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Abstract

Background Anorexia nervosa (AN) is a potentially fatal psychiatric condition, associated with structural brain
changes such as gray matter volume loss. The pathophysiological mechanisms for these changes are not yet fully
understood. Iron is a crucial element in the development and function of the brain. Considering the systemic altera-
tions in iron homeostasis in AN, we hypothesized that brain iron would be altered as a possible factor associated
with structural brain changes in AN.

Methods In this study, we used quantitative susceptibility mapping (QSM) magnetic resonance imaging to investi-
gate brainiron in current AN (c-AN) and weight-restored AN compared with healthy individuals. Whole-brain voxel
wise comparison was used to probe areas with possible group differences. Further, the thalamus, caudate nucleus,
putamen, nucleus accumbens, hippocampus, and amygdala were selected as the regions of interest (ROls) for ROI-
based comparison of mean QSM values.

Results Whole-brain voxel-wise and ROI-based comparison of QSM did not reveal any differences between groups.
Exploratory analyses revealed a correlation between higher regional QSM (higher iron) and lower body mass index,
higher illness severity, longer illness duration, and younger age at onset in the c-AN group.

Conclusions This study did not find evidence of altered brain iron in AN compared to healthy individuals. However,
the correlations between clinical variables and QSM suggest a link between brain iron and weight status or biological
processes in AN, which warrants further investigation.
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Background

Anorexia nervosa (AN) is a mental illness characterized
by distorted body image, overvalued ideation of having
a large body habitus, and behaviors aimed at restricting
food intake. AN is associated with the highest mortal-
ity rate among psychiatric disorders with a standardized
mortality ratio of 5.9 [2]. Neuroimaging studies have
reported adverse micro-/macrostructural and functional
alterations in the brain, including gray matter volume
loss, compromised white matter integrity, and wide-
spread alterations in functional connectivity across the
brain [15, 29, 30, 32, 33]. These changes are postulated
to occur in association with both the primary neuro-
biological processes in AN [31] and the nutritional defi-
ciencies that result from starvation [17]. Although the
existing literature suggests a diverse array of structural
brain alterations, the paucity of quantitative magnetic
resonance imaging (MRI) studies to examine microstruc-
tural changes limits our understanding of the molecular
and pathological processes that may contribute to these
structural changes [17]. One of the potential microstruc-
tural changes that can be associated with the reported
structural alterations in AN is the dysregulation of brain
iron.

Iron is an essential cofactor for several vital neurophys-
iological processes that have been found to be impacted
in AN. First, animal and human studies have shown that
AN and starvation status are associated with mitochon-
drial fragmentation and dysfunction [41], increased oxi-
dative stress [13, 21] and diminished cerebral glucose
metabolism [1]. The mitochondrial oxidative phosphoryl-
ation complexes depend on iron as an electron buffer for
aerobic energy metabolism [28]. Insufficient iron leads
to mitochondrial dysfunction, and excess iron can facili-
tate the production of reactive oxygen species, generat-
ing to oxidative stress. Second, quantitative MRI studies
have shown decreased myelin content in gray [6, 27] and
white matter [37] in AN. Consistent with reduced myelin,
diffusion-weighted imaging studies have reported lower
fractional anisotropy in various white matter bundles
suggesting diminished white matter integrity (for detailed
review see [24]). Iron is an essential factor in myelin pro-
duction by oligodendrocytes and its deficiency is associ-
ated with deficits in myelination [7, 22]. Third, iron is a
key cofactor in dopamine and serotonin neurotransmis-
sion [5], which are aberrant in AN [11]. Iron deficiency
impedes the physiologic function of these neurotransmit-
ter systems and has been suggested to be associated with
depressive and anxiety symptoms [35]. Considering the
link between iron and the above-mentioned pathophysi-
ologic changes observed in AN, it is reasonable to postu-
late regional brain iron content alterations in association
with these changes.
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There are only a few existing studies that have exam-
ined iron in AN. While serum iron levels are often nor-
mal in AN, marked increases in the concentrations of two
important iron regulating proteins, ferritin and hepcidin,
have been observed [8, 16, 26]. Hepcidin is an iron-reg-
ulating hormone secreted from the liver, which inhib-
its absorption of iron from the gut and its release from
cells. Ferritin is the primary iron storage protein and
reflects body’s iron storage. The exact mechanism for the
increased levels of ferritin and hepcidin despite normal
iron levels in AN is unclear, yet it suggests a perturba-
tion in the systemic homeostasis of iron. Brain iron has
not been investigated in human studies of AN. In our lit-
erature review, we identified one quantitative MRI study
that used T2* relaxometry to examine myelin changes
in AN [6]. However, in addition to myelin, T2* value is
non-specifically sensitive to changes in iron and other
metals. In that study, no difference in T2* signal was
observed between AN and healthy control groups. The
recent development of quantitative susceptibility map-
ping (QSM) allows for accurate voxel-level estimation of
magnetic susceptibility as a proxy of tissue iron content,
therefore, providing a reliable in vivo measurement of
iron [19]. In this study, we used QSM for the first time
to examine brain iron in individuals with current AN
(c-AN) and weight-restored AN (wr-AN). The primary
outcome measure was the comparison of magnetic sus-
ceptibility, as an indirect measure of brain iron, between
groups. We hypothesized that both AN groups would
demonstrate altered brain iron distribution compared to
healthy individuals, which would be more pronounced in
the c-AN group due to the concurrent effect of malnutri-
tion. Based on the recent evidence suggesting a dynamic
activity-dependent transport of iron within the brain [39]
and the reported link between regional iron content and
the severity and duration of illness reported in other neu-
ropsychiatric conditions such as major depressive disor-
der and neurocognitive disorders [4, 34, 43], we explored
the correlations between QSM and AN duration, age of
onset, and severity of clinical symptoms as the secondary
outcome measures.

Methods

Study design and patient population

In a cross-sectional study, from December 2016 to
May 2019, fifty-four right-handed female participants
older than 18 years (max. age=37 years) were recruited
through community advertisements. The c-AN group
consisted of individuals with a current diagnosis of AN
based on the Diagnostic and Statistical Manual of Mental
Disorders, 5th edition (DSM-5) through the Mini Inter-
national Neuropsychiatric Interview (MINI). Individu-
als with a past diagnosis of AN made by a mental health



Ravanfar et al. Journal of Eating Disorders (2023) 11:142

professional (psychiatrist or psychologist) who had
maintained a body mass index (BMI) above 18.5 for a
period of 12 months prior to assessments were included
in the wr-AN group through outpatient visits. A group
of healthy controls with no history of eating disorders
or other mental illnesses were recruited. Groups were
matched for age and premorbid intelligence using the
Wechsler Test of Adult Reading. All participants were
female, English-speaking, from the same geographical
region, and had no history of significant brain injury or
neurological disorder. Demographic and clinical informa-
tion including age, body mass index (BMI), age of illness
onset, duration of illness, and Eating Disorder Examina-
tion Questionnaire (EDE-Q) were obtained and recorded
for each participant. EDE-Q is a self-reported assessment
that examines the psychological and behavioral burden of
AN.

Image acquisition

All brain MRI scans were acquired using a 3-Tesla Sie-
mens Tim Trio scanner with a 32-channel head coil at
Swinburne University of Technology (Melbourne, Aus-
tralia). No software or hardware updates were conducted
during the course of data acquisition. T1 structural
scans were acquired using an MPRAGE sequence with
the following parameters: voxel size=1 mm isotropic,
TE=2.52 ms, TR: 1900 ms, flip angle=9°. For QSM
estimation, Gradient Echo (GRE) images were acquired
with TR=44 ms, number of echoes=7, TE1=10 ms,
ATE=5 ms, flip angle=15".

Image processing

T1 structural images

To acquire a brain-mask, we used the Multi-Atlas Brain
Segmentation (MABS) tool (https://github.com/pnlbwh/
PNL-manual#multi-atlas-brain-segmentation-mabs) on
Enterprise Research Infrastructure & Services (ERIS)
computational network at Partners HealthCare. Based
on the existing evidence on the volume decline in the
thalamus, caudate nucleus, putamen, nucleus accum-
bens, hippocampus, and amygdala, we chose these sub-
cortical structures as the regions of interest (ROI) for the
ROI-based comparison of volume and QSM. We used
Functional Magnetic Resonance Imaging of the Brain
centre (FMRIB) Software Library (FSL) (FMRIB, Oxford
University, UK) FIRST tool to segment the thalamus,
caudate nucleus, putamen, and nucleus accumbens, and
FreeSurfer v.7.1.0. for the segmentation of the hippocam-
pus and amygdala. Visual quality control of the segmen-
tations was performed by an investigator blinded to the
group assignments.
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QSM processing

QSM provides an accurate estimation of magnetic sus-
ceptibility at the voxel level. Magnetic susceptibility is a
physical property that quantifies the magnetic field gen-
erated by matters in the presence of an external magnetic
field (i.e. the extent to which matters become magnetized
when exposed to a magnetic field). Substances such as
water and myelin (the most abundant constituents of the
brain tissue) are diamagnetic and have negative magnetic
susceptibility. Iron and iron-containing molecules such as
ferritin and neuromelanin are strongly paramagnetic and
have positive magnetic susceptibility [9]. The intensity of
QSM contrast in each voxel represents the algebraic sum-
mation of all positive and negative contributions to mag-
netic susceptibility, and is used as an indirect measure of
iron content especially in the subcortical gray matter [12,
19]. Measured magnetic susceptibility can be positive or
negative depending on the dominant contribution from
iron or myelin and water.

In this study, QSM images were constructed using the
Quantitative Susceptibility Mapping Artifact Reduc-
tion Technique (QSMART) pipeline [42] from the GRE
acquisitions. In the first step, brain masks were created
from the magnitude component of the GRE scan using
the Brain Extraction Tool, FMRIB Software Library
(FSL) (FMRIB, Oxford University, UK) [14]. Then, the
phase component of the GRE scan was unwrapped
using a Laplacian-based method [20]. The background
field was then removed using a three-dimensional spa-
tially dependent filtering [25], followed by a magni-
tude-weighted least squares method for the final dipole
inversion step. A detailed description of this pipeline can
be found in Yaghmaie et al. [42].

Voxel-wise comparison of QSM between groups

To perform voxel-wise comparisons, QSM images were
warped to a common template. In the first step, a study
template was constructed from the skull-stripped T1
MRI images of all participants using the antsMultivaria-
teTemplateConstruction2 tool, Advanced Normalization
Tools software package (ANTs) v.2.3.5 (https://github.
com/ANTsX/ANTs/) [3]. An affine and nonlinear trans-
formation to the common template was created for each
participant by warping their skull-stripped T1 image to
the study template using the antsRegistrationSyN tool
from ANTs. A rigid transformation from the GRE mag-
nitude component to the T1 image for each participant
was also created. Finally, the QSM image from each par-
ticipant was warped to a common space by applying the
above transformations sequentially. Voxel-wise compari-
sons were then conducted between each AN group and
the control group using the randomise tool from FSL
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package controlling for age with 5000 permutations and
variance smoothing using a 5 mm kernel. Threshold-Free
Cluster Enhancement (TFCE) [36] method was used for
Family-Wise Error Rate (FWER) adjustment [40].

Statistical analysis

Age and BMI were compared between groups using inde-
pendent samples ¢ test. Volume and mean QSM value in
the ROIs were compared between groups as the primary
analyses using the analysis of covariance (ANCOVA)
test with 5000 bootstrapping iterations. Estimated total
intracranial volume (eTIV) was considered as a covari-
ate in the comparison of ROI volume between groups.
ANCOVA test of mean ROI QSM was conducted con-
trolling for age. Adjustment for multiple comparisons
was conducted for the primary analyses using the Ben-
jamini—Hochberg method with a False Detection Rate of
0.05.

In each group, we further explored the correlation
between QSM in each ROI and AN-associated variables
including BMI, EDE-Q, illness duration, and age of illness
onset. These correlations were assessed using the Pear-
son’s partial correlation test controlling for age. For these
secondary analyses, confidence intervals were calculated
with 5000 bootstrapping iterations. All statistical tests
were conducted using IBM SPSS v. 24.

Results

Neuroimaging and clinical data from the three groups
of c-AN (n=20), wr-AN (n=16), and healthy controls
(n=18) were analyzed. All participants were female, and
the study groups did not differ in age. Descriptive and
comparative statistics (where applicable) of age, BMI,
EDE-Q, AN duration and age of onset are presented in
Table 1.

Between-group comparison of ROl volumes
Consistent with the existing literature, reduced subcorti-
cal volume was observed in each AN group compared to
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the healthy controls, however, these differences in ROI
volume did not survive correction for multiple compari-
sons. See Additional file 1 for details.

Voxel-wise QSM comparison
Voxel-wise analysis to compare QSM in the whole brain
did not reveal any differences between groups.

ROI-based comparison of QSM between groups
ROI-based comparison of QSM did not reveal any dif-
ferences in the examined ROIs across groups. Detailed
statistics and data visualization for the between-group
comparison of QSM values are provided in Table 2 and
Fig. 1.

Correlation between clinical indices and QSM
The results of correlation tests between clinical indices
and QSM in the ROIs are detailed in Table 3. In these
exploratory tests, correction for multiple comparisons
has not been conducted and 95% confidence intervals
(95% CI) are reported in lieu of p values to avoid misin-
terpretation. 95% CI ranges that do not contain the neu-
tral value (zero) are considered statistically meaningful.
Among the three participant groups, we observed
meaningful correlations only in the c-AN group. Lower
BMI correlated with higher QSM in the left hippocam-
pus [r=—-36, 95% CI (—0.62, —0.08)] and left amygdala
[r=-0.32,95% CI (- 0.57, —0.01)]; higher EDE-Q scores,
indicative of higher illness severity, correlated with
higher QSM in the left amygdala [r=0.58, 95% CI (0.11,
0.82)]; longer duration of illness correlated with higher
QSM in the left thalamus [r=0.46, 95% CI (0.2, 0.75)]
and left hippocampus [r=031, 95% CI0, 0.73)]; younger
age of onset correlated with higher QSM in the left thala-
mus [r=-0.41, 95% CI (—0.77, —0.14)] and bilateral hip-
pocampus [left: r=-0.39, 95% CI (—0.82, —0.13), right:
r=—0.5, 95% CI (—0.89, —0.19)]. In the wr-AN and
healthy control groups, 95% CI for all correlation tests
contained both positive and negative values.

Table 1 Descriptive and comparative statistics of demographic and clinical characteristics of participants

c-AN wr-AN Control p value (c-AN vs. p value (wr-ANvs.  pvalue (c-AN
control) control) vs. wr-AN)
Age (SD) years 233 (44) 227 (4.) 234(3.8) 094 06 067
BMI (SD) 16.7 (1.5) 224 (3) 232(3.2) <0.001 <0.001 <0.001
EDE-Q (SD) 39(1.2) 26(1.9) 0.7 (0.7) <0.001 <0.001 003
Age of AN onset (SD) (years) 16 (3.1) 14.3 (2.6) - - - 0.08
Duration of AN (SD) (years) 6.6 (54) 47 (4.1) - - - 0.26
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Table 2 Between-group comparison of QSM controlled for age

QsSM Mean (SD) QSM, ppb Three-way c-AN versus control wr-AN versus control  c-AN versus wr-AN
ANCOVA  post-hoc post-hoc post-hoc

ROIs c-AN wr-AN Control p p Effect size (n,%) p Effect size (n,%) p Effect size (n,%)
Left putamen 176(7.1)  143(64) 175(5) 024 089 0.00 0.19 0.06 016 0.06

Right putamen 17.1(5.5) 14(5.1) 16(5.4) 0.24 043 0.02 036 0.03 011 0.08

Left caudate 228(59) 21.1(6) 213(52) 062 036 002 092 0.00 046 002

Right caudate 226(6.2) 21.1(7) 217(.2) 077 060 0.01 0.88 0.0 051 001

Left NAC 7 (4.8) 76(3.7) 57(4.9) 0.36 097 0.00 020 0.06 0.19  0.05

Right NAc 8(6.7) 93(3.1) 81(6.7) 0.69 045 002 055  0.01 0.74 0.0

Left thalamus 2024 15(25) 1(23) 0.27 011 0.07 043 0.02 047 0.02

Right thalamus 4 (2.6) 16(1.7) 1228 0.22 033 003 049 001 005 0.11

Left hippocampus —35@B.1) =242 -290.7) 043 042 002 056 0.01 023 004

Right hippocampus ~ —3.1(24) -24(24) -24(2.7) 060 035 003 0.86 0.00 047 002

Left amygdala -92(31) -9332 -90) 097 083 0.00 083 0.00 099 0.00

Right amygdala -82(3.1) -82(37) -82(36) 1.00 099 0.00 096 0.00 094 0.00

np2= partial eta squared, NAc=nucleus accumbens
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Fig. 1 Raincloud plots of ROl QSM values across groups. In the box and whisker plots, boxes show the interquartile range and the line inside each
box indicates the median value; the left and right whiskers show the lower and upper adjacent datapoints respectively
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Table 3 Partial correlations between mean ROl QSM and clinical measures controlled for age with 5000 permutations
Clinical measure ROIs c-AN wr-AN Control
r 95% ClI r 95% ClI r 95% ClI
BMI Left putamen 0.01 (—0.38,0.44) 0.05 (—0.57,041) 0.24 (—0.24,0.66)
Right putamen -0.14 (=0.51,0.31) 0.03 (—0.61,045) 033 (—0.34,0.69)
Left caudate -0.07 (—=041,0.28) -0.06 (—047,0.24) 032 (=0.13,0.68)
Right caudate -0.21 (=06,022) -0.002 (-0.38,0.28) 0.32 (=0.04,0.69)
Left NAc 0.12 (=0.27,049) -0.03 (=0.51,03) -0.15 (=0.75,045)
Right NAc 0.08 (=0.29,0.44) -0.11 (—0.58,0.21) -0.08 (=0.57,045)
Left thalamus 0.19 (=0.21,0.54) -0.34 (=0.77,0.57) -0.10 (-0.62,047)
Right thalamus 0.02 (-0.31,0.39) -0.29 (—0.68,0.16) 0.14 (=0.27,0.57)
Left hippocampus -0.36 (-=0.62,—-0.08) -0.39 (=0.75,0.14) —0.006 (—0.58,0.54)
Right hippocampus -037 (=0.74,0.13) -05 (—0.85,0.03) 0.2 (=0.27,0.71)
Left amygdala -0.32 (=0.57,-0.01) -04 (=0.79,0.74) -0.21 (=0.55,0.2)
Right amygdala -0.29 (=0.63,0.06) 0.02 (—0.42,0.68) 0.06 (-0.32,052)
EDEQ Left putamen —-0.03 (=0.51,0.46) -03 (-0.69,0.17)
Right putamen -0.03 (=0.52,0.48) -0.2 (—0.68,0.24)
Left caudate 0.05 (—0.44,047) -043 (—0.78,0.17)
Right caudate -0.11 (=0.53,0.39) -0.29 (=0.72,0.2)
Left NAc -0.18 (=0.63,0.29) -035 (=0.7,0.25)
Right NAc -0.31 (=0.72,0.18) 0.13 (=042,0.6)
Left thalamus -0.09 (=045,0.22) 0.02 (—=0.55,0.58)
Right thalamus -0.21 (=0.53,0.17) 033 (—0.28,0.8)
Left hippocampus —-0.02 (—041,0471) —0.46 (—0.8,0.05)
Right hippocampus —-0.02 (=043, 0.46) —-0.33 (=0.75,0.14)
Left amygdala 0.58 (0.11,0.82) -04 (-0.78,0.13)
Right amygdala 0.31 (=0.25,0.67) -0.23 (=0.67,0.34)
AN age of onset Left putamen 0.06 (=045,0.52) -033 (-=0.75,0.2)
Right putamen -0.15 (=0.62,0471) -0.23 (—=0.66,0.29)
Left caudate -0.03 (=0.59,0.39) —044 (—=0.79,0.31)
Right caudate -0.07 (—0.53,0.38) -0.35 (=0.71,0.27)
Left NAc 0.09 (—0.44,0.5) -03 (=0.71,0.53)
Right NAc =01 (=0.63,0.3) -0.04 (-0.68,0.62)
Left thalamus -041 (=0.77,-0.14) 0.22 (—043,0.698)
Right thalamus -0.1 (-0.59,0.28) 0.27 (-0.36,0.77)
Left hippocampus -0.39 (-0.82,—0.13) -0.15 (—=0.62,0.38)
Right hippocampus -05 (—0.89,—-0.19) —-0.28 (—0.68,0.39)
Left amygdala 0.1 (-0.38,0.52) —0.06 (—0.65,0.46)
Right amygdala 0.002 (—046,03) -0.27 (—0.67,04)
Duration of AN Left putamen -0.13 (-0.54,0.32) 0.52 (—-0.14,0.77)
Right putamen 0.04 (-048,0.53) 0.51 (=0.17,0.74)
Left caudate -0.01 (—043,047) 045 (=0.1,0.8)
Right caudate 0.09 (—0.34,0.64) 0.39 (—0.28,0.89)
Left NAc -0.17 (—0.58,0.31) 0.36 (—0.54,0.71)
Right NAc 0.22 (=0.2,0.66) 0.03 (—0.46,0.74)
Left thalamus 046 (0.2,0.75) —-0.08 (—=0.57,0.46)
Right thalamus 0.06 (-0.32,0571) 0.03 (-061,051)
Left hippocampus 031 (0,0.73) 0.06 (-0.5,0.56)
Right hippocampus 0.24 (-0.33,0.8) 0.27 (—=0.21,0.74)
Left amygdala -0.22 (=0.57,0.25) —0.05 (—047,048)
Right amygdala —-0.02 (=0.37,0.51) 0.01 (—0.63,0.56)

No adjustment for multiple comparison was performed for these exploratory tests
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Discussion

In the first study of its kind, we used QSM to investigate
brain iron alterations in individuals with AN. The ROIs
selected as the primary focus of this study were the puta-
men, caudate nucleus, nucleus accumbens, thalamus,
hippocampus and amygdala. Compared to healthy con-
trols, ROI volumes were lower in the right putamen and
right thalamus in c-AN, and in the right caudate nucleus,
left nucleus accumbens and left thalamus in wr-AN.
Although these between-group comparisons did not sur-
vive statistical correction for multiple comparisons, our
observed effect sizes for the comparison between AN
and control groups are comparable [18] with a recent,
large-scale ENIGMA consortium study [38]. In the QSM
comparisons, neither the whole-brain voxel-wise analy-
sis, nor the ROI-based comparison revealed any differ-
ences between AN and control groups. This finding does
not support our hypothesis and indicates no alteration in
brain iron content in either the acute emaciation phase
or the weight-restored stage of AN. Importantly, the
effect sizes for the difference in QSM between AN groups
and healthy controls were predominantly small (par-
tial Eta squared <0.03), and smaller than the effect sizes
observed for the comparison of ROI volumes in this same
population. Therefore, our data suggests that a direct
impact of AN on brain iron is unlikely. The results of our
exploratory correlational analyses, however, may impli-
cate a secondary or mediatory link between iron and the
neurobiology of AN.

Our exploratory analyses examined the association
between regional brain iron content and clinical indices
in each AN group. These correlations were statistically
meaningful only in the c-AN group. More severe phe-
notypes, in both EDE-Q and BMI, were associated with
higher iron in the left hippocampus and left amygdala.
Furthermore, longer duration of AN and younger age of
onset were both associated with higher iron content in
the left thalamus and left hippocampus. These findings
collectively suggest a link between longer course and
higher severity of AN with an increased regional brain
iron content and point to a potential longitudinal accu-
mulation of iron over the course of AN. These results are
inconsistent with the expectation that the progression of
AN would be associated with poorer nutrition and hence
produce iron deficiency.

The effect of AN on the brain is multifactorial and
mediated by an interaction of cell dehydration, micro-/
macronutrient deficiencies, neural cell loss, and biologi-
cal processes relevant to hormonal changes (discussed in
detail in [17]). These variables can also affect brain iron
[10]. As reported in neurodegenerative diseases, excess
iron generates oxidative stress and leads to neurotoxic-
ity [23]. Thus, a possible longitudinal and progressive

Page 7 of 10

accumulation of iron may play a role in the volume loss
observed in AN brains. Since a neurotoxic effect from
iron would be mediated by oxidative stress, the concur-
rent use of QSM and magnetic resonance spectroscopy
(MRS), which allows for examining oxidative stress, can
provide valuable insights into whether brain iron accu-
mulation in AN would be associated with greater oxida-
tive stress and therefore neurotoxicity.

Our findings cannot inform on the causality of the
relationship between AN and brain iron. However, the
presence of such correlations only in the c-AN (and not
the wr-AN) group suggests that the association between
brain iron and these clinical indices may be partially
mediated by the effect of body weight and calorie intake.
Further, considering the evidence of increased levels
of the iron regulatory proteins, ferritin and hepcidin
responsible for promoting the storage of iron in the tis-
sues [26], these observed correlations could be explained
by an increased ferritin-bound iron deposition in the
brain. Longitudinal studies examining brain iron during
current and weight-restored phases of AN would provide
a clearer picture of such associations.

The present study has certain limitations. One, is the
relatively small sample size which limits the statistical
power for detection of small effect sizes. Another short-
coming was the lack of concurrent serum iron measure-
ment to assess for the systemic iron status in our study
population. The availability of serum iron indices would
allow for the evaluation of brain iron while account-
ing for (and examining its potential link with) systemic
indices such as serum iron, ferritin, and hepcidin lev-
els. The third limitation was that in our study, the c-AN
and wr-AN groups were separate cohorts, rather than a
repeat assessment of the c-AN after recovery. A longi-
tudinal design with multiple brain imaging through the
course of AN from acute weight loss and nutrient/energy
deficiency to weight restoration and re-establishment of
the energy balance would allow for more accurate inves-
tigation of the association between AN and brain iron
and minimize the confounding effect of individual vari-
ations. Finally, nutrition diary was not obtained in our
study. The availability of such information would allow
for the evaluation of the link between dietary iron and
brain iron content.

Conclusion

The present study provides a preliminary investigation
of brain iron in AN. While no difference was observed
in brain iron among groups, regional iron content corre-
lated with a number of clinical indices in AN, especially
BMI Our findings warrant further studies that would
provide a more comprehensive understanding of brain
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iron dysregulation in AN and how pathophysiological
brain differences are involved in the disorder.

Abbreviations

AN Anorexia nervosa

ANTs Advanced Normalization Tools software package

BMI Body mass index

c-AN Current anorexia nervosa

EDE-Q Eating Disorder Examination Questionnaire

ERIS Enterprise Research Infrastructure and Services

eTlv Estimated total intracranial volume

FMRIB Functional magnetic resonance imaging of the brain centre
FWER Family-Wise Error Rate

GRE Gradient recalled echo

MABS Multi-Atlas Brain Segmentation

MINI Mini International Neuropsychiatric Interview

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

Qsm Quantitative susceptibility mapping

QSMART  Quantitative susceptibility mapping artifact reduction technique
ROI Region of interest

TFCE Threshold-Free Cluster Enhancement

wr-AN Weight-restored anorexia nervosa

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540337-023-00870-4.

Additional file 1. Detailed statistal and graphic report on the volumetric
comparison of ROIs across groups.

Acknowledgements

The authors would like to thank all participants who took the time to
participate in the study. This research was supported by the St Vincent's
Hospital Research Endowment Fund and the Barbara Dicker Brain Sciences
Foundation. A.P. was supported by a National Health and Medical Research
Council (NHMRQ) Project Grant (CIA: GNT1159953). S.L.R. holds an NHMRC
Senior Research Fellowship (GNT1154651). C.P. was supported by an NHMRC
L3 Investigator Grant (1196508) and NHMRC Program Grant (ID: 1150083).
AlB.is supported by a NHMRC L3 Investigator Grant (1194028).V.L.C.is
supported by a NHMRC Investigator Grant (1177370) and a University of
Melbourne Dame Kate Campbell Fellowship. N.M. is supported by National
Institute of Health (NIH) Grants: ROTMH125860, ROTMH112748, ROTMH111917,
K24MH116366, ROTAG042512, R21DA042271. AE.L. is supported by NIH grants
NIMH 1KOTMH115247-01A1 and 1K24MH110807-01A1, a Brain and Behavior
Research Foundation Young Investigator Award and a Brigham and Women's
Department of Psychiatry Internal Funding Award. RJ.R. is supported by NIMH
grant ROTMH112748. M.ES. is supported by NIH grant 5 UOTMH109977.

Author contributions

AP, and SLR made substantial contribution to study conception and data
acquisition. PR, RJR, NM, WTS processed neuroimaging data. PR, AEL, VC,

PD, DV, MES, AIB, SLR, CP, and AP provided substantial contribution to the
interpretation of data. PR, AEL, RJR, MES, AIB, SLR, CP, and AP drafted the
manuscript or substantially revised it. All authors have read and approved the
final manuscript.

Funding
This research was supported by the St Vincent's Hospital Research Endow-
ment Fund and the Barbara Dicker Brain Sciences Foundation.

Availability of data and materials

The datasets that support the findings of this study consist of individuals'
neuroimaging data, which are not publicly available per the conditions of our
Human Research Ethics Committee approval. Anonymized neuroimaging data
and extracted metrics generated from processed data, however, will be made
available upon request and a data sharing agreement.

Page 8 of 10

Declarations

Ethics approval and consent to participate

This study was granted ethics approval by the Human Research Ethics Com-
mittee (HREC) at The Melbourne Clinic (TMC REC 263), and expedited ethics
approval from Swinburne’'s Human Research Ethics Committee (SUHREC
2016/152). Written informed consent was obtained from all participants.

Competing interests

A.lB.is a shareholder in Alterity Ltd, Cogstate Ltd and Mesoblast Ltd. He is a
paid consultant for, and has a profit share interest in, Collaborative Medicinal
Development Pty Ltd.

Author details

"Melbourne Neuropsychiatry Centre, Department of Psychiatry, The University
of Melbourne and Royal Melbourne Hospital, Level 3, Alan Gilbert Building,
161 Barry ST, Carlton South, VIC 3053, Australia. 2Psychiatry Neuroimaging
Laboratory, Brigham and Women’s Hospital and Harvard Medical School,
Boston, MA, USA. *Center for Morphometric Analysis (CMA), Massachusetts
General Hospital, Charlestown, MA, USA. “Department of Anatomy and Neuro-
biology, Boston University School of Medicine, Boston, MA, USA. 5Departmem
of Psychiatry, Brigham and Women’s Hospital, Harvard Medical School, Boston,
MA, USA. 6Departmen‘[ of Psychiatry, Massachusetts General Hospital, Harvard
Medical School, Boston, MA, USA. ’ Department of Radiology, Royal Melbourne
Hospital, University of Melbourne, Parkville, VIC, Australia. 8Neuropsychiaf

try, The Royal Melbourne Hospital, Parkville, VIC, Australia. “Department

of Radiology, Brigham and Women'’s Hospital, and Harvard Medical School,
Boston, MA, USA. '°Melbourne Dementia Research Centre, The Florey Institute
of Neuroscience and Mental Health, The University of Melbourne, Parkville, VIC,
Australia. ''Centre for Mental Health and Brain Sciences, Swinburne University,
Hawthorn, VIC, Australia. 12Departmem of Mental Health, St Vincent's Hospital,
Melbourne, VIC, Australia. *The Florey Institute of Neuroscience and Men-

tal Health, The University of Melbourne, Parkville, VIC, Australia. MOrygen,
Melbourne, Australia. '>Centre for Youth Mental Health, The University

of Melbourne, Melbourne, Australia. 16Department of Psychological Sciences,
Swinburne University of Technology, Melbourne, Australia. '’ Department

of Mental Health, Austin Health, Melbourne, Australia.

Received: 3 June 2023 Accepted: 14 August 2023
Published online: 21 August 2023

References

1. AlfanoV, Mele G, Cotugno A, Longarzo M. Multimodal neuroimaging in
anorexia nervosa. J Neurosci Res. 2020;98:2178-207. https://doi.org/10.
1002/jnr.24674.

2. Arcelus J, Mitchell AJ, Wales J, Nielsen S. Mortality rates in patients with
anorexia nervosa and other eating disorders: a meta-analysis of 36 stud-
ies. Arch Gen Psychiatry. 2011,68:724-31. https://doi.org/10.1001/archg
enpsychiatry.2011.74.

3. Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible
evaluation of ANTs similarity metric performance in brain image registra-
tion. Neuroimage. 2011;54:2033-44. https://doi.org/10.1016/j.neuro
image.2010.09.025.

4. Ayton S, Fazlollahi A, Bourgeat P, Raniga P, Ng A, Lim YY, Diouf |, Farqu-
harson S, Fripp J, Ames D, Doecke J, Desmond P, Ordidge R, Masters CL,
Rowe CC, Maruff P, Villemagne VL, Salvado O, Bush Al. Cerebral quantita-
tive susceptibility mapping predicts amyloid-beta-related cognitive
decline. Brain J Neurol. 2017;140:2112-9. https://doi.org/10.1093/brain/
awx137.

5. Berthou C, lliou JP, Barba D. Iron, neuro-bioavailability and depression.
eJHaem. 2022;3:263-75. https://doi.org/10.1002/jha2.321.

6. Boto J, Askin NC, Regnaud A, Kober T, Gkinis G, Lazeyras F, Lovblad K-O,
Vargas MI. Cerebral gray and white matter involvement in anorexia
nervosa evaluated by T1, T2, and T2* mapping. J Neuroimaging.
2019;29:598-604. https://doi.org/10.1111/jon.12647.

7. Connor JR, Menzies SL. Relationship of iron to oligodendrocytes and
myelination. Glia. 1996;17:83-93. https://doi.org/10.1002/(SICl)1098-
1136(199606)17:2%3c83::AID-GLIA19%3e3.0.CO;2-7.


https://doi.org/10.1186/s40337-023-00870-4
https://doi.org/10.1186/s40337-023-00870-4
https://doi.org/10.1002/jnr.24674
https://doi.org/10.1002/jnr.24674
https://doi.org/10.1001/archgenpsychiatry.2011.74
https://doi.org/10.1001/archgenpsychiatry.2011.74
https://doi.org/10.1016/j.neuroimage.2010.09.025
https://doi.org/10.1016/j.neuroimage.2010.09.025
https://doi.org/10.1093/brain/awx137
https://doi.org/10.1093/brain/awx137
https://doi.org/10.1002/jha2.321
https://doi.org/10.1111/jon.12647
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2%3c83::AID-GLIA1%3e3.0.CO;2-7
https://doi.org/10.1002/(SICI)1098-1136(199606)17:2%3c83::AID-GLIA1%3e3.0.CO;2-7

Ravanfar et al. Journal of Eating Disorders

20.

21.

22.

23.

24.

(2023) 11:142

De Filippo E, Marra M, Alfinito F, Di Guglielmo ML, Majorano P, Cerciello

G, De Caprio C, Contaldo F, Pasanisi F. Hematological complications in
anorexia nervosa. Eur J Clin Nutr. 2016;70:1305-8. https://doi.org/10.
1038/€jcn.2016.115.

Duyn JH, Schenck J. Contributions to magnetic susceptibility of brain
tissue, NMR in biomedicine. NIH Public Access. 2017. https://doi.org/10.
1002/nbm.3546.

Ferreira A, Neves P, Gozzelino R. Multilevel impacts of iron in the brain: the
cross talk between neurophysiological mechanisms, cognition, and social
behavior. Pharmaceuticals (Basel). 2019;12:126. https://doi.org/10.3390/
ph12030126.

. Gianni AD, De Donatis D, Valente S, De Ronchi D, Atti AR. Eating disorders:

do PET and SPECT have a role? A systematic review of the literature. Psy-
chiatry Res Neuroimaging. 2020;300:1110065. https://doi.org/10.1016/j.
pscychresns.2020.111065.

Hametner S, Endmayr V, Deistung A, Palmrich P, Prihoda M, Haimburger
E, Menard C, Feng X, Haider T, Leisser M, Kéck U, Kaider A, Hoftberger R,
Robinson S, Reichenbach JR, Lassmann H, Traxler H, Trattnig S, Grabner
G.The influence of brain iron and myelin on magnetic susceptibility and
effective transverse relaxation—a biochemical and histological validation
study. Neuroimage. 2018;179:117-33. https://doi.org/10.1016/j.neuro
image.2018.06.007.

Hurley MM, Murlanova K, Macias LK, Sabir Al, O'Brien SC, Bhasin H,
Tamashiro KL, Pletnikov MV, Moran TH. Activity-based anorexia disrupts
systemic oxidative state and induces cortical mitochondrial fission in
adolescent female rats. Int J Eat Disord. 2021;54:639-45. https://doi.org/
10.1002/eat.23453.

Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. FSL.
Neuroimage. 2012;62:782-90. https://doi.org/10.1016/j.neuroimage.2011.
09.015.

Kappou K, Ntougia M, Kourtesi A, Panagouli E, Vlachopapadopoulou

E, Michalacos S, Gonidakis F, Mastorakos G, Psaltopoulou T, Tsolia M,
Bacopoulou F, Sergentanis TN, Tsitsika A. Neuroimaging findings in
adolescents and young adults with anorexia nervosa: a systematic review.
Children. 2021;8:137. https://doi.org/10.3390/children8020137.

Kennedy A, Kohn M, Lammi A, Clarke S. Iron status and haematological
changes in adolescent female inpatients with anorexia nervosa. J Paediatr
Child Health. 2004;40:430-2. https://doi.org/10.1111/j.1440-1754.2004.
00432.x.

King JA, Frank GKW, Thompson PM, Ehrlich S. Structural neuroimaging of
anorexia nervosa: future directions in the quest for mechanisms underly-
ing dynamic alterations. Biol Psychiatry. 2018;83:224-34. https://doi.org/
10.1016/j.biopsych.2017.08.011.

Lakens D. Calculating and reporting effect sizes to facilitate cumula-

tive science: a practical primer for t-tests and ANOVAs. Front Psychol.
2013;4:863.

Langkammer C, Schweser F, Krebs N, Deistung A, Goessler W, Scheurer E,
Sommer K, Reishofer G, Yen K, Fazekas F, Ropele S, Reichenbach JR. Quan-
titative susceptibility mapping (QSM) as a means to measure brain iron?
A post mortem validation study. Neuroimage. 2012,62:1593-9. https.//
doi.org/10.1016/j.neuroimage.2012.05.049.

LiW, Wu B, Liu C. Quantitative susceptibility mapping of human

brain reflects spatial variation in tissue composition. Neuroimage.
2011,55:1645-56. https://doi.org/10.1016/j.neuroimage.2010.11.088.
Lindfors C, Nilsson IAK, Garcia-Roves PM, Zuberi AR, Karimi M, Donahue
LR, Roopenian DC, Mulder J, Uhlén M, Ekstrom TJ, Davisson MT, Hokfelt
TGM, Schalling M, Johansen JE. Hypothalamic mitochondrial dysfunc-
tion associated with anorexia in the anx/anx mouse. Proc Natl Acad Sci.
2011;108:18108-13. https://doi.org/10.1073/pnas.1114863108.

Markova V, Holm C, Pinborg AB, Thomsen LL, Moos T. Impairment of the
developing human brain in iron deficiency: correlations to findings in
experimental animals and prospects for early intervention therapy. Phar-
maceuticals (Basel). 2019;12:120. https://doi.org/10.3390/ph12030120.
Masaldan S, Bush Al, Devos D, Rolland AS, Moreau C. Striking while the
iron is hot: iron metabolism and ferroptosis in neurodegeneration. Free
Radic Biol Med. 2019;133:221-33. https://doi.org/10.1016/j freeradbio
med.2018.09.033.

Meneguzzo P, Collantoni E, Solmi M, Tenconi E, Favaro A. Anorexia ner-
vosa and diffusion weighted imaging: an open methodological question
raised by a systematic review and a fractional anisotropy anatomical

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

Page 9 of 10

likelihood estimation meta-analysis. Int J Eat Disord. 2019;52:1237-50.
https://doi.org/10.1002/eat.23160.

Ng A, Johnston L, Chen Z, Cho Z-H, Zhang J, Egan G. Spatially depend-
ent filtering for removing phase distortions at the cortical surface. Magn
Reson Med. 2011;66:784-93. https://doi.org/10.1002/mrm.22825.
Papillard-Marechal S, Sznajder M, Hurtado-Nedelec M, Alibay Y, Martin-
Schmitt C, Dehoux M, Westerman M, Beaumont C, Chevallier B, Puy H,
Stheneur C. Iron metabolism in patients with anorexia nervosa: elevated
serum hepcidin concentrations in the absence of inflammation. Am J
Clin Nutr. 2012;95:548-54. https://doi.org/10.3945/ajcn.111.025817.
Pappaianni E, Borsarini B, Doucet GE, Hochman A, Frangou S, Micali

N. Initial evidence of abnormal brain plasticity in anorexia nervosa: an
ultra-high field study. Sci Rep. 2022;12:2589. https://doi.org/10.1038/
$41598-022-06113-x.

Paul BT, Manz DH, Torti FM, Torti SV. Mitochondria and iron: current ques-
tions. Expert Rev Hematol. 2017;10:65-79. https://doi.org/10.1080/17474
086.2016.1268047.

Phillipou A, Abel LA, Castle DJ, Hughes ME, Nibbs RG, Gurvich C, Rossell
SL. Resting state functional connectivity in anorexia nervosa. Psychiatry
Res Neuroimaging. 2016;251:45-52. https://doi.org/10.1016/j.pscyc
hresns.2016.04.008.

Phillipou A, Carruthers SP, Di Biase MA, Zalesky A, Abel LA, Castle DJ,
Gurvich C, Rossell SL. White matter microstructure in anorexia nervosa.
Hum Brain Mapp. 2018;39:4385-92. https://doi.org/10.1002/hbm.24279.
Phillipou A, Rossell SL, Castle DJ. Anorexia nervosa or starvation? Eur J
Neurosci. 2018;48:3317-8. https://doi.org/10.1111/ejn.14158.

Phillipou A, Rossell SL, Castle DJ. The neurobiology of anorexia nervosa: a
systematic review. Aust N Z J Psychiatry. 2014;48:128-52. https://doi.org/
10.1177/0004867413509693.

Phillipou A, Rossell SL, Gurvich C, Castle DJ, Abel LA, Nibbs RG, Hughes
ME. Differences in regional grey matter volumes in currently ill patients
with anorexia nervosa. Eur J Neurosci. 2018;47:177-83. https://doi.org/10.
1111/ejn.13793.

Ravanfar P, Loi SM, Syeda W, Van Rheenen TE, Bush Al, Desmond P, Crop-
ley V, Lane DJR, Opazo CM, Moffat B, Velakoulis D, Pantelis C. Systematic
review; quantitative susceptibility mapping (QSM) of brain iron profile

in neurodegenerative diseases. Front Neurosci. 2021. https://doi.org/10.
3389/fnins.2021.618435.

Shah HE, Bhawnani N, Ethirajulu A, Alkasabera A, Onyali CB, Anim-
Koranteng C, Mostafa JA. Iron deficiency-induced changes in the
hippocampus, corpus striatum, and monoamines levels that lead to
anxiety, depression, sleep disorders, and psychotic disorders. Cureus.
2021;13:e18138. https://doi.org/10.7759/cureus.18138.

Smith SM, Nichols TE. Threshold-free cluster enhancement: address-

ing problems of smoothing, threshold dependence and localisation in
cluster inference. Neuroimage. 2009;44:83-98. https://doi.org/10.1016/j.
neuroimage.2008.03.061.

Travis KE, Golden NH, Feldman HM, Solomon M, Nguyen J, Mezer A, Yeat-
man JD, Dougherty RF. Abnormal white matter properties in adolescent
girls with anorexia nervosa. Neurolmage Clin. 2015,9:648-59. https://doi.
0rg/10.1016/j.nicl.2015.10.008.

Walton E, Bernardoni F, Batury V-L, Bahnsen K, Lariviére S, Abbate-Daga
G, Andres-Perpifia S, Bang L, Bischoff-Grethe A, Brooks SJ, Campbell IC,
Cascino G, Castro-Fornieles J, Collantoni E, D'Agata F, Dahmen B, Danner
UN, Favaro A, Feusner JD, Frank GK, Friederich H-C, Graner JL, Herpertz-
Dahlmann B, Hess A, Horndasch S, Kaplan AS, Kaufmann L-K, Kaye WH,
Khalsa SS, LaBar KS, Lavagnino L, Lazaro L, Manara R, Miles AE, Milos GF,
Alessio MM, Monteleone P, Mwangi B, O'Daly O, Pariente J, Roesch J,
Schmidt UH, Seitz J, Shott ME, Simon JJ, Smeets PAM, Tamnes CK, Tenconi
E, Thomopoulos SI, van Elburg AA, Voineskos AN, von Polier GG, Wierenga
CE, Zucker NL, Jahanshad N, King JA, Thompson PM, Berner LA, Ehrlich S.
Brain structure in acutely underweight and partially weight-restored indi-
viduals with anorexia nervosa—a coordinated analysis by the ENIGMA
eating disorders working group. Biol Psychiatry. 2022. https://doi.org/10.
1016/j.biopsych.2022.04.022.

Wang Z, Zeng Y-N, Yang P, Jin L-Q, Xiong W-C, Zhu M-Z, Zhang J-Z, He X,
Zhu X-H. Axonal iron transport in the brain modulates anxiety-related
behaviors. Nat Chem Biol. 2019;15:1214-22. https://doi.org/10.1038/
s41589-019-0371-x.


https://doi.org/10.1038/ejcn.2016.115
https://doi.org/10.1038/ejcn.2016.115
https://doi.org/10.1002/nbm.3546
https://doi.org/10.1002/nbm.3546
https://doi.org/10.3390/ph12030126
https://doi.org/10.3390/ph12030126
https://doi.org/10.1016/j.pscychresns.2020.111065
https://doi.org/10.1016/j.pscychresns.2020.111065
https://doi.org/10.1016/j.neuroimage.2018.06.007
https://doi.org/10.1016/j.neuroimage.2018.06.007
https://doi.org/10.1002/eat.23453
https://doi.org/10.1002/eat.23453
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.3390/children8020137
https://doi.org/10.1111/j.1440-1754.2004.00432.x
https://doi.org/10.1111/j.1440-1754.2004.00432.x
https://doi.org/10.1016/j.biopsych.2017.08.011
https://doi.org/10.1016/j.biopsych.2017.08.011
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1016/j.neuroimage.2010.11.088
https://doi.org/10.1073/pnas.1114863108
https://doi.org/10.3390/ph12030120
https://doi.org/10.1016/j.freeradbiomed.2018.09.033
https://doi.org/10.1016/j.freeradbiomed.2018.09.033
https://doi.org/10.1002/eat.23160
https://doi.org/10.1002/mrm.22825
https://doi.org/10.3945/ajcn.111.025817
https://doi.org/10.1038/s41598-022-06113-x
https://doi.org/10.1038/s41598-022-06113-x
https://doi.org/10.1080/17474086.2016.1268047
https://doi.org/10.1080/17474086.2016.1268047
https://doi.org/10.1016/j.pscychresns.2016.04.008
https://doi.org/10.1016/j.pscychresns.2016.04.008
https://doi.org/10.1002/hbm.24279
https://doi.org/10.1111/ejn.14158
https://doi.org/10.1177/0004867413509693
https://doi.org/10.1177/0004867413509693
https://doi.org/10.1111/ejn.13793
https://doi.org/10.1111/ejn.13793
https://doi.org/10.3389/fnins.2021.618435
https://doi.org/10.3389/fnins.2021.618435
https://doi.org/10.7759/cureus.18138
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.nicl.2015.10.008
https://doi.org/10.1016/j.nicl.2015.10.008
https://doi.org/10.1016/j.biopsych.2022.04.022
https://doi.org/10.1016/j.biopsych.2022.04.022
https://doi.org/10.1038/s41589-019-0371-x
https://doi.org/10.1038/s41589-019-0371-x

Ravanfar et al. Journal of Eating Disorders (2023) 11:142 Page 10 of 10

40. Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. Permutation
inference for the general linear model. Neuroimage. 2014;92:381-97.
https://doi.org/10.1016/j.neuroimage.2014.01.060.

41. Wiodarczyk A, Sonakowska L, Kaminiska K, Marchewka A, Wilczek G,
Wilczek P, Student S, Rost-Roszkowska M. The effect of starvation and
re-feeding on mitochondrial potential in the midgut of Neocaridina davidi
(Crustacea, Malacostraca). PLoS ONE. 2017;12:e0173563. https://doi.org/
10.1371/journal.pone.0173563.

42. Yaghmaie N, Syeda WT, Wu C, Zhang Y, Zhang TD, Burrows EL, Brodtmann
A, Moffat BA, Wright DK, Glarin R, Kolbe S, Johnston LA. QSMART: quanti-
tative susceptibility mapping artifact reduction technique. Neuroimage.
2021;231:117701. https://doi.org/10.1016/j.neuroimage.2020.117701.

43. Yao S, ZhongY, XuY, Qin J, Zhang N, Zhu X, Li Y. Quantitative susceptibil-
ity mapping reveals an association between brain iron load and depres-
sion severity. Front Hum Neurosci. 2017;11:1-8. https://doi.org/10.3389/
fnhum.2017.00442.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.1371/journal.pone.0173563
https://doi.org/10.1371/journal.pone.0173563
https://doi.org/10.1016/j.neuroimage.2020.117701
https://doi.org/10.3389/fnhum.2017.00442
https://doi.org/10.3389/fnhum.2017.00442

	Investigation of brain iron in anorexia nervosa, a quantitative susceptibility mapping study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and patient population
	Image acquisition
	Image processing
	T1 structural images
	QSM processing

	Voxel-wise comparison of QSM between groups
	Statistical analysis

	Results
	Between-group comparison of ROI volumes
	Voxel-wise QSM comparison
	ROI-based comparison of QSM between groups
	Correlation between clinical indices and QSM

	Discussion
	Conclusion
	Anchor 23
	Acknowledgements
	References


