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Abstract
This study was performed to investigate iron deposition in the brain of type 2 diabetes mellitus (T2DM) patients using 
quantitative susceptibility mapping (QSM) and the associated cognitive impairments. Sixty patients diagnosed with T2DM 
were subjected to neuropsychological tests to determine their cognitive status, and the results were used to subdivide the 
patients into a T2DM without mild cognitive impairment (MCI) group (n = 30) and a T2DM with MCI group (n = 30). All 
patients underwent high-resolution susceptibility-weighted imaging, and data processing was performed using SMART 
(Susceptibility Mapping and Phase Artifacts Removal Toolbox) software. The susceptibility values of the bilateral parietal 
cortex, frontal white matter, caudate nucleus (CN), putamen (PU), globus pallidus, thalamus, red nucleus, substantia nigra 
(SN), hippocampus (HP) and dentate nucleus were analyzed and correlated with the neuropsychological cognitive scores. 
Compared with the normal controls (n = 30), the T2DM without MCI group exhibited significantly increased susceptibility 
values in the left HP, whereas the T2DM with MCI group showed significantly increased susceptibility values in the bilat-
eral CN, HP, left PU and right SN. Compared with the T2DM without MCI group, the T2DM with MCI group exhibited 
significantly increased susceptibility values in the right CN, SN and left PU. The susceptibility values for the right CN, SN 
and left PU were closely correlated with neuropsychological cognitive scores. Our results provide a new relation between 
T2DM and brain iron deposition and suggested that QSM may be a helpful tool in the detection and evaluation of their 
cognitive impairment in T2DM.

Keywords  Type 2 diabetes mellitus · Magnetic resonance imaging · Susceptibility mapping · Cognitive impairment · Iron 
deposition

Introduction

Type 2 diabetes mellitus (T2DM) is a long-term metabolic 
disorder characterized by high blood sugar, insulin resist-
ance, and a relative lack of insulin. In 2015, more than 
400 million people were living with diabetes worldwide, 
and the number is increasing in every country (Whiting et al. 
2011). In addition to the well-known connection between 
T2DM and peripheral nervous system disease, diabetes may 
also induce central nervous system lesions. Patients with 
T2DM can have cognitive deficits in many domains, such 
as executive functions, memory, attention, and visuospatial 
abilities (Kodl and Seaquist 2008). T2DM is an independent 
risk factor for Alzheimer’s disease (AD), vascular demen-
tia (VaD) and mild cognitive impairment (MCI) (Smith 
et al. 2010; Moon et al. 2016). However, the mechanism 
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underlying the influence of T2DM on the functions of spe-
cific brain regions has not been fully elucidated.

Iron contributes to many biological processes, includ-
ing oxygen transport, protein expression regulation, and 
cell growth. In the brain, iron plays a central role in brain 
development, neurotransmitter systems, and myelin synthe-
sis. Recently, a number of studies have demonstrated that 
excessive iron deposition in the brain plays an important role 
in the emergence and development of cognitive impairment 
(Smith et al. 1997; Duce et al. 2010; Haller et al. 2010). 
Iron deposition is frequently observed in T2DM, in close 
association with the development of T2DM and its com-
plications (Wang et al. 2014). Prospective clinical studies 
have demonstrated that body iron storage is positively cor-
related with the prevalence of T2DM (Forouhi et al. 2007; 
Montonen et al. 2012). Nevertheless, iron deposition has not 
been studied in the brains of T2DM patients.

Iron is a paramagnetic element that can strengthen the 
local externally applied magnetic field. Several magnetic 
resonance imaging (MRI) methods have been developed to 
measure iron deposition in the brain, such as T2*-weighted 
(T2*W) imaging and phase imaging. Recently, Haacke et al. 
(Haacke et al. 2010, 2015) presented quantitative suscepti-
bility mapping (QSM) technology that reliably quantifies 
tissue iron concentrations, and the results are consistent with 
histopathologic examinations (Bilgic et al. 2012; Yan et al. 
2013; Chai et al. 2015; Xia et al. 2015). This study was per-
formed to investigate iron deposition in the brain of T2DM 
with and without MCI, using QSM of MR.

Materials and methods

Subjects

Sixty patients diagnosed with T2DM were recruited from 
our hospital between March 2015 and June 2016. T2DM 
was diagnosed according to the criteria proposed by the 
World Health Organization 1999 (Group 1999). The 60 
patients were subdivided into the T2DM without MCI 
group (n = 30) and the T2DM with MCI group (n = 30). 
The MCI was defined according to the criteria proposed by 
Petersen, including complaints of hypomnesis, Mini Mental 
State Examination (MMSE) score > 24, Montreal Cognitive 
Assessment (MoCA) score < 26, clinical dementia rating 
(CDR) ≥ 0.5 and normal activities of daily living (ADL) 
score(Petersen 2004; Zhou et al. 2015; Zheng et al. 2016; 
Li et al. 2016). Thirty normal controls with no history of 
nervous system disease, vascular risk factors, cognitive com-
plaints, or psychiatric illness were recruited through adver-
tisements and were matched with above groups in terms of 
age, sex and education. All of the participants were right-
handed. And the exclusion criteria included (1) alcoholism, 

brain injury, Parkinson’s disease, epilepsy, major depression, 
or other neurological or psychiatric disorders; (2) microvas-
cular complications, including retinopathy, nephropathy or 
neuropathy; and (3) severe depression (Hamilton Depression 
Rating Scale ≥ 18), dementia (MMSE < 24), severe claus-
trophobia, or contraindications to MRI. To estimate the 
sub-domains of cognition, all participants underwent neu-
ropsychological examinations as follows: Auditory Verbal 
Learning Test (AVLT), Complex Figure Test (CFT), Digit 
Symbol Coding Test (DSCT), Digit Span Test (DST), Verbal 
Fluency Test (VFT), and Trail-Making Test parts A and B 
(TMT-A and TMT-B). Clinical data were also recorded in all 
participants, including the height, weight, body mass index 
(BMI) and blood pressure. Furthermore, the fasting glucose, 
glycosylated hemoglobin (HbA1c), total cholesterol, triglyc-
erides, high density lipoprotein (HDL) cholesterol and low 
density lipoprotein (LDL) cholesterol were known as risk 
factors for cognitive dysfunction(McCrimmon et al. 2012). 
So these clinical parameters were measured by standard 
laboratory testing. Written informed consent to participate 
in this study was obtained from all participants. The study 
was approved by the Medical Ethics Committee of our hos-
pital and conducted in accordance with the Declaration of 
Helsinki.

Magnetic resonance imaging

All of the subjects were subjected to MRI on a 3.0 T whole 
body system (Magnetom Trio, Siemens Healthcare, Erlan-
gen, Germany) equipped with a twelve-channel phase-array 
head coil. Susceptibility-weighted images (SWI) were 
obtained using a high-resolution three-dimensional spoiled 
gradient-echo sequence with the following parameters: TR/
TE, 29/20 ms; flip angle, 15°; section thickness, 2 mm; field 
of view, 256 × 256 cm; and matrix size, 512 × 512. SMART 
(Susceptibility Mapping and Phase Artifacts Removal 
Toolbox, Detroit, MI, USA) and SPIN (signal processing in 
nuclear magnetic resonance, MR Innovations Inc., Detroit, 
MI, USA) software were used for the data processing and 
measurement (Haacke et al. 2004; Pandian et al. 2008). 
First, the phase images were processed with a 32 × 32 high 
pass filter and zero filled. Then, skull stripping and com-
plex thresholding were used to remove noise outside the 
brain. Finally, a 0.1 threshold regularized inverse filter was 
applied to prevent ill-defined regions of k-space. Regions 
of interest (ROI) were manually drawn on every slice of the 
bilateral parietal cortex (PC), frontal white matter (FWM), 
caudate nucleus (CN), putamen (PU), globus pallidus (GP), 
thalamus (TH), red nucleus (RN), substantia nigra (SN), 
hippocampus (HP), and dentate nucleus (DN) (Fig. 1). The 
ROI in the FWM was circular and had an area of 100 pix-
els. T1-weighted images were obtained with the following 
parameters: TR/TE, 200/2.78 ms; flip angle, 70°; matrix, 
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384 × 384; thickness, 5.0 mm; and voxel size, 0.9 × 0.7 × 5 
mm3. The FLAIR sequence was scanned using the follow-
ing parameters: TR/TE/TI, 9000/93/2500 ms; flip angle, 
130°; matrix, 256 × 256; thickness, 4.0  mm; and voxel 
size: 0.9 × 0.9 × 4 mm3. White matter lesion severity was 
assessed on FLAIR images using the age-related white mat-
ter changes scale (Wahlund et al. 2001) by agreement of two 
experienced neurologists. Participants with a rating score of 
above one (confluence of lesions or diffuse involvement of 
the entire region) were excluded (Cui et al. 2015).

Statistical analysis

Statistical analyses were performed using SPSS software 
(version 18.0; SPSS, Inc., Chicago, IL, USA). The dis-
tribution of the data was analyzed using the Kolmogo-
rov–Smirnov test. Comparisons of the demographic data, 
clinical data, cognitive scores and susceptibility values 
among the three groups were performed using analyses of 
variance (ANOVAs) for normally distributed continuous data, 
and the LSD test was used for the post hoc analysis. The 
Kruskal–Wallis H test was used for non-normally distributed 
or unequal variances data, and the Mann–Whitney U test was 
used for the post hoc analysis, with the significance level (α) 

adjusted by the Bonferroni correction. A χ2 test was used to 
compare proportions, and an independent two-sample t-test 
was used to assess the diabetes duration. Partial correlations 
between the susceptibility values and neuropsychological 
test scores, including scores for the MMSE, MoCA, AVLT, 
CFT, DSCT, DST, VFT, and TMT tests, were analyzed for 
the T2DM with MCI group. The age, gender and education 
level of each subject were imported as covariates in the sta-
tistical analysis. The p values were considered significant 
at < 0.05.

Results

The three groups did not differ significantly in age, gender, 
education, BMI, systolic blood pressure, diastolic blood 
pressure, total cholesterol, LDL cholesterol, white matter 
lesions, AVLT-delayed recall (5 min), AVLT-delayed recall 
(20 min), DST-forwards, VFT or MMSE scores (p > 0.05). 
Compared with the normal controls, the T2DM without 
MCI group had higher fasting glucose, HbA1c and lower 
HDL cholesterol and MoCA scores. While compared with 
the T2DM without MCI group, the T2DM with MCI group 
had higher scores of TMT-A, TMT- B tests and lower scores 

Fig. 1   Regions of interest 
(ROI) depicted on the quanti-
tative susceptibility mapping 
(QSM) images. 1, 2 = parietal 
cortex (PC); 3, 4 = frontal white 
matter (FWM); 5, 6 = caudate 
nucleus (CN); 7, 8 = putamen 
(PU); 9, 10 = globus pallidus 
(GP); 11, 12 = thalamus (TH); 
13, 14 = red nucleus (RN); 15, 
16 = substantia nigra (SN); 17, 
18 = hippocampus (HP); and 19, 
20 = dentate nucleus (DN)

1481 (2018) 12:1479–1487Brain Imaging and Behavior 



1 3

of AVLT, CFT-delayed recall (20 min), DSCT, and MoCA 
tests (Table 1).

The susceptibility values in the FWM, CN, PU, GP, TH, 
RN, SN and HP subregions of our 30 normal controls were 
− 1.051, 7.914, 7.143, 22.053, 4.777, 30.15, 16.490, and 
− 1.429 ppb (× 10− 9), respectively, and the postmortem 
brain iron concentrations in the corresponding subregions 
reported by Hallgren and Sourander were 4.24, 9.28, 13.32 
21.30, 4.76, 19.48, 18.64, and 3.13 mg per 100 grams of 
wet weight, respectively (Hallgren and Sourander 1958). 
Thus, a close positive correlation was observed between 
our susceptibility values and the actual iron concentra-
tions in brain regions reported in the literature (r = 0.915, 
p = 0.001; Fig. 2a). This result demonstrated our brain iron 

deposition data was reliable and accurate. The ANOVA 
results indicated that the susceptibility values in the bilat-
eral CN, HP, left PU and right SN were significantly differ-
ent among the three groups (p < 0.05). Compared with the 
normal controls, the T2DM without MCI group exhibited 
significantly increased susceptibility values in the left HP. 
The T2DM with MCI group showed significantly increased 
susceptibility values in the bilateral CN, HP, left PU and 
right SN. While compared with the T2DM without MCI 
group, the T2DM with MCI group exhibited significantly 
increased susceptibility values in right CN, SN and left PU 
(Table 2). The right CN susceptibility values were closely 
correlated with the AVLT-delayed recall (5 min) scores (r 
= −0.450, p = 0.019; Fig. 2b), the AVLT-delayed recall 

Table 1   Demographic, clinical data and cognitive scores of all subjects

Data are presented as the means ± SD for normally distributed data and the median(range) for non-normally distributed data. Abbreviations: 
AVLT Auditory Verbal Learning Test, CFT Complex Figure Test, DSCT Digit Symbol Coding Test, DST Digit Span Test, VFT Verbal Fluency 
Test, TMT Trail Making Test, MMSE Mini-Mental State Examination, and MoCA Montreal Cognitive Assessment. 1The p value was obtained 
using the χ2 test. 2The p value was obtained using the independent two-sample t-test. 3The p value was obtained using the Kruskal-Wallis H test, 
and the Mann-Whitney U test was used for the post hoc analysis, with the significance level (α) adjusted by the Bonferroni correction. *p < 0.05. 
aSignificant differences between the NC and T2DM without MCI groups. bSignificant differences between the NC and T2DM with MCI groups. 
cSignificant differences between the T2DM without MCI and T2DM with MCI groups.

NC (n = 30) T2DM without MCI 
(n = 30)

T2DM with MCI (n = 30) p value

Age (years) 53.17 ± 6.57 54.97 ± 5.54 55.9 ± 6.54 0.231
Sex (male/female)1 14/16 19/11 12/18 0.177
Education (years) 11.80 ± 2.99 11.90 ± 2.92 10.43 ± 2.94 0.105
Diabetes duration (years)2 — 7.93 ± 5.98 6.93 ± 5.46 0.502
BMI (kg/m2) 24.12 ± 2.49 24.34 ± 2.83 25.04 ± 3.27 0.437
Systolic blood pressure (mmHg) 128.13 ± 18.10 131.37 ± 14.78 130.57 ± 18.25 0.749
Diastolic blood pressure (mmHg) 79.77 ± 9.17 82.90 ± 9.80 80.60 ± 10.33 0.441
Fasting glucose (mmol/L)3 5.47 ± 0.63 8.56 ± 1.97 9.14 ± 3.05 0.000*ab

HbA1C (%)3 5.50 ± 0.36 8.84 ± 1.72 9.13 ± 2.07 0.000*ab

Total cholesterol (mmol/L) 5.21 ± 0.96 4.96 ± 1.37 5.24 ± 1.45 0.651
Triglyceride (mmol/L)3 1.12(0.96–2.01) 1.49(1.02–2.73) 2.03(1.37–3.27) 0.021*b

HDL cholesterol (mmol/L) 1.40 ± 0.33 1.18 ± 0.30 1.16 ± 0.33 0.008*ab

LDL cholesterol (mmol/L) 3.10 ± 0.67 2.93 ± 0.78 3.36 ± 1.06 0.160
White matter lesions3 0 (0–5) 1(0–6) 1(0–7) 0.584
AVLT 22.83 ± 5.00 22.77 ± 3.83 19.50 ± 4.55 0.006*bc

AVLT-delayed recall (5 min)3 8.20 ± 1.94 7.80 ± 1.56 7.23 ± 2.40 0.249
AVLT-delayed recall (20 min) 7.87 ± 2.18 7.33 ± 1.77 6.83 ± 2.64 0.204
CFT-immediate recall 24.08 ± 8.49 22.63 ± 6.95 19.00 ± 6.64 0.027*b

CFT-delayed recall (20 min) 23.65 ± 7.74 21.85 ± 7.13 18.20 ± 6.19 0.012*bc

DSCT 46.23 ± 11.99 41.23 ± 10.83 35.63 ± 8.33 0.001*bc

DST-forwards3 9.57 ± 1.38 8.87 ± 0.82 8.93 ± 1.08 0.117
DST-backwards 5.53 ± 1.17 5.03 ± 0.91 4.67 ± 0.88 0.004*b

VFT 44.83 ± 6.06 44.10 ± 8.29 40.60 ± 7.05 0.057
TMT-A 48.57 ± 16.61 51.97 ± 17.44 63.80 ± 21.66 0.006*bc

TMT-B 61.33 ± 22.74 67.73 ± 24.19 80.77 ± 26.60 0.010*bc

MoCA3 27.77 ± 1.28 27.00 ± 0.83 22.93 ± 1.95 0.000*abc

MMSE 28.43 ± 1.17 28.43 ± 1.07 27.93 ± 1.31 0.176
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(20 min) scores (r = −0.474, p = 0.013; Fig. 2c), the CFT-
immediate recall (20 min) scores (r = −0.396, p = 0.041; 
Fig. 2d), and the CFT-delayed recall (20 min) scores (r 
= −0.418, p = 0.030; Fig. 2e); the left PU susceptibility 
values were closely correlated with the VFT scores (r = 
−0.469, p = 0.014; Fig. 2f); and the right SN susceptibility 
values were closely correlated with the CFT-delayed recall 
(20 min) scores (r = −0.458, p = 0.0016; Fig. 2g) and the 
DSCT scores (r = −0.533, p = 0.004; Fig. 2h).

Discussion

Iron deposition can lead to altered magnetic field hetero-
geneities relative to the surrounding parenchyma, which 
can be detected by SWI and QSM in vivo (Langkammer 
et  al. 2012). SWI is more accurate than T2-weighted, 
T2*-weighted, and R2* mapping for iron quantifica-
tion and has been used to evaluate brain iron deposition 
associated with normal aging and several brain diseases 

Fig. 2   a. Correlation between the brain susceptibility values of the 
30 normal controls and the real postmortem brain iron concentra-
tions reported by Hallgren and Sourander (r = 0.915, p = 0.001). b-e: 
Correlations between the susceptibility values in the right CN and 
the AVLT-delayed recall (5  min) scores, the AVLT-delayed recall 
(20  min) scores, the CFT-immediate recall scores and the CFT-

delayed recall (20  min) scores of the T2DM with MCI patients. 
f: Correlations between the susceptibility values in the left PU and 
the VFT scores of the T2DM with MCI patients. g-h: Correlations 
between the susceptibility values in the right SN and the CFT-delayed 
recall (20  min) scores, the DSCT scores of the T2DM with MCI 
patients
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(Achiriloaie et al. 2011; Bilgic et al. 2012; Langkammer 
et al. 2012; Schweser et al. 2012). Previously, Hallgren 
and Sourander(Hallgren and Sourander 1958) performed 
autopsy examinations on 81 normal brains and quantita-
tively measured the iron concentrations of different brain 
regions using chemical colorimetry, and their data have 
been proposed as the gold standard for brain iron con-
centration investigations. In this study, we found a close 
correlation between the regional susceptibility values in 
the CN, PU, GP, TH, SN, RN and FWM of our normal 
controls and the real brain iron concentrations published 
by Hallgren and Sourander. This result demonstrated our 
brain iron deposition data was reliable and accurate.

To our knowledge, this is the first study to investigate 
T2DM-related brain iron deposition. Because brain iron 
levels can increase with age in healthy individuals, we 
used age-matched controls to eliminate this effect. Given 
that there was no white matter changes scale difference 
among three groups, the iron deposition may reflect the 
cognitive impairment purely. Compared with the T2DM 
patients without cognitive impairment, the T2DM patients 
with MCI showed more iron deposition in the right CN, 
SN and left PU, and the susceptibility of these structures 

was closely correlated with cognitive impairment. Our 
results provide a new relation between T2DM and brain 
iron deposition, which suggested that iron deposition may 
play an important role in the process of T2DM cogni-
tive impairment and QSM may be a helpful tool in the 
detection and evaluation of it. The PU is part of the basal 
ganglia and connected to the cerebral cortex and brain-
stem. This structure controls voluntary movement and 
is involved in several cognitive functions, such as mem-
ory, emotion, and learning. Lesions in the PU can lead 
to a variety of cognitive impairments (Bastos-Leite et al. 
2007; Kantarci et al. 2010). The SN plays an important 
role in reward, movement, learning and addiction, and it 
is involved in the dorsolateral prefrontal circuit, which 
is responsible for executive functions. Iron deposition in 
these regions can catalyze free radicals and promote lipid 
peroxidation, which can induce oxidative stress injury 
and neural lesions. Excessive iron accumulation has been 
proved to induce neuronal function lesions and connectiv-
ity disruption (Rouault 2001; Salazar et al. 2008; Schweser 
et al. 2012).. MCI was reported to be associated with iron 
accumulation in different brain regions, and different 
stages of MCI show different iron depositions (Haller et al. 

Table 2   Susceptibility values 
[ppb (× 10− 9)] differences 
among the three groups

Data are presented as the means ± SD. Susceptibility values for the three groups were compared using 
an ANOVA analysis. a = NC - T2DM without MCI, b = NC - T2DM with MCI, c = T2DM without MCI- 
T2DM with MCI. *p < 0.05. PC, parietal cortex; FWM, frontal white matter; CN, caudate nucleus; PU, 
putamen; GP, globus pallidus; TH, thalamus; RN, red nucleus; SN, substantia nigra; HP, hippocampus; 
DN, dentate nucleus

ROI NC (n = 30) T2DM 
without 
MCI(n = 30)

T2DM with MCI(n = 30) p value p value for post hoc 
analysis

a b c

Right PC 19.12 ± 6.13 20.32 ± 5.17 19.23 ± 5.90 0.672 0.420 0.937 0.467
Left PC 20.40 ± 5.90 21.69 ± 6.25 20.60 ± 5.90 0.673 0.410 0.900 0.484
Right FWM −1.18 ± 2.88 0.07 ± 2.80 0.05 ± 3.40 0.193 0.114 0.120 0.979
Left FWM −0.92 ± 2.53 -0.27 ± 2.65 0.35 ± 3.21 0.223 0.372 0.084 0.397
Right CN 7.65 ± 5.30 8.50 ± 5.61 12.84 ± 7.23 0.003* 0.593 0.001* 0.007*
Left CN 8.17 ± 4.99 9.51 ± 6.28 12.54 ± 6.88 0.021* 0.398 0.007* 0.058
Right PU 6.82 ± 3.98 7.58 ± 5.19 7.68 ± 6.39 0.790 0.581 0.530 0.939
Left PU 7.47 ± 4.09 7.65 ± 4.70 10.44 ± 5.31 0.028* 0.884 0.017* 0.025*
Right GP 21.56 ± 6.22 20.86 ± 6.67 19.27 ± 6.15 0.361 0.666 0.164 0.335
Left GP 22.54 ± 7.51 22.56 ± 8.22 21.42 ± 7.92 0.816 0.991 0.585 0.578
Right TH 4.75 ± 3.96 4.67 ± 4.78 4.87 ± 5.28 0.986 0.945 0.922 0.867
Left TH 4.80 ± 3.83 4.98 ± 4.83 4.62 ± 4.90 0.953 0.878 0.876 0.757
Right RN 31.04 ± 12.45 28.88 ± 11.19 33.68 ± 13.21 0.322 0.497 0.409 0.134
Left RN 29.26 ± 11.60 29.55 ± 13.29 32.39 ± 12.13 0.557 0.927 0.328 0.375
Right SN 15.65 ± 7.49 15.87 ± 8.00 20.09 ± 6.09 0.032* 0.907 0.020* 0.027*
Left SN 17.33 ± 9.51 19.06 ± 9.47 20.85 ± 6.84 0.297 0.441 0.120 0.429
Right HP -1.10 ± 3.25 0.13 ± 2.99 0.97 ± 2.62 0.028* 0.112 0.008* 0.273
Left HP −1.76 ± 2.99 −0.12 ± 2.86 0.74 ± 3.41 0.008* 0.044* 0.002* 0.283
Right DN 16.73 ± 6.54 15.69 ± 5.76 19.09 ± 9.15 0.186 0.584 0.212 0.074
Left DN 17.64 ± 8.98 16.18 ± 6.26 20.16 ± 8.75 0.162 0.485 0.231 0.060
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2010). At the molecular level iron also play a significant 
role in neurodegenerative disease. A recent meta-analysis 
found that an elevated ratio of copper to non-heme iron 
in subjects with MCI predicted who would progress to 
Alzheimer’s disease(Schrag et al. 2013). Plascencia-Vil-
la’s studydemonstrate that Fe in Formation of amyloid-β 
plaque cores is present iron oxide (Fe3O4) magnetite 
nanoparticles(Plascencia-Villa et al. 2016).

In this study, compared with the normal controls, the 
T2DM without MCI patients showed significantly higher 
iron deposition in the left HP. Our results are generally con-
sistent with the previous literatures. The HP has been shown 
to be specifically affected both structurally and functionally 
in T2DM patients (Gold et al. 2007; Bruehl et al. 2009). 
Compared with the normal controls, significant atrophy 
was observed in the HP of the T2DM patients (Zhang et al. 
2015). Increases in creatinine and myo-inositol in the HP 
have also been observed in Zucker Diabetic Fatty rats (van 
der Graaf et al. 2004). The precise mechanisms underlying 
the higher iron concentration in T2DM are not understood. 
High body iron levels have been found associated with 
increased levels of oxidative stress, which may elevate the 
risk of T2DM. Epidemiological studies have shown a posi-
tive association between high body iron stores and the risk of 
insulin-resistant states, such as T2DM, metabolic syndrome, 
gestational diabetes, and polycystic ovarian syndrome (Sam 
et al. 2013; Sampaio et al. 2014; Zein et al. 2014). On the 
other hand, the relationship between iron metabolism and 
T2DM appears to be bidirectional (Fig. 3). Iron can affect 
glucose metabolism via its deleterious effect on pancreatic 
cells, and glucose metabolism can impair several iron meta-
bolic pathways (Biessels et al. 1998; Fernandez-Real et al. 
2002).

In conclusion, in this study we found iron depositions in 
several brain regions including the bilateral CN, HP, left PU 
and right SN in patients with T2DM. The susceptibility val-
ues of the right CN, SN and left PU were closely correlated 
with their cognitive impairment. Our results provide a new 
relation between T2DM and brain iron deposition, which 
suggested that iron deposition may play an important role in 
the process of T2DM cognitive impairment and QSM may 
be a helpful tool in the detection and evaluation of it. The 
main limitation is the relatively small sample size. Secondly, 
because of the cross-sectional design, we were unable to 
observe the dynamics of iron deposition. Longitudinal stud-
ies of T2DM patients with larger samples of different stages 
of cognitive impairment should be conducted in the future.
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