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Abstract

Background Abnormal iron deposition may be a biomarker for a disrupted central antinociceptive neuronal net-
work, and the relationship between iron deposition and the pathophysiological mechanisms of chronic migraine
(CM) with medication overuse (MOH) remains unclear. We investigated iron deposition in the deep gray matter (DGM)
of the brain in CM patients with and without MOH using quantitative susceptibility mapping (QSM).

Methods Forty-eight healthy controls (HCs) and 69 CM patients (36 with MOH; 33 without MOH) were recruited.
QSM data were acquired using a 3.0 T Magnetic resonance imaging (MRI). Regions of interest (ROI) in the DGM, includ-
ing the bilateral caudate, putamen, globus pallidus (GP), hippocampus, nucleus accumbens, and amygdala, were
segmented from the T1-weighted images (T1WI) of the whole brain of each individual patient using FreeSurfer. QSM
images were registered to T1WI. QSM values within each ROl were extracted and compared between CM and HCs,

as well as between CM with MOH and CM without MOH. Correlations between QSM values and clinical assessment
scale scores were calculated. Receiver operating characteristic (ROC) analysis was used to assess the diagnostic perfor-
mance of QSM values in these DGM for detecting CM and CM with MOH.

Results Compared to HCs, CM patients exhibited increased iron deposition in the caudate (p=0.013) and putamen
(p<0.001). In the CM without MOH group, headache duration correlated positively with iron deposition in the cau-
date (r=0.502, p=0.010) and putamen (r=0.514, p=0.009). CM with MOH patients showed greater iron deposition
in the caudate (p<0.001), putamen (p<0.001), and GP (p=0.049) than those without MOH, with medication use
frequency correlating positively with iron deposition in the caudate (r=0.427, p=0.023) and putamen (r=0.445,
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p=0.018). ROC curve analysis indicated that the caudate (AUC=0.736) and putamen (AUC=0.729) exhibited high sen-

sitivity and specificity in diagnosing CM with MOH.

Conclusions CM patients with MOH had excessive iron deposition in basal ganglia regions, including the caudate,
putamen, and GP, which may be related to the medication overuse behavior. Iron deposition in the caudate and puta-
men may be a potential biomarker for CM with MOH. These findings provide insight into the common pathophysi-
ological mechanisms underlying MOH and potential addiction.

Keywords Iron deposition, Quantitative susceptibility mapping, Medication-overuse headache, Addiction, Chronic

migraine

Background

Chronic migraine (CM) is a common disabling neuro-
logical disorder defined as having headaches for 15 days
or more per month, lasting for more than 3 months [1].
At least 50% of CM patients regularly overuse one or
more medications for acute migraine, resulting in a CM
diagnosis of medication-overuse headache (MOH) [2].
MOH patients often suffer a greater disease burden, with
a per capitacost more than three times that of migraines
without medication overuse [3] numerous neuroimaging
studies have identified structural, functional, and meta-
bolic abnormalities in CM patients with MOH, including
volumetric changes in cortical and subcortical regions
like insula, precuneus, periaqueductal gray (PAG), thal-
amus, and ventral striatum; altered striatal functional
connectivity and hypometabolism in the thalamus and
insula/ventral striatum [4—6]. These findings suggest
potential alterations in the pathophysiological mecha-
nisms of CM with MOH.

Iron plays a crucial role in many biochemical processes
within the body and is important for maintaining neuro-
logical health [7]. Iron-containing molecules primarily
accumulate in the deep gray matter (DGM) due to dys-
functional iron regulatory mechanisms in the brain. This
abnormality has been identified as a potential biomarker
for various central nervous system diseases, including
cerebrovascular disease, neurodegenerative diseases
and multiple sclerosis, et al. [8, 9]. Numerous studies
have demonstrated the involvement of DGM structures
in the pathophysiological mechanisms of migraine [10,
11]. Many have also identified structural and functional
abnormalities in the DGM of migraine patients, includ-
ing hippocampal and thalamic atrophy, increased per-
fusion in the amygdala, and disruptions in functional
networks within the basal ganglia [12—14]. Recent inves-
tigations have reported excessive iron deposition within
specific deep brain regions of individuals with CM,
revealing a significant correlation between such deposi-
tion and migraine burden [15].

The role of iron deposition in the DGM of CM patients
with MOH has not yet been fully elucidated. It is hypoth-
esized that iron deposition within the DGM of the brain

may exhibit abnormal patterns in MOH patients, which
may be correlated with medication overuse behavior.
Quantitative susceptibility mapping (QSM), a method
for evaluating tissue susceptibility, has been applied to
quantify iron deposition in a range of neurodegenerative
disorders [16—18]. Accurately assessing iron deposition
in the DGM of CM with MOH patients could provide
evidence for the hypothesis of a correlation between iron
deposition and medication overuse. This study was con-
ducted to assess iron deposition in various DGM regions
of the brain in CM patients with and without MOH using
QSM.

Methods

Participants

Our institutional ethics committee approved this study,
and all participants provided written informed consent.
Between October 2020 and November 2022, we prospec-
tively enrolled 69 patients diagnosed with CM with (n
=36) and without (n =33) MOH from Headache Clinic at
Beijing Tiantan Hospital, affiliated with Capital Medical
University and 48 age- and gender- matched healthy con-
trols (HCs). The patient inclusion criteria were as follows:
(1) All diagnoses of CM (with and without MOH) met
the criteria of the International Classification of Head-
ache Disorders, 3rd edition (ICHD-3), and all patients
had migraines without aura. MOH was classified as a
complication of CM, characterized by the frequent over-
use of medication for acute headache treatment [19, 20].
Specifically, CM was defined as headache occurring on
15 or more days per month for more than three months,
with at least eight days per month meeting the features of
migraine headache, while MOH was defined as headache
occurring on 15 or more days per month in patients with
a pre-existing primary headache disorder due to regular
overuse of acute or symptomatic headache medication
(on 10 or more or 15 or more days per month, depend-
ing on the medication type) for more than three months.
The diagnosis of all patients was rigorously conducted
by three neurologists (W. Wang, Y. Mei, X. Zhang) with
six years of clinical experience in headache disorders and
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further verified by a chief neurologist (Y. Wang) with
over 20 years of experience in headache disorders. (2)
Patients had used no migraine prophylactic medication
within the past 3 months. (3) Patients were right-handed.
Patient exclusion criteria were (1) migraine with other
types of primary headache; (2) use of substances (such as
alcohol or nicotine) other than the drugs included in the
diagnostic criteria; (3) other neurodegenerative diseases;
and (4) poor magnetic resonance imaging (MRI) data
quality and an imprecise diagnosis. Inclusion criteria for
the HCs were (1) absence of abnormal brain lesions or
calcifications on cranial imaging and (2) no prior history
or manifestations of neurological or mental illness. (3)
right-handed. Exclusion criteria for the HCs were (1) his-
tory of mental disorders, head trauma, or central nervous
system diseases; (2) contraindications to MRI; (3) inabil-
ity to provide informed consent. Prior to MRI data acqui-
sition, each CM patient underwent a neuropsychological
assessment by two neurologists (Z. Yuan, P. Zhang) with
3 years of clinical experience in headache disorders, and
the clinical scales were recorded. Visual analogue scales
(VAS) were used to assess headache intensity in migraine
patients. The Migraine Disability Assessment Question-
naire (MIDAS) was used to assess migraine-related dis-
ability; The Headache Impact Test-6 (HIT-6) was used
to assess adverse headache effects. Depression severity,
anxiety levels, and sleep quality were evaluated using the
Patient Health Questionnaire-9 (PHQ-9), the General-
ized Anxiety Disorder Questionnaire-7 (GAD-7) scales,
and the Pittsburgh Sleep Quality Index (PSQI) clinical
scale. Cognitive function was assessed using the Mon-
treal Cognitive Assessment (MoCA). For CM patients
with MOH, the monthly medication frequency and con-
tinuous medication duration were recorded.

MRI data acquisition

MRI was performed using a GE 3.0 T MRI system (Signa
Premier, GE Healthcare, Waukesha, W1, USA) equipped
with a 48-channel head coil. All subjects underwent the
same MRI scanning protocol. Three-dimensional (3D)
T1-weighted anatomical images (T1WI) were obtained
using the magnetization-prepared rapid gradient-echo
(MP-RAGE) sequence with 1.0-mm isotropic resolution.
The parameters used were repetition time (TR) =400 ms,
echo time (TE) =3 ms, slice thickness =1 mm, number
of slices =192, flip angle =8°, field of view (FOV) =256
x 256 mm?, reconstruction matrix =256 X 256, accelera-
tion factor =2, and acquisition time =4 min. The QSM
sequence was acquired using a multi-echo 3D gradient
recalled echo sequence (GRE) with the following param-
eters: TE =4.0/8.9/13.7/18.5/23.4 ms, TR =27.4 ms,
matrix =240 X240, slice thickness =1.8 mm, flip angle
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=20°, FOV =220 x220 mm?, and voxel size =0.9 x0.9
x 1.8 mm?. The acquisition time was 2 min and 34 s.

Imaging analysis

QSM preprocessing was based on the QSMbox 2.0 soft-
ware package (https://gitlab.com/acostaj/QSMbox) [21]
implemented in MATLAB (The MathWorks, Natick, MA,
USA). First, the phase images were extracted for unwrap-
ping and estimating the local magnetic field. Next, the
Laplace boundary value method and variable spherical
mean value algorithms were used to remove the back-
ground field. The Multi-Scale Dipole Inversion (MSDI)
algorithm  (https://github.com/fil-physics/Publication-
Code) was used to convolve the dipole field with the sus-
ceptibility in k-space. Brain extraction was conducted
using the Brain Extraction Tool (BET) in the Functional
Magnetic Resonance Imaging of the Brain (FMRIB)
software library v6.0 (FSL) developed by the Univer-
sity of Oxford, UK (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
ESL). Regions of the DGM, including the bilateral cau-
date, putamen, globus pallidus (GP), thalamus, nucleus
accumbens, hippocampus, and amygdala [22] (Fig. 1),
were segmented on T1WI using the'recon-all"function
in FreeSurfer (http://surfernmr.mgh.harvard.edu/) [23].
Then, the registration workflow is as follows (Fig. 2).
First, TIWI underwent preprocessing steps including
brain extraction, bias field correction, and normaliza-
tion. Then, the magnitude image of the first echo from
the GRE sequence was extracted, and brain extraction
was performed on this magnitude image. The extracted
magnitude image was then registered to the T1WI using
FLIRT (Linear Image Alignment Tool for FMRIB) [24],
generating a transformation matrix. This matrix was sub-
sequently applied to the QSM map to align it with the T1
image. The registration accuracy was verified by a neu-
roradiologist (X. Pei) with 3 years of clinical experience.
Following initial quality assessment and manual adjust-
ments, all ROI delineations underwent rigorous valida-
tion and refinement by a senior neuroradiologist (B. Sui)
with 15 years of expertise in quantitative neuroimaging
analysis. The average whole-brain QSM value for each
participant was used as a susceptibility reference [25].

Statistical analyses

Statistical analyses were conducted using SPSS 25.0
software (SPSS Inc., Chicago, IL, USA). All continu-
ous variables are reported as means *standard devia-
tion or the median with range, depending on whether
they followed a normal distribution. Categorical vari-
ables are presented as percentages and analyzed using
the chi-square test or Fisher’s exact test. Independent
T-tests or Mann—Whitney U-tests were employed to
compare QSM values and other continuous variables.
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Fig. 2 Pipeline of image processing, including preprocessing of QSM images, segmentation of high-resolution structured images, registration

of QSM to T1 and extraction of QSM values
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The analysis of differences was performed in compari-
sons between the HCs group and the entire CM group,
as well as between the CM with MOH group versus the
CM without MOH group. Separate p-values were cal-
culated for each pairwise comparison, and Bonferroni
correction was applied to account for multiple com-
parisons. Since a total of seven regions were analyzed,
the Bonferroni correction factor was set to 7, and each
p-value was adjusted by dividing it by 7 to reduce the
risk of false positives. A partial correlation analysis with
age and gender as control variables was used to inves-
tigate the correlation between the clinical information
scale and the QSM values in the regions where signifi-
cant abnormalities occurred. For clinical variables with
missing data, we applied a case-wise deletion method
to handle the missing values. Prior to Receiver Oper-
ating Characteristic (ROC) analysis, logistic regression
analysis was used to control for the effects of age and
gender. In this model, clinical status was the dependent
variable, with the QSM values as the independent vari-
ables, and age and gender as covariates. The predicted
probabilities from the regression model were calcu-
lated, and ROC curves were used to assess the diagnos-
tic performance of these probabilities in distinguishing
CM from HC, as well as differentiating CM with MOH
from CM without MOH. ROC curves for age and gen-
der were also plotted. An area under the curve (AUC)
greater than 0.7 was considered indicative of a reliable
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diagnostic marker [15]. A p-value of less than 0.050
indicates that the test results are statistically significant.

Results

Demographics and clinical characteristics

After excluding 11 patients due to poor image quality, a
total of 69 patients and 48 HCs were included in the anal-
ysis (Fig. 3). Table 1 shows the demographic and clinical
characteristics of the HCs and patients and Table 2 lists
the data on CM patients with and without MOH. In the
CM without MOH group, two patients had missing data
for clinical scales like PHQ-9, GAD-7, PSQI and MoCA,
while in the CM with MOH group, three patients had
similar missing data. To maintain the accuracy of the
correlation analysis, these five patients were excluded. A
significant difference in headache frequency (p= 0.024)
was observed between CM with MOH and CM without
MOH, with all other clinical variables showing com-
parable distributions (all p> 0.050). In this study, we
observed that most patients have been using a variety of
acute medications over a long term to alleviate headache
symptoms. Specifically, non-steroidal anti-inflammatory
drugs (NSAIDs) are among the most common choices,
accounting for 30.3% of the cases. This is followed by
paracetamol (18.2%), combination analgesics (15.2%),
and triptans (12.1%). Additionally, some participants
indicated they resort to traditional Chinese medicine
treatments, with Tou Tong Ning being frequently men-
tioned (12.1%). More than 30% of patients were taking a

(n=128)

Enrolled participants

I

HCs
(n=51)

Three paticipants
excluded due to:

»  poor quality(n=3)

CMs
(n=77)

Eight paticipants
excluded due to:

* poor quality(n=3)
* Incomplete MRI

scans (n=5)
included HCs included CMs
(n=48) (n=69)
[
|
CM with MOH CM without MOH
(n=36) (n=33)

Fig. 3 Flowchart of participant inclusion process



Pei et al. BMC Medicine (2025) 23:300 Page 6 of 13
Table 1 Demographic characteristics of HCs and patients
HCs (N=48) CM (N=64) P

Gender (female/male) 30/18 43/21 0467
Age (years) 38.50 (29.50-49.75) 42.00 (28.50-52.00) 0.388
BMI (kg/mz) 2249 (20.20-23.99) 22.29(20.94-25.18) 0456
Pain intensity VAS score NA 7.00 (6.00-8.00) -
Headache frequency (days/month) NA 30.00 (17.00-30.00) -
Headache duration (years) NA 20.00 (13.00-29.00) -
MIDAS score NA 112.00 +65.48 -
HIT-6 score NA 66.00 (64.00-72.00) -
PHQ-9 score NA 10.35+6.32 -
GAD-7 scores NA 6.50 (2.00-12.75) -
PSQl score NA 9.86 £4.41 -
MoCA score NA 28.00 (26.00-29.00) -
Note: Patients with missing data on clinical scales were excluded
Table 2 Demographic characteristics of CM with and without MOH

CM without MOH (N=31) CM with MOH (N= 33) P
Gender (female/male) 21/10 22/11 0.813
Age (years) 34.00 (23.00-52.00) 44.00 (33.50-52.50) 0.129
BMI (kg/m?) 23.11(21.00-25.51) 21.78 (20.82-24.39) 0.523
Pain intensity VAS score 7.00 (5.75-8.00) 7.00 (6.00-8.75) 0.111
Headache frequency (days/month) 20.00 (15.00-30.00) 30.00 (20.00-30.00) 0.024*
Headache duration (years) 20.34 +10.89 22.16 £9.48 0431
MIDAS score 115.70 £66.95 108.50 £65.22 0.690
HIT-6 score 65.50 (60.50-70.00) 66.50 (63.00-72.25) 0.842
PHQ-9 score 10.76 £6.04 992 +6.79 0.551
GAD-7 scores 6.35+5.81 704 +£643 0421
PSQl score 929 +4.37 10.20 £4.45 0.689
MoCA score 27.00 (25.50-29.00) 28.00 (26.00-30.00) 0.223
Medication Frequency (days/month) NA 20.00 (15.25-30.00) -
Duration of medication use (years) NA 3.00 (1.00-10.00) -

" Indicates the significant difference (p < 0.050)

Note: Patients with missing data on clinical scales were excluded

combination of these medications for more than 10 days
per month, with duration ranging from 2 to 20 years.

Comparisons of the QSM values in the DGM among HCs
and CM patients with and without MOH

QSM value in the left and right sides of each region were
also analyzed in this study. There were no significant dif-
ferences in QSM values between the left and right sides
(Additional File 1: Table S1-S2). Therefore, the values of
bilateral sides were put into analysis. Table 3 compares
the QSM values in the DGM between the CM patients
and HCs and Table 4 shows the difference between the
CM patients with and without MOH. Figure 4 illustrates
the statistically significant differences in QSM values

in the DGM between those groups. Compared to HCs,
CM patients as a whole group demonstrated significantly
increased iron deposition in the caudate (p= 0.013) and
putamen (p < 0.001). Within the subgroup analysis of CM
patients, those with MOH exhibited notably higher QSM
values in the caudate (p < 0.001), putamen (p < 0.001), and
GP (p=0.049) compared to CM without MOH patients.

Correlation analysis of QSM values in DGM with significant
differences and clinical variables

After correcting for age and gender, QSM values were not
significantly correlated with clinical assessment scales in
the overall CM cohort. Subsequent correlation analyses
were separately performed in the CM with and without
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Table 3 QSM values of DGM between HC and CM groups
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HCs (N=48) CM (N=69) P value Adjusted P Value
Thalamus —0.0005+ 0.0031 —0.0006+ 0.0023 0.172 >0.999
Caudate 0.0302 (0.0247,0.0364) 0.0344 (0.0270,0.0426) 0.002** 0.013*
Putamen 0.0266 +0.0120 0.0352£0.0173 < 0.007%* < 0.001%*
GP 0.0832 (0.0737,0.0990) 0.0852 (0.0709, 0.1009) 0.973 >0.999
Hippocampus —0.0020+ 0.0024 —0.0019+ 0.0017 0.826 >0.999
Amygdala —0.0085+ 0.0035 —0.0074+ 0.0016 0.132 0.924
Accumbens 0.0096 +0.0070 0.0098 +0.0079 0.670 > 0.999
" Indicates the significant difference (p < 0.050)
" indicates the significant difference (p < 0.010)
" indicates the significant difference (p < 0.001)
Table 4 QSM values of DGM between CM with and without MOH groups
CM without MOH (N = 33) CM with MOH (N = 36) P value Adjusted P Value
Thalamus —0.0006 + 0.0037 —0.0007 + 0.0045 0.875 >0.999
Caudate 0.0339 +0.0076 0.0369 +0.0095 < 0.007%** < 0.007%**
Putamen 0.0314+£0.0147 0.0387 £0.0158 < 0.007%** < 0.007%*
GP 0.0821 (0.0690, 0.0979) 0.0868 (0.0720, 0.1066) 0.007** 0.049*
Hippocampus —0.0018+0.0015 —0.0024+ 0.0021 0.139 0.976
Amygdala —0.0085+ 0.0027 —0.0102+ 0.0043 0.009** 0.064
Accumbens 0.0110 £0.0065 0.0088 £0.0076 0.843 > 0.999
" Indicates the significant difference (p < 0.050)
" indicates the significant difference (p < 0.010)
“* indicates the significant difference (p < 0.001)
a b
0.154
=1 CM without MOH
* KKk * .
0069 1 — mH g — =1 CM with MOH

£ mCM 2 g0
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2 0.04: @
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Fig. 4 Comparison of QSM value between those groups (a) Comparison of iron deposition between HCs and CM patients, with statistically
significant differences in the caudate and putamen. (b) Comparison of iron deposition between CM patients with and without MOH,
with significant differences in the caudate, putamen and GP. *Indicates the significant difference (p < 0.050). ***indicates the significant difference

(p<0.001)

was conducted after adjusting for age, gender, and head-
ache duration. The results indicated that the correlation
between monthly medication frequency and iron depo-
sition remained significant (caudate: r= 0.427, p= 0.023;
putamen: r= 0.445, p= 0.018) (Fig. 5).

MOH cohorts. In CM without MOH patients, QSM val-
ues in the caudate (r =0.502, p= 0.010) and putamen
(r =0.514, p= 0.009) were significantly correlated with
headache duration. Among CM with MOH patients,
the QSM values in the caudate (r =0.400, p = 0.028) and
putamen (r =0.475, p= 0.008) were significantly corre-
lated with the monthly medication frequency. To further
control for the potential influence of headache duration
on iron deposition in MOH, a partial correlation analysis
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Fig.5 Correlation analysis of QSM and clinical variables. (a, b) Correlation between headache duration and iron deposition in the caudate
and putamen in the CM group without MOH. (¢, d) Correlation between iron deposition in the caudate and putamen in MOH and the frequency

of monthly medication use

ROC Analysis of QSM values in distinguishing CM

Patients from HCs and identifying CM with MOH in CM
without MOH

As shown in Fig. 6 and Table 5, for discriminating CM
from HCs, the AUC for age was 0.505 (95% confidence
interval [CI] 0.399-0.611), and for gender was 0.514 (95%
CI 0.407-0.620). For distinguishing CM patients with
MOH from those without MOH, the AUC for age was
0.644 (95% CI 0.508-0.780), and for gender was 0.513
(95% CI 0.373-0.655). After adjusting for age and gen-
der, the AUC:s for the caudate were 0.619 (95% CI 0.518—
0.720) and 0.646 (95% CI 0.547-0.746) for putamen in
distinguish CM from HC. And the AUCs for the caudate,
putamen, and GP were 0.736 (95% CI 0.613-0.859), 0.729
(95% CI 0.605-0.852), and 0.644 (95% CI 0.508-0.780),
in distinguish CM with MOH from CM without MOH,
respectively.

Discussion

Our results demonstrated that iron deposition in the
caudate and putamen was significantly higher in CM
patients than HCs. The MOH group exhibited greater

iron deposition in the caudate, putamen, and GP than the
CM without MOH group. Furthermore, this excessive
iron deposition in CM without MOH was significantly
correlated with headache duration and in CM with MOH
was associated with monthly medication frequency. QSM
values in the caudate and putamen had moderate efficacy
for diagnosing CM and reliable performance for diagnos-
ing CM with MOH.

CM patients had higher iron deposition in the caudate
and putamen than did the HCs. The dorsal striatum (DS)
(including the putamen and caudate) plays an important
role in multiple functions including pain processing [26].
Previous research has indicated increased iron deposition
in the DS among patients with CM compared to those
with episodic migraines and HCs, with iron deposition
correlating with a greater migraine burden [15, 27]. And
we also observed this abnormal iron deposition was sig-
nificantly correlated with headache duration in the CM
without MOH group. In previous studies, it was found
that patients with a longer history of migraine had signif-
icantly lower T2* values in specific brain regions, includ-
ing the putamen and caudate [4, 28]. This correlation was
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Fig. 6 ROC curves for age, gender and iron deposition. (@) ROC curve for the age and gender to diagnose CM from controls. The AUC of age
was 0.505 and gender was 0.514. (b) ROC curve for the age and gender to diagnose CM from controls. The AUC of age was 0.644 and gender
was 0.513. (c) After correcting age and gender, ROC curve for the QSM value of Putamen and Caudate to diagnose CM from controls. The AUC
of Caudate was 0.619 and Putamen was 0.646. (d) After correcting age and gender, ROC curve for the QSM value of Putamen, Caudate and GP
diagnose CM with MOH from CM without MOH. The AUC of Caudate was 0.736, Putamen was 0.729 and GP was 0.644

Table 5 ROC analysis results for QSM values to diagnose CM from HCs and diagnose CM with MOH from CM without MOH

Chronic Migraine—Healthy Controls

CM with MOH—CM without MOH

Caudate
AUC (95% Cl)
Cut-off value
Sensitivity (95% Cl)
Specificity (95% Cl)
Putamen
AUC (95% Cl)
Cut-off value
Sensitivity (95% Cl)
Specificity (95% Cl)
GP
AUC (95% Cl)
Cut-off value
Sensitivity (95% Cl)
Specificity (95% Cl)

0.619(0.518-0.720)
0.0337

53.62% (41.98% to 64.89%)
68.75% (54.67% to 80.05%)

0.646 (0.547-0.746)
0.0307

60.87% (49.07% to 71.52%)
68.75% (54.67% to 80.05%)

0.736 (0.613-0.859)

0.0349

66.67% (50.33% to 79.79%)
80.00% (62.69% to 90.49%)

0.729 (0.605-0.852)

0.0380

55.56% (38.58% to 70.46%)
83.33% (66.44% to 92.66%)

0.644 (0.508-0.780)

0.0740

86.11% (71.34% to 93.92%)
43.33% (27.38% to 60.80%)

The cutoff value was determined using the Youden Index (J = Sensitivity + Specificity—1). The QSM value corresponding to the maximum Youden Index was selected

as the cutoff value
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particularly evident in migraine patients under the age
of fifty, suggesting that patients with a longer headache
duration may have more severe iron deposition in these
brain areas compared to those with a shorter duration. A
plausible explanation may be that recurrent neuroinflam-
matory episodes and hyperoxia resulting during recur-
rent migraine attacks make the brain more susceptible to
iron-induced oxidative stress [15]. Iron accumulation in
the caudate and putamen may be the result of repeated
inflammatory responses or changes in brain metabolism
associated with chronic pain such as migraine. Therefore,
we suggest that iron deposition may serve as a marker for
chronic migraine attacks and may indicate a higher head-
ache burden.

In addition, CM with MOH showed significantly
greater iron deposition in the caudate, putamen, and GP
than did those without MOH. Initially, we speculated
that this phenomenon might also be related to the head-
ache burden of the patients, as CM patients with MOH
had a markedly elevated headache frequency than those
without MOH. However, QSM values were not corre-
lated with headache duration or headache frequency in
the CM with MOH group, possibly because the headache
frequency in this group already approached a near-sat-
urated level (25 days per month on average). Therefore,
detecting correlations in this group may be difficult
with such extreme data distributions. This may have
also affected the correlation results for the CM group
as a whole. But this also raises the question of whether
other factors beyond the migraine burden contribute to
the presence of abnormal iron deposition in these brain
regions during MOH.

In the CM with MOH group, excessive iron deposition
was observed in the caudate, putamen, and GP. Addition-
ally, iron deposition in the caudate and putamen corre-
lated with the monthly medication frequency. Iron is an
essential element for dopamine synthesis [29] and is criti-
cal for participation in the neural mechanisms underlying
potential addictive behaviors [30]. Several studies have
examined iron deposition changes in individuals with
substance overuse. Increased iron deposition in the GP
was observed in individuals with cocaine use disorder
[31, 32], with similar striatal alterations found in chronic
ecstasy users [33]. These alterations can likely be attrib-
uted to the neurotoxic effect of excessive medication
use, which compromises the integrity of the blood—brain
barrier, facilitating iron accumulation [34]. Our find-
ings reveal a correlation between the monthly medica-
tion frequency and DS iron deposition, which emphasize
the robust association between medication overuse and
regional iron accumulation. This interesting finding sug-
gests that MOH patients may experience neurotoxic pro-
cesses resembling those induced by medication overuse.
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The DS and GP are crucial regions involved in reward
processing, activated by pleasurable stimuli such as food
or anticipation of benefit [35, 36]. These regions receive
dopaminergic input at the synapse level and maintain the
habit of excessive medication use [37]. Previous research
has demonstrated increased volumes in the caudate and
putamen in individuals with cocaine use disorder, indi-
cating an association between potential addiction and
the DS [38]. Furthermore, neural connectivity from the
caudate to the putamen has been also associated with the
severity of chronic cocaine use [38]. Studies also indi-
cated a reduced volume in the GP of heroin use disorder
[39]. MOH has been proposed to share neurobiological
similarities with potential addiction [40]. This associa-
tion was first suggested by Calabresi and Cupini et al. in
2005 [41] and was later supported by positron emission
tomography (PET) studies, which revealed persistent
hypometabolism in the orbitofrontal cortex even after
drug discontinuation [42]. Further evidence comes from
voxel-based morphometry (VBM) studies, which have
identified structural abnormalities in the striatum of
MOH patients compared to controls and CM patients
[43, 44]. Additionally, functional magnetic resonance
imaging studies (fMRI) have demonstrated altered con-
nectivity in key regions of the pain-reward system,
including the nucleus accumbens, caudate, hippocampus,
PAG, precuneus, and insula [45-47]. In this context, the
abnormalities in iron deposition observed in the DS and
GP may contribute to the mechanisms underlying medi-
cation overuse behavior in MOH. Notably, the QSM val-
ues in the caudate and putamen demonstrated reliable
sensitivity and specificity for identifying MOH within
the CM group, with AUC values exceeding 0.7. As for
the evaluation of the diagnostic performance, AUC above
0.8 is generally regarded as a strong marker. But previ-
ous study has also used AUC of 0.7 as a reliable thresh-
old [15]. Although a higher AUC would provide stronger
diagnostic confidence, our findings suggest that the AUC
values of 0.729 and 0.736 indicate that excessive iron dep-
osition in the caudate and putamen may serve as a poten-
tial imaging biomarker for differentiating CM patients
with MOH from those without MOH.

Limitations

This study had several limitations. First, the variabil-
ity in medications used by patients may have influenced
our findings, as we could not fully account for their dif-
ferential effects on MOH development or iron depo-
sition. Future studies should explore the relationship
between specific types of medication and neurotoxic
effects. Second, some observed differences, particu-
larly in the GP (p= 0.049), had borderline statistical sig-
nificance and should be interpreted with caution. Third,
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the cross-sectional design precludes causal inferences
regarding medication overuse and iron accumulation.
Additionally, we focused only on iron deposition within
the DGM, leaving open the question of potential changes
in other brain regions. And the use of a maximum TE of
23.4 ms may also have limited the detection of low sus-
ceptibility values in QSM. Finally, while genetic polymor-
phisms related to serotoninergic transmission (SLC6 A4,
5HT1 A, 5HT2 A), dopaminergic transmission (SLC6
A3, COMT, DBH), medication overuse (ACE, OPRMI,
BDNF) [48] have been implicated in MOH risk, their
precise role remains unclear. Future research into genetic
susceptibility may offer further insights into MOH
pathophysiology.

Conclusions

In conclusion, our study highlights increased iron depo-
sition in the caudate and putamen of CM patients, with
more pronounced accumulation observed in those with
MOH. This finding suggests that iron accumulation in
DS may be associated with frequent medication use
and further supports the common mechanism between
MOH and potential addiction. However, interpreta-
tion of these findings requires caution given the study’s
limitations, including borderline statistical significance
in some regions, heterogeneous medication use among
participants, and the cross-sectional design that pre-
cludes causal inferences. While these QSM findings offer
novel insights into the pathophysiology of MOH, their
potential clinical utility as biomarkers requires validation
through longitudinal studies that systematically consider
medication-specific effects. Further studies may help elu-
cidate the complex mechanisms driving the progression
from chronic migraine to medication-overuse headache.
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