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Abstract
Background Noninvasive quantitative susceptibility mapping (QSM) analysis was applied to assess brain
iron deposition in the gray matter nucleus in type 2 diabetes mellitus (T2DM) patients and healthy elderly
individuals.

Methods Thirty-two T2DM patients and thirty-two age- and gender-matched healthy controls (HCs) were
enrolled in this research. All participants underwent brain magnetic resonance examinations. Twenty-
three DM patients and twenty-six healthy controls received cognitive function assessments. Imaging data
were collected with three-dimensional fast low-angle shot sequences to obtain magnitude and phase
images; with preprocessed QSM data, ITK-SNAP helped to measure the susceptibility values re�ecting the
content of iron in the regions of interest (ROIs).

Results The study included thirty-two T2DM patients (20 males and 12 females; mean age of 61.09 ± 
9.99 years) and 32 HCs (14 males and 18 females; mean age of 59.09 ± 9.77 years). These participants
were age- and gender-matched, with no signi�cant difference (P > 0.05). T2DM patients exhibited an
obviously (P < 0.05) lower MoCA score (26.78 ± 2.35; normal standard, ≥ 27) and higher SCWT score (157
(128,188); HC, 123 (112,152)) than HCs. The mean susceptibility values in the left putamen and right
putamen as well as dentate nucleus in the left thalamus appeared obviously higher in T2DM patients
than in HCs (P < 0.05). In all participants, the susceptibility values in the left dentate nucleus were
signi�cantly higher than those in the right side (P < 0.05). The susceptibility values and cognitive
assessment scores showed no obvious association (P > 0.05). However, an obvious correlation exists
between the changes in the susceptibility values across hemispheres in the dentate nucleus and the
putamen (left, r = 0.439, P = 0.000; right, r = 0.260, P = 0.038).

Conclusion T2DM patients showed increased iron deposition in the putamen, dentate nucleus and left
thalamus. Cerebral iron deposition exacerbates cognitive decline in T2DM patients. Changes in
susceptibility values in these regions are likely to be quantitative imaging markers of central nervous
system injury in T2DM patients, and QSM may bene�t their detection and evaluation.

Background
As a complicated metabolic disorder, diabetes mellitus (DM) mainly features hyperglycemia caused by
insulin insu�ciency and dysfunction. According to �gures, approximately 425 million adults suffered DM
in 2017 worldwide (1) (2). Type 2 diabetes mellitus (T2DM) is a long-term DM, and its symptoms include
hyperglycemia, insulin resistance, and insulin de�ciency, which accounts for the great majority of the
diabetes burden, comprising 85% of DM patients. In T2DM, peripheral insulin resistance and insulin
compensatory hypersecretion from the pancreatic islets are likely to decrease before the decrease in islet
secretory function leads to several complications, such as neuropathy, nephropathy, atherosclerosis, and
retinopathy (3).
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Insulin resistance in the brain causes follow-up sequelae that possibly contribute to tau
hyperphosphorylation and/or amyloid accretion. Insulin comes into play by distributing iron to neuronal
tissue; however, the insulin-resistant state disrupts this process, and as a result, iron is overloaded in
neurons and �nally becomes detrimental (4). T2DM can impact diseases of the peripheral nervous
system, and excessive iron could lead to lesions in the central nervous system. T2DM patients suffer
cognitive de�cits in memory, executive function, attention, visuospatial ability and de�cits in other
domains. It has been found that T2DM patients show poor performance on the cognitive scale, and their
manifestation of neural slows and cortical atrophy increases (5). It has been proposed that the early
onset of T2DM, weak glycemic control and the existence of microvascular and macrovascular
complications can together result in cognitive impairment. T2DM can be used independently to measure
the risk of Alzheimer’s disease (AD), vascular dementia (VD) and mild cognitive impairment (MCI) (6).

Iron is an important auxiliary factor for the body's oxygen binding and transportation, energy and material
metabolism, which can affect oxygen transportation, cell growth regulation, electron transport, and
synthesis of DNA. If iron homeostasis is impaired, reactive oxygen species will be produced excessively,
and apoptosis will occur (7) (8). In addition, as iron accumulates, protein will undergo misfolding and
aggregation, resulting in different related diseases. Iron chelation therapy can reduce the overload of iron,
which accordingly has the function of changing the glycemic control of T2DM individuals (9).

Based on an increasing number of studies regarding magnetic resonance imaging (MRI), brain iron
overload can be seen in different neurodegenerative diseases (10) (11). Quantitative susceptibility
mapping (QSM) is a newly found MRI approach that can help quantify materials with changing
susceptibility and has been shown to provide a noninvasive quantitative analysis of brain iron
deposition(12) (13) (14). In normal healthy people, iron content is different in various regions of brain
tissue, and the iron content is high in deep gray matter nuclei, such as the globus pallidus, putamen,
dentate nucleus, substantia nigra and red nucleus. The reasons for the differential regional distribution of
brain iron may be related to the iron ions being involved in the synthesis of neurotransmitters and the
various metabolic activities across regions and types of neurons. However, the association between
cerebral iron accumulation and T2DM and iron distribution in vivo in patients with T2DM has not been
completely elucidated. In this study, the noninvasive quantitative analysis QSM was performed to assess
the deposition of brain iron in T2DM patients. To explore the differences between the patients with T2DM
and healthy elderly individuals, QSM was used to evaluate and compare the deposition characteristics of
iron in the gray matter nuclei in T2DM patients compared to healthy volunteers.

Methods

Participants
In the cross-sectional study, thirty-two T2DM patients (20 male; mean age, 61.09 ± 9.99 years; range, 41–
73 years) and thirty-two age- and gender-matched healthy control volunteers (HCs) (14 male; mean age,
59.09 ± 9.77 years; range, 41–73 years) were enrolled from September 2018 to August 2019. All
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participants were right-handed, and the patients met the diagnostic criteria of T2DM (15). Patients with
the following conditions were excluded: organic brain lesions, such as cerebral apoplexy, brain tumors,
brain trauma, etc.; a history of other mental illnesses; the existence of serious damage to the heart, liver,
kidney and other organs; severe hypertension blood pressure that was not well controlled; severely
impaired visual and auditory functions; and an MRI scan contraindication. This study obtained approval
from the institutional review board of Shandong Medical Imaging Research Institute A�liated to
Shandong University. All participants were informed of the detailed experimental procedures and signed
informed consent forms. Considering that the participants may have cognitive impairment, all subjects
were invited to test their levels of cognitive function, and 49 people (23 T2DM patients and 26 HC)
completed the questionnaire.

The Montreal Cognitive Assessment (MoCA) helped to globally assess cognitive functions (16, 17). The
MoCA involves tests of visuospatial, verbal, and visual memory and attention and applies well to
screening for cognitive impairment in T2DM patients. The study also paid attention to assessing different
executive functions, such as inhibition, working memory and �exibility. In brief, the Rey auditory verbal
learning test (AVLT) helped to assess verbal memory ability (18); the symbol digit modalities test (SDMT)
for attention and information processing speed (19); the trail-making test (TMT) for attention, information
processing speed, visual search and motor coordination (20); and the Stroop color-word test (SCWT) for
interference (21). The test implementer was professionally trained and quali�ed and had no knowledge of
the subject grouping.

Image acquisition
All subjects underwent MRI on a 3.0 T whole-body system (Magnetom Skyra, Siemens Healthcare,
Erlangen, Germany), which has a 32-channel head coil. The obtained �uid attenuated inversion recovery,
T2-weighted turbo-spin-echo, and diffusion-weighted images were considered for excluding individuals
with any type of brain abnormalities. Ten echoes were used to perform a 3-dimensional (3D) rapid low-
angle shot sequence for evaluating the changes in the susceptibility of the brain, and the parameters
below were used to obtain magnitude as well as phase images. Echo time: 6.8–43.7 milliseconds (ms)
with an interval of 4.1 ms; repetition time: 36 ms; �ip angle: 15°; �eld of view: 195 × 195 × 240 mm3;
matrix size: 192 × 192 mm2; and slice thickness: 2 mm. In addition, for obtaining the 3D T1-weighted
structural images, the parameters below were applied to the rapid acquisition prepared under
magnetization with a gradient echo sequence. Repetition time: 7.3 ms; echo time: 2.4 ms; �ip angle: 9°;
inversion time: 900 ms; shot interval: 1900 ms; �eld of view: 256 × 256 × 176 mm3; matrix size: 256 × 256
mm2; and slice thickness: 1 mm, an iso-voxel resolution of 1 mm3 is �nally yielded.

QSM preprocessing and quantitative analysis
The preprocessing of QSM original images conformed to the standard preprocessing steps. QSM was
constructed from GRE data using Morphology Enabled Dipole Inversion With Automatic Uniform
Cerebrospinal Fluid Zero (MEDI + 0) (22). The preprocessing and analysis of QSM images were
conducted by virtue of a tool box together with a standardized algorithm based on Liu T et al. (23). A
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nonlinear �tting was �rst performed regarding multiecho data for estimating the inhomogeneity of the
magnetic �eld, and phase unwrapping guided under magnitude was then conducted (23). The projection
was applied onto the dipole �eld to remove the background �eld. Finally, inverting the remaining �le
helped to calculate QSM through MEDI + 0 (24). The 3D T1WI and QSM images were coregistered to a
magnitude image of the �rst echo obtained from the 3D GRE sequence of the same subject by using FSL
software (FLIRT Linear Registration Tool, FMRIM Software Library, Oxford, England).

With the preprocessed data, the susceptibility values in the regions of interest (ROIs) were measured by
ITK-SNAP (http://www.itksnap.org/pmwiki/, Version 3.8.0) software to re�ect the iron content. The ROIs
included the thalamus, caudate nucleus, putamen, pallidum, dentate nucleus, red nucleus, and substantia
nigra. The ROIs of white matter were selected from frontal lobe subcortical white matter without
T2WI/T2WI- FLAIR images. These regions were measured to take the mean value of both sides. Data
from the left and right sides were separately recorded. The average QSM value in each ROI was then
computed from all voxels overlapping with the corresponding label, and the boundaries of the ROIs were
manually corrected on the QSM images (Fig. 1). The mean susceptibility value of the gray matter nucleus
minus the mean susceptibility value of the white matter in the frontal lobe of the same patient was
calculated; the same calculation method was used to record the susceptibility values in the left or right
gray matter nuclei. Vessels were not included while drawing the ROIs. A senior neuroradiologist with
18 years of working experience performed the assessment of brain disease and pinpointed the ROI.

Statistical analysis
The Statistical Package for the Social Sciences (Version 21.0 for Windows; SPSS, Chicago, Ill) helped to
carry out statistical analysis. A P value of < 0.05 was considered statistically signi�cant. First, a
descriptive analysis of thirty-two T2DM patients and thirty-two HCs was performed. The measurement
data were represented in the form of the mean ± standard deviation, and the counting data were
represented in the form of n (%) or median and interquartile range if the data did not obey the normal
distribution. The chi-square test was applied to the comparison of count data. To compare the
susceptibility values within a speci�c ROI or cognitive assessment scores between the patients with
T2DM and HCs, the independent sample t test or the Mann-Whitney U test was used under the condition
that data failed to obey the normal distribution. The correlations between susceptibility values and
cognitive function scores were determined via Pearson or Spearman correlation analyses.

Results

Participant characteristics
Thirty-two patients with T2DM (20 males and 12 females, with a mean age of 61.09 ± 9.99 years) and 32
HCs (14 males and 18 females, with a mean age of 59.09 ± 9.77 years) were included in this study. These
participants were age-, gender- and education-matched, showing no signi�cant difference between
groups (P > 0.05). Of the sixty-four participants, twenty-three patients with T2DM (11 males and 12
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females; mean age, 64.65 ± 8.44 years) and twenty-six HCs (14 males and 12 females; mean age, 62.30 ± 
6.13 years) received an assessment of cognitive function. Table 1 lists the clinical characteristics of the
participants in the study.

Table 1
Clinical characteristics and assessment of cognitive function in the participants

Variables T2DM (n = 23) HC (n = 26) Statistical value P

gender(male) 11 (47.82%) 14 (53.84%) 0.177a 0.674

Age, years 64.65 ± 8.44 64.65 ± 8.44 1.650b 0.205

Education, years 11.34 ± 2.26 11.69 ± 2.40 0.515 b 0.609

Mo CA 26.78 ± 2.35 28.42 ± 0.64 3.237 b 0.003

ALVT Sum(N1-7) * 63.13 ± 14.88 65.03 ± 7.77 0.572 b 0.570

SDMT * 28.83 ± 12.68 35.73 ± 12.10 1.949 b 0.057

SCWT-Sum(A + B + C) # 157(128,188) 123(112,152) -2.336c 0.020

TMT-Sum (A + B)# 260(212,365) 224(155,265.5) -1.913 c 0.056

a, Chi-square test; b, independent sample t test; c, Mann-Whitney U test. *, the unit of scoring is
number; #, the unit of scoring is second. Sum, the sum of multiple subtests.

The MoCA and SCWT scores of the patients with T2DM and HC were signi�cantly different (P < 0.05), and
the patients with T2DM had lower MoCA scores (26.78 ± 2.35; normal standard ≥ 27) and higher SCWT
scores (157 (128–188); HC, 123 (112–152)) than the HCs. The ALVT sum (N1-7), SDMT, and TMT-sum (A 
+ B) scores of the patients with T2DM were not signi�cantly higher than those of the HCs. The scores for
each cognitive and behavioral assessment subindex in these tests and evaluations are shown in Table 1.

Susceptibility value analysis across ROIs
The comparison of susceptibility values from the patients with T2DM and the HCs is shown in Table 2
and Fig. 2. We found that T2DM patients presented obviously higher mean susceptibility values in the
putamen and dentate nucleus than HCs, and the areas on the left and right sides of the brain showed the
same difference (P < 0.05; Fig. 3a-b); the susceptibility values of the left thalamus appeared obviously
higher in T2DM patients than in HCs (P < 0.05; Fig. 3c). The differences between the patients with T2DM
and HCs were not signi�cant in the right thalamus, pallidum, caudate nucleus, red nucleus and substantia
nigra (P > 0.05); however, the susceptibility values in the patients with T2DM tended to be higher in most
gray matter nuclei than those in the HCs. In the patients with T2DM and HCs, the susceptibility values on
the left side of the dentate nucleus were signi�cantly higher than those on the right side (P < 0.05), as
shown in Table 3. The susceptibility values were not signi�cantly correlated with the cognitive
assessment score (P > 0.05). However, an obvious correlation existed between the changes in the
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susceptibility values across hemispheres in the dentate nucleus and the putamen (r = 0.439, P = 0.000;
right, r = 0.260, P = 0.038; Fig. 3d-e).

Table 2
The susceptibility value differences [ppb (× 10− 9)] in gray matter nucleus

Variables T2DM (n = 32) HC (n = 32) Statistical value P

Thalamus 20.17 ± 19.30 12.25 ± 15.64 -1.803 0.076

Left-Thalamus 21.44 ± 22.31 10.02 ± 14.93 -2.406 0.019

Right-Thalamus 18.90 ± 21.96 14.48 ± 18.50 -0.871 0.387

Pallidum 198.78 ± 42.08 196.18 ± 43.51 -0.242 0.809

Left-Pallidum 199.78 ± 47.36 193.08 ± 43.70 -0.589 0.558

Right-Pallidum 197.78 ± 40.52 199.29 ± 44.58 0.142 0.887

Putamen 121.60 ± 25.37 96.43 ± 25.03 -3.994 0

Left-Putamen 121.38 ± 29.99 96.57 ± 27.52 -3.447 0.001

Right-Putamen 121.83 ± 26.65 96.30 ± 25.59 -3.908 0

Caudate nucleus 94.89 ± 44.18 88.29 ± 22.01 -0.756 0.452

Left-Caudate nucleus 90.43 ± 80.10 87.939 ± 22.86 -0.169 0.866

Right-Caudate nucleus 99.35 ± 21.07 88.64 ± 23.88 -1.901 0.062

Red nucleus 179.18 ± 36.59 168.55 ± 37.11 -1.153 0.253

Left-Red nucleus 177.65 ± 40.94 166.68 ± 38.31 -1.107 0.273

Right-Red nucleus 180.70 ± 37.36 170.41 ± 41.76 -1.038 0.303

Substantia nigra 179.93 ± 42.89 177.38 ± 40.58 -0.245 0.808

Left-Substantia nigra 182.34 ± 48.09 177.69 ± 43.22 -0.407 0.685

Right-Substantia nigra 177.51 ± 42.45 177.06 ± 41.53 -0.043 0.966

Dentate nucleus 129.96 ± 33.86 108.02 ± 41.98 -2.301 0.025

Left- dentate nucleus 131.79 ± 34.98 111.43 ± 45.61 -2.004 0.049

Right- dentate nucleus 128.14 ± 36.07 104.61 ± 39.85 -2.476 0.016

White Matter -10.55 ± 10.73 -12.38 ± 10.46 -0.689 0.493

Left- White Matter -12.19 ± 13.38 -11.31 ± 10.18 0.297 0.768

Right- White Matter -8.92 ± 14.27 -13.45 ± 13.15 -1.321 0.191
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Table 3
The susceptibility value differences [ppb (× 10− 9)] between left and right in gray matter nucleus

Variables Mean standard
deviation

Standard
error

95% con�dence interval t P

lower limit upper limit

Thalamus (Left-
Right)

-0.96 ± 17.84 2.23 -5.41 3.49 -0.431 0.668

Pallidum (Left-
Right)

-2.10 ± 21.53 2.69 -7.48 3.27 -0.782 0.437

Putamen (Left-
Right)

-0.09 ± 21.76 2.72 -5.52 5.34 -0.034 0.973

Caudate nucleus
(Left-Right)

-4.81 ± 55.21 6.90 -18.60 8.98 -0.697 0.488

Red nucleus (Left-
Right)

-3.38 ± 28.91 3.61 -10.60 3.83 -0.937 0.352

Substantia nigra
(Left-Right)

2.72 ± 26.97 3.37 -4.00 9.46 0.809 0.421

Dentate nucleus
(Left-Right)

5.23 ± 19.28 2.41 0.41 10.05 2.17 0.034

White matter (Left-
Right)

-0.56 ± 14.63 1.82 -4.21 3.09 -0.307 0.76

Left-Right, the susceptibility value in left region subtract the susceptibility value in right region.

Discussion
In this study, we found signi�cant differences in the regional susceptibility values in the putamen, dentate
nucleus and thalamus between patients with T2DM and healthy elderly individuals. In iron-rich gray
matter nuclei, the brain iron deposits in patients with T2DM have obviously increased in some gray nuclei
in vivo. The increased iron content in these gray matter nuclei may be related to the iron ions in�uencing
the synthesis of neurotransmitters and the various metabolic activities across regions and types of
neurons. There were signi�cant correlations between the changes in iron deposition across hemispheres
in the dentate nucleus and the putamen. These brain regions contain important structures closely
involved in cognitive, emotional, and motor functions, which suggests that the synergy of these changes
may affect the neural pathways in the brain and impact the neural function of the brain. These �ndings
suggest that increased iron deposition in the brain may be used for measuring the risk of the severity of
brain injury in patients with T2DM. QSM can be used as a noninvasive quantitative analysis to assess
brain iron deposition in patients with T2DM.

Iron is a fundamental requirement for most known life forms and is the richness trace element in the
human body (25). Iron acts as a signi�cant component of hemoglobin that participates in oxygen
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transport. Iron in the nervous system can also affect catecholamine neurotransmitter metabolism and
myelin formation. Hence, it is necessary to strictly regulate the metabolism of iron. Even so, excessive
deposition of iron in the brain of the aged will easily lead to different kinds of neurodegenerative diseases
(26). Therefore, studying and understanding the iron metabolism mechanism in the brain together with its
regulation are of vital signi�cance. (27). In normal healthy people, the deep gray matter nuclei have higher
iron content and contain important structures closely involved in cognitive, emotional, and motor
functions. This study consequently selected these areas as the research object.

We know that iron is an essential regulatory factor for glucose and lipid metabolism (28). As revealed by
many studies, ferritin as the standard marker speci�c to iron stores can assist in increasing diabetes risk,
such as insulin resistance (29) (30). Clinical studies have reported the direct association between iron
overload in the human body and glucose intolerance, which can accordingly result in diabetes. Insulin
resistance causes high permeability of the blood-brain barrier and induces a cognitive decrease in a
mouse model induced by diabetic insulin resistance and in an AD model (31). Additionally, an overload of
brain iron results in insulin resistance together with cognitive decrease in animal obesity models and
human obesity models (32). In general, iron overload and iron de�ciency can greatly affect the action of
insulin as well as its relation to insulin resistance. As insulin resistance could trigger iron overload, we
intended to identify the relationship between iron accumulation and central nervous system injury in
patients with T2DM.

The dentate nucleus is the most lateral deep cerebellar nucleus and is rich in iron. The cerebellar vermis
and roof of the fourth ventricle are adjacent to the dentate nucleus. A sagittal section through the dentate
nucleus shows its serrated appearance (33). The dentate nucleus is capable of regulating �ne control
regarding voluntary movements, language, cognition, and sensory functions. Utilizing the
dentatothalamic tract, the dentate nucleus sends output signals through the ipsilateral superior cerebral
peduncle and then decussates to synapse in the contralateral ventrolateral (VL) thalamic nucleus. VL
neurons send �bers to the precentral gyrus, premotor cortex, prefrontal gyri, posterior parietal areas, and
basal ganglia, speci�cally the striatum (34) (35). Different parts of the striatum receive afferent input
from various cortical regions, followed by projecting efferent output to the cortex through the thalamus
(36). The anterior putamen links to the associative regions in the cortex, and the posterior portion links to
the primary motor cortex as well as the supplementary motor area (37). We found signi�cant changes in
the susceptibility values in the putamen, dentate nucleus and left thalamus in the patients with T2DM.
This may indicate that the increased iron deposition will cause damage to the gray matter nuclei, which
may affect voluntary movements, cognition, language, and sensory functions.

The striatum plays a signi�cant role in various brain functions, including language, motor learning and
control, reward, cognitive functioning, and addiction through the functional cortico-striato-thalamocortical
neural pathways (38) (39). Therefore, a pathologic state in the striatum can lead to a broad range of
clinical manifestations from motor dysfunction, such as Parkinson’s disease, to various psychiatric
disorders (40). Studies have shown that the dentate nucleus in the cerebellum leads to a tight disynaptic
projection to the striatum. The basal ganglia, the cerebral cortex and the cerebellum together constitute
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an integrated network, which undergoes topographical organization to ensure the interconnection among
the motor, affective and cognitive domains of every node (35) (41). The iron deposition changes were
signi�cantly correlated across hemispheres in the dentate nucleus and the putamen, and the iron
deposition in the left thalamus also increased. It was hinted that the synergy of these changes may
potentially affect the cortico-striato-thalamocortical neural pathways and impact the neural function of
the brain in patients with T2DM.

Regarding the deposition of brain iron in T2DM patients, previous study results regarding the content of
iron in the pulvinar nuclei of patients who have neurodegenerative diseases are not consistent. A previous
study investigated the deposition of iron in T2DM patients’ brains and related cognitive impairments
using QSM. The susceptibility of T2DM patients who did not undergo MCI and T2DM patients who
underwent MCI remarkably increased in the left putamen. The susceptibility values in the left putamen
can signi�cantly affect the neuropsychological cognitive score (42). Our study showed similar results,
which also suggested that there were obviously higher susceptibility values in the putamen in T2DM
patients than in healthy elderly individuals. However, no correlations between susceptibility values and
cognitive function scores were found, which may be due to the different research populations. T2DM
patients were not divided into subgroups according to the degree of impairment in cognitive function.
Some researchers have evaluated the effects of DM in patients with cognitive impairment using QSM.
DM could lead to lower susceptibility changes in the pulvinar thalamus as well as hippocampus. The
study showed region-speci�c changes in calcium deposition in DM subjects with cognitive impairment
(43). Therefore, the reason for the difference between studies was the selection of patients with cognitive
impairments with different independent risk factors in the previous study, and they did not make
comparisons with healthy elderly individuals.

The comparison of the MoCA and SCWT scores between the patients with T2DM and healthy elderly
individuals demonstrated that the patients with T2DM showed potential cognitive impairment compared
to the healthy elderly individuals. MCI is generally considered to be the precursor of AD. The susceptibility
values increased in the gray matter nuclei. However, a signi�cant relationship between iron deposition
and cognitive assessment scores was not found. It is suggested that the dentate nucleus-thalamus-
putamen is the pivotal part of the cortico-striato-thalamocortical neural pathways that predict the
conversion of MCI to AD in patients with T2DM. The increase in susceptibility values can be used as an
important quantitative imaging marker. Previous studies have also shown that isolated putamen
hemorrhage can lead to impaired frontal lobe function in patients, leading to attention-executive
dysfunction (44); there are also task-related attentional and executive function disruptions involving the
putamen of patients with multiple sclerosis clinically isolated syndrome (42, 45).

QSM acts as a new MRI approach that can quantify materials with changing susceptibility and has been
shown to provide a noninvasive quantitative analysis of brain iron deposition (12) (13). It exhibits a
stronger selectivity for iron compared with T2* relaxometry and can serve for data obtained via standard
sequence acquisition that is available for a majority of commercial scanners. It acts as a useful computer
algorithm for deriving values with sensitivity to the iron level from proper MRI data (14) (46). The iron
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stored in ferritin, neuromelanin and hemosiderin in the brain tissue leads to high local magnetic and
paramagnetic distortion (47). As a way to measure the level of brain iron, QSM boosts many advantages
(14), which have been validated by MRI techniques sensitive to brain iron. It has been reported that brain
iron burden under the measurement of the above techniques increases in AD subjects, with a positive
relation to the amyloid-β burden and an inverse relation to cross-sectional cognitive performance in older
and AD subjects (48) (49). In addition, the process of iron deposition in the brain during normal aging and
neurodegenerative changes may cause neuronal damage through oxidative stress (42, 50). According to
a review of the current literature, there are several potential reasons for cerebral iron deposition in patients
with T2DM. Iron binds to amyloid-β to catalyze pro-oxidant radicals to be produced, thereby increasing
the toxicity of peptide, which binds to tangles as well, leading to the formation of toxic radicals in
neurons in a similar way (51). Synthetic amyloid-β intoxication in the mouse brain causes tau-dependent
iron accumulation as well as cognitive impairment (52), which demonstrates that tau can mediate the
effects of iron.

The study was a preliminary cross-sectional design study of brain iron changes in T2DM patients in a
relatively small sample size. The iron deposition dynamics shall be observed, together with the
examination of longitudinal levels of brain iron in T2DM patients in larger samples at different stages. It
is necessary to perform a prospective study covering a large scale for determining the changes of
magnetic susceptibility in certain regions as well as further exploring the potential mechanisms and the
effect posed by iron deposition in gray matter nuclei pathology. Although automatic segmentation is the
most appropriate method speci�c for imaging analysis based on previous studies, in this study, we use
manual segmentation as the reference standard for complicated structures and try to use methods of
whole-brain voxel analysis to make comparisons in further research.

Conclusion
In conclusion, T2DM patients showed increased iron deposition in the putamen, dentate nucleus and left
thalamus. Cerebral iron deposition exacerbates the decline in cognitive function in patients with T2DM.
The study �nds that the deposition of iron in brain exhibits an association with T2DM, and the
association may greatly affect the T2DM process. The change in susceptibility values in these regions is
likely to be a quantitative imaging marker of central nervous system injury in T2DM patients, and QSM
may remarkably bene�t the detection and evaluation of T2DM.

Abbreviations
QSM, quantitative susceptibility mapping; T2DM, type 2 diabetes mellitus; HCs, healthy controls; ROIs,
regions of interest; DM, diabetes mellitus; AD, Alzheimer’s disease; VD, vascular dementia; MCI, mild
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Figures

Figure 1

ROI sketch diagram. The 3D T1WI and QSM images were co-registered to a magnitude image of the �rst
echo acquired from the 3D GRE sequence of the same subject by using FSL software. The gray matter
nuclei and the frontal white matter (ROIs larger than 150 voxels) were drawn entirely by hand. The
average QSM value in each ROI was then computed from all voxels overlapping with the corresponding
label.
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Figure 2

Brain susceptibility value differences between the patients with T2DM and HCs. (a, c), Healthy elderly
individual; male; 71 years of age. (b, d) Patients with T2DM; male; 60 years of age.
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Figure 3

The susceptibility value [ppb (×10-9)] differences between the patients with T2DM and HCs in the
putamen, dentate nucleus and thalamus. The correlation between changes in susceptibility values across
hemispheres in the dentate nucleus and the putamen.


