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Background: Type 2 diabetes mellitus (T2DM) is characterized by notable familial aggregation involving 
common variants of many genes, and its heritability leads to a high prevalence in the siblings of affected 
individuals compared with the general population. Endophenotypes are objective, heritable, quantitative 
traits that appear to reflect the genetic risk for polygenic disorders at more biologically tractable levels. Based 
on a sibling pair design, we aimed to find the neuroimaging endophenotypes of T2DM and investigate the 
role of inherent neurological disorders in the pathogenesis and deterioration of T2DM.
Methods: Twenty-six pairs of diagnosed T2DM patients with unaffected siblings and 26 unrelated controls 
were included in this study. Both high-resolution structural MRI and three-dimensional pseudo-continuous 
arterial spin labelling (3D-pCASL) MRI data were acquired with a 3.0 T MRI system. Voxel-based 
morphometry (VBM) analysis was performed on the structural T1W images, and cerebral blood flow (CBF) 
maps were obtained. All data were processed with the SPM8 package under the MATLAB 7.6 operation 
environment.
Results: The T2DM patients and their unaffected siblings shared significant atrophy in the right inferior/
middle temporal gyrus, and left insula, in addition to elevated CBF in the right prefrontal lobe. Several 
regions with abnormal CBF in siblings, including the right inferior/middle temporal gyrus, left insula, left 
operculum, right supramarginal gyrus, right prefrontal lobe, and bilateral anterior cingulate cortex, also 
presented significant atrophy in T2DM patients.
Conclusions: The shared brain regions with grey matter (GM) loss and CBF increases may serve as 
neuroimaging endophenotypes of T2DM, and the regions with abnormal CBF in siblings indicate an 
increased risk for T2DM.
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Introduction

As a chronic metabolic disease, the cause of type 2 diabetes 
mellitus (T2DM) is considered to be a mixture of genetic 
and epigenetic predispositions interacting with complex 
societal factors (1). Although T2DM is mostly driven 
by lifestyle changes, heredity is also considered to be 
very important in determining its risk (2). Noticeable 
familial aggregation is one of the features of T2DM. The 
heritability is approximately 70–80%, and a high prevalence 
in the siblings of affected individuals has been observed 
compared to that of the general population, with a ratio of 
3.5–4 for T2DM (2-4). 

In recent decades, at least 75 independent genetic loci have 
been found for T2DM, which allows us to better understand 
the genetic architecture of T2DM (5). In addition, a 
few of genetic polymorphisms and variants have been 
proven to be associated with the T2DM-related cognitive 
impairment and cerebral abnormalities. MYH9 and NLRX1 
gene polymorphisms were found to be associated with the 
susceptibility of T2DM cerebrovascular abnormalities 
(6,7). Coding variants of CNST, PLAA, and PCDH8 
were found to be associated with cognitive performance 
in family-based T2DM-enriched populations (8) ,  
and, in the same populations, a missense variant in 
PLEKHG4B from the exome-wide array was discovered 
to be significantly associated with neuroimaging measures 
of white matter (WM) mean diffusivity and grey matter 
(GM) mean diffusivity in T2DM (9). The identification 
of a heritable component to cognitive performance and 
neuroimaging measures in T2DM suggests the role of 
genetic contributors in the related cerebral abnormalities. 
However, identifying these causal variants and genes by 
classic linkage and association designs is still challenging 
(5,10). Furthermore, it is argued that traditional phenotypes 
widely used in the clinic may involve considerable genetic 
heterogeneity and are too far “downstream” from the sites 
of the working gene to support a powerful and replicable 
linkage to specific variations. Under these circumstances, 
interest has been stimulated in the study of endophenotypes, 
which are also known as intermediate phenotypes.

Endophenotypes are heritable and quantitative markers 
associated with illness liability; they must be independent of 
the clinical state (manifest in illness whether it is active or 
not) and co-segregate with the illness within a family; they 
can be found both in the probands and unaffected relatives 
at a higher rate compared with the general population 
(11,12). The study of endophenotypes is believed to be an 

important step towards understanding heritable risk factors 
and is useful in unravelling the genetic basis of diseases. 
In addition, as evidenced by the abundant publications 
on endophenotype markers in psychiatric diseases, 
endophenotypes seem also to be relevant in medical 
illnesses, including T2DM, hypertension, and familial 
hypercholesterolemia (12).

Neuroimaging endophenotypes are considered to be 
valuable in the analysis of genetic liability for an illness 
owing to their good repeatability and sensitivity of 
quantitative data (13). Neuroimaging methods have been 
widely used in neurological disorders related to T2DM and 
have provided important insights into the pathophysiology 
of T2DM. Indeed, previous studies have not only revealed 
that T2DM is associated with brain abnormalities and 
cognition decline, but have also suggested that neurological 
disorders, such as emotional eating, obesity, and insulin 
resistance, participate in the pathogenesis of T2DM (14-16).  
Furthermore, Cox’s and Raffield’s studies are evidence that, 
in populations with T2DM, genetic factors contribute 
to variants of neuroimaging measurements and cognitive 
performance, respectively (8,9). Therefore, it is important 
to consider the complex genetic factors in the effects 
of T2DM-related neurological disorders and verify the 
earliest neuro-signs of impending T2DM. However, to 
the best of our knowledge, few studies have focused on the 
neuroimaging endophenotypes of T2DM.

In this study, we conducted sibling pair designs in 
which endophenotypes were verified with reduced 
variability in related pairs, including one proband and 
one genetically unaffected relative. Capitalizing on voxel-
based morphometry (VBM) and three-dimensional 
pseudo-continuous arterial spin labelling (3D-pCASL), we 
hypothesized that the unaffected siblings of T2DM patients 
would share overlapped brain regions of abnormal GM 
density and cerebral blood flow (CBF) with T2DM patients 
compared with unrelated controls.

Methods

Subjects

This study was approved by the ethical review committee of 
the First Affiliated Hospital of Jinan University (Guangzhou, 
China), and written informed consent was obtained. A 
group of patients with T2DM and their unaffected first-
degree relatives (siblings) were recruited for this study, 
along with unrelated controls. The T2DM patients met the 
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criteria recommended by the American Diabetes Association 
in 2010 (17), and were confirmed by diabetologists in clinic 
and diagnosed with diabetes for more than 2 years. The 
age gap between the T2DM patients and their unaffected 
siblings was no more than 5 years. The unaffected siblings 
and unrelated controls were confirmed by diabetologists 
based on a routine medical examination within 6 months, 
and an additional measurement of a fasting finger-prick 
blood glucose test of less than 7.0 mmol/L was performed 
to verify the absence of diabetes. All the subjects were right-
handed and had at least 6 years of education.

The exclusion criteria for all subjects were a history of 
stroke, drug or alcohol dependence, head trauma, epilepsy, 
Parkinson’s disease, neuropsychiatric disorder, severe 
visual or hearing loss, and any contraindications to MRI. 
Subjects with a major medical illness (e.g., cancer, anaemia, 
diabetic ketoacidosis, thyroid dysfunction, and chronic 
nephropathy) and a history of severe hypoglycaemia attacks 
were also excluded from the present study. Moreover, 
the evaluation of WM hyperintensity was performed on 
the fluid-attenuated inversion recovery (FLAIR) images 
with the age-related WM changes (ARWMC) scale (18) 
by two experienced radiologists who were blinded for the 
clinical data and group allocation; participants with a rating 
score above 1 were excluded (19). Consensus was achieved 
through discussion between the two observers. We further 
excluded any unrelated controls with a first-degree relative 

with T2DM or psychotic disorder. Eventually, of the 90 
recruited subjects, 26 pairs of T2DM patients and their 
unaffected siblings were screened for the subsequent study, 
along with 26 unrelated controls matched by age, sex, and 
education level (Figure 1).

Neuropsychological tests

The cognitive status of the subjects was assessed by 
a battery of neuropsychological tests covering major 
cognitive domains. The Mini-Mental State Exam (MMSE) 
and Montreal Cognitive Assessment (MoCA) tests were 
performed to evaluate the general level of cognition. The 
Clock Drawing Test (CDT) and Rey-Osterrieth Complex 
Figure (ROCF) test were used to measure the visual-spatial 
ability and visual memory function, including immediate 
recall and delayed recall tests. In addition, Logical Memory 
II (Immediate and Delayed Recall tests) from the Wechsler 
Memory Scale-Revised, the Prospective and Retrospective 
Memory Questionnaire (PRMQ), the Comprehensive 
Assessment of Prospective Memory (CAPM), and the 
Instrumental Activities of Daily Living scale (IADL) were 
also used in the current study.

MRI acquisition

Imaging data were acquired using a 3.0 T MRI system 

Figure 1 The recruitment and identification of the T2DM patients, unaffected siblings and unrelated controls according to the inclusion 
and exclusion criteria. T2DM, type 2 diabetes mellitus.

1. Meet the criteria of T2DM;
2. Diagnosed by diabetologists for more 

than 2 years;
3. Right-handed and education ≥6 years

1. Confirmed by diabetologists;
2. Fasting blood glucose <7.0 mmol/L;
3. Right-handed and education ≥6 years

1. A history of stroke, drug or alcohol dependence, head trauma, epilepsy, 
Parkinson’s disease, neuropsychiatric disorder, severe visual or hearing 
loss and any contraindications to MRI;

2. A major medical illness (e.g., cancer, anaemia, diabetic ketoacidosis, 
thyroid dysfunction and chronic nephropathy);

3. A history of severe hypoglycaemia attacks;
4. Rating score of white matter hyperintensity above 1
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(MR750, GE Healthcare, Milwaukee, WI, USA) with an 
8-channel head coil array. Conventional brain imaging, 
including T1-weighted image (T1WI), T2-weighted image 
(T2WI), and FLAIR, was obtained and assessed by two 
experienced radiologists to exclude serious brain diseases.

Structural MRI

An axial 3D brain volume imaging (3D-BRAVO) was 
acquired for T1WI with the following parameters: echo 
time (TE) =3.1 ms, repetition time (TR) =7.9 ms, field 
of view (FOV) =240×240 mm2, matrix =240×240, slice 
thickness =1 mm, slice number =160, bandwidth =31.25 
kHz, and number of excitations (NEX) =1. The whole 
procedure required 3 min 47 s.

3D-pCASL

The 3D-pCASL scans were performed using background-
suppressed and a stack-of-spirals 3D-fast-spin echo imaging 
sequences with the following parameters: post label 
delay (PLD) =1,525 ms, TR/TE =4,890/11.1 ms, FOV 
=240×240 mm2, matrix =512×8, section thickness =3.0 mm,  
slice number =52, bandwidth =62.5 kHz, and NEX =3. The 
whole procedure required 4 min 44 s.

Image analyses

Preprocessing was conducted blind to age, sex, diabetes 
status, and clinical or cognitive measurements.

Structural MRI analyses
The VBM analysis was performed on the structural T1W 
images using the VBM8 (http://dbm.neuro.uni-jena.de/
vbm8/) toolbox for Statistical Parametric Mapping 8 (SPM8, 
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). For each 
subject, the high-resolution structural image was segmented 
into GM, WM, and cerebrospinal fluid (CSF) components. 
Then, the GM maps were normalized to the MNI standard 
space by using the high-dimensional diffeomorphic 
anatomical registration through exponentiated lie algebra 
(DARTEL) template. Modulated spatial normalized 
GM image smoothing with a full width at half maximum 
(FWHM) Gaussian kernel of 8 mm was used to account for 
the effect of brain volumes.

3D-pCASL analyses
The CBF maps of each participant were obtained offline 

using an independent workstation (Advantage Workstation 
4.5, GE Healthcare).

Statistical analysis

Demographic, laboratory and cognitive data were analysed 
using SPSS (v. 14, Chicago, IL, USA). One-way analysis 
of variance and χ2 test were used to explore differences in 
quantitative data and categorical variables among the three 
groups (T2DM patients, unaffected siblings, and unrelated 
controls). A P value less than 0.05 was deemed statistically 
significant.

The neuroimaging statistical analysis was implemented 
by using the Resting-State fMRI Data Analysis Toolkit (20).  
A two-sample Student’s t-test was performed to assess the 
between-group differences with the relative volume of 
the brain, age, and gender as covariates. For all statistical 
analysis results, Monte Carlo simulation was applied 
to revise the multiple comparisons. We conducted the 
correction with the AlphaSim program in “REST” with the 
following parameters: FWHM =8 mm, cluster connection 
radius r =5 mm, single-voxel P threshold =0.01, iterations 
=1,000. A threshold of P<0.01 and a minimum cluster size 
of 385 voxels were used for minimizing the false positives 
and counting the significant clusters within the group.

Results

Demographic and clinical data

The sample characteristics are provided in Table 1, and 
three groups were well-matched in terms of age, gender, 
education level, and body mass index (BMI). T2DM 
patients scored poorer in MoCA than unrelated controls 
(P=0.012), and no significant differences were observed 
among the three groups in the other neuropsychological 
tests.

Comparison of cerebral GM volume across groups

Compared with unrelated controls, T2DM patients showed 
significant atrophy in the right middle frontal cortex, right 
inferior temporal cortex, right middle temporal cortex, right 
supramarginal cortex, bilateral insular and opercular cortex, 
left precuneus, bilateral cingulate cortex, and bilateral 
orbitofrontal cortex (Table 2, Figure 2).

Compared with unrelated controls, the unaffected 
siblings showed significant atrophy of the right middle/

http://dbm.neuro.uni-jena.de/vbm8/
http://dbm.neuro.uni-jena.de/vbm8/
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Table 1 Demographic, laboratory, and cognitive characteristics of the study groups

Characteristics T2DM patients (N=26) Unaffected siblings (N=26) Unrelated controls (N=26) P values

Age (years) 51.9±10.7 48.1±10.1 48.2±6.7 0.245

Sex (men/women) 10/16 11/15 11/15 0.948

Education (years) 10.3±3.7 10.2±3.5 11.6±4.5 0.356

Duration (years) 9.2±7.1 – – –

BMI (kg/m2) 24.0±3.6 23.8±3.7 23.8±2.8 0.969

Fasting glucose levels (mmol/L) 7.1±1.4*‡ 5.8±0.3 5.3±0.5 0.005

Smoking (present or past) 4 (15.4) 6 (23.1) 7 (26.9) 0.591

Hypertension 7 (26.9) 4 (15.4) 1 (3.8) 0.07

Hypercholesterolemia 9 (34.6)*‡ 2 (7.7) 2 (7.7) 0.011

Cardiovascular event 1 (3.8) 1 (3.8) 0 (0) 0.599

Oral antidiabetic agents 21 (80.8) – – –

Insulin therapy 10 (38.5) – – –

ARWMC rating scale (0 points) 18 (69.2) 22 (84.6) 21 (80.8)
0.376

ARWMC rating scale (1 points) 8 (30.8) 4 (15.4) 5 (19.2)

MMSE 26.9±3.9 27.7±2.3 28.7±1.2 0.07

MoCA 23.5±5.6* 25.0±2.9 26.1±1.6 0.041

CDT 2.7±0.8 2.9±0.3 3.0±0.2 0.077

Logical Memory II (immediate recall) 12.3±5.2 13.3±3.4 12.9±4.7 0.74

Logical Memory II (delayed recall) 10.5±5.4 11.3±5.1 10.9±5.1 0.869

ROCF (immediate recall) 15.6±6.1 14.8±5.3 17.5±6.0 0.244

ROCF (delayed recall) 15.0±6.2 14.8±5.2 16.7±6.9 0.477

CAPM 54.3±13.1 53.0±10.0 54.7±11.7 0.86

PRMQ 57.4±11.8 62.1±8.6 59.6±13.1 0.336

IADL 23.0±1.3 23.5±0.9 23.3±1.1 0.278

Data are presented as the mean ± SD or n (%). A P value less than 0.05 was deemed statistically significant; “*” and “‡” represent  
significant differences compared to controls and siblings, respectively. BMI, body mass index; ARWMC, age-related WM changes; MMSE, 
Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; CDT, Clock Drawing Test; ROCF, Rey-Osterrieth Complex Figure; PRMQ, 
Prospective and Retrospective Memory Questionnaire; CAPM, Comprehensive Assessment of Prospective Memory; IADL, Instrumental 
Activities of Daily Living scale; T2DM, type 2 diabetes mellitus.

inferior temporal cortex and left insular cortex along with 
significant expansion of the right cuneus/calcarine (Table 3, 
Figure 3).

Comparison of CBF across groups

Compared with unrelated controls, T2DM patients 
presented significantly increased CBF in the right 
temporopolar, right superior frontal, and right middle 

frontal gyrus (Table 4, Figure 4).
Compared with unrelated controls, the unaffected 

siblings presented significantly decreased CBF in the right 
mesial temporal lobe, right inferior/middle temporal gyrus, 
left middle temporal gyrus, left insula and operculum, and 
right supramarginal gyrus, in addition to increased CBF 
in the right lingual gyrus, bilateral middle frontal gyrus, 
right superior frontal gyrus, and bilateral anterior cingulate 
cortex (Table 5, Figure 5).
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Table 2 Regions in T2DM patients with significant differences compared to those in unrelated controls in terms of grey matter volume

Regions Cluster size (voxels)
Peak MNI coordinate (mm)

Peak intensity
x y z

Inferior temporal cortex (R) 1,593 61.5 −19.5 −25.5 −4.3311

Middle temporal cortex (R) 854 57 -51 7.5 −4.1377

Orbitofrontal cortex (L/R) 2,149 6 24 −19.5 −4.1396

Middle frontal cortex (R) 541 33 9 9 −3.5229

Insular and opercular cortex (L) 4,216 −52.5 7.5 24 −5.0235

Insular and opercular cortex (R) 948 45 21 −6 −3.627

Precuneus (L) 2,338 −6 −64.5 52.5 −4.3249

Supramarginal cortex (R) 1,523 63 −27 24 −5.1226

Cingulate cortex (L/R) 2,423 3 −27 42 −4.6965

T2DM, type 2 diabetes mellitus; L, left; R, right.

Figure 2 Regions in T2DM patients with significant differences compared to those in unrelated controls in terms of grey matter volume. 
Blue: areas of atrophy in T2DM patients. T2DM, type 2 diabetes mellitus.

–2.67
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Table 3 Regions in unaffected siblings with significant differences compared to those in unrelated controls in terms of grey matter volume

Regions Cluster size (voxels)
Peak MNI coordinate (mm)

Peak intensity
x y z

Inferior/middle temporal cortex (R) 642 51 −12 −27 −3.4931

Insular cortex (L) 740 −36 −3 12 −4.0862

Cuneus/calcarine(R) 676 6 −88.5 6 3.7777

MNI, Montreal Neurological Institute; L, left; R, right.

Figure 3 Regions in unaffected siblings with significant differences compared to those in unrelated controls in terms of grey matter volume. 
Blue: areas of atrophy in siblings. Red: areas of expansion in siblings.

–2.67

Discussion

Based on the familial aggregation in T2DM and the 
observed high prevalence in the siblings of affected 
individuals, we designed a sibling pair study, attempted to 

verify the neuroimaging endophenotypes of T2DM, and 

explored the effects of complex genetic factors of T2DM in 

brain abnormalities from structural and functional MRI. We 

observed extensive brain abnormalities in T2DM patients 
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Figure 4 Regions in T2DM patients with significant differences compared to those in unrelated controls in terms of cerebral blood flow 
(CBF). Red: areas of increased CBF in T2DM patients. T2DM, type 2 diabetes mellitus.

Table 4 Regions in T2DM patients with significant differences compared to those in unrelated controls in terms of cerebral blood flow

Regions Cluster size (voxels)
Peak MNI coordinate (mm)

Peak intensity
x y z

Temporopolar (R) 498 46.5 15 −16.5 3.5646

Middle frontal gyrus (R) 1517 25.5 61.5 −16.5 4.3274

Superior frontal gyrus (R) 586 19.5 −7.5 67.5 4.7423

T2DM, type 2 diabetes mellitus; MNI, Montreal Neurological Institute; L, left; R, right.

–2.68

4.74

–3.65

compared with unrelated controls. We also verified the 

hypothesis that unaffected siblings have specific overlapping 

brain regions of abnormal GM volume and CBF with 

T2DM patients.

Cognitive status in T2DM patients and the siblings

In our study, several neuropsychological tests were 
performed to evaluate the cognitive status of the subjects, 
and only the MoCA test showed significant difference 
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Table 5 Regions in unaffected siblings with significant differences compared to those in unrelated controls in terms of cerebral blood flow

Regions Cluster size (voxels)
Peak MNI coordinate (mm)

Peak intensity
x y z

Middle temporal gyrus (L) 1,595 −40.5 −15 −10.5 −4.5984

Inferior/middle temporal gyrus (R) 2,819 54 −15 −33 −5.1272

Mesial temporal lobe (R) 557 22.5 7.5 −30 −4.9545

Insula and operculum (L) 476 −49.5 −3 13.5 −3.9891

Supramarginal gyrus (R) 985 60 −39 39 −4.6041

Lingual gyrus (R) 440 13.5 −87 −12 3.7435

Middle frontal gyrus (R) 1,388 37.5 57 4.5 3.9694

Middle frontal gyrus (L) 1,049 −31.5 55.5 13.5 3.893

Superior frontal gyrus (R) 450 16.5 −22.5 70.5 4.3131

Anterior cingulate cortex (L/R) 517 3 18 −9 4.1917

MNI, Montreal Neurological Institute; L, left; R, right.

Figure 5 Regions in unaffected siblings with significant differences compared to those in unrelated controls in terms of cerebral blood flow 
(CBF). Blue: areas of decreased CBF in siblings. Red: areas of increased CBF in siblings.

4.51

–2.68

–5.13
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between the T2DM patients and unrelated controls, while 
MMSE did not. MMSE and MoCA are the most frequently 
used omnibus tests for office-based assessment of cognition. 
However, MoCA covers more cognitive domains and has 
greater speciality and sensitivity compared with MMSE, 
especially for the detection of mild cognitive impairment 
(MCI) (21,22). Furthermore, MoCA includes a minor 
correction for lower educational levels, while MMSE does 
not, which affects the diagnostic accuracy of the latter in 
highly educated individuals (23). According to the results 
of the neuropsychological tests in the current study, T2DM 
patients presented a decreased cognitive status compared 
with unrelated controls, but the unaffected siblings did not. 
However, the assessment of cognitive status using mental 
scales is limited by the subjectivity of examiners and the 
subjects, and further objective neuroimaging evidence is 
required. 

Abnormal GM volume in T2DM patients and their 
siblings

According to our VBM analysis, T2DM patients presented 
extensive atrophy of brain regions mainly involving the 
right inferior and middle temporal cortex, right prefrontal 
cortex, right supramarginal cortex, left precuneus, bilateral 
insular and opercular cortex, bilateral cingulate cortex, and 
bilateral orbitofrontal cortex, which suggests significant 
neuronal loss in the brain. Diabetic glucose disorders 
and deterioration in glucose metabolism are thought to 
be associated with neuronal loss and the decline of brain 
volumes (24), along with insulin resistance and decreased 
insulin receptor expression in the brain, impaired insulin 
signalling, and reduced insulin levels in cerebrospinal fluid 
(16). The distribution of brain atrophy our study revealed 
in T2DM has been identified by several previous studies 
(19,25,26). However, the medial temporal lobe showed no 
significant atrophy in our results, especially in the region of 
the hippocampus which had been found most pronounced 
in T2DM-related brain atrophy (27,28). The absence of 
atrophy in the medial temporal lobe also appeared in Chen’s 
research, who used VBM to investigate the pattern of brain 
volume changes of the brain in T2DM patients (mean age 
61.2 and mean MMSE score 26.0). Meanwhile, in Zhang’s 
study, atrophy of the hippocampus and parahippocampus 
only appeared in T2DM patients with MCI (mean age 56.2 
and mean MoCA score 16.4) and disappeared in T2DM 
patients without MCI (mean age 52.2 and mean MoCA 
score 26.7) (25). These inconsistent results may be because 

the T2DM patients we included in the present study were 
younger (mean age 51.9) and had better cognitive status 
(mean MMSE/MoCA score 26.9/23.5) than patients in 
other studies. In addition, the results of a pooled analysis 
revealed that T2DM patients had greater brain but not 
hippocampal atrophy compared with controls, and their 
findings do not support the specific vulnerability of the 
hippocampus in T2DM patients (29).

For the unaffected siblings of T2DM patients, there 
is significant shared atrophy only in the regions of the 
right inferior/middle temporal and left insula cortex with 
T2DM patients when compared to that of controls. The 
GM atrophy in the right temporal lobe and left rolandic 
operculum region was emphasized in Chen’s research 
on T2DM-associated cerebral structural mapping using 
VBM and was attributed to the cortical microinfarcts to 
some extent (19). The atrophy of the left insula in T2DM 
patients has also been reported by Moran (26). However, 
the significant atrophy of the temporal lobe and insula in 
unaffected siblings of T2DM patients was first reported by 
us in the current study, and these regions were supposed 
to be associated with changes in glucose metabolism, 
adiponectin, and insulin resistance, and may participate 
in the pathogenesis of T2DM (30-32). It is worth noting 
that the atrophy of the left insula in our study was mainly 
located at the posterior regions. The left insula revealed 
significantly greater activity in response to the tastant 
through gustatory mapping task, and the posterior insula 
was found to be the taste-sensitive region, was directly 
related to the levels of peripheral glucose, played an 
important role in the category-specific integration of 
homeostatic signals, and participated in the process that 
maintains and regulates the body’s homeostatic state (33). 
Accordingly, the atrophy of the left insula in both T2DM 
patients and their unaffected siblings may represent a 
disorder in the body’s homeostatic state and may participate 
in the pathogenesis of initial T2DM.

Abnormal CBF in T2DM patients and siblings

Perfusion is an important parameter to estimate dysfunction 
in the level of brain tissues (34). Arterial spin labelling 
(ASL) has emerged as a useful tool for CBF evaluation in 
clinical practice because of its noninvasive, nonradioactive, 
and nonpoisonous advantages (35). Correcting for brain 
atrophy, our results showed no significant decrease in CBF 
in T2DM patients; instead, there was a significant increase 
mainly in the right prefrontal lobe compared with controls. 
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Studies on the changes in CBF in T2DM patients showed 
conflicting results (36). Last’s study on T2DM patients 
(mean age 61.6) with ASL-MRI showed reduced CBF in 
all brain regions (37). However, using the same method, 
Rusinek’s research presented no significant hypoperfusion 
in T2DM patients (mean age 54.2) (38). Even though 
the difference in the age and cognitive status of included 
participants among them may contribute to the conflicting 
results, it should be noted that not all studies corrected 
their CBF measures for brain atrophy (36). The reported 
hypoperfusion in T2DM patients might be an “artefact” 
due to cerebral atrophy, and significant reductions in CBF 
did not remain significant when corrected for atrophy (39).

Interestingly, the siblings not only shared the overlapped 
elevated CBF region of the right prefrontal lobe with 
T2DM patients but also presented more decreased regions, 
mainly involving the right inferior/middle temporal gyrus, 
right mesial temporal lobe, right supramarginal gyrus, 
left insula and operculum, in addition to other increased 
regions of the left prefrontal lobe, bilateral anterior 
cingulate cortex, and right lingual gyrus, when compared 
to controls. The controversial results also appeared in 
Rusinek’s research on patients with insulin resistance and 
T2DM, and the positive treatment effect of blood glucose, 
cholesterol, and BP lowering medications was considered 
to account for it (38). As for the frontal lobe, an increased 
CBF observed in our study may reflect an activity neuronal 
function accompanied with an alteration in membrane or 
myelin turnover, which was proven by MRS in patients 
with metabolic syndrome (40). The prefrontal lobe is 
likewise involved in reward processing and decision  
making (41). An elevated CBF in the prefrontal lobe 
revealed in siblings and T2DM patients may be associated 
with the abnormal activation of food reward and may lead to 
subsequent anomalous overeating and obesity, which have 
been regarded as risk factors for T2DM (41,42). Notably, 
most regions of abnormal CBF in siblings overlapped with 
atrophy regions observed in T2DM patients compared 
to controls, including the right inferior/middle temporal 
gyrus, left insula and operculum, right supramarginal gyrus, 
right prefrontal lobe, and bilateral anterior cingulate cortex. 
The variation of these regions from function to structure 
may indicate an important role of central nervous system 
disorders in the deterioration process of T2DM, and the 
neurodegeneration caused by heritable components may 
precede the occurrence of T2DM.

Candidacy and utility of neuroimaging endophenotypes for 
T2DM

Previous studies have proposed that endophenotypes are 
quantitative heritable traits that are abnormal in both 
probands and their relatives (11,12). Neuroimaging markers 
found in our research were quantitatively abnormal, 
with significant differences in both T2DM patients and 
unaffected siblings compared to populations. These markers 
included atrophy in the right inferior/middle temporal 
gyrus and left insula and elevated perfusion in the right 
prefrontal lobe. A twin-pair study may demonstrate strict 
sense heritability, but a higher concordance rate between 
twins compared to a sibling pair may partly be due to 
shared environmental factors, such as the intrauterine 
environment (43). In addition, familial heritability (rather 
than strict sense) is estimated to be 70–80% (4); hence, it 
is practical and feasible for sibling pair designs to study the 
endophenotypes of T2DM (8,9). 

The study of neuroimaging endophenotype-based sibling 
pair designs has the immediate advantage of discounting 
any non-familial explanations for abnormal patterns of 
brain structure, such as the exposure to medication in the 
probands (44). Endophenotypes could help to refine the 
subclassification of patients based on the extent of expressed 
endophenotypic abnormality and be used to screen the 
high-risk populations for T2DM. Furthermore, our results 
might be exploited in the future to identify specific genes 
determining variation in the central nervous system that 
are important for the pathogenesis of T2DM. In principle, 
the neuroimaging endophenotypes could be used as 
quantitative traits in a genome-wide search for associated 
polymorphisms by quantitative trait locus (QTL) analysis, 
and this method has been successfully used by Beatty et al.  
to identify genetic markers associated with imaging 
measurements of GM volumes in inbred strains of mice (45).

There are several limitations in our study that may be 
addressed in future work. First, the relatively small sample 
size restricted us to perform the subgroup analysis of the 
siblings according to the level of insulin resistance or 
glucose tolerance, and it would be more interesting to use 
a large sample size in the future. Second, this is a cross-
sectional study, and the causal links cannot be proven; 
hence, a longitudinal study aimed at unaffected siblings 
would be necessary to investigate the developmental 
difference in the neural mechanism of T2DM from 
function to structure. Third, most T2DM patients included 
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in our study received medication therapy, which might 
have affected the results of CBF. Therefore, the issue of 
medication needs to be addressed in the future by adding 
samples of drug-naïve patients with T2DM.

Conclusions

Capitalizing on neuroimaging methods, we conducted 
a sibling pair study to investigate the related cerebral 
functional and structural endophenotypes of heritable but 
genetically complex T2DM. Our results found that the 
unaffected siblings shared significant GM loss in the right 
inferior/middle temporal gyrus and left insula along with 
elevated perfusion in the right prefrontal lobe with T2DM 
patients compared to controls. These results might serve as 
the neuroimaging endophenotypes for T2DM in the brain 
according to the definition of endophenotypes. Our findings 
also revealed that several cerebral regions of abnormal CBF 
in siblings overlapped with atrophy observed in T2DM 
patients, which indicates the increased risk for T2DM, and 
the variation of these regions from function to structure 
may underlie the heritable neurodegeneration of T2DM in 
the brain.
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