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Evaluating iron deposition in gray 
matter nuclei of patients with 
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Objectives: Understanding the microscopic pathophysiological mechanisms 
underlying acute ischemic stroke (AIS) is vital for facilitating early clinical 
diagnosis and intervention. In this study, we aimed to quantitatively assess brain 
iron changes in gray matter (GM) nuclei in patients with AIS via quantitative 
susceptibility mapping (QSM).

Methods: Thirty-four patients with AIS and thirty age-and sex-matched healthy 
controls (HCs) were included. QSM and conventional magnetic resonance 
imaging were performed. Intergroup differences in regional susceptibility values 
were calculated for the bilateral caudate nucleus (CN), globus pallidus (GP), 
putamen (PUT), red nucleus (RN), substantia nigra (SN), thalamus (THA), and 
dentate nucleus (DN). A receiver operating characteristic curve was plotted to 
evaluate the classification and diagnostic performance of susceptibility values 
in distinguishing patients with AIS from HCs. Multiple linear regression analysis 
was used to investigate the impact of clinical variables on susceptibility values. 
Correlation analysis was used to assess the correlation between regional iron 
variations and clinical scores. A paired t test was used to calculate the differences 
in susceptibility values between the bilateral hemispheres in the participants.

Results: Compared with the HCs, the patients with AIS had significantly increased 
susceptibility values in the bilateral CN and PUT (p < 0.05, FDR correction). 
The highest diagnostic performance was observed in the combination of 
susceptibility values with differences between groups (AUC = 0.722). Multiple 
linear regression analysis revealed that increased susceptibility in the right CN 
was significantly associated with smoking (p < 0.05). The susceptibility values 
were not significantly correlated with the clinical scores (p > 0.05), but age 
was positively correlated with the modified Rankin Scale scores at admission 
(p < 0.05). The susceptibility values of the SN exhibited lateral asymmetry in 
patients with AIS.

Conclusion: This study revealed increased iron concentrations in the GM nuclei 
of patients with AIS. Iron deposition in GM nuclei may be a potential biomarker 
for further understanding the pathophysiological mechanism underlying AIS.
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1 Introduction

Stroke is one of the leading causes of death and disability 
worldwide, imposing significant social and financial burdens (1). The 
stroke encompasses both ischemic and hemorrhagic stroke, with 
ischemic stroke accounting for approximately 85% of all cases (2). In 
the United States alone, nearly 800,000 people suffer a stroke annually, 
out of which around 700,000 are acute ischemic stroke (AIS) (3). AIS 
is characterized by high incidence rate, mortality rate, disability rate, 
and recurrence rate (5), necessitating advanced non-invasive magnetic 
resonance imaging (MRI) for further comprehension of its 
pathophysiological characteristics. When the ischemic stroke 
progresses to subacute stage, most ischemic lesions tend to evolve into 
a complete infarction and the fate of the ischemic lesion is basically 
determined (4).

The gray matter (GM) nuclei play an important role in motor 
control and cognitive function, and the normal metabolism of iron in 
the GM nuclei is essential for maintaining these functions. And then, 
the GM nuclei produce high levels of neurotransmitters involved in 
the information processing and present a progressive iron 
accumulation with age, so high levels of iron are exhibited in the GM 
nuclei (5, 6). Brain iron is a double-edged sword: on the one hand, it 
is crucial for various neurophysiological functions, such as oxygen 
binding and transportation, synthesis of neurotransmitter and protein, 
myelin production, and ATP production; on the other hand, it can 
also contribute to the development of diseases by causing reactive 
oxygen species production and oxidative stress (5, 7, 8). Quantitative 
susceptibility mapping (QSM) is one of the sophisticated processing 
methods for gradient-echo MRI, extensively employed for the 
quantification of the spatial distribution of magnetic susceptibility in 
biological tissues (9–11). Magnetic susceptibility refers to the response 
of magnetic materials in human tissue to an applied external magnetic 
field and different tissues show different susceptibilities (12, 13). It is 
currently believed that the susceptibility of GM is dominated by tissue 
iron, which is mainly stored in ferritin macromolecules (9). Ferritin 
complex is a kind of paramagnetic substance, indicating that iron 
increases the overall magnetic susceptibility of the tissue. Tissue 
susceptibility has been shown to have a positive linear relationship 
with iron concentration in deep GM nuclei (9, 14). The main source 
of magnetic susceptibility in GM nuclei has been reported to be iron, 
and quantitative evaluation of iron in these regions using QSM has 
emerged as a reliable non-invasive method (6, 9). Studies on QSM 
have reported excessive iron deposition in GM nuclei in various 
neurodegenerative diseases, such as Alzheimer’s disease, 
schizophrenia, Parkinson’s disease, and multiple sclerosis (15–21). 
Visualization and quantitative evaluation of changes in brain iron 
concentration could contribute to understand the underlying 
pathophysiological mechanisms of these diseases.

Ischemic stroke leads to hypoxic–ischemic of brain tissue, 
disrupting iron homeostasis and resulting in a surge of iron 
deposition in local brain tissue (22, 23). Ferroptosis is an iron-
dependent and reactive oxygen species reliant cell death, which 
caused by massive lipid peroxidation mediated membrane damage 
(24). A study examined the model of unilateral, transient middle 
cerebral artery occlusion in rats and revealed an elevation of iron 
level within the lesioned hemisphere (25). Xia et al. reported the 
susceptibility value of the asymmetrically prominent cortical veins 
in the stroke hemisphere was significantly higher compared to that 

in the contralateral hemisphere and HCs (26). Hypertension is a 
prominent risk factor among stroke survivors, and the 
susceptibility value of subcortical structures in patients with 
hypertension was found to be significantly increased compared to 
that of healthy controls (HCs) (27, 28). Studies have found that 
patients with cerebral artery stenosis/occlusion showed 
significantly elevated susceptibility values in GM nuclei, which 
were found to be  associated with several risk factors of 
cerebrovascular disease (23, 29). Previous studies have 
demonstrated that cerebral ischemia induces alterations of iron 
deposition in GM nuclei, which holds significant implications for 
comprehending pathological mechanism of cerebral ischemia; 
however, there remains a dearth of research on iron deposition 
resulting from AIS.

The aim of this study was to utilize QSM technology to identify 
alterations of iron accumulation in the GM nuclei among patients 
with AIS, and subsequently investigate its association with clinical 
scales. The identification of iron level abnormalities associated with 
early stage of ischemic stroke holds promise for informing clinical 
interventions and development of therapeutic drugs to enhance the 
neurological prognosis of patients.

2 Materials and methods

2.1 Participants

A total of thirty-four patients diagnosed with AIS and thirty HCs 
were recruited from Zigong First People Hospital. The following 
demographic and clinical information were collected: name, gender, 
age, race, risk factors of cerebrovascular disease (hypertension, 
hyperlipidemia, and diabetes), and time of onset, etc. In addition, the 
extent of neural function deficiency and prognosis of patients with 
AIS was assessed upon admission and discharge using the National 
Institutes of Health Stroke Scale (NIHSS) and modified Rankin Scale 
(mRS). This study was approved by the Ethics Committee and 
obtained informed consent from all participants.

The inclusion criteria of patients with AIS were as follows: (1) a 
diagnosis of AIS was established by at least two clinician and two 
radiologists based on comprehensive physical examination, 
neurological assessment, and MRI image; (2) the clinical diagnosis of 
AIS was based on the “Chinese Guidelines for the Diagnosis and 
Treatment of Acute Ischemic Stroke 2018”; (3) there were complete 
clinical data and good MRI image quality.

The exclusion criteria of patients with AIS were as follows: (1) 
history of severe neurological disorders, such as intracranial 
hemorrhage, brain tumor and brain surgery; (2) the brain infarction 
lesions affected region of interest (ROI) (bilateral caudate nucleus 
(CN), globus pallidus (GP), putamen (PUT), red nucleus (RN), 
substantia nigra (SN), thalamus (THA) and dentate nucleus (DN)); 
(3) unsuccessful MRI scans, due to factors such as the metallic 
implants or claustrophobia; (4) history of organic lesions in 
important organs.

The inclusion criteria for HCs were as follows: (1) no history of 
neuropsychiatric disorders; (2) no contraindications for MRI; (3) no 
history of severe organic lesions, such as cerebrovascular disease, brain 
injury, neurological disorders; (4) no history of alcohol and 
drug abuse.
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2.2 Image acquisition

The complete image data, including QSM, T1-weighted imaging 
(T1WI), T2-weighted imaging (T2WI), and T2 fluid-attenuated 
inversion recovery (T2-FLAIR), diffusion weighted imaging (DWI) 
was collected on a 3.0 T MRI scan (MAGNETOM Vida; Siemens 
Healthineers, Erlangen, Germany), and the 64-channel head coil was 
selected for scanning.

QSM was conducted using an eight echo gradient-echo (GRE) 
sequence: repetition time (TR) = 55 ms, echo time (TE) = 6.15 ms, flip 
angle = 15°, field of view (FOV) = 220 × 220 mm2, thickness = 2 mm, 
number of slices = 72, voxel size = 0.9 × 0.9 × 2 mm3, acceleration 
mode: GRAPPA with 2X acceleration factor, and total scan time was 
8 min 7 s.

2.3 Data analysis

2.3.1 Data analysis of QSM
The QSM data were analyzed using the MEDI toolbox 

(Morphology Enabled Dipole Inversion) based on the Matlab 2018a 
software platform (Mathworks, Natick, MA, USA), following a 
structured workflow to ensure accurate and reliable results: (1) The 
image was unwrapped with Laplacian algorithm. (2) The FSL BET 
algorithm in MEDI toolbox was used to extract the brain mask. (3) 
The projection onto dipole fields (PDF) algorithm was used to remove 
the background field. (4) The susceptibility map was generated by 
MEDI local field inversion algorithm.

2.3.2 Extracting the ROI
The susceptibility value of each ROI was quantified using 

ITK-SNAP by two radiologists who were blinded to the neurologic 
and clinical diagnosis. The ROIs included the bilateral CN, GP, PUT, 
RN, SN, THA, and DN. To enhance accuracy, the susceptibility value 
of each ROI was evaluated in three consecutive slices, and the average 
susceptibility value and standard deviation (SD) for each region 
were obtained.

2.4 Statistical analysis

SPSS 27.0 was used for statistical analysis. Independent t-test 
were used to compare the ages between patients with AIS and HCs. 
The χ2 test was used to compare gender data between the 
two groups.

The interclass correlation coefficient (ICC) was utilized to 
evaluate the interrater reliability of manual segmentation and the 
ICC ≥ 0.75 was considered excellent. The differences in 
corresponding ROI susceptibilities between patients with AIS and 
HCs were compared using either independent t-test or Mann–
Whitney U tests, depending on the normal distribution of the data. 
The receiver operating characteristic (ROC) curve was plotted to 
evaluate the classification and diagnostic performance of the 
susceptibility values with significant differences between groups. 
Additionally, multiple linear regression analysis was used to 
investigate the impact of independent variables (demographic and 
clinical data) on the susceptibility values in GM nuclei. The 
correlation between regional iron variations and clinical scores 

were explored using either Pearson correlation or Spearman 
correlation test, depending on the normal distribution of the data. 
The paired t test was employed to calculate the differences of 
susceptibility values between the bilateral hemispheres in both 
patients with AIS and HCs. A value of p < 0.05 was considered to 
indicate statistical significance.

3 Results

3.1 Study population

A total of thirty-four patients with AIS (mean age: 71.32 years) 
and thirty HCs (mean age: 66.90 years) were included in this study. 
The demographics and clinical characteristics of patients with AIS 
and HCs are shown in Table 1. There were significant differences in 
the smoking history and hypertension history between the two 
groups (p < 0.001). There was no significant difference in other 
demographics or clinical characteristics between the two groups 
(p > 0.05).

3.2 Comparisons of susceptibility values 
between groups

The representative axial QSM sections are shown in Figure 1. The 
boundary of GM nuclei can be  clearly seen on the QSM images, 
thereby demonstrating the feasibility of direct manual segmentation. 
The results of ICC analysis revealed excellent absolute agreement 
between raters in all segmented GM nuclei (0.823 ≤ ICCs ≤0.981, 
Table 2).

The susceptibility values in bilateral CN and PUT were 
significantly increased in patients with AIS compared to HCs 
(susceptibility values in left CN: 0.07300 ± 0.02882 vs. 
0.05570 ± 0.02277; susceptibility values in right CN: 0.07076 ± 0.02737 
vs. 0.05405 ± 0.02256; susceptibility values in left PUT: 

TABLE 1 The demographic and clinical data of participants.

Patients 
with AIS

Healthy 
controls

p 
value

n = 34 n = 30

Age (years) 71.32 ± 10.10 66.90 ± 7.81 0.057

Gender (male/female) 19/15 11/19 0.124

Smoking history (yes/no) 18/16 3/27 <0.001*

Alcohol history (yes/no) 10/24 3/27 0.054

Hypertension (yes/no) 24/10 0/30 <0.001*

Hyperlipidemia (yes/no) 5/29 3/27 0.570

Diabetes (yes/no) 7/27 2/28 0.110

NIHSS score at admission 2.0 (4.25) - -

NIHSS score at discharge 1.0 (2.25) - -

mRS score at admission 2.0 (2.0) - -

mRS score at discharge 1.0 (1.25) - -

*p < 0.05; −, not applicable; values are given in means ± standard deviations or median 
(interquartile range). AIS, acute ischemic strokes; mRS, modified Rankin Scale; NIHSS, 
National Institutes of Health Stroke Scale.
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0.08580 ± 0.03239 vs. 0.06429 ± 0.02839; susceptibility values in right 
PUT: 0.08828 ± 0.03053 vs. 0.06531 ± 0.02670; p < 0.05, FDR 
corrected). The susceptibility values of other GM nuclei (bilateral GP, 
RN, SN, THA and DN) did not exhibit significantly different between 
the two groups (Table 3; Figure 2).

3.3 ROC curve analysis

The results of the ROC curve analysis revealed that 
susceptibility values in the bilateral CN and PUT had some effect 
in distinguishing patients with AIS from HCs. The combination of 
susceptibility values in the bilateral CN and PUT showed better 
classification and diagnostic performance (AUC = 0.722) (Table 4; 
Figure 3).

3.4 Multivariable linear regression analysis

Due to the relatively small sample size, variables with p values 
<0.1 in the univariate analysis were selected as independent variables 
for subsequent multiple linear regression analysis (Table 5). The results 
of multiple linear regression analysis showed that patients with 
smoking exhibited higher susceptibility values in the right CN 
(p = 0.012) (Table 6).

3.5 Correlation analysis

There was no statistically significant correlation between 
susceptibility values and clinical scores (p > 0.05), but the age of 
patients with AIS was positively correlated with the modified Rankin 
Scale scores at admission (p = 0.006, r = 0.501) (Figure 4).

3.6 The asymmetry of susceptibility values

The left–right asymmetry in the susceptibility values of SN was 
observed in patients with AIS by the paired t-test (the right side higher 
than left, susceptibility values in right SN = 0.149768 ± 0.059665, 
susceptibility values in left SN = 0.135634 ± 0.067580, p = 0.0083) 
(Figure 5). Comparable levels of susceptibility values were observed 
in other GM nuclei across bilateral hemispheres in patients with 
AIS. Susceptibility values of all ROIs in HCs did not exhibit left–
right asymmetry.

4 Discussion

In the study, we utilized the QSM method to quantitatively compare 
iron concentrations in GM nuclei between patients with AIS and HCs. 
The results showed a significant increase in susceptibility values in 
bilateral CN and PUT in patients with AIS. Susceptibility values in 
bilateral CN and PUT had some effect in distinguishing patients with 
AIS from HCs. The result of multiple linear regression analysis indicate 
that smoking may have an impact on susceptibility values in CN in 
patients with AIS. The results of correlation analysis suggest that older 
patients with AIS may have worse neurological recovery outcomes. The 
susceptibility values of SN exhibited lateral asymmetry in patients with 
AIS, suggesting that alterations of iron level may not necessarily 
be paralleled between bilateral cerebral hemispheres.

The blood–brain barrier (BBB) plays a crucial role in regulating 
the physiological transport and metabolism of brain iron. The 
impairment of BBB endothelial cells can severely affect the normal 
iron absorption in hypoxic conditions that accompany AIS, leading to 
the release of excessive iron into brain tissue (22, 23). Iron overload 
can enhance Fenton reactions known as Haber-Weiss reaction (Fe++ + 
H2O2 → Fe+++ + OH• + OH−), leading to an excessive production of 

FIGURE 1

Regions-of-interest (ROIs) depicted on quantitative susceptibility mapping (QSM) images. CN, caudate nucleus; GP, globus pallidus; PUT, putamen; RN, 
red nucleus; SN, substantia nigra; THA, thalamus; DN, dentate nucleus.
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hydroxyl (OH), and the highly reactive free radicals have the potential 
to cause damage to DNA, proteins, and lipids (30–32). Lipids play a 
crucial role in the cellular structure and function (such as cell 
membranes), and oxidative destruction of the lipids can ultimately 
lead to cytotoxic edema and subsequent cellular demise (29, 33). And 
then, aberrations in iron homeostasis in vivo are also associated with 
predisposing factors for ischemic stroke, such as cardiovascular 
disease, diabetes mellitus, hyperlipidemia, and hypertension (34–37). 
Disturbances of brain iron homeostasis may be  involved in 
pathogenesis and progression of cerebral ischemia and stroke.

The findings of the study indicate that iron content in bilateral CN 
and PUT increases in patients with AIS, indicating alterations of 
microscopic and molecular properties in GM nuclei. Result of the 
ROC analysis showed that susceptibility values in bilateral CN and 
PUT could help us to distinguish patients with AIS from HCs. Similar 
to our finding, Mao et al. found that patients with middle cerebral 
artery stenosis/occlusion showed increased iron deposition in the 
PUT, GP, and SN, and the susceptibility values of GM nuclei exhibited 
correlations with risk factor variables for cerebrovascular disease (29). 
Du et al. revealed significant alterations in the susceptibility levels of 
GM nuclei in patients with middle cerebral artery occlusion, 

suggesting a potential involvement of iron metabolism disorder in the 
pathophysiological mechanisms underlying cerebrovascular disease 
(23). A study found that iron content in PUT and GP in patients with 
long-term cerebral ischemia significantly increased compared to HCs, 
which is consistent with our findings (38). The susceptibility values of 
infarct regions in patients with AIS were found to exhibit a significant 
increase compared to both HCs and the non-infarct region of the 
responsible artery (14). Patients with cerebral ischemia and stroke 
show abnormal iron accumulation in the brain, which may provide a 
novel perspective for comprehending the pathophysiological 
alterations of ischemic stroke.

The results of a study about computed tomographic perfusion and 
computed tomographic angiography suggest that advanced imaging 
variables (such as acute ischemic core volume, acute penumbra 
volume and collateral circulation grade) are strong predictors of 
prognosis in patients with AIS (39). Another study suggests collateral 
circulation grade is a prognostic indicator for patients who achieve 
recanalization, but not for patients who do not achieve recanalization 
(40). However, a review suggests that the low consistency of stroke 
trials with different imaging modalities may affect the development of 
new treatment strategies for AIS (41). A study found that oxygen 
extraction fraction map generated based on QSM can help identify the 
ischemic penumbra in patients with AIS, suggesting that advanced 
MRI has the potential to guide treatment choices for patients with AIS 
(42). A QSM-based study found that longitudinal changes in iron and 
myelination within ischemic lesions were associated with neurologic 
prognosis, and that increased iron concentrations within ischemic 
lesions were associated with less improvement in neurologic prognosis 
(43). Although the diagnostic accuracy of susceptibility values in CN 

TABLE 2 Absolute ICCs for agreement between the raters for segmentation of the gray matter nuclei in patients with AIS and healthy controls.

CN GP PUT RN SN THA DN

Left Right Left Right Left Right Left Right Left Right Left Right Left Right

ICC

Patients 

with AIS 0.939 0.953 0.978 0.961 0.86 0.905 0.923 0.922 0.945 0.89 0.959 0.955 0.944 0.956

Healthy 

controls 0.823 0.905 0.907 0.981 0.958 0.902 0.895 0.882 0.917 0.917 0.946 0.932 0.962 0.959

AIS, acute ischemic strokes; CN, caudate nucleus; DN, dentate nucleus; GP, globus pallidus; ICC, intraclass correlation coefficient; PUT, putamen; RN, red nucleus; ROI, region of interest; SN, 
substantia nigra; THA, thalamus.

TABLE 3 ROI susceptibilities of the patients with AIS and healthy controls.

Patients with 
AIS

Healthy 
controls

P-FDR 
value

CN

Left 0.07300 ± 0.02882 0.05570 ± 0.02277 0.042*

Right 0.07076 ± 0.02737 0.05405 ± 0.02256 0.047*

GP

Left 0.17203 ± 0.05722 0.14285 (0.08172) 0.729

Right 0.17960 ± 0.06094 0.15132 (0.06268) 0.564

PUT

Left 0.08580 ± 0.03239 0.06429 ± 0.02839 0.049*

Right 0.08828 ± 0.03053 0.06531 ± 0.02670 0.028*

RN

Left 0.13421 ± 0.04802 0.12057 ± 0.03732 0.375

Right 0.13429 ± 0.04533 0.12074 ± 0.03871 0.412

SN

Left 0.13194 (0.08458) 0.11392 (0.05587) 0.438

Right 0.14977 ± 0.05966 0.13040 ± 0.04453 0.423

THA

Left −0.00198 ± 0.01035 −0.00350 ± 0.00724 0.586

Right −0.00274 ± 0.00959 −0.00207 ± 0.00774 0.760

DN

Left 0.09596 (0.04371) 0.08232 (0.04186) 0.448

Right 0.09071 (0.04433) 0.08779 ± 0.04074 0.467

*p < 0.05, FDR corrected; values are given in means ± standard deviations or median 
(interquartile range). AIS, acute ischemic strokes; CN, caudate nucleus; DN, dentate nucleus; 
GP, globus pallidus; PUT, putamen; RN, red nucleus; ROI, region of interest; SN, substantia 
nigra; THA, thalamus.

FIGURE 2

Quantitative comparison of susceptibility values in bilateral CN and 
PUT between patients with AIS with and healthy controls. CN, 
caudate nucleus; PUT, putamen; AIS, acute ischemic stroke.
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and PUT has moderate predictive value in this study, enhanced use of 
advanced imaging biomarkers may help us find the underlying 
molecular-level pathophysiologic basis of AIS. Study of iron 
deposition in GM nuclei of patients with AIS may provide new ideas 
for prevention and therapeutic drug development of stroke. We will 

deeply explore the relationship between susceptibility values of deep 
GM nuclei and other imaging biomarkers about AIS as well as the 
prognosis of AIS in the future.

The CN and PUT form the dorsal striatum, which coordinates 
various functions including motor activity, motivation and learning 

TABLE 4 Diagnostic performance of ROI susceptibilities in patients with AIS and healthy controls.

Indicators AUC 95%CI Sensitivity Specificity Accuracy

CN

Left 0.672 0.538–0.805 0.433 0.853 0.656

Right 0.684 0.552–0.815 0.900 0.412 0.641

PUT

Left 0.683 0.552–0.814 0.833 0.471 0.641

Right 0.699 0.569–0.829 0.633 0.735 0.688

Combination of above indicators 0.722 0.569–0.847 0.633 0.794 0.719

AIS, acute ischemic strokes; AUC, area under the curve; CI, confidence interval; CN, caudate nucleus; PUT, putamen.

FIGURE 3

(A) Performance of susceptibility values of the bilateral CN and PUT in the diagnosis of patients with AIS. (B) The combined analysis of susceptibility values 
of bilateral CN and PUT showed a certain improvement in diagnostic performance. CN, caudate nucleus; PUT, putamen; AIS, acute ischemic stroke.

TABLE 5 Summary of univariate analysis linking demographic and clinical data with susceptibility values in the bilateral CN and PUT.

L CN R CN L PUT R PUT

β P β P β P β P

Age −0.043 0.809 −0.055 0.791 −0.029 0.869 −0.043 0.809

Smoking −0.329 0.057* −0.425 0.012* −0.405 0.017* −0.323 0.062*

Drinking −0.131 0.460 −0.200 0.257 −0.402 0.018* −0.272 0.120

Hypertension −0.137 0.440 −0.196 0.267 −0.156 0.379 −0.138 0.437

Hyperlipidemia −0.112 0.528 −0.146 0.409 −0.215 0.222 −0.136 0.441

Diabetes −0.210 0.234 −0.221 0.210 −0.21 0.233 −0.278 0.111

NIHSS score at admission 0.194 0.314 0.165 0.394 0.364 0.052* 0.355 0.058*

NIHSS score at discharge −0.090 0.662 −0.094 0.648 0.160 0.435 0.07 0.734

mRS score at admission 0.065 0.738 0.040 0.836 0.217 0.259 0.152 0.432

mRS score at discharge −0.055 0.791 −0.094 0.646 0.074 0.719 0.095 0.645

*p < 0.1. CN, caudate nucleus; L, left; PUT, putamen; R, right.
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(44). When focusing on functional connections, the PUT showed a 
high degree of co-activation with the primary motor cortex, whereas 
the CN showed a high degree of co-activation with the area of high-
level cognitive functions (45). Previous studies have demonstrated a 
significant accumulation of iron in CN and PUT in patients with 
neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s 
disease and Wilson’s disease (46–49). Iron overload within the CN and 
PUT may contributes to iron-dependent cell death, and the neuronal 
death of the CN and PUT could result in neurological impairment and 
cognition deficit (23, 50). The result in the present study may provide 
a plausible explanation for motor and cognition deficit in patients with 
AIS. As a final note, our study has specifically focused on the 
susceptibility values of the head region of the CN, and do not focus on 
the body or tail.

AIS causes rapid neuronal damage and death in the central area of 
the infarction and in the surrounding hypoperfused region. In addition 
to this, cerebral ischemia also induces neuronal degeneration in distal 
regions which are connected to the area of ischemic core (51). For 

example, after cerebral infarction in the middle cerebral artery region, 
neuronal death, gliosis, and axonal degeneration were also found in the 
ipsilateral THA, SN, and distal pyramidal tract that outside the middle 
cerebral artery region (52). An animal study from rat models 
demonstrated significant atrophy and neurodegeneration in the 
ipsilateral SN after middle cerebral artery occlusion (53). Several days 
after the basal ganglia infarction, DWI showed degeneration in the 
ipsilateral SN of the patient (52). The SN plays an important role in 
motor control along with the basal ganglia, so degeneration of SN may 
be associated with poor functional or motor outcomes of the patient 
with AIS (54). Degeneration of SN cells and decreased dopamine 
synthesis are the main causes of Parkinson’s disease. A large population-
based analysis found that cerebrovascular risk factors such as a history 
of stroke were strongly associated with a subsequent diagnosis of 
Parkinson’s disease (55). We  hypothesized that stroke may cause 
degeneration of SN cells leading to Parkinson’s disease. Our findings 
revealed that the susceptibility values of SN showed lateral asymmetry 
in patients with AIS but not in HCs, suggesting that alterations of iron 

TABLE 6 Summary of multivariable linear regression models linking demographic and clinical data with susceptibility values in the bilateral CN and 
PUT.

Univariate analysis β t P Adjusted R2 of 
model

F of model P of model

L CN Smoking −0.329 −1.973 0.057 0.081 3.895 0.057

R CN Smoking −0.425 −2.658 0.012 0.155 7.064 0.012*

L PUT

Smoking −0.303 −1.44 0.162

0.168 2.887 0.056Drinking −0.087 −0.377 0.709

NIHSS score at admission 0.299 1.557 0.132

R PUT

Smoking −0.106 −0.529 0.601 0.069 2.040 0.150

NIHSS score at admission 0.312 1.558 0.131

*p < 0.05. CN, caudate nucleus; L, left; PUT, putamen; R, right.

FIGURE 4

Bivariate scatter plots showing a positive correlation between the 
age of patients with AIS and the modified Rankin Scale scores at 
admission. AIS, acute ischemic stroke.

FIGURE 5

The susceptibility values of SN exhibited lateral asymmetry in patients 
with AIS. SN, substantia nigra; AIS, acute ischemic stroke.
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level may not necessarily be paralleled between left and right after the 
onset of stroke. Notably, conventional MRI including T1WI, T2WI, 
T2-FLAIR, and DWI in our experiments did not reveal any 
abnormalities in SN signals in patients with AIS. Therefore, 
we  hypothesized that the change in iron content in SN may have 
occurred prior to neuronal degeneration and cytotoxic edema. It 
should be noted that whether lateral asymmetry of the SN is related to 
the site of cerebral infarction require further examination in the future.

This study had several limitations. First, the number of participants 
was relatively small. A larger sample size, especially patients with AIS, 
is required to validate the finding of the current study. Second, the 
current study focused on the brain iron changes in the GM nuclei, 
while the study of susceptibility values in white matter and cerebral 
cortex may also contribute to the understanding of AIS. Third, as a 
cross-sectional study, this research still cannot be used to accurately 
speculate on the cause-and-effect relationship between abnormal iron 
accumulation and AIS. Fourth, the lack of measurements of ROI 
volume is a limitation, as it may affect the evaluation of susceptibility 
value and the experimental results. Nevertheless, we ensured that ROI 
was evaluated in similar slices of different participant as much as 
possible to reduce the impact on the experimental results. And then, 
the average susceptibility value and standard deviation of each ROI was 
evaluated on three consecutive slices to improve the accuracy of the 
experiment. In future studies, we will include ROI volume as a covariate 
in statistical models to improve the reliability and validity of the study.

5 Conclusion

As measured by QSM, iron levels in the bilateral CN and PUT 
were significantly increased in patients with AIS. Abnormal iron 
accumulation in the basal ganglia region might be  related to the 
pathophysiological changes of AIS. These findings may open the door 
to in-depth study of the pathophysiological mechanisms of AIS.
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