Ferritin Levels and Their Association With Regional
Brain Volumes in Tourette’s Syndrome

Daniel A. Gorman, M.D.
Hongtu Zhu, Ph.D.

George M. Anderson, Ph.D.
Mark Davies, M.P.H.

Bradley S. Peterson, M.D.

Objective: A previous small study
showed lower serum ferritin levels in sub-
jects with Tourette’s syndrome than in
healthy subjects. The authors measured
peripheral iron indices in a large group of
Tourette’s syndrome and comparison
subjects and explored associations of fer-
ritin levels with regional brain volumes.

Method: Ferritin was measured in 107
children and adults (63 Tourette’s syn-
drome, 44 comparison); serum iron was
measured in 73 (41 Tourette’s syndrome,
32 comparison). Magnetic resonance im-
aging scans were used to measure vol-
umes of the basal ganglia and cortical
gray matter.

Results: Ferritin and serum iron were sig-
nificantly lower in the Tourette’s syn-
drome subjects, although still within the
normal range. No association was found
between tic severity and either iron index.
In the Tourette’s syndrome subjects, fer-
ritin did not correlate significantly with

caudate volume but did correlate posi-
tively with putamen volume. In the com-
parison subjects, ferritin correlated in-
versely with caudate volume but did not
correlate significantly with putamen vol-
ume. Irrespective of diagnosis, ferritin
correlated positively with volumes of the
sensorimotor, midtemporal, and subgen-
ual cortices.

Conclusions: The lower peripheral fer-
ritin and iron levels in persons with
Tourette’s syndrome are consistent with
findings in other movement disorders
and suggest that lower iron availability
may have a causal role in the pathophysi-
ology of tic disorders. Lower iron stores
may contribute to hypoplasia of the cau-
date and putamen, increasing vulnerabil-
ity to developing tics or to having more
severe tics. Lower iron stores may also
contribute to smaller cortical volumes
and consequently to reduced inhibitory
control of tics.

(Am J Psychiatry 2006; 163:1264-1272)

’]:)urette’s syndrome is a childhood-onset movement
disorder that likely involves anatomical and functional
disturbances of the basal ganglia (1) as well as dysfunction
of the dopaminergic systems (2, 3). A number of move-
ment disorders and other neurological diseases are associ-
ated with alterations in brain iron, particularly in the stria-
tum (4). The distribution of nonheme iron in the brain
parallels that of dopamine (5). Thus, nonheme iron is
highly concentrated in structures of the extrapyramidal
system, with the greatest concentrations located in the
globus pallidus, followed by the red nucleus, substantia
nigra, putamen, and dentate and caudate nuclei. Substan-
tial concentrations of nonheme iron are also present in the
cerebral cortex, particularly the motor cortex (6).

Iron has many biological functions in the brain. It af-
fects the sensitivity of dopamine D, receptors and is also
required for myelination (7). As a component of many en-
zymes, it is involved in oxidation, hydroxylation, and per-
oxidation reactions and can affect the concentration of
neurotransmitters (8). Considerable evidence from both
animal and human studies indicates that iron is important
for normal neurological functioning and development (9).
For example, iron deficiency in newborn rats results in de-
pletion of brain iron that persists after iron supplementa-
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tion and is associated with permanent behavioral deficits
(10). Similarly, children who have severe, chronic iron de-
ficiency in infancy exhibit persistent motor, cognitive, be-
havioral, and emotional impairment more than 10 years
after iron therapy, despite normalization of peripheral
iron status (11). The role of abnormal iron metabolism in
specific neurological diseases is still unclear, and differing
pathophysiological mechanisms for the effects of dis-
turbed iron metabolism likely exist for particular disor-
ders. For example, iron-mediated oxidative injury may be
important in the pathogenesis of Parkinson’s and Alz-
heimer’s diseases, whereas the effects of iron on the
dopaminergic systems have been emphasized in restless
legs syndrome, neuroleptic-induced parkinsonism, and
akathisia (4, 8, 12). Both mechanisms are considered im-
portant in tardive dyskinesia (13).

Because the blood-brain barrier blocks cells in the
brain from exposure to nonheme iron in the plasma, how
well peripheral iron indices correlate with central iron
content is unclear. Moreover, the association of central
with peripheral iron levels appears to be influenced by
multiple factors, including age, iron deficiency, and an-
tipsychotic use (14, 15). Whereas some investigators have
reported that the quantity of nonheme iron in the human
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brain is largely independent of body iron stores (6), iron
deficiency in rats has been shown to decrease nonheme
iron in the brain by more than 40% (16), and a positive
correlation (r=0.6) was found between serum and CSF fer-
ritin in individuals with restless legs syndrome (17). Accu-
mulation of iron in the basal ganglia has also been re-
ported in individuals with hemochromatosis (18, 19),
which is characterized by systemic iron overload, and a
modestly higher level of brain iron was found in a mouse
model for this disease (20).

Although the association of central with peripheral iron
levels remains poorly understood, alterations in periph-
eral iron indices have been reported in a number of move-
ment disorders. In some studies, peripheral ferritin and
iron levels were lower in subjects with restless legs syn-
drome (21, 22), akathisia (12, 13), Parkinson’s disease (23),
and attention deficit hyperactivity disorder (ADHD) (24)
than in healthy comparison subjects, and ferritin level
correlated positively with the severity of tardive dyskinesia
(25). Other studies have shown no significant association
ofiron indices with these disorders (17, 26-30). In general,
however, the most consistent findings of abnormal iron
indices in persons with movement disorders have been re-
ported for serum ferritin.

Ferritin is the most widely used marker of total body
iron stores. It exhibits less variability than does serum iron
(31, 32), and it declines before serum iron when iron stores
are depleted (33). In healthy subjects, ferritin correlates
inversely with total-iron binding capacity (34). In the only
study of peripheral iron indices in Tourette’s syndrome of
which we are aware, serum ferritin, but not serum iron or
transferrin, was lower in 14 subjects with the disorder than
in 14 comparison subjects (35).

We report iron indices in a large group of Tourette’s syn-
drome and comparison subjects recruited to participate
in a variety of studies of childhood neuropsychiatric disor-
ders. The majority of these subjects underwent anatomi-
cal magnetic resonance imaging (MRI) scans with mea-
surement of basal ganglia and regional cortical volumes.
The primary aim of this study was to replicate in a large
subject group our prior finding that blood ferritin is lower
in Tourette’s syndrome subjects than in comparison sub-
jects (35). In addition, we explored whether serum iron
and total-iron binding capacity would differ between the
two diagnostic groups. If group differences were found for
any of the three iron indices, we planned to explore
whether they correlated with tic severity. Finally, we ex-
plored whether volumes of the basal ganglia and cortical
gray matter correlated with ferritin levels.

Method

Subject Recruitment and Characterization

Subjects with Tourette’s syndrome were recruited from the Tic
and Obsessive-Compulsive Disorders Specialty Clinic at the Yale
Child Study Center and through the local chapter of the Tourette
Syndrome Association. Healthy comparison subjects were re-
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cruited from a list of 10,000 names purchased from a telemarket-
ing company. The names were identified by the company as rep-
resenting individuals whose ages were within a specified range
and whose residences were within particular ZIP codes (chosen
to match the ages and ZIP codes for the subjects with Tourette’s
syndrome). Individuals from the list were selected for contact by
using a random number generator. Approximately 10% of the eli-
gible comparison families who were contacted participated. They
received the same diagnostic evaluation as the other subjects.
Written informed consent was obtained from all adult partici-
pants and the parents of all child participants after the study was
completely described to them. Assent was obtained from all child
participants. Families were paid for participation. The institu-
tional review boards at New York State Psychiatric Institute, Co-
lumbia University College of Physicians and Surgeons, and Yale
University School of Medicine approved the study.

The subjects were ages 7-57 years and were predominantly
right-handed. They included individuals with a primary diagno-
sis of Tourette’s syndrome, with or without a lifetime diagnosis of
obsessive-compulsive disorder (OCD) or combined-type ADHD,
and healthy comparison subjects. Neuropsychiatric diagnoses
were established through clinical evaluation and administration
of the Schedule for Tourette and Other Behavioral Syndromes
(36). This is a structured diagnostic interview used extensively in
family studies of Tourette’s syndrome. Two child psychiatrists (in-
cluding B.S.P) used all available clinical and investigational mate-
rials in a best-estimate diagnostic procedure.

The exclusionary criteria for the subjects with Tourette’s syn-
drome included another movement disorder or a major psychi-
atric disorder other than OCD or ADHD that antedated the onset
of tics. The exclusionary criteria for the comparison subjects in-
cluded a current axis I disorder or any history of a tic disorder,
OCD, ADHD, psychotic disturbance, or severe major depression.
Exclusionary criteria for both groups included a history of neuro-
logical illness, any prior seizure, a history of head trauma with
loss of consciousness, a history of pervasive developmental dis-
order, an IQ below 80, ongoing substance abuse, or prior sub-
stance dependence.

Ratings of current and worst-ever severity of tic, OCD, and
ADHD symptoms were obtained by using, respectively, the Yale
Global Tic Severity Scale (37), the adult or child version of the Yale-
Brown Obsessive Compulsive Scale (38), and the DuPaul-Barkely
ADHD Rating Scale (39). Intraclass correlation coefficients (ICCs)
for videotaped training interviews of clinicians administering the
Yale Global Tic Severity Scale and the Yale-Brown Obsessive Com-
pulsive Scale were greater than 0.90. Full-scale IQ in the children
was estimated by using the Kaufman Brief Intelligence Test (40),
and in the adults IQ was measured by using scores on two perfor-
mance subscales of the WAIS-R (block design and object assem-
bly) and three verbal WAIS-R subscales (information, digit span,
and vocabulary). Socioeconomic status was quantified by using
the Hollingshead Four-Factor Index of Social Status.

Laboratory Procedures

Ferritin, iron, and total-iron binding capacity were measured at
the Yale-New Haven Hospital Clinical Chemistry Laboratory.
Blood samples were collected throughout the day (the iron indi-
ces have no consistent diurnal variation) (32). Ferritin was mea-
sured in serum or plasma. Values obtained for serum and plasma
ferritin were highly correlated (r=0.99), and serum ferritin was
measured with coefficients of variation of 4.0% and 7.8% for low
(67 ng/ml) and high (423 ng/ml) quality control samples, respec-
tively. Serum iron was assayed with coefficients of variation of
1.2% and 1.7% observed for low (62 Mg/dl) and high (221 ™g/dl)
quality control samples. Total-iron binding capacity was deter-
mined in serum by using kits for unsaturated-iron binding capac-
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TABLE 1. Characteristics of Healthy Comparison Subjects and Subjects With Tourette’s Syndrome in Study of Ferritin and

Serum lron Levels

Full Group, With Serum or Plasma Ferritin Values (N=107)

Subjects With
Comparison Subjects Tourette’s Syndrome
Characteristic (N=44) (N=63) Analysis
Mean SD Mean SD t df p

Age (years) 21.0 14.0 209 15.1 0.04 105 0.97
Socioeconomic status at birth

(Hollingshead scale score) 47.2 12.5 471 11.9 0.07 102 0.94

N % N % X2 df p

Age group 2.25 1 0.13

<18 years 23 52.3 42 66.7

>18 years 21 47.7 21 333
Sex 5.93 1 0.02

Male 22 50.0 46 73.0

Female 22 50.0 17 27.0
Racial group 1.64° 1 0.20

White 37 84.1 59 93.7

Nonwhite 7 15.9 4 6.3
Currently taking psychotropic

medication 0 0.0 31b 50.0
Lifetime history of obsessive-

compulsive disorder — — 18 28.6
Lifetime history of attention deficit hyperactivity

disorder, combined type — — 13 20.6

a Chi-square statistic with continuity correction.

b Data were available for 62 subjects. The medications taken were typical antipsychotics, N=9 (14.5%); o> agonists, N=12 (19.4%); selective se-
rotonin reuptake inhibitors (SSRIs), N=13 (21.0%); and tricyclic antidepressants, N=5 (8.1%).
¢ The medications taken were typical antipsychotics, N=5 (12.2%); o, agonists, N=11 (26.8%); SSRIs, N=7 (17.1%); and tricyclic antidepressants,

N=2 (4.9%).

ity with coefficients of variation of 7.0% and 5.2% for low (102 pg/
dl) and high (143 pg/dl) quality control samples.

MRI Scanning

MRI scans were obtained by using a single 1.5-T GE Signa scan-
ner (GE Medical Systems, Milwaukee) within 2 weeks of collection
of the blood samples. Head positioning was standardized by using
canthomeatal landmarks. A three-dimensional spoiled-gradient
echo sequence was obtained (repetition time, 24 msec; echo time,
5 msec; flip angle, 45°; frequency encoding superior/inferior; no
wrap; 256x192 matrix; field of view, 30 cm; two excitations; slice
thickness, 1.2 mm; and 124 contiguous slices encoded for sagittal
slice reconstructions to yield 1.17x1.17x1.2-mm voxels).

Morphometric analyses were performed by means of Analyze
7.5 software (Biomedical Imaging Resource, Mayo Foundation,
Rochester, Minn.) with operators blinded to subject characteris-
tics and hemisphere (images were randomly flipped left-to-right
before analysis). Before region definition, large-scale variations in
image intensity were removed and brain positioning was stan-
dardized by using the anterior and posterior commissures (AC-
PCline) and standard midline landmarks. An isointensity contour
function was used in conjunction with manual editing to isolate
the cerebrum.

Whole brain volume was used as a covariate in the statistical
analyses to control for generalized scaling effects within the
brain. The brain was divided into hemispheres by using a curvi-
linear plane positioned through standard midline landmarks.
Each hemisphere was divided into eight anatomical sectors by a
method shown to be reliable and valid. These eight sectors were
the dorsal prefrontal, premotor, sensorimotor, parieto-occipital,
orbitofrontal, subgenual, midtemporal, and inferior occipital cor-
tices (41).

The gray scale values of “pure” representations of cortical gray
and white matter were sampled bilaterally at four standard loca-
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tions throughout the brain (frontal, temporal, occipital, and pari-
etal regions) to differentiate cortical gray from white matter.
These four values were averaged for each tissue type. A global
threshold whose value was halfway between the average gray
matter and average white matter values was invoked to provide
an initial rough classification of cortical gray and white matter
throughout the cerebrum. This classification was then hand-ed-
ited in all three views.

The procedures for defining the basal ganglia nuclei (caudate,
putamen, and globus pallidus) are described elsewhere (42).

Interrater reliability was assessed on 20 scans for measurement
of the cerebral subdivisions and on 10 scans for measurement of
whole brain volume, the cortical gray and white matter segmenta-
tion, and the basal ganglia nuclei. ICCs calculated by using a two-
way random-effects model (43) were >0.98 for each of the cerebral
subdivisions, >0.99 for whole brain volume, >0.98 for the cortical
gray and white matter segmentation, >0.95 for the caudate and
putamen nuclei, and >0.90 for the globus pallidus nucleus.

Statistical Analyses

Iron indices. Statistical analyses were performed by using SPSS
version 11.5 (SPSS, Chicago). Analysis of covariance (ANCOVA)
was used to test the a priori hypothesis that ferritin would be
lower in the subjects with Tourette’s syndrome than in the com-
parison subjects. A log;o transformation was performed on the
ferritin levels to normalize the distribution (34). ANCOVA was
also used in exploratory analyses to assess whether serum iron
and total-iron binding capacity differed between the two groups.

Age and sex were included in the models as covariates, as iron
stores tend to be lower in young children, adolescents during
growth spurts (44), and menstruating females. The age-by-sex in-
teraction was included in the ferritin analysis as a covariate, be-
cause the increase in ferritin with age has different patterns in
males and females (45). We included lifetime diagnoses of OCD
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Subgroup With Serum Iron Values (N=73)

Comparison Subjects With
Subjects Tourette’s
(N=32) Syndrome (N=41) Analysis
Mean SD Mean SD t df p
21.2 15.3 21.0 15.8 0.06 71 0.95
45.9 13.7 46.5 12.0 0.18 71 0.86
N % N % i df p
1.12 1 0.29
18 56.3 28 68.3
14 43.8 13 31.7
5.14 1 0.02
16 50.0 31 75.6
16 50.0 10 24.4
0.56° 1 0.46
28 87.5 39 95.1
4 12.5 2 49
0 0.0 22¢ 53.7
— — 9 22.0
— — 9 22.0

and ADHD as covariates to account for the possible influence of
comorbidity on iron status. Several other covariates related to
current psychopharmacologic treatment were investigated.
These included treatment with any psychotropic medication and
treatment with each of the following medication classes: typical
antipsychotics, o, agonists, selective serotonin reuptake inhibi-
tors, and tricyclic antidepressants (no subject was taking an
atypical antipsychotic or stimulant). In the analyses of ferritin
and total-iron binding capacity, these covariates were statisti-
cally nonsignificant and were excluded from the final models.
Some of these covariates were statistically significant in the se-
rum iron analysis, and models with and without these covariates
are reported.

We also explored the correlation of ferritin and iron levels with
the severity of tic symptoms in the subjects with Tourette’s syn-
drome. In separate multiple regression models, ferritin level
(log1o transformed) and iron level were each regressed on current
and worst-ever motor, phonic, and total tics as measured by the
Yale Global Tic Severity Scale, with age, sex, and lifetime diag-
noses of OCD and ADHD included as predictors. The age-by-sex
interaction was included in the models for the ferritin analyses.

Within the Tourette’s syndrome and the healthy comparison
groups, we assessed the correlation of ferritin level (logjo trans-
formed) with serum iron level. A chi-square statistic was used to
test whether the correlations differed between the two groups.

The significance level for all analyses was set at p<0.05 (two-
tailed).

Association of ferritin levels with regional brain volumes.
These statistical analyses were performed by using SAS version
9.0 (SAS Institute, Cary, N.C.). We explored whether the correla-
tions of ferritin level (log;o transformed) with basal ganglia and
cortical gray matter volumes differed between the Tourette’s syn-
drome and comparison subjects. If no such differences were
found, we assessed whether, regardless of diagnosis, the correla-
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tions of ferritin levels with regional brain volumes varied by re-
gion. For all these analyses, we used linear mixed-effects models
(PROC MIXED) with repeated measures over regional domains.

The models included the within-subjects factor of hemisphere
with two levels (left and right). They also included the within-sub-
jects factor of region: in the basal ganglia models, this factor had
three levels (caudate, putamen, and globus pallidus); in the cor-
tex models, it had eight levels (dorsal prefrontal, orbitofrontal,
premotor, subgenual, sensorimotor, parieto-occipital, midtem-
poral, and inferior occipital cortices). Diagnosis (Tourette’s syn-
drome or comparison) was a between-subjects factor in all mod-
els. The covariates were age, sex, lifetime diagnoses of OCD and
ADHD, and whole brain volume. The interaction of whole brain
volume and region and other two- and three-way interactions
were included. Nonsignificant interactive terms were eliminated
by backward stepwise regression. The significance level for all
analyses was set at p<0.05 (two-tailed).

Results

Blood ferritin levels were determined for 63 subjects with
Tourette’s syndrome and 44 healthy comparison subjects.
Because of sample volume limitations, serum iron levels
were obtained for 41 subjects with Tourette’s syndrome and
32 comparison subjects, and serum total-iron binding ca-
pacity was determined for the same 41 Tourette’s syndrome
subjects and for 31 of those 32 comparison subjects. Demo-
graphic measures were comparable in the two groups ex-
cept that the Tourette’s syndrome group had a significantly
higher proportion of male subjects in the full group and the
subgroup with serum iron and total-iron binding capacity
levels (Table 1).

Group Differences in Iron Indices

Confirming our a priori hypothesis, blood ferritin levels
were significantly lower in the Tourette’s syndrome sub-
jects than in the healthy comparison subjects (t=2.28, df=
106, p=0.03) although still within the normal clinical
range. The mean for the Tourette’s group was 55.0 ng/ml
(SD=54.3) (log;o transformed: mean=1.61, SD=0.31), and
the mean for the comparison group was 72.2 ng/ml (SD=
72.8) (log;o transformed: mean=1.68, SD=0.39). The nor-
mal range for males is 18-370 ng/ml, and for females it is
9-120 ng/ml.

Like ferritin, serum iron was within the normal range
(males, 60-180 pg/dl; females, 50-170 pug/dl) in both
groups but was significantly lower (t=2.38, df=72, p=0.02)
in the Tourette’s syndrome subjects (mean=81.6, SD=24.8
Mg/dl) than in the healthy comparison subjects (mean=
90.6, SD=29.0 ug/dl). Although treatment with any psycho-
tropic medication, when added as a covariate, was statisti-
cally significant (t=2.19, df=72, p=0.03), the effect of diag-
nosis (Tourette’s syndrome or comparison group)
remained highly significant in this model (t=3.24, df=72, p=
0.002). When treatment with each specific medication
class was added separately to the model as a covariate, only
treatment with an o agonist was significantly associated
with serum iron level (t=2.08, df=72, p=0.04). Serum total-
iron binding capacity was within the normal range (250-
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450 pg/dl) in both groups and did not significantly differ (t=
0.23, df=71, p=0.82) between the Tourette’s syndrome sub-
jects (mean=333.9 ug/dl, SD=54.9) and the healthy com-
parison subjects (mean=338.4 ug/dl, SD=63.3).

Levels of ferritin (log;o transformed) and serum iron
were not significantly intercorrelated in the Tourette’s syn-
drome subjects (r=0.08, N=41, p=0.64) or in the healthy
comparison subjects (r=0.34, N=32, p=0.06). Moreover, the
correlations did not significantly differ between groups
(x2=1.27, df=1, p=0.26).

Age and Sex Effects

In the ANCOVA model for the ferritin analysis, the inter-
action between age and sex was highly significant (t=5.56,
df=106, p<0.001), indicating that the effect of each covari-
ate depended on the other. This was consistently reported
in prior studies of iron indices, and our replication of it
supports the validity of our data. In males, ferritin levels
increase from adolescence to adulthood; in females, fer-
ritin remains low during the menstrual years and only in-
creases after menopause. A point of some disagreement is
whether in males ferritin continues to increase through-
out adulthood or plateaus in the early 30s. The weight of
evidence suggests that ferritin levels plateau, and in our
study group nonlinear curve fitting (not presented) was in
agreement with this pattern (45).

Furthermore, we found that the mean serum iron level
was significantly lower in females than in males (t=3.13,
df=72, p=0.003), but the effect of age was nonsignificant
(t=0.39, df=72, p=0.70). In the analysis of total-iron bind-
ing capacity, the effects of both sex (t=0.34, df=71, p=0.73)
and age (t=1.80, df=71, p=0.08) were nonsignificant. Our
findings of a sex effect for serum iron and the absence of a
sex effect for total-iron binding capacity are consistent
with the results of previous studies of iron indices. Others
have reported, however, that serum iron rises substan-
tially during childhood and then declines steadily during
adulthood, while total-iron binding capacity has a mainly
uninterrupted gradual decline with increasing age (46).
The absence of a significant age effect for both iron and to-
tal-iron binding capacity in our group of children and
adults is likely due to the smaller group size and the con-
siderable variability of serum iron levels (31, 32).

Association of Iron Indices With Tic Severity

Neither ferritin (log;o transformed) nor serum iron level
correlated significantly with current or worst-ever motor,
phonic, or total tics, as reflected by scores on the Yale Glo-
bal Tic Severity Scale, in the subjects with Tourette’s syn-
drome (p>0.2 for all).

Association of Ferritin With Regional Brain
Volumes

Volumetric measurements of basal ganglia nuclei were
obtained for 61 of the 63 Tourette’s syndrome subjects and
43 of the 44 healthy comparison subjects. These 104 sub-
jects are a subgroup of 284 subjects (154 Tourette’s syn-
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drome, 130 comparison) from a previously published
study of basal ganglia volumes in persons with Tourette’s
syndrome (42). We detected a significant interaction of re-
gion, diagnostic group (Tourette’s syndrome or compari-
son), and log ferritin level (F=4.86, df=2, 197, p=0.009),
indicating that the association of ferritin level with basal
ganglia volume depended on the diagnostic group and the
specific basal ganglia nucleus. We then considered sepa-
rately the caudate, putamen, and globus pallidus, and we
detected a significant interaction between diagnostic
group and log ferritin level for the caudate (t=2.66, df=
198, p=0.009) and the putamen (t=2.41, df=198, p=0.02)
but not for the globus pallidus (t=0.41, df=198, p=0.68)
(Figure 1). The complete model is available on request.

Volumetric measurements of cortical gray matter were
obtained for 61 of the 63 Tourette’s syndrome subjects
and 42 of the 44 healthy subjects. These 103 subjects are a
subsample of 286 subjects (155 Tourette’s syndrome, 131
comparison) from a previously published study of re-
gional brain and ventricular volumes in persons with
Tourette’s syndrome (39). The associations between fer-
ritin and regional cortical volumes did not vary signifi-
cantly between diagnostic groups (interaction of region,
diagnostic group, and log ferritin: F=1.38, df=7, 185, p=
0.22; interaction of diagnostic group and log ferritin: F=
1.88, df=1, 195, p=0.17). Regardless of diagnosis, however,
the associations of ferritin with cortical volumes varied by
region (interaction of region and log; ferritin: F=2.04, df=
7, 196, p=0.05). Parameter estimates () and 95% confi-
dence intervals (CIs) indicated that log; ferritin corre-
lated positively and significantly with the volume of the
sensorimotor cortex ($=2328.97, 95% CI=676.08 to
3981.86; t=2.76, df=197, p=0.006), midtemporal cortex (B=
1442.38, 95% CI=314.95 to 2569.81; t=2.51, df=197, p=
0.01), and subgenual cortex (3=1979.57, 95% CI=689.20 to
3269.94; t=3.01, df=197, p=0.003).

Discussion

The major findings of this study are that peripheral fer-
ritin and iron levels were significantly lower in subjects
with Tourette’s syndrome than in healthy comparison sub-
jects, although on average they were still within the nor-
mal clinical range. We also detected significant differences
between Tourette’s syndrome and the comparison sub-
jects in the associations of ferritin level with the volumes
of the caudate and putamen. Irrespective of diagnosis, fer-
ritin correlated positively and significantly with the vol-
umes of the sensorimotor, midtemporal, and subgenual
cortices. No association was found between the severity of
tic symptoms and ferritin or iron level.

Iron and Tourette’s Syndrome

The cause of the lower ferritin and iron levels in persons
with Tourette’s syndrome is unclear. One explanation
could be a genetically based alteration in iron metabolism
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that has not yet been identified in people with the disor-
der. For example, a basal ganglia disease, neuroferritinop-
athy, was mapped by linkage analysis to 19q13.3, a locus
containing the gene for ferritin light polypeptide (FTL).
Brain histochemistry revealed abnormal aggregates of fer-
ritin and iron in these patients, but their serum ferritin lev-
els were low (47). Tourette’s syndrome and lower iron indi-
ces, in other words, could be linked by a common
underlying genetic disturbance that both creates the di-
athesis for the disorder and alters iron metabolism. Our
study, however, provides no evidence to support this pos-
sibility, and in fact the absence of a between-group differ-
ence in the association of ferritin with serum iron provides
some evidence against it.

Alternatively, the lower ferritin and iron levels in the
Tourette’s syndrome group could represent a reduction
in iron stores that was caused by reduced dietary intake,
impaired absorption, blood loss, or increased physio-
logic requirements in the subjects with the disorder
(48). Having Tourette’s syndrome, however, seems un-
likely in itself to predispose a person to develop any of
these conditions.

We must therefore consider the final possibility that the
association of lower iron indices with Tourette’s syndrome
derived instead from a causal influence of lower iron avail-
ability on the development or exacerbation of tics in our
study group. This interpretation, which we favor, is credi-
ble given the role of brain iron in the dopaminergic sys-
tems (8) and the significant associations that we detected
between iron indices and regional brain volumes. If we are
correct, then persons with Tourette’s syndrome in the gen-
eral population who happen to have lower iron stores will
have more severe tics, even if their iron indices are within
the range of normal interindividual variability. Conse-
quently, these individuals would be more likely to be re-
cruited into a research study than would comparison sub-
jects with relatively low iron stores.

Iron and Dopaminergic Neurotransmission

The molecular pathways by which iron could alter the
genetic expression or severity of tic symptoms are un-
known. Nonetheless, the importance of iron in the
dopaminergic systems (8) and the likely involvement of
these systems in Tourette’s syndrome (2, 3) suggest that
iron may influence tic symptoms through its effects on
dopaminergic neurotransmission. Iron is required for the
hydroxylation of tyrosine to L-dopa, which is then decar-
boxylated to dopamine. Iron deficiency in rats, however,
has been associated with high extracellular dopamine lev-
els in the striatum, a finding that may be explained by a
low density of dopamine transporters (7). Rat studies have
also shown that iron deficiency decreases Dy receptor
density in the striatum and either decreases or increases
D, receptor density in the cortex. Conversely, injection of
ferric chloride directly into the rat brain leads to D, recep-
tor supersensitivity. Both iron deficiency and intracerebral
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FIGURE 1. Associations of Ferritin Level With Caudate and
Putamen Volumes in Subjects With Tourette’s Syndrome
and Healthy Comparison Subjects?
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a Parameter estimates () and 95% confidence intervals (Cls) deter-
mined with linear mixed-effects models indicated that in the
Tourette’s syndrome subjects ferritin correlated positively with
putamen volume ($=332.31, 95% Cl=35.43 to 629.19; t=2.19, df=
199, p=0.03) but did not correlate significantly with the volume of
the caudate (3=73.01, 95% CI=-214.19 to 360.20; t=0.50, df=199,
p=0.62) or globus pallidus (3=—10.29, 95% CI=—135.45 to 114.87,;
t=0.16, df=199, p=0.87). In the comparison subjects, ferritin corre-
lated inversely with caudate volume (3=—-431.99, 95% Cl1=-694.18
to -169.80; t=3.23, df=199, p=0.002) but did not correlate
significantly with the volume of the putamen (=-141.63, 95% Cl=
—412.72 to 129.46; t=1.02, df=199, p=0.31) or globus pallidus (3=
—43.82, 95% C1=-156.30 to 68.66; t=0.76, df=199, p=0.45). The
caudate and putamen volumes of Tourette’s syndrome subjects
who had lower ferritin levels were both smaller than the volumes
of comparison subjects with lower ferritin levels.

b Regional brain volume was adjusted for whole brain volume.

injection of ferric chloride are associated with altered be-
havioral responses to dopamine agonists or antagonists
(16, 49, 50). The mechanism by which iron influences D,
receptor sensitivity is not fully understood, but it has been
suggested that iron could be part of the receptor, have a
role in the synthesis of the receptor protein, or alter the re-
ceptor’s conformation (16).
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Correlations of Ferritin Level With Basal Ganglia
Volumes

The symptoms of Tourette’s syndrome are thought to
arise from anatomical and functional disturbances in cor-
tical-striatal-thalamic-cortical circuits. MRI studies of the
disorder suggest that anatomical and functional distur-
bances in the basal ganglia portions of these circuits, espe-
cially in the caudate nucleus, are trait abnormalities that
render individuals vulnerable to tics (51). For example,
smaller caudate volumes were found in both children and
adults with Tourette’s syndrome, and putamen and globus
pallidus volumes were smaller in affected adults but not
children (42). Our study extends these findings by suggest-
ing that Tourette’s syndrome may be associated with dis-
ruptions in the correlations of ferritin with caudate and
putamen volumes.

Ferritin level correlated inversely with caudate volume
in the healthy comparison subjects but not in the subjects
with Tourette’s syndrome, suggesting that a normal associ-
ation of ferritin with caudate volume is disrupted in per-
sons with the disorder. In contrast, ferritin level did not
correlate with putamen volume in the comparison sub-
jects, but it did correlate positively with putamen volume
in the Tourette’s syndrome group, suggesting that the dis-
order is associated with the development of an abnormal
correlation between ferritin and the volume of the puta-
men. The caudate and putamen, however, did share the
feature of being smaller in the Tourette’s syndrome sub-
jects who had lower ferritin levels than in the comparison
subjects who had lower ferritin levels (Figure 1). Lower
iron stores might therefore have contributed to the devel-
opment of the disorder in these individuals by helping to
induce, by unknown mechanisms, the relative hypoplasia
of both nuclei.

Correlations of Ferritin Level With Regional
Cortical Volumes

Whereas disturbances in the basal ganglia may produce
the diathesis for tics, the cortical components of cortical-
striatal-thalamic-cortical circuits, particularly prefrontal
cortices, seem to be involved in the expression and modu-
lation of tic symptoms (51). Larger prefrontal volumes
have been reported in children with Tourette’s syndrome
and may represent a compensatory process that attenu-
ates the severity of tics (41). In our study, ferritin correlated
positively with volumes of the sensorimotor, midtempo-
ral, and subgenual cortices across diagnostic groups.
Thus, lower ferritin levels in both groups of subjects may
have contributed to smaller cortical volumes. Only in the
group with Tourette’s syndrome, however, would these
smaller volumes contribute to a smaller inhibitory influ-
ence on tic symptoms. This interpretation represents an
additional or alternative explanation of how lower iron
availability could have a causal influence on the develop-
ment or exacerbation of tics, leading to the recruitment of
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subjects with lower iron indices into the Tourette’s syn-
drome group.

Limitations and Future Directions

Our study has several limitations. First, the findings pro-
vide information about associations but not necessarily
causation. Second, we obtained only peripheral iron mea-
sures, and the association between peripheral and brain
iron levels is unclear. Third, we did not assess subjects
specifically for sources of iron depletion, namely blood
loss, inadequate dietary intake, and malabsorption syn-
dromes, nor did we specifically assess causes of higher fer-
ritin levels, such as inflammation, liver disease, iron sup-
plementation, and blood transfusion (33). Nevertheless,
detailed medical histories for all subjects indicated no ill
health at the time of the study. Fourth, the iron indices did
not correlate significantly with the severity of tic symp-
toms. Detecting this correlation may have been especially
difficult, however, given the large fluctuations in tic sever-
ity at any given age and the complicated trajectories of tic
symptoms and iron indices across the wide age range of
our participants. Finally, the statistical analyses relating
ferritin level to the imaging data were exploratory in na-
ture, and the multiple comparisons involved may have re-
sulted in chance findings.

Despite these limitations, our findings suggest that iron
may play an important role in the pathophysiology of
Tourette’s syndrome, and they have implications for re-
search into the etiology and treatment of the disorder. For
example, genes involved in iron metabolism should be
considered in genetic studies of Tourette’s syndrome. In
addition, a treatment study of iron supplementation for
persons with Tourette’s syndrome should be considered,
as it has been for other conditions. An open trial of iron
supplementation was reported to reduce the severity of
symptoms in adults with restless legs syndrome (21), and
another produced mixed results in boys with ADHD (52).
Some have argued that the available evidence justifies a
controlled study of iron supplementation for akathisia (12,
13), and iron restriction has been suggested as a potential
therapeutic intervention for tardive dyskinesia (25).

A study of iron supplementation in Tourette’s syndrome
would be particularly informative if it included MRI scans
to measure iron content in brain tissue before and after
treatment. High-field MRI of regional variations in brain
iron has been proposed as a potential biomarker that
could be incorporated into pharmacological treatment
studies for neurological disorders associated with patho-
logical involvement of iron (53). Although some contro-
versy exists about the degree to which MRI-based mea-
sures in the brain, such as T, relaxation times, reflect the
effects of iron deposits, numerous studies suggest that T»
times are indeed sensitive measures of brain iron deposi-
tion (54). These values, moreover, are dramatically lower
than normal in the brains of patients with Hallervorden-
Spatz disease or aceruloplasminemia, conditions of excess
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deposition of brain iron (53). Thus, MRI-based measures
of T, times yoked to a study of iron supplementation in
persons with Tourette’s syndrome could help clarify the
role of iron in the pathophysiology of this disorder.

Conclusions

If lower iron availability does contribute to the develop-
ment of tics or to their severity, it is likely neither neces-
sary nor sufficient for developing Tourette’s syndrome.
Current models of the pathophysiology of Tourette’s syn-
drome posit that the development and clinical manifesta-
tions of a tic disorder are determined by an individual’s
particular combination of multiple risk factors, which in-
clude genetic vulnerability, disturbances in brain regions
that support self-regulatory functions, neuroendocrine
influences, and additional epigenetic determinants (51).
Lower iron stores may represent an additional risk factor
that, together with other variables, leads to the develop-
ment or exacerbation of tics.
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