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Brain iron load and neuroaxonal vulnerability in adult
attention-deficit hyperactivity disorder
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Aim: Adult attention deficit hyperactivity disorder (ADHD)
may be associated with an increased risk of dementia in old
age. Here, we investigated the liability for neurodegenerative
brain disease in adult ADHD, possibly reflected by increased
brain iron content and associated neuroaxonal vulnerability.

Methods: Thirty-two adults with ADHD (35 � 10 years) and
29 age- and sex-matched controls (32 � 12 years) under-
went magnetic resonance imaging (MRI), standardized psy-
chometric testing and assessment of lifestyle factors.
Quantitative susceptibility mapping (QSM) was used to
assess magnetic abnormalities indicating local alterations of
iron deposition in the brain. By calculating QSM-maps, local
iron deposition was tested for statistically significant
differences between ADHD and healthy controls. Plasma
neurofilament light chain (NfL) levels were measured as an
indicator of neuroaxonal integrity by using a fourth-
generation ELLA immunoassay.

Results: Brain iron content differed in persons with ADHD,
with strongest effects observable in the right precentral

cortex (healthy controls: 0.0033 � 0.0017ppm; ADHD:
0.0048 � 0.0016ppm; t(59) = 3.56, P < 0.001). Moreover,
right precentral cortex iron in persons with ADHD was asso-
ciated with increased blood NfL levels (F(1.57) = 13.2,
P = 0.001, r2 = 0.19).

Conclusion: Our results indicate altered regional iron con-
tent in the brains of adults with ADHD. The observed associ-
ation between increased precentral magnetic susceptibility
and increased NfL suggests a connection between local
excess of brain iron and neuroaxonal damage in ADHD.
Given the limited sample size of the current study and the
naturalistic medication plan, further longitudinal studies are
needed to establish whether altered brain iron distribution in
adults with ADHD may be associated with an increased risk
of dementia at old age.
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Attention-deficit hyperactivity disorder (ADHD) is a common neu-
rodevelopmental disorder characterized by inability to sustain atten-
tion, inappropriate levels of hyperactivity, and impulsivity.1 ADHD
symptoms usually manifest in childhood and significantly affect aca-
demic development and social interactions with a prevalence of
approximately 3.5% in adults.2 A diagnosis of adult ADHD has been
suggested to be associated with an increased risk of Alzheimer’s dis-
ease and dementia in old age in several longitudinal, nationwide
cohort studies.3–5 While causality of ADHD, Alzheimer’s disease and
dementia is complex, mechanisms that may link these clinically dis-
tinct disorders are unknown.6

The development of ADHD is influenced by a complex interac-
tion of genetic and environmental factors.7–9 There is no single test to
diagnose ADHD, and the diagnosis can be made in both young

people and adults based on the presence of the characteristic behav-
ioral syndrome.6 Adult ADHD is often associated with an increased
prevalence of cardiovascular risk factors such as smoking, obesity,
diabetes10,11 and altered lipid profiles,11,12 all of which are well
established risk-factors for age-related cognitive decline and
Alzheimer’s disease.13,14

Several studies consistently show that the aging human brain is
characterized by a continuous accumulation of iron in both subcorti-
cal and neocortical areas.15–17 This may reflect both the involvement
of iron in many neurobiological processes and the difficulty in remov-
ing excess iron from the central nervous system, possibly exacerbated
by lifestyle factors such as body mass index (BMI) and smoking.18

Increased brain iron is a well-known finding in the elderly, increased
brain iron has been reported to be generally associated with reduced
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cognitive performance.19 Furthermore, increased brain iron is a char-
acteristic finding in several neurodegenerative diseases including
Huntington’s disease,20,21 Parkinson’s disease,22,23 and Alzheimer’s
disease.20,24–26

Iron in the brain can be measured by Magnetic Resonance Imag-
ing (MRI), using Quantitative Susceptibility Mapping (QSM), which
uses the magnetization induced in tissue when placed in a magnetic
field to provide a quantitative measure of the tissue susceptibility dis-
tribution.16,27 Compared to other techniques currently used in clinical
brain imaging such as susceptibility weighted imaging (SWI),28 QSM
and R2* mapping provide improved detection and identification of
iron and calcium deposition, improved characterization of pathologi-
cal iron and myelin variations, and unique details of brain morphol-
ogy within deep brain nuclei.29,30 The fundamental difference
between QSM and R2* mapping is that para- and diamagnetic inclu-
sions have opposite effects on the magnetic susceptibility (χ) esti-
mates obtained from QSM, but the same effect on the R2* rate.31 At
this point, several QSM-MRI studies have shown an association
between increased tissue magnetic susceptibility and accelerated cog-
nitive decline by demonstrating the possible detrimental effects of
brain iron burden on brain tissue.32,33 In this respect it is important to
point out that these results are based on the assumption that increased
susceptibility is due to increased iron content, which is generally
applicable in gray matter, but has a caveat in white matter because
demyelination will also increase the susceptibility.17,30 While reduced
iron distribution in the brain is a confirmed finding in children with
ADHD,34,35 information about iron distribution in the brain of adults
with ADHD is limited. To our knowledge, so far, no QSM studies
have been published on adult ADHD.

Neurofilament light chain protein (NfL) is a neuronal cytoskele-
tal protein that is highly expressed in myelinated axons of the brain.
Elevated peripheral blood serum NfL is an established biomarker for
neuroaxonal damage in the central nervous system (CNS).36 Fourth-
generation enzyme-linked immunoassay technologies such as SiMoA
or ELLA have been used to investigate NfL in various neurological
and psychiatric disorders.37–39 Notably, elevated NfL has been
observed in manifest AD,40–42 persons at genetic risk for AD43 and
also in physiological brain aging.41,44 Results from a recent study on
Parkinson’s disorder support increased discrimination validity when
combining NfL-blood assays and QSM neuroimaging.45 To our
knowledge, possible CNS neuroaxonal damage in ADHD has not yet
been investigated, and there are currently no published studies on
altered NfL levels in adult ADHD.

The present study sought to examine the variability in brain iron
levels in adults diagnosed with ADHD as a neuropathological alter-
ation, with a potential association to the established link between
adult ADHD and an increased risk of developing dementia in later
life.3–5 To this end, individuals with a diagnosis of ADHD and
healthy controls were examined using QSM-MRI. The individual
measurements of brain iron levels were then combined with plasma
NfL levels, providing an indicator of present neuroaxonal vulnerabil-
ity of the CNS.

Methods
Recruitment and characterization of the study
population
The study population comprised adults with a diagnosis of ADHD
(n = 32, age: 35 � 10 years [range: 20–58 years], 17 females), and
age-, sex-, as well as education-matched healthy controls (n = 29,
age: 33 � 12 years [range: 19–59 years], 21 females). Participants
were recruited at the Center for Psychiatric Research, Psychiatric Uni-
versity Hospital, Zurich, Switzerland.

Inclusion criteria for the current study were a minimum age of
18 years and consent to the study protocol, including willingness to
participate in an MRI examination, psychometric-neuropsychological
testing and a blood test. For the ADHD group, additionally, a clinical
diagnosis of ADHD (DSM-5) was a mandatory requirement for study

inclusion. Exclusion criteria for all participants was presence of
addiction disorder, including abusive use of alcohol, recreational
drugs or illegal drugs. Also, any present psychiatric disorder such as
bipolar disease, recurrent unipolar depression, psychotic disorder and
obsessive-compulsive disorder were exclusion criterion for controls
and patients. Further exclusion criteria were the presence of neurolog-
ical brain disease, including severe traumatic brain injury, multiple
sclerosis, known cerebrovascular disease and stroke, brain tumor, cen-
tral nervous system infections, known disorders of iron metabolism.

Assignment to the patient group was based on the diagnosis of
ADHD by the treating outpatient psychiatric specialist according to
DSM-5 criteria. 59.4% of study participants with ADHD received a
medication with methylphenidate or dexamphetamine, which was not
changed in the context of study participation, thus allowing for the
naturalistic, observational design of our study. All participants under-
went standardized psychometric exploration the Adult ADHD Self-
Report Scale, items 1–18, (ADHD-SR) based on Rösler and Retz46 as
well as the Wender-Utah-Rating-Scale 25 item version (WURS-k)
as a self-report on presence and severity of childhood symptoms of
ADHD in adults.47 Lifestyle factors known to affect cerebrovascular
health were documented, including smoking and body mass index
(BMI). The protocol for the research project was approved by the
local ethics committee (Kantonale Ethikkommission Zürich, BASEC-
Nr.: 2020–00103) and conforms to the tenets of the Declaration of
Helsinki. Informed consent was obtained from all participants.

MRI studies
Participants underwent 3T head MRI scan (Achieva, Philips Healthcare)
with a 32-channel head coil. Sagittal 3D isotropic T1 mprage sequence
was performed using the following parameters: repetition time (TR)
= 6.7 ms, echo time (TE) = 3.1 ms, fip angle (fa) = 9�; voxel
size = 1 � 1 � 1 mm3, field of view (FOV) = 224 � 224 � 140 mm3,
one average, acquisition time (TA) = 4:73min. Thereafter, T1 fast field
echo (FFE) sequence was run with five unipolar echoes to obtain mag-
nitude and phase images for QSM analysis (TR = 40 ms; TEs = 6,
12, 18, 24, 30 ms; fa = 15�; voxel size = 1 � 1 � 1 mm3,
FOV = 224 � 224 � 140 mm3, 1 average, compressed sensing: 6�,
TA = 4:52 min). Additionally, FLAIR sequence was performed
(TR = 8000 ms; TEs = 135 ms; fa = 90�; voxel size =
1 � 1 � 1 mm3, 2 averages, TA = 2:67 min) and Fazekas score48 was
determined as a measure of white matter signal abnormalities (WMSA).

QSM-analysis
The QSM maps were calculated using the QSMxT framework.49 The
phase unwrapping, background field removal and dipole inversion
steps were achieved using the single-step TGV-QSM algorithm.50

QSM reconstruction was performed using a two-pass QSM proce-
dure.49 The two-pass QSM technique and its masking strategies
including motion correction are automated within the open-source
QSMxT framework. After a combined QSM image was reconstructed
for each echo, a final weighted average was produced by summing
the combined QSMs and dividing them by the pixel-wise sum of the
filled masks. T1-weighted images were segmented using FreeSurfer
via their Aseg probabilistic atlas (Fig. 1). Then, T1-weighted anatomi-
cal images were registered to the averaged magnitude in the QSM
space using the Medical Imaging NetCDF extension (minc toolkit)
for referencing the whole brain (Version 1.9.18, https://bic-mni.
github.io/). QSM statistics for each ROI were reported based on the
ICBM152 Linear atlas (https://en.wikibooks.org/wiki/MINC/Atlases).

Blood testing for NfL
Blood plasma samples were obtained via the use of EDTA tubes.
Samples were centrifuged for 15 min at 2000 rpm and 20�C and sub-
sequently stored at �80�C. NfL concentration in the plasma was mea-
sured using simple-plex NfL assay (ProteinSimple, CA, USA) on the
ELLA enzyme-linked immunosorbent assay (ELISA) microfluidic
system (BioTechne, Minneapolis, USA).
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Statistics
QSM: Statistical analysis was performed using SPSS statistics soft-
ware version 24 (IBM Corporation, Armonk, NY, USA) and
MathWorks’ MATLAB 2022a data analysis software Version 9.12.0
(MathWorks Inc., Natick, MA, USA). An unpaired t-test was used to
test for statistically significant differences in normal distributed QSM
values between ADHD patients and healthy volunteers. P-values are
indicated after controlling the false discovery rate (FDR) using the
Yoav Benjamini and Yosef Hochberg approach to correct for per-
forming 90 tests.51 Results are expressed as mean � SD.

NfL: Mann–Whitney U and Spearman rho were used to test for
statistically significant differences in NfL values between ADHD
patients and healthy volunteers, as well as statistical association with
self-report scales and plasma NfL (pg/mL).

Lifestyle: ANOVA was used to examine the relationships
between lifestyle factors known to be associated with impaired vascu-
lar health (BMI, age, smoking habits, alcohol) and QSM values of
each ROI.

NfL vs. QSM: The MATLAB (fitglm.m) was used to investigate
possible interactive effects of NfL (pg/mL) and iron as indicated by
QSM values (ppm) with diagnostic status (ADHD versus controls)
by generalized linear regression, and to generate the scatter plot and
regression lines for NfL and QSM.

Results
Characteristics of the study samples
The demographic information for all the subjects and the clinical test
results on all participants are summarized in Table 1. There were no
statistically significant differences between the studied groups regard-
ing lifestyle and vascular risk factors such as high body mass index
(BMI) and smoking habits as well as age and sex. Two-tailed t-test of
Fazekas scores did not provide evidence for significant differences in
white matter signal abnormalities and cerebrovascular pathology
between ADHD and healthy controls (ADHD: 0.09 � 0.29; healthy
controls: 0.12 � 0.43; t(59) = 0.32; P = 0.75).

Local cerebral iron is increased in the right precentral
gyrus of adults with ADHD, with different distributions in
both groups
Figure 2a,b shows example susceptibility maps, indicating the
regional distribution of brain iron, for a healthy control and an indi-
vidual with ADHD. To detect differences in mean ROI-susceptibility
between controls and ADHD patients, 90 t-tests were performed.
Resulting P-values were adjusted for multiple testing by using
Benjamini-Hochberg FDR control,51 suggesting differences in iron
levels between controls and ADHD patients in 17 brain regions:
precentral cortex (bilateral), supramarginal gyrus (bilateral), cerebral
white matter (bilateral), caudal anterior cingulate cortex (bilateral),
precuneus (bilateral), left nucleus accumbens, left pars opercularis,
left caudate, left rostral anterior and left isthmus cingulate cortex,

right inferior parietal cortex and right parahippocampus (Table 2,
Fig. 3a,b).

No significant association between lifestyle factors and
brain iron in ADHD or healthy controls
ANOVA-testing for possible associations between lifestyle factors
and QSM values did not reveal statistically significant effects for
either of the two groups studied (Table 1). No significant correlation
was found between ADHD severity (as measured by the ADHD-SR
and WURS scales) and individual brain iron distribution as indicated
by regional QSM values of the 17 brain regions with differing iron
level in ADHD versus healthy controls (Table 2).

Right precentral cortex iron is associated with elevated
blood NfL in the ADHD group
Plasma NfL-levels were not significantly different between partici-
pants with ADHD (median = 10.80 pg/ml, SD = 6.22 pg/mL) and
controls (median = 7.58 pg/mL, SD = 6.41pg/mL), as tested by two-
sample Mann–Whitney U (U = 387, P = 0.139, effect size
Z = 0.19). Using Spearman’s correlation index rho, no significant
relationships were observed between psychometric self-rating scores
WURS-k (r = 0.12, P = 0.34), and ADHD-SR (r = 0.11, P = 0.40)
and plasma NfL levels. To assess a relationship between iron content
and neuroaxonal damage, Spearman correlation coefficients were cal-
culated for QSM and NfL in all participants, revealing a significant
positive relationship between NfL (pg/mL) and QSM-values indicat-
ing iron content of the right precentral cortex (all participants: r(59)
= 0.41; P = 0.001), with a significantly higher intercept (constant) in
the ADHD group, indicating higher iron in the precentral gyrus
(Fig. 4). To investigate whether NfL and precentral iron were isolated
or correlated in their association with ADHD, we used a Chi2-statistic
vs. constant model, assuming a binomial distribution to build the gen-
eralized linear regression model with 60 observations. Serum NfL
and QSM values indicating local iron in the right precentral cortex,
were interactively associated with ADHD status (F(1.57) = 13.2,
P = 0.001). Binomial logistic regression to calculate coefficients of
determination indicated a 19% predictability of ADHD status when
right precentral cortex iron load (as estimated by QSM ppm) and
blood NfL were included in the model (Nagelkerke r2 = 0.19). The
correlation matrix of the logistic regression test statistic demonstrated
that the right precentral cortex iron contributed significantly to the
model, as indicated by QSM (0.43, P = 0.003), in comparison to NfL
blood levels (0.14, P = 0.71).

Discussion
In this study adults with ADHD and healthy controls were investi-
gated by QSM to assess magnetic abnormalities indicating locally
increased iron deposition in the brain. In addition, blood-serum levels
of NfL were assessed as an indicator of CNS neuroaxonal vulnerabil-
ity. QSM analysis revealed a distinct distribution of local susceptibil-
ity in ADHD patients and healthy volunteers. Statistically significant

Fig. 1 Example of the segmented ROI
positions based on Freesurfer aseg-atlas.
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differences in iron content between controls and ADHD were found,
with higher iron content in adult ADHD in the precentral cortex and
several other brain structures. The observed statistical relationship
between increased precentral cortex iron and elevated NfL blood
levels may indicate increased neuroaxonal vulnerability in the adult
ADHD group. To our knowledge this is the first study to investigate
NfL, and the combination of QSM and NfL in ADHD.

Several longitudinal cohort-studies have confirmed an associa-
tion between adult ADHD and increased risk of dementia in old
age.3–5 However, there is a lack of clinical studies investigating the
mechanisms that might link ADHD in middle-age to neurodegenera-
tive dementia in old age. The current study aimed to provide insights
into a possible relationship between increased brain iron content, as a
proxy for oxidative stress, neuroaxonal vulnerability in the CNS, as
reflected by increased plasma-NfL, and adult ADHD. While oxidative
stress has been implicated as an important underlying mechanism in
several brain disorders, including neurodegenerative dementia,26,52,53

preliminary data suggest an inadequate response to oxidative stress in
ADHD.54

In the current study, plasma NfL concentrations were measured
using an ELLA automated microfluidic immunoassay platform.
The fourth-generation ELLA immunoassay platform has been shown

to be comparable in accuracy to established advanced ELISA
methods such as SiMoA.39 Several neuropsychiatric disorders are
characterized by elevated blood NfL, which is considered to reflect
neuroaxonal vulnerability and damage in the brain.37 In dementia and
early stages of Alzheimer’s disease, increased NfL is an established
blood biomarker for neurodegenerative brain change.40,42 In addition,
associations between elevated NfL and reduced cognitive performance
have been reported in several other neurological conditions.55 Inter-
estingly, in Alzheimer’s disease, elevated NfL has been suggested to
be particularly associated with deficits in the cognitive subdomain of
attention.56 Although we do not find a group difference between
ADHD (diagnosis or symptom severity) and healthy controls in our
study, these previous observations might nevertheless be consistent
with our finding of a significant statistical association between ele-
vated NfL and precentral brain iron load in adult ADHD. This may
suggest that NfL is more relevant to individual iron-related brain
pathology than to the behavioral syndrome that defines the clinical
diagnosis of ADHD. However, as the observed effect size was small,
type-2 error cannot be excluded.

We acknowledge the limitations of this study. The small sample
size and the naturalistic medication regime in the ADHD-group has
made subgroup analyses of lifestyle and medication effects impossi-
ble. Although the control group was slightly younger and had a
higher proportion of women, the differences were not statistically
significant. However, the regional nature of the study population,
which was recruited locally in Switzerland, warrants interregional
follow-up. Our current study data were obtained cross-sectionally,
which limits possible conclusions about trends over time. While our
finding of an association between high QSM measures and increased
serum NfL may be consistent with previous findings in Parkinson’s
Disease,45 further longitudinal studies are needed to investigate the
possible relevance of our findings with respect to risk for neurode-
generative diseases. In addition, a follow-up study with sufficient
power for multivariate clustering and sophisticated prediction statis-
tics could confirm interactions between NfL and other potentially
modifiable risk factors. There is ongoing debate about the effects of
long-term psychostimulant medication on iron accumulation in the
CNS of persons with ADHD.57–59 As various psychostimulants,
such as cocaine and 3,4-methylenedioxymethamphetamine
(MDMA) can affect both brain iron accumulation,60 and NfL
levels,38,61 their regular use was an exclusion criterion in our study.
However, as 59.4% of our study participants with ADHD were
receiving medication with methylphenidate or dexamphetamine, a
potential effect on measured brain iron and blood NfL levels cannot

Table 1. Pooled demographic information of all the subjects (mean � SD), lifestyle factors based on self-reported scale

Healthy controls (n = 29) ADHD (n = 32) t-test (P-values)

Sex (f/m)† 21/8 17/15 0.10
Age (years) 32.55 � 11.94 36.22 � 10.35 0.20
Weight (kg) 63.85 � 8.58 68.10 � 11.48 0.10
Height (cm) 171.63 � 6.80 173.25 � 8.24 0.40
BMI (kg/m2) 21.64 � 2.29 22.62 � 3.05 0.16
Education (years) 16.58 � 2.54 16.63 � 3.80 0.96
Nicotine consumption (�cigarettes per day) 0.62 � 1.74 0.61 � 1.15 0.96
Alcohol consumption (�drinks per month) 5.90 � 6.75 5.73 � 6.40 0.92
WURS-k (sum 25 items) 17.66 � 11.59 43.74 � 13.08 <0.001
ADHD-SR (sum items 1–18) 4.17 � 3.96 14.63 � 1.72 <0.001
Medication with Methylphenidate or
Dexamphetamine (%)

0% 59.4% <0.001

Fazekas Score 0.09 � 0.29 0.12 � 0.43 0.82

†f, female; m, male.

(a) (b) 0.1

–0.1
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Fig. 2 (a and b) Quantitative susceptibility maps for (a) a healthy control
(42-year-old female) and (b) a subject with ADHD (26-year-old female).
Increased susceptibility values are visible in iron-rich deep gray matter struc-
tures, such as the caudate nucleus, precuneus and caudal anterior cingulate
on ADHD population.
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be excluded, and must be considered as a limitation of the present
study. Furthermore, the QSM values obtained in the white matter
regions of our cohort could also indicate individual variations in
myelinization.30 However, follow-up studies with specifically

targeted neuroimaging strategies would be required to answer this
question.62

Our QSM data show increased brain iron in the precentral cortex
and several other brain structures in adults with ADHD. Results from

Table 2. Summary of the susceptibility (χ) data. P-values are indicated in three levels of significance after controlling the false discovery rate.51

ANOVA was used to investigate relationships between life-style factors and QSM values

Healthy controls (n = 29) ADHD (n = 32) ANOVA

χ (ppm) χ (ppm) χ (ppm) χ (ppm) χ (ppm) χ (ppm)
ROI mean � SD min max mean � SD min max F(1, 41)

L Accumbens area* �0.0013 � 0.0055 0.0065 0.0155 0.0015 � 0.0041 0.0015 0.0240 1.35, 0.251
L Caudate* 0.0273 � 0.0065 �0.0117 0.0104 0.0308 � 0.0056 �0.0066 0.0096 1.11, 0.432
L Cerebral-WM** �0.0030 � 0.0011 �0.0067 �0.0019 �0.0038 � 0.0009 �0.0076 �0.0021 1.14, 0.432
R Cerebral WM** �0.0030 � 0.0010 �0.0058 �0.0013 �0.0038 � 0.0009 �0.0062 �0.0021 1.12, 0.409
L Caudal Ant. Cingulate* 0.0002 � 0.0023 0.0019 0.0310 0.0017 � 0.0023 0.0034 0.0401 1.12, 0.313
R Caudal Ant. Cingulate* �0.0038 � 0.0026 0.0101 0.0316 �0.0023 � 0.0023 �0.0008 0.0052 0.408, 0.691
R Inferior Parietal* 0.0018 � 0.0011 0.0113 0.0332 0.0024 � 0.0009 �0.0044 0.0074 1.15, 0.390
R Isthmus Cingulate* �0.0003 � 0.0028 0.0121 0.0342 0.0016 � 0.0028 �0.0076 �0.0011 0.81, 0.720
R Parahippocampal** �0.0014 � 0.0021 0.0138 0.0365 0.0005 � 0.0026 �0.0016 0.0027 1.06, 0.463
L Pars Opercularis** �0.0024 � 0.0022 0.0064 0.0267 �0.0012 � 0.0015 0.0001 0.0136 1.61, 0.140
L Precentral Cortex* 0.0036 � 0.0017 0.0078 0.0287 0.0048 � 0.0002 �0.0028 0.0059 1.748, 0.101
R Precentral Cortex*** 0.0033 � 0.0017 0.0156 0.0388 0.0048 � 0.0016 �0.0047 0.0053 0.623, 0.896
L Precuneus** 0.0005 � 0.0018 0.0081 0.0290 0.0017 � 0.0016 �0.0036 0.0076 1.36, 0.244
R Precuneus* 0.0021 � 0.0021 0.0158 0.0391 0.0034 � 0.0017 �0.0020 0.0067 1.10, 0.427
L Rostral Ant. Cingulate* �0.0010 � 0.0019 0.0083 0.0293 0.0002 � 0.0021 �0.0009 0.0111 1.02, 0.505
L Supramarginal Gyrus** 0.0005 � 0.0009 0.0096 0.0309 0.0015 � 0.0015 �0.0029 0.0047 0.93, 0.597
R Supramarginal Gyrus* 0.0008 � 0.0011 0.0173 0.0410 0.0016 � 0.0013 �0.0023 0.0036 1.25, 0.315

Abbreviations: Ant, anterior; L, left; R, right; SD, standard deviation; WM, white matter.
*Statistically significant difference (P < 0.05) of the mean qsm values between the groups.
**Statistically significant difference (P < 0.01) of the mean qsm values between the groups.
***Statistically significant difference (P < 0.001) of the mean qsm values between the groups.
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Fig. 3 (a and b) Magnetic susceptibility values (in ppm) of the controls (white) and ADHD patients (black). Error bars represent standard error of mean (SEM). Statisti-
cally significant differences in QSM values between the controls and ADHD group were detected bilaterally in the precentral area, cerebral white matter, caudal anterior
cingulate cortex, and precuneus; at left nucleus accumbens, pars opercularis, caudate, rostral anterior and isthmus cingulate cortex, right inferior parietal cortex, and
parahippocampus. *(P < 0.05), **(P < 0.01), ***(P < 0.001) indicate statistically significant difference of QSM values between the control and ADHD groups.
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very small regions, such as the supramarginal gyrus, must be inter-
preted with caution due to the increased risk of inaccuracies in
parcellation and atlas mapping. QSM values in brain gray matter are
considered to indicate Ferritin-bound Fe3+, which may be related to
Fenton-oxygenation in neurodegenerative brain diseases.15,16,63 Our
findings of increased brain iron in adults with ADHD may seem
counterintuitive given previous observations of reduced brain iron in
children with ADHD.34,35,64 Further studies are needed to replicate
our findings, and to clarify whether increased brain iron in adults with
ADHD may be an evolutionary physiological response to low brain
iron in childhood, not taking into account today’s longer life expec-
tancy. It is also important to consider that due to the blood–brain bar-
rier, iron uptake and iron metabolism are not identical inside and
outside the CNS65 – and as a consequence, iron levels measured in
the brain (as in our study) and peripheral iron levels (as in previous
studies of iron in ADHD) may not directly correlate. The association
observed in our study between increased susceptibility in the
precentral cortex and increased NfL in adult ADHD suggests a poten-
tial link between excess brain iron and neuroaxonal vulnerability, pos-
sibly mediated by oxidative stress. To our knowledge this is the first
report of a statistical relationship between increased brain iron and
indicators of neuroaxonal damage in adult ADHD. Further clinical
studies are needed to confirm the importance of midlife brain iron
load for risk of dementia in old age, and a possible association with
previously reported reduced brain iron in children with ADHD. This
also applies to personalized prevention strategies aimed at reducing
the risk of dementia in adults with ADHD by taking into account
individual systemic iron turnover.

In conclusion, our QSM data show increased brain iron in the
precentral cortex and several other brain structures of adults with
ADHD. The observed association between increased precentral mag-
netic susceptibility and increased NfL suggests a potential link
between local brain iron excess and neuroaxonal vulnerability, which
may have implications for brain health in ADHD individuals as
they age.

Author contributions
Conceptualization: PU. Data curation: CS, PS. Formal analysis: JB,
CS, SK. Funding acquisition: PU. Investigation: PU. Methodology:
PU, JB, SK, PG. Project administration: PU. Resources: PU. Software:
JB. Supervision: PU. Validation: PU, JB. Visualization: JB, SK. Roles/
Writing – original draft: JB. Writing – review and editing: SK, CS, JH,
FB, PG, PvZ, NP, XL, KL, BQ, PU, ES.

Acknowledgments
We thank all participants for partaking in our study. We thank the
Zurich ADHD support group for sharing information on our study
with treating general practitioners, psychiatrists and psychotherapists.
We thank Sara Romer-Schneller for support with participant recruit-
ment, study coordination, sample processing and data handling. PU
received financial support from Swiss National Science Foundation
(grants #190510 and #192480) and Synapsis Alzheimer Research
Switzerland (grant no #2018-PIO6). FB received grants from the
EMDO Foundation, Switzerland, and from the Fonds für
wissenschaftliche Zwecke im Interesse der Heilung von psychischen
Erkrankungen, Switzerland. PvZ and XL were supported by National
Institutes of Health (NIH), Bethesda, Maryland, United States of
America grant P41 EB031771. BQ received financial support from
Swiss National Science Foundation (Gilead Sciences), European Com-
mission (Horizon Europe, Reconnect Labs) and Population Research
Center of the University of Zurich.

Disclosure statement
All the authors declare no conflict-of-interest of financial benefit
related to this manuscript.

References
1. Sharma A, Couture J. A review of the pathophysiology, etiology, and

treatment of attention-deficit hyperactivity disorder (ADHD). Ann.
Pharmacother. 2014; 48: 209–225.

2. De Graaf R, Kessler RC, Fayyad J et al. The prevalence and effects of
adult attention deficit/hyperactivity disorder (ADHD) on the performance
of workers: Results from the WHO world mental health survey initiative.
Occup. Environ. Med. 2008; 65: 835–842.

3. Tzeng N, Chung CH, Lin FH et al. Risk of dementia in adults with
ADHD: A Nationwide, population-based cohort study in Taiwan.
J. Atten. Disord. 2019; 23: 995–1006.

4. Zhang L, Du Rietz E, Kuja-Halkola R et al. Attention-
deficit/hyperactivity disorder and Alzheimer’s disease and any dementia:
A multi-generation cohort study in Sweden. Alzheimers Dement. 2022;
18: 1155–1163.

5. Levine S, Rotstein A, Kodesh A et al. Adult attention-
deficit/hyperactivity disorder and the risk of dementia. JAMA Netw. Open
2023; 6: e2338088.

6. Becker S, Chowdhury M, Tavilsup P, Seitz D, Callahan BL. Risk of neu-
rodegenerative disease or dementia in adults with attention-
deficit/hyperactivity disorder: A systematic review. Front. Psychiatry
2023; 14: 1158546.

7. Posner J, Park C, Wang Z. Connecting the dots: A review of resting con-
nectivity MRI studies in attention-deficit/hyperactivity disorder.
Neuropsychol. Rev. 2014; 24: 3–15.

8. Mohan A, Roberto AJ, Mohan A et al. The significance of the default
mode network (DMN) in neurological and neuropsychiatric disorders:
A review. Yale J. Biol. Med. 2016; 89: 49–57.

9. Gallo E, Posner J. Moving towards causality in attention-deficit hyperac-
tivity disorder: Overview of neural and genetic mechanisms. Lancet
Psychiatry 2016; 3: 555–567.

Serum NfL (pg/mL)

healthy controls
adult ADHD

Q
S

M
 r

ig
ht

 p
re

ce
nt

ra
l c

or
te

x 
(p

pm
)

0 5 10
0

1

2

3

4

5

6

7

8
×10–3

15 20 25 30

Fig. 4 Scatterplot of QSM values of the right precentral cortex (ppm) and serum
NfL (pg/mL) for healthy controls and ADHD patients. The statistical relationship is
visualized by least-squares regression lines for each group, difference of
slopes = (F(1.57) = 13.2, P = 0.001).

Psychiatry and Clinical Neurosciences 79: 282–289, 2025 287

PCNPsychiatry and
Clinical Neurosciences Brain iron and plasma NfL in adult ADHD

 14401819, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pcn.13806 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10. Zohsel K, Bianchi V, Mascheretti S et al. Monoamine oxidase a poly-
morphism moderates stability of attention problems and susceptibility to
life stress during adolescence. Genes Brain Behav. 2015; 14: 565–572.

11. Penninx B, Lange SMM. Metabolic syndrome in psychiatric patients: Over-
view, mechanisms, and implications. Clin. Neurosci. 2018; 20: 63–73.

12. Wynchank D, Bijlenga D, Lamers F et al. The association between meta-
bolic syndrome, obesity related outcomes, and ADHD in adults with
comorbid affective disorders. J. Atten. Disord. 2018; 22: 460–471.

13. Livingston G, Huntley J, Sommerlad A et al. Dementia prevention, inter-
vention, and care: 2020 report of the lancet commission. Lancet 2020;
396: 413–446.

14. Unschuld P. Prévention de la maladie d’Alzheimer: importance du mode
de vie et interventions thérapeutiques précoces [Prevention of
Alzheimer’s disease: medical and lifestyle interventions]. Rev. Med.
Suisse 2021; 17: 1614–1616.

15. Adisetiyo V, Jensen JH, Ramani A et al. In vivo assessment of age-
related brain iron differences by magnetic field correlation imaging.
J. Magn. Reson. Imaging 2012; 36: 322–331.

16. Langkammer C, Schweser F, Krebs N et al. Quantitative susceptibility
mapping (QSM) as a means to measure brain iron? A post mortem vali-
dation study. Neuroimage Clin. 2012; 62: 1593–1599.

17. Bilgic B, Pfefferbaum A, Rohlfing T, Sullivan EV, Adalsteinsson E.
MRI estimates of brain iron concentration in normal aging using quanti-
tative susceptibility mapping. Neuroimage Clin. 2012; 59: 2625–2635.

18. Pirpamer L, Hofer E, Gesierich B et al. Determinants of iron accumula-
tion in the normal aging brain. Neurobiol. Aging 2016; 43: 149–155.

19. Spence H, McNeil CJ, Waiter GD. The impact of brain iron accumula-
tion on cognition: A systematic review. PLoS One 2020; 15: e0240697.

20. Bartzokis G, Tishler TA. MRI evaluation of basal ganglia ferritin iron
and neurotoxicity in Alzheimer’s and Huntingon’s disease. Cell. Mol.
Biol. (Noisy-le-Grand) 2000; 46: 821–833.

21. Domínguez J, Ng AC, Poudel G et al. Iron accumulation in the basal
ganglia in Huntington’s disease: Cross-sectional data from the IMAGE-
HD study. J. Neurol. Neurosurg. Psychiatry 2016; 87: 545–549.

22. Murakami Y, Kakeda S, Watanabe K et al. Usefulness of quantitative
susceptibility mapping for the diagnosis of parkinson disease. AJNR
Am. J. Neuroradiol. 2015; 36: 1102–1108.

23. He N, Ling H, Ding B et al. Region-specific disturbed iron distribution
in early idiopathic Parkinson’s disease measured by quantitative suscepti-
bility mapping. Hum. Brain Mapp. 2015; 36: 4407–4420.

24. van Bergen JMG, Li X, Hua J et al. Colocalization of cerebral iron
with amyloid beta in midl cognitive impairment. Sci. Rep. 2016; 6: 35514.

25. Acosta-Cabronero J, Williams GB, Cardenas-Blanco A, Arnold RJ,
Lupson V, Nestor PJ. In vivo quantitative susceptibility mapping (QSM)
in Alzheimer’s disease. PLoS One 2013; 8: e81093.

26. Ayton S, Wang Y, Diouf I et al. Brain iron is associated with accelerated
cognitive decline in people with Alzheimer pathology. Mol. Psychiatry
2020; 25: 2932–2941.

27. De Rochefort L, Liu T, Kressler B et al. Quantitative susceptibility map
reconstruction from MR phase data using Bayesian regularization: Vali-
dation and application to brain imaging. Magn. Reson. Med. 2010; 63:
194–206.

28. Haacke M, Xu Y, Cheng YC, Reichenbach JR. Susceptibility weighted
imaging (SWI). Magn. Reson. Med. 2004; 52: 612–618.

29. Deistung A, Schweser F, Reichenbach JR. Overview of quantitative sus-
ceptibility mapping. NMR Biomed. 2017; 30: e3569.

30. Kan H, Uchida Y, Kawaguchi S, Hiwatashi A, Ueki Y. Quantitative sus-
ceptibility mapping for susceptibility source separation with adaptive
relaxometric constant estimation (QSM-ARCS) from solely gradient-
echo data. Neuroimage 2024; 296: 120676.

31. Wang C, Foxley S, Ansorge C et al. Methods for quantitative susceptibil-
ity and R2* mapping in whole post-mortem brains at 7T applied to
amyotrophic lateral sclerosis. Neuroimage 2020; 222: 117216.

32. De Silva T, Miller AA. Cerebral small vessel disease: Targeting oxidative
stress as a novel therapeutic strategy? Front. Pharmacol. 2016; 7: 61.

33. Ndayisaba A, Kaindlstorfer C, Wenning GK. Iron in neurodegeneration -
cause or consequence? Front. Neurosci. 2019; 13: 180.

34. Chen Y, Su S, Dai Y et al. Quantitative susceptibility mapping reveals
brain iron deficiency in children with attention-deficit/hyperactivity disor-
der: A whole-brain analysis. Eur. Radiol. 2022; 32: 3726–3733.

35. Tang S, Zhang G, Ran Q et al. Quantitative susceptibility mapping
shows lower brain iron content in children with attention-deficit hyperac-
tivity disorder. Hum. Brain Mapp. 2022; 43: 2495–2502.

36. Khalil M, Teunissen CE, Otto M et al. Neurofilaments as biomarkers in
neurological disorders. Nat. Rev. Neurol. 2018; 14: 577–589.

37. Gaetani L, Blennow K, Calabresi P, Di Filippo M, Parenti L,
Zetterberg H. Neurofilament light chain as a biomarker in neurological
disorders. J. Neurol. Neurosurg. Psychiatry 2019; 90: 870–881.

38. Bavato F, Kexel AK, Kluge-Schiavon B et al. A longitudinal investiga-
tion of blood neurofilament light chain levels in chronic cocaine users.
Mol. Neurobiol. 2023; 60: 3935–3944.

39. Truffi M, Garofalo M, Ricciardi A et al. Neurofilament-light chain quan-
tification by Simon and Ella in plasma from patients with dementia: A
comparative study. Sci. Rep. 2023; 13: 4041.

40. Mattsson N, Andreasson U, Zetterberg H, Blennow K, Alzheimer’s Dis-
ease Neuroimaging, Initiative. Association of Plasma Neurofilament
Light with Neurodegeneration in patients with Alzheimer disease. JAMA
Neurol. 2017; 74: 557–566.

41. Mattsson N, Cullen NC, Andreasson U, Zetterberg H, Blennow K. Asso-
ciation between longitudinal plasma neurofilament light and neu-
rodegeneration in patients with Alzheimer disease. JAMA Neurol. 2019;
76: 791–799.

42. Kern S, Syrjanen JA, Blennow K et al. Association of Cerebrospinal
Fluid Neurofilament Light Protein with Risk of mild cognitive impair-
ment among individuals without cognitive impairment. JAMA Neurol.
2019; 76: 187–193.

43. Kagerer S, Awasthi S, Ripke S et al. Polygenic risk for Alzheimer’s dis-
ease is associated with neuroaxonal damage before onset of clinical
symptoms. Alzheimers Dement. 2023; 16: e12504.

44. Benkert P, Meier S, Schaedelin S, Manouchehrinia A et al. Serum neu-
rofilament light chain for individual prognostication of disease activity in
people with multiple sclerosis: A retrospective modelling and validation
study. Lancet Neurol. 2022; 21: 246–257.

45. Zhang P, Chen J, Cai T et al. Quantitative susceptibility mapping and
blood neurofilament light chain differentiate between parkinsonian disor-
ders. Front. Aging Neurosci. 2022; 14: 909552.

46. Retz-Junginger P, Giesen L, Philipp-Wiegmann F, Rösler M, Retz W.
Wender-Reimherr self-report questionnaire on adult ADHD: German ver-
sion. Nervenarzt 2017; 88: 797–801.

47. Kouros I, Hörberg N, Ekselius L, Ramklint M. Wender Utah rating
Scale-25 (WURS-25): Psychometric properties and diagnostic accuracy
of the Swedish translation. Ups. J. Med. Sci. 2018; 123: 230–236.

48. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal
abnormalities at 1.5 T in Alzheimer’s dementia and normal aging. AJR
Am. J. Roentgenol. 1987; 149: 351–356.

49. Stewart A, Robinson SD, O’Brien K et al. QSMxT: Robust masking and
artifact reduction for quantitative susceptibility mapping. Magn. Reson.
Med. 2022; 8: 1289–1300.

50. Langkammer C, Bredies K, Poser BA et al. Fast quantitative susceptibil-
ity mapping using 3D EPI and total generalized variation. Neuroimage
2015; 111: 622–630.

51. Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practi-
cal and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Stat.
Method. 1995; 57: 289–300.

52. Mandal P, Gaur S, Roy RG, Samkaria A, Ingole R, Goel A. Schizophre-
nia, bipolar and major depressive disorders: Overview of clinical fea-
tures, neurotransmitter alterations, pharmacological interventions, and
impact of oxidative stress in the disease process. ACS Chem. Nerosci.
2022; 13: 2784–2802.

53. Huang W, Zhang X, Chen WW. Role of oxidative stress in Alzheimer’s
disease. Biomed. Rep. 2016; 4: 519–522.

54. Joseph N, Zhang-James Y, Perl A, Faraone SV. Oxidative stress and
ADHD: A meta-analysis. J. Atten. Disord. 2013; 19: 915–924.

55. Beste C, Stock AK, Zink N, Ocklenburg S, Akguen K, Ziemten T. How
minimal variations in neuronal cytoskeletal integrity modulate cognitive
control. Neuroimage 2019; 15: 129–139.

56. Aschenbrenner A, Gordon BA, Fagan AM et al. Neurofilament light pre-
dicts decline in attention but not episodic memory in preclinical
Alzheimer’s disease. J. Alzheimers Dis. 2020; 74: 1119–1129.

57. Adisetiyo V, Jensen JH, Tabesh A et al. Multimodal MR imaging of
brain iron in attention deficit hyperactivity disorder: A noninvasive bio-
marker that responds to psychostimulant treatment? Radiology 2014;
272: 524–532.

58. Adisetiyo V, Gray KM, Jensen JH, Helpern JA. Brain iron levels in
attention-deficit/hyperactivity disorder normalize as a function of psy-
chostimulant treatment duration. Neuroimage Clin. 2019; 24: 101993.

59. Sethi A, Evelyn-Rahr E, Dowell N et al. Magnetization transfer imaging
identifies basal ganglia abnormalities in adult ADHD that are invisible to
conventional T1 weighted voxel-based morphometry. Neuroimage Clin.
2017; 15: 8–14.

Psychiatry and Clinical Neurosciences 79: 282–289, 2025288

Brain iron and plasma NfL in adult ADHD PCNPsychiatry and
Clinical Neurosciences

 14401819, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pcn.13806 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



60. Coray R, Berberat J, Zimmermann J et al. Striatal iron deposition in rec-
reational MDMA (ecstasy) users. Biol. Psychiatry Cogn. Neurosci. Neu-
roimaging 2023; 8: 956–966.

61. Zimmermann J, Friedli N, Bavato F et al. White matter alterations in
chronic MDMA use: Evidence from diffusion tensor imaging and neu-
rofilament light chain blood levels. Neuroimage Clinic 2022; 36:
103191.

62. Buyanova I, Arsalidou M. Cerebral white matter myelination and rela-
tions to age, gender, and cognition: A selective review. Front. Hum. Neu-
rosci. 2021; 15: 662031.

63. Levin J, Högen T, Hillmer AS et al. Generation of ferric iron links oxi-
dative stress to alpha-synuclein oligomer formation. J. Parkinsons Dis.
2011; 1: 205–216.

64. Shvarzman R, Crocetti D, Rosch KS, Li X, Mostofsky SH. Reduced
basal ganglia tissue-iron concentration in school-age children with
attention-deficit/hyperactivity disorder is localized to limbic circuitry.
Exp. Brain Res. 2022; 240: 3271–3288.

65. Moller H, Bossoni L, Connor JR et al. Iron, myelin, and the brain:
Neuroimaging meets neurobiology. Trends Neurosci. 2019; 42:
384–401.

Psychiatry and Clinical Neurosciences 79: 282–289, 2025 289

PCNPsychiatry and
Clinical Neurosciences Brain iron and plasma NfL in adult ADHD

 14401819, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pcn.13806 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Brain iron load and neuroaxonal vulnerability in adult attention‐deficit hyperactivity disorder
	Methods
	Recruitment and characterization of the study population
	MRI studies
	QSM‐analysis
	Blood testing for NfL
	Statistics

	Results
	Characteristics of the study samples
	Local cerebral iron is increased in the right precentral gyrus of adults with ADHD, with different distributions in both groups
	No significant association between lifestyle factors and brain iron in ADHD or healthy controls
	Right precentral cortex iron is associated with elevated blood NfL in the ADHD group

	Discussion
	Author contributions
	Acknowledgments
	Disclosure statement
	References


