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Stimulants, such as amphetamine and methylphenidate, are one of the most effective treatment modalities for attention deficit hyper-
activity disorder (ADHD) and may cause various movement disorders. This review discusses various movement disorders related to
stimulant use in the treatment of ADHD. We reviewed the current knowledge on various movement disorders that may be related to
the therapeutic use of stimulants in patients with ADHD. Recent findings suggest that the use of stimulants and the onset/aggravation
of tics are more likely to be coincidental. In rare cases, stimulants may cause stereotypies, chorea, and dyskinesia, in addition to tics.
Some epidemiological studies have suggested that stimulants used for the treatment of ADHD may cause Parkinson’s disease (PD) af-
ter adulthood. However, there is still a lack of evidence that the use of stimulants in patients with ADHD may cause PD, and related
studies are only in the early stages. As stimulants are one of the most commonly used medications in children and adolescents, close
observations and studies are necessary to assess the effects of stimulants on various movement disorders, including tic disorders and

Parkinson’s disease.
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INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is one of
the most common neurodevelopmental disorders in children
and adolescents, with a prevalence of 4%-12% [1]. Approxi-
mately 35%-65% of children diagnosed with ADHD show
the main symptoms of ADHD and have comorbid disorders
as adults [2,3]. There is a 70% chance that a child with ADHD
has one or more comorbidities [4]. Psychoeducation, cogni-
tive behavioral therapy, and drug therapy may be used to treat
ADHD. Among the different treatment options, drug treat-
ment using stimulants is the most effective method. A multi-
modal treatment study of children with ADHD (Multimodal
Treatment Study of Children With ADHD study) conducted
on 579 children over 14 weeks reported that drug treatment
should be prioritized even when behavioral treatment is si-
multaneously provided [5]. Moreover, considering its effica-
cy and safety, stimulants such as amphetamine or methyl-
phenidate are more effective than non-stimulants and a2-
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agonists [6,7].

Amphetamine was first used in the US in the 1930s [8],
followed by the use of methylphenidate for the treatment of
ADHD. Methylphenidate accounted for approximately 80%
of stimulants used for the treatment of ADHD in the U.S from
the late 1980s to the mid-1990s [9]. Dextro- and levo-amphet-
amine mixtures (product name: Adderall) were also intro-
duced at the same time and are currently used more frequent-
ly in the US than methylphenidate. However, in many other
countries, methylphenidate remains the main stimulant used
for the treatment of ADHD. In the early days, the stimulants
used for the treatment of ADHD were short-acting medica-
tions. In contrast, recently, long-term drug formulations drugs
are used mainly [10]. Stimulants are among the most com-
monly used drugs for the treatment of pediatric psychiatric
disorders. The use of stimulants for ADHD has increased rap-
idly worldwide. In the US, the amount of stimulants used in
2016 increased by more than two-fold compared to that in
2006 [11].

ADHD requires lifelong disease management. Thus, the
long-term use of drugs may lead to side effects. Movement dis-
orders are among the many side effects of stimulants. Move-
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ment disorders associated with stimulants include tics that
are commonly associated with ADHD, tremors, stereotypies,
gait disturbances, chorea, dystonia, akathisia, and Parkinson’s
disease (PD). Abnormal movement signs/symptoms in pa-
tients with ADHD undergoing stimulant treatment are mostly
caused by overuse, abuse, and withdrawal of drugs; however,
the symptoms may also develop with drug use in the clinical
therapeutic dosage range and may be aggravated by abnormal
movement symptoms that the patient previously had [12].

Herein, we review movement disorders caused by stimulant
use in ADHD with a focus on studies involving human sub-
jects. We have divided movement disorders into three catego-
ries: tic disorders, stereotypies and other movement disorders,
and PD.

TIC DISORDERS

Tics are sudden, rapid, and repetitive arrhythmic move-
ments or sounds that can develop in any part of the body. To-
urette’s disorder is diagnosed when multiple motor and vo-
cal tics last for more than one year, and typically develops at
the age of three—eight years. Symptoms peak between the ages
of 10 and 12 years and are gradually alleviated throughout pu-
berty. In adulthood, 60%-80% of tic symptoms disappear or
decrease significantly [13,14]. ADHD is the most common dis-
ease associated with Tourette’s disorder. Approximately 50%
of patients with Tourette’s disorder also have ADHD [15], and
8%—-10% of children with ADHD develop Tourette’s disorder
[16,17]. In certain cases, ADHD and tic disorders develop si-
multaneously; however, in general, ADHD symptoms appear
2-3 years before tic symptoms develop [18]. Although the caus-
al relationship between ADHD and tic disorders has not been
clearly established, the two are neurobiologically related, and
there is controversy over the most effective drug for treatment
when ADHD and tic disorders co-exist.

In the 1970s and 1980s, several case reports showed that

stimulants used for the treatment of ADHD in children led to
the development or aggravation of tic disorders [19,20]. Accord-
ingly, the US Food and Drug Administration (FDA) banned
the use of stimulants in patients with tic disorders or a fam-
ily history of tic disorders [21]. In fact, many clinicians have
observed that tic disorders develop or worsen after the use of
stimulants and patients experience difficulties in respond-
ing to treatment outcomes. On the other hand, many impor-
tant pieces of evidence suggest that stimulants do not affect
tic disorders, as shown in Table 1 [22-25]. In a placebo-con-
trolled, double-blind, crossover study, Castellanos et al. [22]
administered methylphenidate, d-amphetamine, and place-
bo to ADHD patients with Tourette’s disorder for nine weeks.
In that study, the two stimulants reduced the symptoms of
ADHD at all doses. Methylphenidate and d-amphetamine in-
creased the severity of tics, as evaluated using the Yale Global
Tic Severity Scale (YGTSS), at medium and high doses in the
first cohort. However, in the second and third cohorts tested
by the same group, there was no difference in the severity of
tics between those who received either of the two stimulants
and placebo. Altogether, tic disorder was transiently aggravat-
ed in a small number of participants and resolved over time,
whereas ADHD symptoms were consistently controlled. Gad-
ow et al. [23] administered three different doses of immedi-
ate-release methylphenidate (MPH-IR) for a short period to
71 children with ADHD and Tourette’s disorder (or chronic
motor tic disorder), and followed up with the participants from
1989 to 2004. All doses of MPH-IR effectively reduced the se-
verity of ADHD, oppositional defiant disorder, and peer ag-
gression behaviors, and did not aggravate tics compared to
placebo. Contrastingly, the teacher ratings showed that MPH-
IR improved the frequency and severity of tics. In another mul-
ticenter, randomized, double-blind clinical trial published by
the Tourette’s Syndrome Study Group in 2002 [24], patients
with ADHD and Tourette’s disorder were divided into cloni-
dine only, methylphenidate only, clonidine+methylphenidate,

Table 1. Effects of stimulants on ADHD and tic symptoms compared with placebo

No. of Agerange  Study
Authors Years - . Drug Control Results
participants (yr) duration
Castellanos 1997 20 9.4(mean 9 weeks MPH 15,25, 45 mg bid Placebo ADHD symptoms improved
et al. [22] age) AMP 7.5, 15, 22.5 mg bid without aggravation of tics
Nolan et al. [25] 1999 19 12.3 (mean 6 weeks MPH 0.57 mg/kg Placebo ADHD symptoms improved
age) (mean total daily dose) without aggravation of tics
AMP 5, 10 mg bid

Tourette's 2002 136 7-14 16 weeks MPH+Clonidine Placebo ADHD symptoms improved
Syndrome Study MPH only without aggravation of tics

Group [24] Clonidine only
Gadow et al. [23] 2007 71 6—12 15years MPHO.1,0.3,0.5mg/kg Placebo ADHD symptoms improved

without aggravation of tics

ADHD, attention deficit hyperactivity disorder; AMP, amphetamine; MPH, methylphenidate

28



and placebo groups. The clonidine only, methylphenidate
only, and clonidine+methylphenidate groups showed de-
creased Conners Abbreviated Symptom Questionnaire scores
compared to the placebo group. In particular, clonidine was
effective in improving hyperactivity and impulsivity, while
methylphenidate was effective in improving inattention. In
contrast, 20%, 26%, and 22% of the methylphenidate, cloni-
dine, and placebo groups, respectively, showed worsening of
tics with no differences between the groups. In addition, in
objective evaluation using a measurement tool, the YGTSS
score decreased in the order of clonidine+methylphenidate,
clonidine only, and methylphenidate only groups compared
to the placebo group.

Therefore, if tics develop or worsen after the administra-
tion of stimulants in patients with ADHD, the following con-
founding variables can be considered. First, tics have a natu-
ral course of wax and wane in terms of frequency and severity
[18]. In most patients, tics develop or worsen a few days to one
year after the administration of stimulants [26,27]. Clinicians
must follow-up with the patients for more than three months
to ensure that such a phenomenon is not a natural course of
tic [28]. In other words, clinicians must check whether such
temporal relationships of tics develop and worsen immedi-
ately after administration of stimulants or if disappearing and
relieving immediately upon discontinuation of the drug is re-
peated. Second, the onset of tics often overlaps with the time
when ADHD symptoms are discovered and medication is ini-
tiated. As previously described, motor tics are commonly ob-
served between the age of three and eight, and ADHD develops
a few years earlier. Among them, the prevalence of provisional
tics is up to 20% [29]. Many patients often neglect or are un-
aware of provisional tics and may misunderstand that tics have
developed due to medication for ADHD treatment. Most pa-
tients who developed tics after a certain amount of time from
the first use of stimulations to treat ADHD were younger than
those who did not [30,31]. This supports the hypothesis that
stimulants may play a role in the early triggers of tic develop-
ment rather than in causing tics [26]. Third, the initial symp-
toms of tics are similar to those of hyperactivity observed in
ADHD. As tics are naturally aggravated following the admin-
istration of stimulants, it may be misunderstood that stimu-
lants may have caused tics [19]. Lastly, fatigue and stress wors-
en tics, and most children with ADHD are treated for the first
time using stimulants as they enter elementary school, which
may be stressful. Unlike before, children are exposed to se-
rious stress as they study and build new relationships with
peers in a structured school environment [32].

ADHD with tic disorder shows poor cognitive performance,
such as reduced executive functions, learning ability, and sus-
tained attention, and difficulties in getting along with their
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peers [33-36]. These cognitive and behavioral problems are
related more to ADHD than tic symptoms. Moreover, exter-
nalizing problems such as aggressive behaviors, tantrums, op-
positional behaviors, and conduct behaviors are closely related
to ADHD [37-39]. To recover from such extensive functional
impairment observed in children with ADHD accompanied
by tic disorders, symptoms of ADHD must be treated first.
Stimulants are effective in improving the symptoms of ADHD
regardless of the tic disorder and are an important treatment
method [40]. Therefore, although tics may develop or worsen
after the use of stimulants, clinicians must observe patients
without discontinuing or reducing the stimulant dose. How-
ever, if tics do not improve over time or cause severe func-
tional impairment, stimulants may be reduced or discontin-
ued and re-administered once they are relieved [41]. In this
case, clonidine can be added to or replace the stimulants, and
these options are effective for both ADHD and tics [24,42].
Non-stimulants such as atomoxetine and D2-blockers such
as aripiprazole may also be alternatives [40].

Stimulants induce dopamine (DA) secretion. In contrast,
anti-tic medications act as antagonists of dopaminergic func-
tion. Therefore, it is logical to suspect that stimulants may
cause tics. In addition, individual cases in which the onset or
aggravation of tics is induced by medication may be observed.
In fact, in 5%-7% of patients, tics develop or worsen after the
use of stimulants [41]. However, this rate is similar to that in-
duced by placebo administration, and a greater number of
patients did not develop or show worsening of tics after the
use of medication. In other words, various confounding vari-
ables, as well as neural circuits related to the onset of tics, com-
plex relationships between neurotransmitters, and individual
factors such as genetic vulnerability must be comprehensive-
ly considered. In conclusion, as the development or worsen-
ing of tics after the use of stimulants is likely to be coinciden-
tal and the wide range of functional impairment caused by
ADHD and comorbidities is greater than that caused by tic
symptoms, clinicians must prioritize using stimulants to treat
ADHD.

STEREOTYPIES AND OTHER MOVEMENT
DISORDERS

Stimulants induce stereotypies, chorea, and dyskinesia, in
addition to tics [43]. Stereotypies are rhythmic and involuntary
movements that are repeated without purpose. Although there
are many animal studies on amphetamine-induced groom-
ing, facial grimacing, gnawing, and lip licking [44], there are
only a few studies on humans, most of which are mainly re-
lated to addiction rather than treatment [45].

Chorea is an irregular and involuntary movement character-
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ized by unpredictable ‘dancing’ of muscle contractions. The
first case of chorea caused by the use of stimulants was reported
in an 8-year-old boy whose upper extremity chorea worsened
after the administration of 5 mg amphetamine for hyperac-
tivity [46]. Symptoms improved immediately after discontin-
uing the medications and rechallenges using the same dose of
amphetamine-aggravated chorea. Melvin and Heiraty [47]
reported a case of a 10-year-old girl who developed writhing,
irregular hand movement, and twisting ‘dance-like’ gait after
increasing methylphenidate OROS dose from 36 mg to 54 mg
for treatment of ADHD. Abnormal movements were relieved
within 24 h of discontinuation of medication and adminis-
tration of lorazepam. The movements were no longer observed
after three weeks. Recently, a case of a 6-year-old boy with
Sydenham chorea as an sequela of acute rheumatic fever was
reported [48]. The child was administered 18 mg of methylphe-
nidate OROS for the treatment of ADHD, and in three days,
the choreiform movement was aggravated in the extremities.
Abnormal movement severity, evaluated using the Chorea
intensity scale, increased from 12 to 27 points, and then de-
creased to 11 points after 2 weeks of discontinuing methylphe-
nidate OROS. Subsequently, 10 mg of atomoxetine was admin-
istered, the dose was increased to 25 mg, and chorea did not
aggravate. As such, stimulants at clinical therapeutic doses may
cause the worsening of chorea. In these cases, medications may
be discontinued or changed, and D2-blocker, benzodiazepine,
and diphenhydramine may be used instead [49]. However,
there is no clear consensus on the treatment of stimulant-in-
duced chorea.

Although there are many case reports of dyskinesia after the
administration of stimulants in therapeutic settings, only a few
studies have compared stimulants to controls. In one case-con-
trol study, the ADHD group treated with methylphenidate
had a higher abnormal involuntary movement scale (AIMS)
score at baseline than the control group [50]. However, a single
dose of methylphenidate did not alter the AIMS score. Keresz-
tény et al. [51] compared three groups: drug-naive ADHD,
stimulant treatment, and healthy controls. The ADHD group
treated with methylphenidate had a higher AIMS score than
the other two groups, and dyskinesia was mainly observed in
the orofacial area and upper extremities. In contrast, the AIMS
scores were not significantly different between the drug-na-
ive ADHD and healthy control groups. This finding suggests
that dyskinesia is not an inherent characteristic of ADHD. Re-
cently, dyskinesia has been added to the drug labels and in-
structions as a side effect of methylphenidate. Clinicians must
carefully examine dyskinesia when treating patients with
ADHD with stimulants.
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PARKINSON’S DISEASE

PD is the second most common neurodegenerative disor-
der in the elderly, after Alzheimer’s dementia. The incidence
of PD increases rapidly every year after the age of 60 years,
and its prevalence is slightly higher in men than in women
[52]. Various studies have sought to determine the cause of
PD, and various genetic and environmental factors are in-
volved in its pathogenesis. PD is diagnosed based on a com-
bination of abnormal motor symptoms, including resting
tremor, rigidity, bradykinesia, impaired posture, and balance.
Although motor symptoms are the main symptoms of PD,
other non-motor signs and symptoms are observed before the
onset or symptoms of PD [53]. These include sleep problems,
such as rapid eye movement sleep behavior disorder, olfac-
tory dysfunction, such as hyposmia, and other symptoms of
constipation, cognitive impairment, and depression.

PD is caused by the degeneration of DA neurons in the sub-
stantia nigra (SN) and the abnormal misfolding and aggrega-
tion of mutant a-synuclein [54,55]. DA neurons in the SN are
more sensitive to mutant a-synuclein than those in other parts
of the brain [54].

PD and ADHD are closely related. Both diseases are related
to functional changes in DA neurons in the midbrain [56]. In
transcranial cranial sonography (TCS), SN hyperechogenicity
is observed in both patients with PD and children with ADHD
[57,58]. In addition, both PD and ADHD are associated with
pathological abnormalities in the brain regions (for example,
dorsal striatum and nucleus accumbens) projected by DA
neurons in the midbrain. In PD, abnormal biomarker find-
ings that indicate DA function in the dorsal striatum are of-
ten observed. Among these biomarkers, abnormal findings in
dopamine transporter (DAT) proteins are frequently observed
in patients with ADHD [56]. Stimulants used for the treat-
ment of ADHD block the binding of DAT and DA in neuron
synapses, thereby increasing the concentration of DA in the
synapses for therapeutic effects. The use of stimulants chang-
es DAT expression levels in synapses. In a study using single
photon emission tomography and positron emission tomog-
raphy (PET), DAT level in the striatum was higher in patients
with ADHD who underwent stimulant treatment for a lon-
ger period than in drug-naive patients with ADHD [59]. More-
over, neuropsychological tests have shown similar cognitive
deficits between patients with ADHD and those with PD [56].
Both ADHD and PD are often accompanied by psychiatric
disorders such as depression and anxiety disorder, and stim-
ulants help to improve cognitive deficits in PD. These find-
ings indirectly suggest an association between ADHD and
PD [56]. Cognitive disturbances and psychiatric disorders are
common comorbidities in PD. This suggests that DA nerve



system disorder in PD is not limited to the nigrostriatal DA
system and is related to dopaminergic pathways and other
neurotransmitter systems [60]. In fact, methamphetamine
(METH) causes sustained damage to the DA nerve terminal
as well as the serotonin nerve terminal [61].

Animal studies on amphetamines and neurotoxicity stud-
ies on abusers of illegal stimulants suggest that stimulants are
one of the many neurotoxins that cause PD [56]. However,
in most animal studies, stimulants were used at significantly
higher doses than those used for the clinical treatment of pa-
tients with ADHD. There are only a few studies on the neu-
rotoxicity of stimulants in humans, and most of these limited
number of studies have been conducted on METH abusers.
In post-mortem studies, METH abusers had reduced striatal
DA, TH, and DAT levels; however, the findings were different
from those observed in patients with PD [62,63]. Possible ex-
planations for such differences include the mean age of METH
abusers to be 30 years in the post-mortem studies, which is
an early age for symptoms of PD [62,64]. In a PET study of
chronic METH abusers, DAT was reduced. Although partici-
pants discontinued METH (abstinent state), decreased stria-
tal DA and memory deficits persisted [65,66]. In another study,
TCS was used to determine differences in SN echogenic sig-
nals between chronic amphetamine abusers and controls. In
that study, the amphetamine abuser group had higher echo-
genicity than the control group [67,68]. In another study us-
ing TCS to evaluate differences in echogenic signals and PD
symptoms between amphetamine abusers and controls (ec-
stasy, cannabis, and non-drug users), the amphetamine group
showed hyperechogenicity in the SN [69]. Patient group that
used amphetamines (amphetamine, METH, d-amphetamine)
more than twice a week for more than three months or week-
ly for more than a year had more occurrences of PD than the
control group (patient spouses or caregivers). PD develops af-
ter an average of 27 years of exposure to amphetamines [70].
Additionally, in another survey conducted by the same group
of investigators using the same method, patients with PD with
a history of long-term exposure to amphetamines developed
the disease approximately three years earlier on average than
those without such history. However, there were no differences
in the characteristics of the symptoms and MRI findings [71].

Methylphenidates have relatively low neurotoxicity com-
pared with amphetamines [72,73]. Some animal studies have
reported that methylphenidate can induce neurotoxicity and
continuous exposure to methylphenidate in early life can lead
to persistent problems in the development of the DA nervous
system [74,75]. However, in a study using brain MRI to examine
the differences between methylphenidate and placebo groups
of adult ADHD patients, there was no detectable cerebral vol-
ume loss in the methylphenidate group at three and 12 months
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of administration. Instead, there was an increasing trend to-
ward bilateral cerebellar gray matter [76].

There is insufficient evidence to explain why methylpheni-
date is relatively safe compared to amphetamines. As previ-
ously described, aggregation and misfolding of intracellular
a-synuclein in neurons often leads to neurodegenerative dis-
eases, such as dementia with Lewy bodies and PD. Amphet-
amines have a higher affinity for the N-terminus than for
the C-terminus of a-synuclein, which induces misfolding of
a-synuclein. In contrast, methylphenidate binds to both N-
and C-termini to form a loop conformation, which does not
cause a-synuclein misfolding [54,77].

In addition, methylphenidate has been used to decrease cog-
nitive, affective, and motor deficits in PD, even in advanced
cases [78-86]. Methylphenidate is known to improve motor
function in PD [78,79]. Chronic administration of high dos-
es of methylphenidate improved gait and reduced excessive
daytime sleepiness in patients with advanced PD [80]. Meth-
ylphenidate has also shown positive effects on anhedonia and
vigor in patients with PD [82]. After more than a year of le-
vodopa treatment, acute methylphenidate increased positive
affect (reward responsiveness) [83] and improved apathy in
patients with advanced PD [84]. Auriel et al. [85] reported
improved attention in patients with PD after the administra-
tion of a single dose of methylphenidate. Fatigue is also a com-
mon non-motor symptom in PD; methylphenidate improved
fatigue in a randomized, double-blind, placebo-controlled
trial [86]. Although these results are promising, further re-
search is required.

Some findings have indicated that stimulants may induce
PD [64,87]. Baumeister [64] summarized previous epidemio-
logical study findings on the trend of PD and suggested that
stimulants might cause PD. In a recent retrospective cohort
study, the association between ADHD and PD was investigat-
ed in people born between 1950 and 1992 in Utah, USA [87].
The prevalence of basal ganglia and cerebellum (BG&C)-re-
lated diseases (such as PD, secondary PD, essential tremor,
and other degenerative diseases of the basal ganglia) was 2.4
times higher in those diagnosed with ADHD than in the con-
trol group. Additionally, the prevalence of BG&C-related dis-
eases was six times higher in those who received stimulants
and eight times higher in those who received only methylphe-
nidate than in those in the control group. The researchers ar-
gued that the use of stimulants in ADHD patients could in-
crease the incidence of PD, while suggesting that caution is
needed in interpreting the results. In other words, the use of
stimulants such as methylphenidate in patients with ADHD
does not directly increase the incidence of PD; however, pa-
tients with ADHD who use stimulants may have more severe
ADHD symptoms than drug-naive patients, which may be re-
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lated to PD. Furthermore, researchers pointed out that factors
that may increase the incidence of PD may not have been con-
trolled. As the study not only investigated the incidence of PD
but also included BG&C related diseases (for example, essen-
tial tremor), stimulants may not directly increase the incidence
of PD [56,87]. In a genetic linkage study on a possible genetic
link between ADHD and PD, none of the nine candidate genes
showed any association between ADHD and PD, suggesting
that the genetic link between the two diseases is low [88].

CONCLUSION

Many studies have investigated whether the use of stimu-
lants in patients with ADHD causes or worsens abnormal
movements. Tic disorders are the most commonly studied
type of disease. Contrary to the initial belief, recent studies
have reported that stimulants may be a factor that influences
emotion rather than causing tic symptoms. Studies on abnor-
mal motor symptoms other than tics are mostly case reports,
and further evidence is required. Stimulants have been used
to treat ADHD for the last several decades, and it is contro-
versial whether these medications act as neurotoxins which
cause PD. As the life expectancy of the human race has in-
creased, the incidence of degenerative diseases, such as PD,
has rapidly increased. Studies on whether stimulants can af-
fect the onset of PD have mainly been conducted on animals
or on illegal drug abusers using METH. Although many stud-
ies have reported that among the stimulants used to treat
ADHD, methylphenidate is relatively safe compared to am-
phetamines, recent epidemiological studies have shown that
methylphenidate may also increase the incidence of BG&C-
related diseases such as PD. However, there is still a lack of evi-
dence to support that the use of stimulants in patients with
ADHD may be a direct cause of PD, and related studies are in
the early stages. As stimulants are one of the most commonly
used medications in children and adolescents, close obser-
vations and studies are necessary in the future to assess their
effects on the development of movement disorders.
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