrontal Metabolic Activity in Healthy Adults. Obesity. 2009;17:60–5.

19. Bridges RL, Cho CS, Beck MR, Gessner BD, Tower SS. F-18 FDG PET brain imaging in symptomatic
arthroprosthetic cobaltism. Eur J Nucl Med Mol Imaging. 2020;47:1961–70.

20. Avants B, Epstein C, Grossman M, Gee J. Symmetric diffeomorphic image registration with cross-
correlation: Evaluating automated labeling of elderly and neurodegenerative brain. Med Image Anal.
2008;12:26–41.

21. Jenkinson M, Smith S. A global optimisation method for robust a�ne registration of brain images.
Med Image Anal. 2001;5:143–56.

22. Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. FSL. Neuroimage. 2012;62:782–
90.

23. Ashburner J. SPM: A history. Neuroimage. 2012;62:791–800.

24. Li W, Risacher SL, Huang E, Saykin AJ. Type 2 diabetes mellitus is associated with brain atrophy and
hypometabolism in the ADNI cohort. Neurology. 2016;10.

25. Willette AA, Bendlin BB, Starks EJ, Birdsill AC, Johnson SC, Christian BT, et al. Association of Insulin
Resistance With Cerebral Glucose Uptake in Late Middle–Aged Adults at Risk for Alzheimer Disease.
JAMA Neurol. 2015;72:1013.

2�. Baker LD, Cross DJ, Minoshima S, Belongia D, Watson GS, Craft S. Insulin Resistance and Alzheimer-
like Reductions in Regional Cerebral Glucose Metabolism for Cognitively Normal Adults With
Prediabetes or Early Type 2 Diabetes. Arch Neurol. 2011;68.

27. García-Casares N, Berthier ML, Jorge RE, Gonzalez-Alegre P, Gutiérrez Cardo A, Rioja Villodres J, et al.
Structural and Functional Brain Changes in Middle-Aged Type 2 Diabetic Patients: A Cross-Sectional
Study. J Alzheimer’s Dis. 2014;40:375–86.

2�. Iozzo P, Guzzardi MA. Imaging of brain glucose uptake by PET in obesity and cognitive dysfunction:
life-course perspective. Endocr Connect. 2019;8:R169–83.

29. Craft S, Cholerton B, Baker LD. Insulin and Alzheimer’s Disease: Untangling the Web. Perry G, Zhu X,
Smith MA, Sorensen A, Avila J, editors. J Alzheimer’s Dis. 2012;33:S263–75.



Page 19/22

30. Apostolova I, Lange C, Suppa P, Spies L, Klutmann S, Adam G, et al. Impact of plasma glucose level
on the pattern of brain FDG uptake and the predictive power of FDG PET in mild cognitive
impairment. Eur J Nucl Med Mol Imaging. 2018;45:1417–22.

31. Ishibashi K, Wagatsuma K, Ishiwata K, Ishii K. Alteration of the regional cerebral glucose metabolism
in healthy subjects by glucose loading. Hum Brain Mapp. 2016;37:2823–32.

32. Ishibashi K, Kawasaki K, Ishiwata K, Ishii K. Reduced Uptake of 18 F-FDG and 15 O-H 2 O in
Alzheimer’S Disease-Related Regions after Glucose Loading. J Cereb Blood Flow Metab.
2015;35:1380–5.

33. Roberts RO, Knopman DS, Cha RH, Mielke MM, Pankratz VS, Boeve BF, et al. Diabetes and Elevated
Hemoglobin A1c Levels Are Associated with Brain Hypometabolism but Not Amyloid Accumulation.
J Nucl Med . 2014;55:759–64.

Figures



Page 20/22

Figure 1

Shows the result of NeuroQ analysis. No signi�cant difference from normal was detected either in the
type 2 diabetic or in the obese group regarding [18F]FDG brain uptake. However, some brain regions were
depicted with lower cerebral activity but this was not considered statistically signi�cant either. Among
these areas the following could be mentioned: visual cortex (V) left associative visual cortex (lAVC), left
primary visual cortex (lPVC), right primary visual cortex (rPVC), right cerebellum (rCbm).
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Figure 2

The left side we show the thresholded voxel-wise SPM{t} maps overlaid on the population-averaged T1-
weighted images, representing the lower [18F]FDG uptake in diabetes group relative to the obese group.
The colour scales demonstrate the t-values above the applied PFWE<0.05 statistical threshold. In this
analysis we did not apply correction for pre-PET blood glucose level. In the right side, the boxplots
demonstrate the group difference in globally normalised FDG uptake at the highest local Student-t
maxima.
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Figure 3

SPM maps showing the results of correlation analyses in both groups. In the diabetes group, the
following brain regions show signi�cant correlation with the pre-PET glucose level. a)
Precuneus/Posterior Cingulate Gyrus b) Left Posterior Orbital Gyrus c) Right Calcarine Cortex d) Right
Orbital Part of the Inferior Frontal Gyrus. e) In the obese group, the Right Central Operculum (Right
Rolandic Pericentral Operculum). SPM maps were thresholded at FWE-corrected p<0.05 at the cluster
level using k=40 spatial extend threshold. The colour scales demonstrate the t-values above the applied
PFWE<0.05 statistical threshold


