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ABSTRACT
BACKGROUND: Iron homeostasis is a critical biological process that may be disrupted in cocaine use disorder
(CUD). In the brain, iron is required for neural processes involved in addiction and can be lethal to cells if unbound,
especially in excess. Moreover, recent studies have implicated elevated brain iron in conditions of prolonged psy-
chostimulant exposure. Thus, the purpose of this study was to examine iron in basal ganglia reward regions of
individuals with CUD using an advanced imaging method called magnetic field correlation (MFC) imaging.
METHODS: MFC imaging was acquired in 19 non-treatment-seeking individuals with CUD and 19 healthy control
individuals (both male and female). Region-of-interest analyses for MFC group differences and within-group
correlations with age and years of cocaine use were conducted in the globus pallidus internal segment (GPi),
globus pallidus external segment, putamen, caudate nucleus, thalamus, and red nucleus.
RESULTS: Individuals with CUD had significantly elevated MFC compared with control individuals within the GPi. In
control individuals, MFC significantly increased with age in the GPi, globus pallidus external segment, putamen, and
caudate nucleus. Conversely, there were no significant MFC within-group correlations in the CUD group.
CONCLUSIONS: Individuals with CUD have excess iron in the GPi, as indexed by MFC, and lack the age-related
gradual iron deposition seen in normal aging. Because the globus pallidus is critical for the transition of goal-
directed behavior to compulsive behavior, significantly elevated iron in the GPi may contribute to the persistence
of CUD. These findings implicate dysregulation of brain iron homeostasis in CUD and support pursuing this new
line of research.

Keywords: Addiction, Brain iron, Cocaine use disorder, Ferroptosis, Magnetic field correlation imaging,
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Psychostimulant dependence is an intransigent health prob-
lem that affects more than 1 billion individuals worldwide (1).
Although psychostimulants comprise both legal substances
(e.g., prescription amphetamine/methylphenidate, nicotine)
and illegal substances (e.g., cocaine, methamphetamine), most
exert their effects similarly through manipulations of mono-
amine neurotransmission (e.g., increase extracellular dopa-
mine by blocking dopamine transporters at striatal terminals)
(2). Cocaine is the most widely used illicit psychostimulant in
the United States, with nearly 1 million Americans meeting
criteria for cocaine use disorder (CUD) (3). Chronic cocaine use
has been associated with downregulation of the striatal
dopaminergic system (4) and aberrant resting-state and cue-
evoked blood oxygen level–dependent signals in cortico-
striatal networks (5,6). As such, CUD is predominantly
regarded as a disease of the brain’s dopaminergic reward
system (7). Despite more than 2 decades of research, however,
CUD and methamphetamine use disorder are the only sub-
stance use disorders without an effective pharmacotherapy
(8,9). The neurobiological mechanisms driving maladaptive
Publish
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changes in CUD are not fully understood and may explain why
effective medication treatments remain elusive (9). One
potential mechanism, and the guiding hypothesis of this study,
is that the intransigence of CUD may be exacerbated by the
confounding effects that chronic cocaine use has on brain iron
homeostasis in the basal ganglia—the stimulus–response
interface of the brain’s reward circuit (10,11).

Iron homeostasis is a critical biological mechanism that has
been underexamined in addiction (12–19). Iron is required for
virtually all basic cellular processes, and it transitions between
two oxidation states for its diverse functions, ferric iron and
ferrous iron (20). Most circulating iron is in the protein-bound
ferric iron form because free iron is lethal to cells, especially
in large concentrations (21). Specifically, free iron acts as a
catalyst in the formation of harmful free radicals from reactive
oxygen species via the Fenton reaction (21,22). Accordingly,
intricate regulatory mechanisms that control iron uptake and
redistribution processes exist on the systemic and cellular
levels to safely sequester iron in a bound form while ensuring
that the iron supply meets the body’s vast demands (23,24).
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Under physiological conditions, the rate of iron movement
across the blood-brain barrier (BBB) into the brain is tightly
controlled and depends on the brain’s iron status and bio-
logical needs (25–28).

Brain iron is required for neural processes implicated in
addiction, including dopamine synthesis and regulation, myelin
metabolism, and blood oxygen transport (29–31). As such,
maintaining iron homeostasis not only is essential for healthy
brain development and aging but also likely affects the
behavioral actions of psychostimulants. For example, low brain
iron impairs dopamine and myelin metabolism (32–35) and has
been associated with developmental delay (36,37), whereas
excess iron causes an iron-dependent form of cell death called
ferroptosis that is prevalent in neurodegenerative diseases
(24,38,39). Moreover, animal studies of iron deficiency found
that reduced dopamine transporters and receptors in the
striatum and ventral striatum (12–14) attenuate the effects of
cocaine (15,17). Conversely, mechanisms that promote brain
iron accumulation, including chronic inflammation (40–45) and
increased BBB permeability (46,47), have been detected in
CUD, suggesting that iron dysregulation is likely present in
cocaine addiction. These observations are in concordance
with recent studies that implicate elevated brain iron within
basal ganglia regions in conditions of prolonged psychosti-
mulant exposure, including prescription amphetamine/
methylphenidate in attention-deficit/hyperactivity disorder and
methamphetamines in vervet monkeys (16,19,48).

As an extension of this prior research, the purpose of this
study was to examine brain iron in the basal ganglia of in-
dividuals with CUD, focusing on regions implicated in the
transition of goal-directed behavior to compulsive behavior
(49,50). While proton transverse relaxation rates are conven-
tionally used to quantify brain iron with magnetic resonance
imaging (MRI), they have limited specificity for iron (51).
Therefore, we used an advanced method called magnetic field
correlation (MFC) imaging (52–54), which quantifies intravoxel
magnetic field inhomogeneities (MFIs) generated by tissue
iron. MFC is independent of dipolar relaxation mechanisms,
thereby improving its specificity for iron (54). The predominant
forms of brain iron are ferritin and hemosiderin iron (55), and
these are distributed in a complex spatial pattern both
macroscopically (56) and microscopically (57–59). In the
applied field of an MRI scanner, ferritin and hemosiderin iron,
which are strongly magnetic (60,61), generate a complex
pattern of MFIs down to cellular length scales. The MFC is thus
a tissue property characterizing the microscopic (i.e., intra-
voxel) distribution of storage iron. Another iron-related physical
property that is independent of dipolar relaxation mechanisms
is the magnetic susceptibility, which can be assessed on a
macroscopic (i.e., intervoxel) level with quantitative suscepti-
bility mapping (QSM) (62,63). As a consequence, MFC and
QSM provide distinct but complementary information, and
both may be reasonably regarded as relative indices of brain
iron, particularly in deep gray matter regions (54,62–64).

Given that the striatum (i.e., putamen [PUT] and caudate
nucleus [CN]) is the primary target of cocaine, and that the
globus pallidus internal segment (GPi) and globus pallidus
external segment (GPe) are the dual output pathways of the
striatum (49,65), we hypothesized that individuals with CUD
will have excess iron levels (as indexed by elevated MFC)
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within these key reward regions of the basal ganglia. While
there exists one prior study of brain iron in CUD using QSM
(19), this is the first MFC imaging study of CUD.

METHODS AND MATERIALS

Participants

A total of 25 non-treatment-seeking cocaine users were
recruited from the community. Of these individuals, 6 were
excluded owing to severe motion artifacts in their neuro-
imaging data. All remaining 19 individuals (79% male) met the
DSM-IV-TR criteria for cocaine dependence and had a positive
urine drug screen for cocaine at the time of assessment (Multi-
Drug Screen Test Dip Card; W.H.P.M. Inc., Irwindale, CA). A
total of 19 age-matched healthy control individuals (58% male)
without a history of drug, nicotine, or alcohol abuse/depen-
dence were also recruited from the community (66). A review of
medical history was conducted for all participants. Diagnosis
of CUD and other psychiatric disorders was determined by the
Mini-International Neuropsychiatric Interview for DSM-IV (67).
The Fagerström Test for Nicotine Dependence (68,69), Beck
Depression Inventory (70), and Alcohol Use Disorders Identi-
fication Test (71) were also administered. For the CUD group,
inclusion required a primary diagnosis of cocaine dependency.

Exclusion criteria consisted of major medical or neurological
illness, lifetime history of a psychotic disorder, history of a
traumatic head injury, and contraindications to MRI. For the
CUD group, individuals were excluded if they met criteria for a
personality disorder or current mood disorder. For control in-
dividuals, a history of DSM-IV-TR diagnoses and reports of
iron deficiency were exclusionary. The study was approved by
the Medical University of South Carolina’s Institutional Review
Board, and written informed consent was obtained from all
participants. Four participants were taking regular medication:
one participant with CUD on citalopram for mild depression,
one participant with CUD on tramadol for headaches, one
control participant on omeprazole for gastroesophageal reflux
disease, and one control participant on meloxicam for rheu-
matoid arthritis. Participants were instructed to not take any
medication or drugs on the scan day. Because all the in-
dividuals with CUD were actively abusing cocaine, they were
further instructed not to use any substances the day before the
MRI visit. On the scan day, drug abstinence for methamphet-
amine, cocaine, opiates, and benzodiazepines was verified by
negative urine drug screen results; one participant with CUD
had a positive urine drug screen for tetrahydrocannabinol.
Cohort demographics are summarized in Table 1.

Image Acquisition and Processing

Participants underwent an MRI brain scan using a 3T Siemens
TIM Trio scanner (Siemens, Erlangen, Germany). Whole-brain
structural T1-weighted magnetization prepared rapid acquisi-
tion gradient-echo images were acquired with the following
parameters: repetition time = 1900 ms, echo time = 2.34 ms,
voxel size = 0.9 3 0.9 3 1.0 mm3, field of view = 220 mm2,
slices = 192, flip angle = 9�, acquisition time = 5 minutes 42
seconds. For MFC estimation, asymmetric spin-echo (ASE)
images were acquired with the segmented echo-planar imaging
approach, which minimizes echo-planar imaging distortion (72):
une 2019; 4:579–588 www.sobp.org/BPCNNI
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Table 1. Demographics

Control Group
(n = 19)

CUD Group
(n = 19)

Group Comparison

t p Value

Age, Years, Mean 6 SD 36.9 6 12.5 41.0 6 9.2 1.16 .252

Age Range, Years 19.2–59.6 21.4–54.6 – –

Gender, Male:Female, n 15:4 11:8 Fisher’s .295

Current Primary Diagnosis: CUD, n 0 19 – –

Years of Cocaine Use, Mean 6 SD 0 19.6 6 9.4 – –

Years of Cocaine Use, Range 0 3–36 – –

Age First Used Cocaine, Years, Mean 6 SD 0 20.8 6 5.2 – –

Age Range First Used Cocaine, Years 0 14–35 – –

Days Since Last Used Cocaine, Mean 6 SD 0 2.6 6 1.1 – –

Days Since Last Used Cocaine, Range 0 1–4 – –

Days Used Cocaine/Last 30 Days, Mean 6 SD 0 10.8 6 6.1 – –

Days Used Cocaine/Last 30 Days, Range 0 1–25 – –

Type: Powdered Cocaine, n 0 10 – –

Type: Crack Cocaine, n 0 6 – –

Type: Powdered Cocaine 1 Crack Cocaine, n 0 3 – –

CUD, cocaine use disorder (dependence, non-treatment-seeking); –, not applicable; t, Student’s t test.
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repetition time = 5550ms, echo time = 40ms, voxel size = 1.73

1.73 1.7 mm3, field of view = 220 mm2, slices = 40, flip angle =
90�, bandwidth = 1346 Hz/pixel, echo-planar imaging factor =
33, refocusing pulse time shifts = 0, 24, and 216 ms, no gaps,
average = 4, acquisition time = 6 minutes 40 seconds. Prior to
MFC calculation, the ASE images were corrected for Gibbs-
ringing artifacts (73) and were motion corrected (see
Supplement). The MFC parametric map was then calculated on
a voxel-by-voxel basis (52,53). Structural scans were screened
by two experienced raters (WHDandVA) for gross abnormalities
and referred to a neuroradiologist when warranted. Images with
incidental findings of clinical significance or severe artifacts
(e.g., blurred images, signal loss) were excluded.

Region-of-Interest Analyses

Region-of-interest (ROI) analyses were conducted on the GPe,
GPi, PUT, CN, and red nucleus (RN) because these brain regions
have the highest concentrations of dopamine and iron (29,56),
are targets of cocaine (74), are implicated in the transition of
goal-directed behavior to compulsive behavior (49,50), and have
been previously studied in CUD (19). The thalamus (THL) was
also examined as a control ROI. To optimize anatomical accu-
racy, automated ROI segmentation was conducted on each
participant’s high-resolution magnetization prepared rapid
acquisition gradient-echo using the FreeSurfer software (http://
surfer.nmr.mgh.harvard.edu). Every participant’s ROIs, 0-shift
ASE image, and MFC map were then normalized (resliced and
resampled) to the Montreal Neurological Institute 152 standard
space (1mm3) using the nonlinear registration algorithm from the
Automatic Registration Toolbox software (75).

The whole GP ROI was manually delineated into the GPe and
GPi by tracing the dividing boundary on each participant’s
normalized 0-shift ASE image. To exclude voxels with partial
volume effects, ROIs were further constrained with a consensus
mask. The PUT, CN, and THL consensus masks were defined
as ROI voxels with 100% overlap among all participants; given
the smaller structures of the GPe and GPi, their consensus
Biological Psychiatry: Cognitive Neuroscience and N
masks were defined by a minimum of 79% overlap (30 of 38, the
most conservative threshold that preserved anatomy). Owing to
the unavailability of automatic RN segmentation, the RN
consensus ROI was drawn on a normalized group average 0-
shift ASE image with its boundary defined well within the clearly
distinguishable anatomical boundary to avoid partial volume
effects. For each participant, anatomical accuracy of the
consensus ROIs was visually verified (Figure 1A) and applied to
the normalized MFC map to extract ROI means.

Statistical Analyses

Statistical analyses were performed with SPSS software
(version 24.0; IBM Corp., Armonk, NY). Data distributions were
tested for normality with the Shapiro-Wilk test. Group compar-
isons were conducted using the two-tailed Student’s t test for
normally distributed measures (Cohen’s d for effect size), the
Mann-Whitney U test for non-normally distributed measures
(rank biserial correlation for effect size), and the Fisher’s exact
test for nominal measures. A sequential Bonferroni-type false
discovery rate (FDR) correction method was conducted to cor-
rect for multiple comparisons where an FDR corrected p value
significance threshold is calculated (76). The FDR approach was
applied over the entire set of p values from each type of analysis
(e.g., between-group comparison). ROI MFC within-group cor-
relations with age and collinearity tests were conducted using
Pearson’s correlation for normally distributed measures and
Spearman’s correlation for non-normally distributed measures,
all two-tailed. In the CUD group, correlations of MFCwith age of
first cocaine use, timing of cocaine use, and MFC partial cor-
relations with years of cocaine use (controlling for age) were
conducted for each ROI.

RESULTS

Demographics and MFC Index of Brain Iron

The two groups did not significantly differ in age or gender
ratio (Table 1). The CUD group had a moderate level of
euroimaging June 2019; 4:579–588 www.sobp.org/BPCNNI 581
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Figure 1. Group differences in magnetic field
correlation (MFC) indices of brain iron between
control individuals and individuals with cocaine use
disorder (CUD). (A) Region-of-interest analyses were
conducted on the globus pallidus external segment
(GPe), globus pallidus internal segment (GPi), puta-
men (PUT), caudate nucleus (CN), thalamus (THL),
and red nucleus (RN). (B) The CUD group had
significantly higher MFC values than the control
group in the GPi (rank biserial correlation = .50,
survived false discovery rate correction) and had a
similar trend in the GPe (rank biserial correlation =
.30). There were no significant group differences or
trends in the PUT, CN, THL, or RN. Standard errors
are shown.
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depressive symptoms (Beck Depression Inventory score:
mean = 11.1, SD = 9.9). In the CUD group, 3 individuals had a
history of posttraumatic stress disorder, 3 individuals had a
previous episode of major depressive disorder (2 of them with
a suicide attempt), 1 individual had a history of panic disorder,
and 1 individual met criteria for generalized anxiety disorder. In
the CUD group, 16 individuals were regular nicotine smokers
(Fagerström score: mean = 2.9, SD = 2.3), 4 individuals met
criteria for alcohol use disorder (Alcohol Use Disorders Iden-
tification Test score: mean = 10.1, SD = 6.5), and 5 individuals
reported marijuana use at least one time per week.

The CUD group had significantly higher MFC values in the
GPi (median = 778 s22, range = 484–1049 s22) than the control
group (median = 559 s22, range = 386–1148 s22). This signif-
icant difference has a large effect size (rank biserial
Table 2. MFC Group Comparisons

MFC (s22)
Control Group

(n = 19), Mean (SD)
CUD Group

(n = 19), Mean (SD)

GPe 796 (264) 903 (246)

GPi 581 (183) 772 (202)

PUT 398 (131) 408 (125)

CN 390 (72) 392 (86)

THL 186 (40) 184 (41)

RN 325 (115) 353 (151)

CN, caudate nucleus; CUD, cocaine use disorder; d, Cohen’s d; GPe, gl
MFC, magnetic field correlation; PUT, putamen; RN, red nucleus; rrb, rank bis
test, exact significance.

aSurvived false discovery rate correction.
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correlation = .50) and survived FDR correction. There was also
a similar trend in the GPe (CUD group: median = 923 s22,
range = 475–1357 s22; control individuals: median = 705 s22,
range = 547–1495 s22) with a medium effect size (rank biserial
correlation = .30), but this group difference did not meet sta-
tistical significance (p , .10). There were no significant group
differences or trends in the PUT, CN, THL, and RN (Table 2 and
Figure 1B). These findings were replicated when age was
controlled as a covariate (Supplemental Table S2).
MFC as a Function of Age and Cocaine Use

In the control group, MFC values significantly increased with
age in the GPe, GPi, PUT, and CN, with a similar trend in the
RN; there was no age correlation in the THL. In the CUD group,
Group Comparison

CUD %
Difference Statistic p Value Effect Size

113.4 U = 123 .096 rrb = .30; Medium

132.9 U = 82 .003a rrb = .50; Large

12.4 t = 20.23 .819 d = .10; Small

10.5 t = 20.08 .935 d = .00; Small

21.2 t = 0.17 .864 d = .10; Small

18.5 t = 20.63 .532 d = .20; Small

obus pallidus external segment; GPi, globus pallidus internal segment;
erial correlation; t, Student’s t-test; THL, thalamus; U, Mann-Whitney U
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MFC values did not correlate with age in any of the ROIs (Table 3
[top] and Figure 2) or with years of cocaine use, even when
controlling for age (Table 3, bottom) or vice versa (p . .05) (not
shown). MFC values also did not correlate with the age that the
individual with CUD first used cocaine in any of the ROIs (Table 3,
bottom) or with the timing of cocaine use (i.e., days since last
used cocaine and days used cocaine in last 30 days; p. .05) (not
shown). All significant findings survived FDR correction.
DISCUSSION

Brain iron homeostasis is a critical biological mechanism that
has been underexamined in CUD, with only one prior study to
date (19). Using MFC imaging to index brain iron, we demon-
strated that individuals with CUD have significantly elevated
MFC values in the GPi (32.9% increase) compared with control
individuals, with a similar trend in the GPe (13.4% increase).
Moreover, unlike in control individuals, there were no signifi-
cant correlations of MFC with age in the CUD group within the
GPi, GPe, PUT, and CN. These MFC data corroborate previous
QSM findings in CUD by Ersche et al. (19) and are consistent
with preclinical work in animals that demonstrates altered
cocaine response with iron dysregulation (12–15,17); detection
of similar aberrant findings using two different advanced iron
MRI methods in two separate cohorts provides strong
concordant evidence of disrupted brain iron homeostasis in
cocaine addiction. Our findings also add to the literature that
supports elevated brain iron levels in conditions of prolonged
psychostimulant exposure (16,48).
Table 3. MFC Within-Group Correlation Analyses

Correlations With Age

MFC (s22)
Control Group

(n = 19), r (p Value)
CUD Group

(n = 19), r (p Value)

GPe rs = .77 (,.001)a 2.19 (.444)

GPi rs = .50 (.029)a 2.09 (.713)

PUT .72 (,.001)a 2.23 (.342)

CN .60 (.006)a 2.11 (.662)

THL .36 (.134) .21 (.378)

RN .40 (.092) .30 (.213)

Correlations With Years of Cocaine Use and Age at First Use of
Cocaine

MFC (s22)

CUD Group (n = 19)

Years of
Cocaine Use,
r (p Value)

Years of Cocaine
Use (Controlling

for Age),b r (p Value)

Age at First Use
of Cocaine,
rs (p Value)

GPe 2.10 (.688) .11 (.663) 2.26 (.286)

GPi 2.10 (.673) 2.05 (.840) .06 (.797)

PUT 2.09 (.706) .19 (.442) 2.33 (.168)

CN 2.12 (.625) 2.06 (.828) 2.84 (.732)

THL .06 (.806) 2.23 (.365) .16 (.505)

RN .43 (.066) .35 (.159) 2.29 (.235)

CN, caudate nucleus; CUD, cocaine use disorder; GPe, globus
pallidus external segment; GPi, globus pallidus internal segment;
MFC, magnetic field correlation; PUT, putamen; r, Pearson’s
correlation; RN, red nucleus; rs, Spearman’s correlation; THL,
thalamus.

aSurvived false discovery rate correction.
bPartial correlations.
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Elevated GP Iron in CUD

The consistency of our elevated MFC findings in the GP with
previous QSM findings in CUD (19) and histology findings in
methamphetamine-exposed monkeys (16) suggests that there
may be regional specificity of elevated iron with psychosti-
mulant abuse. While not evaluated in our study, chronic
inflammation and increased BBB permeability have been
documented in CUD (40–47,77) and are potential mechanisms
promoting elevated GP iron. Inflammation increases BBB
permeability and triggers aberrant molecular cascades that
signal cells to sequester iron regardless of need (24,46,78).
Genetic influences on iron status in CUD may also contribute
to our findings. Studies of patients with inherited neuro-
degeneration with brain iron accumulation disorders have
identified genetic mutations that alter iron-related regulatory
proteins, providing insight into other potential mechanisms
(79,80). Excess iron causes ferroptosis, characterized by
chronic inflammation and cytosolic accumulation of free iron
and lipid hydroperoxides (24,81,82). Although speculative, our
findings suggest that there may be increased risk for neuro-
degeneration in the GPi. It is important to note that the majority
of brain iron is stored as ferric iron in ferritin (55), and so it is
this storage iron pool that likely generates the MFIs detected
by MFC imaging. Nonetheless, ferritin iron is believed to be in
equilibrium with free iron, and so MFC may indirectly reflect
this iron pool as well (51,83,84). Indeed, there is postmortem
evidence of neuronal death associated with chronic cocaine
use in humans, including loss of dopamine neurons (77) and
selective lesions in the GP (85–87).

Specific disruption of GP functioning, via neuro-
degeneration or other unknown iron-related mechanisms
(79,80,88–90), may contribute to the persistence of CUD. As
part of the dual output pathways of the striatum (65), the GPi
and GPe are key regions involved in the transition of goal-
directed behavior to compulsive behavior that is the hallmark
of addiction (11,49,50,91–93). The GPi is part of the direct/go/
prepare pathway associated with executing goal-directed
behaviors (11,94,95) and receives input from executive con-
trol frontal areas via the CN (50). Alternatively, the GPe is part
of the indirect/no-go/selection pathway associated with
exploitation of habitual behavior (11,94,95). Because the
interaction of these pathways determines the time course and
activity profile of the output nuclei (96), functional disruption in
either the GPi or GPe could bias behavior in one direction (97).
Elevated GPi iron in CUD could reflect greater disruption in the
direct/go/prepare pathway, reinforcing bias toward habitual
behavior. This speculation is consistent with studies that
demonstrate obsessive compulsive traits with GPi manipula-
tions or lesions (88–90,98) and may coincide with the executive
control dysfunction observed in CUD (99–101).

Comparable Striatal Iron in CUD and Control
Individuals

Similar to previous QSM findings in CUD (19), there were no
MFC group differences in the striatum, including the nucleus
accumbens (Supplemental Table S1 and Supplemental
Figure S1). This observation was surprising because the
striatum is a primary target of psychostimulants (74). Given
that the brain’s physiological demands for iron are region
euroimaging June 2019; 4:579–588 www.sobp.org/BPCNNI 583
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Figure 2. Magnetic field correlation (MFC) indices of brain iron correlate with age in control individuals but not in individuals with cocaine use disorder (CUD).
In the control group, MFC indices of brain iron significantly increased with age in the globus pallidus external segment (GPe), globus pallidus internal segment
(GPi), putamen (PUT), and caudate nucleus (CN) but not in the thalamus (THL) or red nucleus (RN); there was a trend in the RN. Conversely, in the CUD group,
there were no significant correlations or trends of MFC with age in any of the aforementioned regions. All significant correlations survived false discovery rate
correction.
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dependent (29,56), vulnerability to iron dysregulation in pa-
thology may also vary by region. For example, higher contin-
uous firing rates of pallidal neurons compared with striatal
neurons may differentially affect iron use (102). Indeed, the GP
is known to have the highest physiological levels of brain iron
(56,64,103) and requires specialized mechanisms to sequester
high iron concentrations (104); these features may contribute
to GP vulnerability to iron overload. In contrast, regulation of
lower physiological iron levels in the PUT and CN (56,64,103)
may be less sensitive to disruption. It is also possible that
lower iron levels in the striatum may reduce the MFC’s sensi-
tivity to detect striatal iron. However, this effect would be
minimal given that the sensitivity of MFC to index iron in the
PUT and CN has been demonstrated in healthy individuals (64)
and in individuals with attention-deficit/hyperactivity disorder
(48). Alternatively, our negative cross-sectional findings could
be masking dynamic changes occurring in CUD (105).
Gradual Accumulation of Brain Iron in Normal Aging
Is Altered in CUD

Basal ganglia regions accumulate iron at different rates
throughout normal development and aging (29,56), and they
support various components of cognitive and motor func-
tioning (106–108). Consistent with the well-documented in-
crease of brain iron in healthy aging (56,64,103), MFC values
significantly increased with age in control individuals within the
584 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging J
GPe, GPi, PUT, and CN. The lack of age correlation in the THL
aligns with postmortem studies of normal aging given that THL
iron levels plateau within the examined age range (56). While
the gradual buildup of iron through midlife may be required for
optimal brain function, the point where iron accumulation
contributes to functional decline may mark the start of age-
related cognitive loss (38). For example, in healthy older
adults (65–79 years old), increased striatal iron levels corre-
lated with lower scores on the dementia rating scale and longer
reaction times on a two-choice attention test (107).

Similar to QSM findings in CUD (19), MFC values did not
correlate with age in the CUD group in any ROI, suggesting a
loss of the age-related gradual iron deposition within the GP
and striatum seen in normal aging. Instead, several individuals
with CUD in their 20s had elevated MFC values that are
comparable to the MFC values of control individuals in their
40s. This observation is consistent with histology findings of
young monkeys exposed to methamphetamine with signifi-
cantly elevated GP iron levels comparable to GP iron levels in
control monkeys double their age (16). Although duration of
cocaine use was previously found to correlate with QSM in lieu
of age (19), we were unable to replicate this finding with any of
the self-reported cocaine use measures and there was no
distinct use pattern unique to the younger cocaine users. Thus,
other unexamined mechanisms may be involved, including
inflammation and genetic influences (40–44,47,79,80). None-
theless, whereas the accumulation of brain iron in normal aging
une 2019; 4:579–588 www.sobp.org/BPCNNI
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gradually reaches a level where excess iron may begin to
impede brain function (38), individuals with CUD may reach
detrimental iron levels earlier in life. Indeed, impaired cognitive
functioning and psychomotor acuity are reported in individuals
with CUD spanning all ages (99–101).

Strengths, Limitations, and Future Studies

Given that there is only one existing study of iron homeostasis
in CUD (19), replication of findings is paramount. A strength of
this study is that we were able to corroborate previous QSM
findings using MFC imaging (52–54). As detailed in the intro-
ductory paragraphs, QSM and MFC provide different but
complementary information about the variable characteristics
of iron on the MRI signal. The key distinction between the
methods (62,63) is the length scale of the iron-generated MFIs
that they detect—microscopic (i.e., intravoxel) for MFC imag-
ing and macroscopic (i.e., intervoxel) for QSM. Although both
metrics have improved sensitivity and specificity compared
with conventional relaxation rate methods (51), they remain
techniques under development and are potentially affected by
tissue properties other than iron (52,109). These nuances are
demonstrated by the variable correlations that MFC, QSM, and
the R2* relaxation rate metrics have in control individuals with
putative postmortem iron concentrations in normal aging
(Supplemental Figure S2).

Study limitations are noted. Despite the large effect size of
our findings, the limited sample size may have reduced sta-
tistical power to replicate previous findings of lower RN iron in
CUD and the correlation of GPe iron with duration of cocaine
use (19). Variability in cocaine use recall as well as clinical
differences between studies may also contribute to this
discrepancy. Importantly, because the majority of the CUD
cohort were regular nicotine smokers, our findings are not
specific to cocaine but rather are likely generalizable to psy-
chostimulants that alter dopamine transmission. Moreover,
because 2 control individuals were taking medications that
could alter iron absorption (i.e., omeprazole and meloxicam),
their inclusion may have introduced medication confounds.
However, any potential confounds were not driving the find-
ings given that the original results were replicated when the
two control individuals were excluded (Supplemental
Table S3). The cross-sectional design of this study also pre-
vents causal inferences about the age-related findings as
related to elevated GPi iron in CUD. Lastly, by focusing only on
brain iron, we cannot comment on systemic iron or inflam-
mation status in our cohort.

In conclusion, our findings implicate dysregulation of brain
iron homeostasis in CUD and support further examination of iron
homeostasis in addiction. Future in vivo and postmortem
studies assessing inflammation and ferroptosis markers (81,82)
are needed to confirm whether neuroinflammation and neuro-
degeneration are present. To identify which iron regulatory sig-
nals are disrupted in CUD, studies assessing iron-related
proteins and the genetic influences on iron status are also
required (24,80). In addition, concurrent studies within the cen-
tral nervous system and periphery are needed, particularly
because mild peripheral iron deficiency has been detected in
CUD (19); these studies are especially important for identifying
appropriate iron-related therapeutic strategies (110–112). Lastly,
Biological Psychiatry: Cognitive Neuroscience and N
longitudinal studies are needed to tease out whether dynamic
changes in iron homeostasis occur during different stages of
CUD. For example, examining individuals with variable levels of
cocaine use over time could elucidate whether iron levels fluc-
tuate in the striatum and GP relative to the degree of use,
inflammation, and cognitive functioning. Although much more
work is needed to fully understand the role of iron homeostasis
in the persistence of CUD, our study and the few existing
studies of iron homeostasis in addiction (12–19) are promising
because they may represent a novel avenue of therapy research.
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