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Abstract
Objective In the fourth year of the COVID-19 pandemic, mortality rates decreased, but the risk of neuropsychiatric disorders 
remained the same, with a prevalence of 3.8% of pediatric cases, including movement disorders (MD) and ataxia.
Methods In this study, we report on a 10-year-old girl with hemichorea after SARS-CoV-2 infection and immunostained 
murine brain with patient CSF to identify intrathecal antibodies. Additionally, we conducted a scoping review of children 
with MD and ataxia after SARS-CoV-2 infection.
Results We detected antibodies in the patient's CSF binding unknown antigens in murine basal ganglia. The child received 
immunosuppression and recovered completely. In a scoping review, we identified further 32 children with de novo MD or 
ataxia after COVID-19. While in a minority of cases, MD or ataxia were a symptom of known clinical entities (e.g. ADEM, 
Sydenham's chorea), in most children, the etiology was suspected to be of autoimmune origin without further assigned 
diagnosis. (i) Children either presented with ataxia (79%), but different from the well-known postinfectious acute cerebellar 
ataxia (older age, less favorable outcome, or (ii) had hypo-/hyperkinetic MD (21%), which were choreatic in most cases. 
Besides 14% of spontaneous recovery, immunosuppression was necessary in 79%. Approximately one third of children only 
partially recovered.
Conclusions Infection with SARS-CoV-2 can trigger de novo MD in children. Most patients showed COVID-19-associated-
ataxia and fewer-chorea. Our data suggest that patients benefit from immunosuppression, especially steroids. Despite treat-
ment, one third of patients recovered only partially, which makes up an increasing cohort with neurological sequelae.

Keywords Pediatric movement disorder · Acute cerebellar ataxia · Acute cerebellitis · COVID-19 · Neuroimmunology · 
Pediatric neurology

Introduction

After its outbreak in December 2019 in Wuhan, China [1], 
the Coronavirus SARS-CoV-2 (severe acute respiratory 
syndrome coronavirus type 2) spread rapidly around the 
world. By February 2022, more than 14 million children 
had been tested positive for COVID-19 [2] and the pediatric 
infection-induced SARS-CoV-2 sero-prevalence was around 
70% in the United States [3]. Governments were forced to 
impose restrictions (e.g. school closure and social distanc-
ing) to fight exponential spread and hospital admissions. 
With unprecedented speed, vaccinations were developed 
and approved under an emergency use authorization by the 

FDA (Food and Drug Administration) and EMA (European 
Medicines Agency) in 2021, even for children.

Three years into the pandemic, we know that children 
present with milder respiratory symptoms than adults, pos-
sibly due to a stronger early innate antiviral response against 
the SARS-CoV-2 infection. [4] However, in addition to the 
general symptoms of COVID-19, rare neurologic abnormali-
ties have been gradually reported with involvement of the 
central and peripheral nervous system, including hypo- and 
hyperkinetic movement disorders, as well as cerebellar and 
pyramidal signs [5–7]. Movement disorders, although often 
not life threatening, are functionally debilitating, stigmatiz-
ing, and pose a tremendous burden on the affected children 
and their families. The rising incidence of functional move-
ment disorders during the COVID-19 pandemic was recently 
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linked to the “Charcot’s Era at the Salpêtrière” and discussed 
in the scope of governments’ measures and their profound 
psychological impact [8–11]. Therefore, it is even more 
important to characterize and identify the non-functional 
de novo movement disorders associated with COVID-19. 
There is increasing evidence that such dysfunctions may 
have an autoimmune underpinning, thereby offering options 
for causative treatment [6, 12–14]. In fact, the SARS-CoV-2 
virus is rarely detected in the cerebrospinal fluid (CSF), at 
least in adult patients [15], and neuropathological analyses 
suggest that cellular and humoral mechanisms rather trig-
ger neuronal dysfunction [13, 16]. As examples, in children, 
post-infectious conditions with movement disorders (e.g. 
acute cerebellar ataxia or Sydenham’s chorea) with favorable 
outcomes have been well described [17, 18]. While single 
case reports and series of pediatric patients with de novo 
movement disorders in the context of a SARS-CoV-2 infec-
tion have been published, an overview of associated clinical 
phenotypes and their frequencies was still missing.

Stimulated by the here reported 10-year-old girl with 
hemichorea after SARS-CoV-2 infection/vaccination, we 
aim to provide an overview about the phenotypic spectrum, 
and diagnostic and therapeutic workup of all cases described 
until May 2022.

Methods

Search strategy

A scoping review was performed in MEDLINE (PubMed) 
using the search terms [“parkinsonism” OR “ataxia” OR 
“myoclonus” OR “tremor” OR “dystonia” OR “chorea” 
OR “movement disorders”] AND [“SARS-CoV-2” OR 
“COVID-19”], up to 24th May 2022. In addition, we filtered 
references of publications for relevant studies. Titles and 
abstracts were screened by one investigator for eligibility.

Study selection criteria

Inclusion and exclusion criteria were pre-specified (Table 1). 
Criteria were applied to full-text articles by a first investiga-
tor. A second investigator was consulted in cases of uncer-
tainty. Studies meeting the criteria were included into the 
qualitative analysis.

Data synthesis

Patients who (1) either had a history of SARS-CoV-2 infec-
tion or (2) were vaccinated against SARS-CoV-2 and were 
below the age of 18 years were included. The following 

patient data were extracted: age, sex, time from infection/
vaccination to movement disorder, Multisystem Inflamma-
tory Syndrome in Children (MIS-C) criteria [19], hypo-/
hyperkinetic movement disorders, cerebellar and pyramidal 
signs, other neurologic/neuropsychiatric symptoms, general 
symptoms of COVID-19 on admission, therapy for move-
ment disorders, outcome, relapses, observation time, comor-
bidities, laboratory findings in sera and CSF, neuroimaging, 
EEG. The data were summarized descriptively.

Statistical analysis

In this retrospective study, no blinding, randomization, or 
formal power calculations were possible. We used descrip-
tive statistics to present qualitative data as percentages of 
reported cases, quantitative data as median and range. For 
group comparisons, we applied the unpaired Student’s t test 
for continuous variables, with Welch’s correction due to 
unequal samples sizes, and the Fisher’s exact test for cat-
egorical variables. Two-tailed p values < 0.05 were consid-
ered significant. Analyses were carried out with GraphPad 
Prism (version 9.3.1).

Ethics

For the case report, written informed consent for publica-
tion of individual images, videos and clinical details was 
obtained from the patient’s caregivers. Ethical approval for 
the study was obtained from the Institutional Review Board 
of Charité (EA2/121/17). The scoping review was performed 
retrospectively on published data which did not require an 
IRB vote.

Table 1  Inclusion and exclusion criteria of the scoping review

Children or adolescents either with a confirmed COVID-19 infection 
or COVID-19 vaccination and de novo movement disorders or ataxia 
were included into the study
MD movement disorder, COVID-19 coronavirus disease 2019

Inclusion Exclusion

Patients’ age  < 18 years  ≥ 18 years
COVID-19 infec-

tion/vaccination
Confirmed No information

Data reported De novo MD Functional or hereditary 
MD

Full text Abstracts only
In English Other language
Up to 24th May 2022 Beyond 24th May 2022

Type of publication Original articles Review articles
Case reports Expert opinions
Brief reports Conference proceedings
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Results

Case report

A 10-year old, previously healthy girl was admitted to our 
pediatric emergency department in February 2022 with 
striking left-sided chorea of the upper and lower limbs 
(Video 1, Supplementary methods 1). Hyperkinetic move-
ments had evolved 2 weeks after her first SARS-CoV-2 
infection with mild respiratory symptoms and four weeks 
after her first Comirnaty® vaccination. Choreatic move-
ments were initially task-specific but occurred also at rest 
in the further course. Activities of daily living (e.g., dress-
ing, hygiene) could hardly be performed independently. The 
right-handed patient preferred to fixate the left extremities 
with compensatory movements. In addition to hemichorea, 
the parents had noticed dysarthria as well as impulsive, irri-
table behavior, and attention deficit. Holocephalic headache 
had been reported weekly.

At time of admission, a SARS-CoV-2 RT-qPCR by naso-
pharyngeal swab was negative, and the patient did not suffer 
from general symptoms of COVID-19. Whereas an EEG, 
brain MRI, and exome sequencing results were normal, a 
lumbar puncture revealed slightly elevated protein levels 
with 0.5 g/l (normal range 0.15–0.45 g/l) and an increased 
opening pressure of 27 cm  H2O (normal range ≤ 25 cm  H2O) 
(Fig. 1). Consistent with elevated intracranial pressure, the 
fundoscopy revealed papilledema. Consequently, treatment 
with acetazolamide was initiated. CSF analyses including 
the white blood cell count, glucose, lactate, oligoclonal 
bands, SARS-CoV-2 serology were unremarkable and anti-
neuronal/glial antibodies to established autoantigens were 
not detected. Immunofluorescence analyses on fresh-frozen 
murine brain revealed a positive signal of predominantly 
glial pattern labelling the fine cellular processes of astro-
cytes (Fig. 1). It was detected within the glia limitans in 
proximity to the hippocampus, around large vessels across 
the basal ganglia, and to lesser extent within the cerebel-
lum. The findings did not resemble a neuropil staining pat-
tern, as commonly detected in some forms of autoimmune 
encephalitis. Instead, they indicated a reactivity typical for 
acidic glial fibrillary acidic protein (GFAP), which would 
be characteristic for an astrocytopathy. However, the exact 
intrathecal autoantibodies could not be identified, neither in 
extended commercial panel analysis (EUROIMMUN) nor 
via a cell-based approach with no clear binding to GFAP-
expressing HEK293T-cells, when compared to a commercial 
anti-GFAP antibody. Further investigations with CSF could 
not be carried out due to limited availability of CSF samples. 
Broad laboratory testing including TSH (thyroid stimulat-
ing hormone), electrolytes, antistreptolysin O titer, bacte-
rial/viral PCR/serology, ceruloplasmin and vanillylmandelic 

acid, revealed no evidence for other causes of hyperkinetic 
movement disorders.

With the suspected diagnosis of autoantibody-mediated 
hemichorea, we initiated an immunosuppressive therapy. 
With no systematic collection of other cases available, we 
started treatment with IVIG (1000 mg/kg/day) for 2 days, 
which did not result in any significant improvement (Video 
2, Fig. 1) over the following two weeks. High-dose methyl-
prednisolone treatment (20 mg/kg/day) for 5 days was initi-
ated thereafter, and symptoms resolved promptly (Video 3, 
Fig. 1). At 5 months follow-up visit, the movement disorder 
remained absent, but the patient continued to suffer from 
headaches without any further verified SARS-CoV-2 infec-
tion or a second SARS-CoV-2 vaccination. The papilledema 
had completely resolved at that time and brain MRI contin-
ued to be normal. Due to suspected side effects of aceta-
zolamide, the medication was stopped, and the headache 
subsided completely. No relapse of movement disorders or 
other neuropsychiatric symptoms occurred within 6 months 
of observation time.

Scoping review

Stimulated by the above-mentioned course of disease, we 
addressed the following questions: (1) Which phenomenol-
ogy of movement disorders, cerebellar or pyramidal involve-
ment evolves in the context of SARS-CoV-2? (2) What is the 
best diagnostic work-up and which clinical findings were 
made in other cases? (3) Could autoantibodies be identified 
in this cohort? (4) What would be the best treatment option? 
(5) How is the outcome and are relapses described? (6) Are 
de novo movement disorders, cerebellar or pyramidal signs 
an often-occurring side effect of the vaccination?

To offer some answers for pediatricians who see children 
with de novo movement disorders in the context of COVID-
19, we performed a scoping review. Applying specific search 
terms on MEDLINE (see “Search strategy”), 1130 records 
could be identified according to the Preferred Reporting for 
Systematic Review and Meta-Analysis (PRISMA) consen-
sus statement shown in Fig. 2. Five additional studies were 
found by screening references of the relevant literature. 
Thus, 1135 titles and abstracts were screened for eligibil-
ity. After excluding nine duplicates and another 939 studies 
not dealing with pediatric movement disorders, cerebellar or 
pyramidal signs in the context of COVID-19 infection/vac-
cination, the inclusion and exclusion criteria were applied 
on 187 full-text publications (Table 1). 170 studies were 
excluded, among them seven articles reporting on functional 
movement disorders and two on preexisting, hereditary syn-
dromes with movement disorders. Finally, 17 articles were 
included for our analysis [5, 6, 20–34]. 
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Study group

32 pediatric patients with de novo movement disorders, 
cerebellar or pyramidal signs were described in 17 articles. 

Patient-specific data of published cases including our case 
(n = 33) on the clinical presentation, diagnostic results, 
treatment and outcome are presented in Table 2 and Sup-
plementary table 1. If data were not attributed to single 
patients [5], we report it specifically. A synopsis of all 
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patients is summarized in Table 3. The cohort included 
infants to adolescents. The median age was 10 years (range 
0.1–16.0 years). Sex was indicated in 30 of 33 cases and 
showed a balanced distribution with 15 female and 15 male 
patients. All patients had a positive SARS-CoV-2 RT-qPCR 
in the past medical history or on admission (Table 1). No 
child apart from the index case of this study had received 
the  Comirnaty® vaccination or another vaccination against 
SARS-CoV-2. Comorbidities were reported in the past medi-
cal history in only four patients and comprised cytothrombo-
penic purpura [6], type 1 diabetes mellitus, nephrolithiasis 
[28], anxiety, motor tics [23], and Sydenham’s chorea. [34]

Clinical presentations

The time between SARS-CoV-2 infection and onset of 
movement disorders, cerebellar or pyramidal signs was 
heterogeneous, ranging from 0 to 280 days with a median 
of 3 days. 79% (26/33) of the children predominantly pre-
sented with cerebellar signs [5, 6, 20–22, 26–33]. 21% (7/33) 
were described with hypo- or hyperkinetic movement dis-
orders (see “Results 5, 6”, Fig. 2, Table 3) [5, 23–25, 34], 
and no patient showed predominant parkinsonism. In three 
cases, including our study, videos for the exact description 
of movement disorder phenomenology were provided [26, 
33]. Overall, neuropsychiatric symptoms such as confu-
sion, irritability, headache, and cognitive impairment were 
described in 60% (18/30) of reported cases [6, 20–25, 27, 
29–33]. The criteria for MIS-C after COVID-19 infection, 
according to the definition of the World Health Organization 
(WHO) [19], was met in 21% of cases (7/33) with a median 

age of 6 years (range 1.4–15.0 years, clinical signs: ataxia, 
dysarthria, gait instability).

Clinical investigations

70% (19/27) of patients had a positive nasopharyngeal 
SARS-CoV-2 RT-qPCR on admission [6, 20, 22, 24, 25, 
27–31, 33, 34]. In 86% of cases (24/28), clinical investiga-
tions revealed pathological findings and only in 14% (4/28), 
no abnormalities were found neither in sera, nor CSF, brain 
MRI, or EEG [6, 24, 26]. Brain MRI results were abnor-
mal in 53% (16/30) [6, 20–22, 25, 27, 31, 32] and showed 
cerebellar signal alterations in 31% (5/16), and white mat-
ter changes in 31% (5/16), of which three MRI met criteria 
of acute demyelinating encephalomyelitis (ADEM) (Sup-
plementary table 1). One patient (6%) was diagnosed with 
Guillain-Barré syndrome and correspondingly presented 
with thickening of nerve roots. Another patient showed typi-
cal signs of Wernicke encephalitis on MRI. In 25% (4/16), 
neuroimaging revealed signal alterations in the corpus cal-
losum of unknown significance. EEG was performed in 33% 
(11/33) of cases only. Pathological findings were detected 
in 6 out of 11 [20, 21, 25, 27, 30]; 4 of these 6 patients 
had been diagnosed with MIS-C. Concerning CSF findings, 
SARS-CoV-2 RT-qPCR was performed on eight samples, 
yielding negative results in all cases [20, 21, 25, 28, 29, 
31, 33]. Criteria for inflammatory CSF, broadly defined as 
pleocytosis or elevated protein level or positive oligoclonal 
bands or CSF anti-neuronal/-glial antibodies or positive 
immunofluorescence on murine brain sections, were met 
in 64% (16/25) [6, 20, 23, 25, 27–31, 33]. (1) Here, pro-
tein levels and white blood cell counts were only slightly 
elevated in comparison to normal ranges, with a median of 
0.48 g/l (range 0.08–19.0 g/l) and a median of 5 cells/µl 
(range 1–2000/µl), respectively. (2) CSF antibodies against 
SARS-CoV-2 could be detected in two of three reported 
cases [23, 33]. (3) Screening for anti-neuronal/-glial anti-
bodies in CSF was carried out in ten cases. Three of those 
ten samples revealed positive results (see “Results 5”). (4) 
In two children, including the index patient described in this 
study, elevated CSF protein levels but negative panels for 
anti-neuronal/-glial antibodies led to additional immunofluo-
rescence studies via tissue-based assays on murine brain (see 
“Results 6”).

Treatment and outcome

Treatment and outcome were reported in 28/33 cases. In 14% 
(4/28) of patients, the symptoms resolved spontaneously, and 
treatment was not necessary [6, 20, 28, 29]. One patient with 
thiamine deficiency and cerebellitis was supplemented with 
thiamine [32] and another patient received carbamazepine 
to reduce choreatic movements of a suspected Sydenham’s 

Fig. 1  Clinical course of a ten-year-old girl with hemichorea associ-
ated to SARS-CoV-2. A Normal brain MRI T2 axial/coronal section 
and B EEG. C; a–j Immunohistochemistry using CSF and serum via 
tissue-based assay on fresh-frozen murine brain according to estab-
lished protocols [39, 47]. C; a–g Immunofluorescence analyses on 
fresh-frozen murine brain revealed a positive signal of predominantly 
glial pattern labelling the fine cellular processes of astrocytes. C; a, b 
It was detected within the glia limitans in proximity to the hippocam-
pus, C; c, d around large vessels across the basal ganglia, C; d, e and 
to lesser extent within the cerebellum. C; f, g Incubation with patient 
serum revealed a signal of similar distribution but considerably lower 
intensity C; h, m not seen in the respective negative, C; j, n back-
ground, C; i and positive control. The exact intrathecal autoantibodies 
could not be identified, neither in extended commercial panel anal-
ysis (EUROIMMUN) nor C, k, l via a cell-based approach with no 
clear binding to GFAP-expressing HEK293T-cells, when compared 
to a commercial anti-GFAP antibody. D The severity of chorea was 
assessed with the UFMG Sydenham’s Chorea Rating Scale (USCRS) 
[48] before/after IVIG, high-dose intravenous MPS. Red play buttons 
indicate the time of video recordings. CSF cerebrospinal fluid, GFAP 
glial fibrillary acidic protein, GCL granular cell layer, gl glia limitans, 
IVIG intravenous immunoglobulins, ML molecular layer, MPS meth-
ylprednisolone, PL Purkinje cell layer, SO Stratum oriens, SP Stra-
tum pyramidale, SR Stratum radiatum. Size bars: 200 μm (C; h, i, j), 
100 μm (C; a, c, e, f), 20 μm (C; b, d, g, k–n)

◂
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chorea relapse [34]. The other 79% (22/28) of children were 
treated with immunotherapy. Treatment with steroids only 
was sufficient in 21% (6/28), with five patients receiving 
high-dose methylprednisolone intravenously and one patient 
being treated with oral prednisone [6, 33]. IVIG as a mono-
therapy were administered in one child with Guillain-Barré 
syndrome [25]. 36% (10/28) of children received a combined 
therapy of methylprednisolone and IVIG, of which three 
studies reported a better response to methylprednisolone 
including our case report [6, 26]. Another 18% (5/28) of 
children needed therapy escalation (e.g. anakinra, rituximab, 
plasma exchange). The majority of patients (57%, 16/28) 
fully recovered after immunotherapy and in approximately 
one third (29%, 8/28), a partial recovery after treatment 
was described. Overall, no relapses were reported within 

a relatively short observation time of two months (median; 
range 0.25–6 months).

We investigated whether there were differences in the out-
come depending on the phenomenology or the severity of 
symptoms (Supplementary table 2). In children with cerebel-
lar signs, 17% (4/23) recovered spontaneously, 61% (14/23) 
recovered fully after treatment and 22% (5/23) recovered 
only partially after treatment. In children with hypo-/hyper-
kinetic movement disorders, none recovered spontane-
ously, 40% (2/5) recovered fully after treatment and 60% 
(3/5) recovered only partially after treatment. In the MIS-C 
group, one child (25%) recovered spontaneously, two (50%) 
after treatment and one (25%) only partially after treatment.

We additionally compared outcomes depending on the 
clinical investigations (Supplementary table 2): all four 

Fig. 2  PRISMA flow diagram, study profile and classification of 
ataxia and movement disorders. After using the search terms [“par-
kinsonism” OR “ataxia” OR “myoclonus” OR “tremor” OR “dysto-
nia” OR “chorea” OR “movement disorders”] AND [“SARS-CoV-2” 

OR “COVID-19”], up to  24th May 2022 in MEDLINE (PubMed) 33 
patients were included into the scoping review and classified accord-
ing to their predominant phenomenology. CSF cerebrospinal fluid, 
MD movement disorder. *Predominant symptom



4599Journal of Neurology (2023) 270:4593–4607 

1 3

Table 2  Patient-specific data of COVID-19 associated pediatric de novo movement disorders and ataxia
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n to
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ove
men
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[d]

Tim
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on to
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ove

men
t d

iso
rder 

[d]
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 cr
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ria

 [y
/n]

Hyp
o-/h
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erk

ineti
c m

ove
men

t diso
rders

Cere
bell

ar
sig

ns

Pyra
midal 

sig
ns

Other 
neu
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mtoms

Gen
era

l C
OVID-19

 sy
mptoms o

n ad
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ion

Thera
py f

or m
ove

men
t d

iso
rders

Outco
me a

fte
r h

osp
ita

l a
dmiss

ion

Rela
pse

 [n
umber]

Obse
rva

tio
n tim

e [
m]

Comorbiditie
s

1 Abdel-Mannan 
et al.

9.0 m 0 0 na y n ataxia, 
dysarthria

n confusion, headache, 
leg weakness, urinary 
retention

fever, palmar rash, 
vomiting, circulatory 
shock

n full recovery 
after 11 days

0 ≤ 2 n

2 Abdel-Mannan 
et al.

15.0 f 0 14 na y n dysarthria n confusion, global 
weakness, 
hyporeflexia

esod-hgihn
MPS, 
dexamethasone, 
rituximab, 
anakinra

partial recovery 
after 32 days

0 1 n

3 Akcay et al. 3.0 m 0 nr na y n ataxia, 
dysarthria, 
nystagmus

n altered mental state, 
meningeal irritation

fever, rash, vomiting, 
diarrhea, conjunctivitis, 
papillitis of the tongue, 
lip fissuring, 
tachycardia, 
respiratory failure

high-dose 
MPS, IVIG

full recovery 
after < 1 month

0 ≤ 1 n

4 Aljomah et al. 9.0 m 0 0 na n n ataxia, 
dysarthria, 
dysphagia, 
dysmetria, gait 
instability

n headache, ptosis, 
ophthalmoplegia, 
hyporeflexia

0yrevocerlaitrapGIVIn ≤ 2 n

5 Aubart et al. 10.6 m 0 nr na n n ataxia pyramidal 
signs

asthenia, sphincter 
dysfunction

fever n full recovery 
after < 1 month

0 ≤ 6 n

6 Aubart et al. esod-hgihnnnaixatannanrn0m6.1
MPS

full recovery 
after < 1 month

0 ≤ 6 n

7 Aubart et al. esod-hgihgnitimov,revefnnaixatannanrn0f3.7
MPS

full recovery 
after < 1 month

0 ≤ 6 n

8 Aubart et al. 8.7 f 0 nr na n n ataxia n cognitive impairment, 
headache, agitation

fever, diarrhea, 
abdominal pain, 
cardiac dysfunction

high-dose 
MPS, IVIG

full recovery 
after < 1 month

0 ≤ 6 n

9 Aubart et al. esod-hgihnseruziesnaixatannanrn0m3.7
MPS, IVIG

full recovery 
after < 1 month

0 ≤ 6 cytothrombopenic 
purpura

10 Aubart et al. 7.5 m 0 nr na n n ataxia n cognitive impairment, 
headache

 abdominal pain, 
cardiac dysfunction

high-dose 
MPS, IVIG

full recovery 
after < 1 month

0 ≤ 6 n

11 Aubart et al. 10.7 f 0 nr na n n ataxia n paresthesia, distended 
bladder

esod-hgihn
MPS

full recovery 
after < 1 month

0 ≤ 6 n

12 Aubart et al. esod-hgihnyslapevrenlainarcnaixatannanrn0f2.01
MPS, IVIG

full recovery 
after < 1 month

0 ≤ 6 n

13 Aubart et al. yrevocerllufSPMlaronnnaixatannanrn0f0.31
after < 1 month

0 ≤ 6 n

14 Aubart et al. 15.3 f 0 nr na n n ataxia n cognitive impairment, 
headache

esod-hgihn
MPS

full recovery 
after < 1 month

0 ≤ 6 n

15 Bartley et al. mid-
teens

f 0 80 na n chorea n n psychosis, paranoia, 
agitation, impulsivity, 
depression, suicidal 
ideation, bradyphrenia, 
impaired working 
memory

esod-hgihn
MPS, IVIG

partial recovery 0 6 anxiety, motor 
tics

16 Della Corte et 
al.

12.0 m 0 3 na n myoclonus (left-
sided), 
dysarthria*

n foot clonus attentional, memory 
deficits, fatigue, 
asthenia, anxiety

esod-hgihn
MPS, oral PS, 
IVIG, 
clonazepam

full recovery 
after < 1 month

0 1 n

17 Gaughan et al. 16.0 f 0 3 na n akinesia, rigidity, 
tremor after 
olanzapine, 
haloperidol

n n mutism, anxiety, 
insomnia, anorexia, 
paranoia, ritualistic 
behaviors, auditory 
hallucinations, fecal 
and urinary 
incontinence

fever, tachycardia high-dose 
MPS, IVIG

partial recovery 0 6 n

18 Heald et al. 0.1 f 0 35 na n n opsoclonus* increased 
muscle tone

esod-hgihngnitsurhteugnot
MPS, oral 
MPS IVIG

prompt recovery nr nr twin birth

19 McLendon et 
al.

1.4 f 0 13 na y rigidity truncal ataxia, 
gait instability

hyperreflexia fatigue, weakness, 
decreased 
communication, 
irritability, neck 
stiffness, lethargy

autonomic instability high-dose 
MPS, oral 
MPS, IVIG

full recovery 
after < 2 month

0 2 n

20 O'Neill et al. 5.0 m 0 8 na n n ataxia, 
dysarthria, 
dysmetria, gait 
instability

yrevocerllufnnnn
after < 2 month

0 1 diabetes type 1, 
nephrolithiasis

21 Ray et al. 9.0-
14.0

m/f 0 nr na n chorea n n peripheral nervous 
system involvement

0rnrnn ≤ 6 n

22 Ray et al. 9.0-
14.0

m/f 0 nr na n chorea n n peripheral nervous 
system involvement

0rnrnn ≤ 6 n
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patients without pathological diagnostic findings were 
treated with immunotherapy and reached full recovery after 
one month. There was a trend of better outcome in patients 
without inflammatory CSF in comparison to patients with 
inflammatory CSF: 89% (8/9) versus 75% (12/16) recov-
ery completely spontaneously/after treatment, and 11% 
(1/9) versus 25% (4/16) recovered partially after treatment. 
Brain MRI with or without pathological findings did not 
seem to change the outcome: 75% recovered completely 
spontaneously/after treatment, and 25% recovered partially 
after treatment. EEG was performed in a limited number of 
patients only.

Patients with COVID‑19‑associated ataxia/cerebellitis

79% (26/33) of the children presented predominantly with 
cerebellar signs (Fig. 2, Table 3) [5, 6, 20–22, 26–33]. The 
number of patients with positive respiratory SARS-CoV-2 

RT-qPCR on admission was 80% (16/20). Correspond-
ingly, patients with proven SARS-CoV-2 seroconversion 
were less frequent with 20% (4/20). Children were on 
average nine years old (median; range 0.1–15.3 years). 
The onset of cerebellar symptoms was usually immedi-
ately after infection (median of 0 days; range 0–280 days). 
The majority of cases (24/26) presented with ataxia. 
Within this group, from the clinical description published, 
we were able to assign the diagnosis of acute cerebel-
lar ataxia (ACA) [6, 28, 29] in 12% (3/26) of patients 
and acute cerebellitis (AC) [6, 20, 21, 27, 30–33] in 54% 
(14/26), according to respective definitions (for detailed 
comparison see Supplementary table 3) [35]. Additionally, 
three patients with ataxia had been diagnosed with ADEM 
[6], one 7-year-old boy with anti-N-methyl-d-aspartate 
receptor (NMDAR) encephalitis [30], one 9-year-old boy 
with Guillain–Barré syndrome [22], one 14-year-old girl 
with thiamine deficiency [32], and three cases were not 
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23 Ray et al. nr nr 0 nr na y nr ataxia nr nr nr nr nr 0 ≤ 6 nr

24 Ray et al. nr nr 0 nr na y nr ataxia nr nr nr nr nr 0 ≤ 6 nr

25 Ray et al. nr nr 0 nr na y nr ataxia nr nr nr nr nr 0 ≤ 6 nr

26 Sánchez-
Morales et al.

2.0 m 0 0 na n n ataxia n irritability fever, rhinorrhea, 
cough

n full recovery 0 4 n

27 Sarigecili et al. 7.0 m 0 0 na n chorea ataxia, gait 
instability

n somnolence, 
hyporeflexia, seizures

tachycardia, renal 
failure

high-dose 
MPS, IVIG, 
plasmapherese

partial recovery 
after < 1 month

nr nr n

28 Sharma et al. 12.0 m 0 0 na n n ataxia, gait 
instability

n altered mental status, 
headache, vomiting

fever, bradycardia steroids, 
external 
ventricular 
drain

full recovery 
after 6 weeks

0 3 nr

29 Sharma et al. 10.0 m 0 0 na n n ataxia, 
dysmetria, gait 
instability

n drowsiness, headache, 
vomiting, irritability

 ,sdioretsn
external 
ventricular 
drain

full recovery 
after 6 weeks

0 3 nr

30 Skok et al. 14.0 f 0 ## na n n ataxia, 
dysphagia, 
dysmetria, gait 
instability

n confusion, 
ophthalmople-gia, 
inappropriate speech, 
loss of pharyngeal 
reflex, dysgeusia, 
urinary incontinence

hypotension, 
tachycardia, weight 
loss

thiamine partial recovery 
after < 2 weeks

0 0.5 n

31 Tomar et al. 13.0 m 0 0 na n n ataxia, 
dysarthria, 
dysmetria, 
nystagmus, gait 
instability*

n lethargy, headache fever, vomiting, mild 
respiratory complaints

high-dose 
MPS

partial recovery 
after 20 days

0 0.6 n

32 Yüksel et al. 14.0 f 0 7 na n chorea 
(predominance 
left) in 
lower/upper 
extremities

inepezamabracnnnn partial recovery 
after 7 days

0 0.3 Sydenham's 
chorea three 
years ago

33 present study 10.0 f 1 14 28 n chorea (left-
sided), 
orofascial 
dyskinesia, 
dysarthria, 
dysmetria*

n n headache, irritability, 
attention deficit

-hgih,GIVIn
dose MPS

full recovery 
after < 1 month

0 6 n

nr not reported, na not applicable, np not performed, MPS methylprednisolone, IVIG intravenous immunoglobulins, y yes, n no, m male, f female
* Videos online
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Table 3  Clinical features of study group and comparison of COVID-19-ataxia/cerebellitis versus COVID-19-movement disorders

Data are shown as n/reported items (%) or median (range), n
MIS-C Multisystem Inflammatory Syndrome in Children, IF immunofluorescence, CSF cerebrospinal fluid, EEG electroencephalogram, MRI 
magnetic resonance imaging, PCR polymerase chain reaction, na not applicable
a Predominant symptom
b Pleocytosis or elevated protein level or positive oligoclonal bands or CSF autoantibodies or positive immunofluorescence on murine brain sec-
tions
Two-tailed p values < 0.05 were considered significant, highlighted by numbers in bold print

Study group COVID-19-cerebellar signs COVID-19-MD p values
(n = 33) (n = 26) (n = 7)

Age, years 10 (0.1–16.0), n = 29 9 (0.1–15.3), n = 23 13 (9.0–16.0), n = 6 0.0127
Sex
 Female 14/28 (50%) 10/23 (43%) 4/5 (80%) 0.3259
 Male 14/28 (50%) 13/23 (57%) 1/5 (20%)

Past medical history
 SARS-CoV-2 infection currently or in past 33/33 (100%) 26/26 (100%) 7/7 (100%)  > 0.9999
 SARS-CoV-2 vaccination 1/33 (3%) 0/26 (0%) 1/7 (14%) 0.2121
 Neurological/psychiatric comorbidities 2/28 (7%) 0/23 (0%) 2/5 (40%) 0.0265
 Other comorbidities 2/28 (7%) 2/23 (9%) 0/5 (0%)  > 0.9999

Clinical features
 Infection to movement disorders time (days) 3 (0–280), n = 16 0 (0–280), n = 11 3 (3–80), n = 5 0.7803
 Vaccination to movement disorders time (days) 28 (28), n = 1 na 28 (28), n = 1 na
 Hypo-/hyperkinetic movement  disordera 7/33 (21%) na na na
 Cerebellar  signsa 26/33 (79%) na na na
 Pyramidal  signsa 0/33 (0%) na na na
 Neurological/psychiatric symptoms 25/30 (83%) 19/23 (83%) 6/7 (86%)  > 0.9999
 Internistic symptoms on admission 13/30 (43%) 12/23 (52%) 1/7 (14%) 0.1038
 MIS-C criteria 7/33 (21%) 7/26 (27%) 0/7 (0%) 0.2994

Investigations
 SARS-CoV-2 PCR positive on admission 19/27 (70%) 16/20 (80%) 3/7 (43%) 0.1445
 SARS-CoV-2 seroconversion 8/27 (30%) 4/20 (20%) 4/7 (57%) 0.1445
 Inflammatory  CSFb 16/25 (64%) 13/21 (62%) 3/4 (75%)  > 0.9999
 CSF proteine level (g/l) 0.36 (0.08–19), n = 23 0.59 (0.08–19) 0.48 (0.43–0.5) 0.3614
 CSF white blood cell count (/µl) 4.5 (0–2000),  n = 22 5 (0–2000) 1 (1–2) 0.2048
 CSF autoantibody panel positive 3/10 (30%) 3/8 (38%) 0/2 (0%)  > 0.9999
 CSF IF on murine brain sections positive 2/2 (100%) 0/0 (0%) 2/2 (100%)  > 0.9999
 CSF SARS-CoV-2 PCR positive 0/8 (0%) 0/7 (0%) 0/1 (0%)  > 0.9999
 CSF SARS-CoV-2 serology positive 2/3 (67%) 1/1 (100%) 1/2 (50%)  > 0.9999
 Abnormal neuroimaging 16/30 (53%) 15/23 (65%) 1/7 (14%) 0.0019
 Abnormal EEG 6/11 (55%) 4/4 (100%) 0/7 (0%) 0.0030

Treatment
 No treatment 4/28 (14%) 4/23 (17%) 0/5 (0%)  > 0.9999
 Immunomodulation 22/28 (79%) 18/23 (78%) 4/5 (80%)  > 0.9999
 Other treatment 2/28 (7%) 1/23 (4%) 1/5 (20%) 0.3307

Outcome
 Observation time (months) 2 (0.25–6), n = 31
 Spontaneous recovery 4/28 (14%) 4/23 (17%) 0/5 (0%)  > 0.9999
 Full recovery after treatment 16/28 (57%) 14/23 (61%) 2/5 (40%) 0.6239
 Partial recovery after treatment 8/28 (29%) 5/23 (22%) 3/5 (60%) 0.1231
 Death 0/33 (0%) na na na
 Relapse 0/33 (0%) na na na
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described in detail [5]. Neuroimaging revealed pathologic 
results in 65% (15/23) and EEG was pathologic in four out 
of four reported cases. Criteria of inflammatory CSF were 
met in 62% (13/21). Aubart et al. described two patients 
with ataxia, who were tested positive for anti-myelin oli-
godendrocyte glycoprotein (MOG) antibodies and showed 
signs of ADEM on brain MRI [6]. Sarigecili et al. reported 
on one patient with anti-NMDAR antibodies in CSF with 
predominant cerebellar signs and choreatic movements 
in the course of disease [30]. In children with COVID-
19-associated ataxia/cerebellitis, 71% (18/23) recovered 
completely spontaneously/after treatment, and 22% (5/23) 
recovered only partially after treatment.

Patients with COVID‑19‑associated hypo‑/hyperkinetic 
movement disorders

21% (7/33) of patients were described with hypo-/hyperki-
netic movement disorders (Fig. 2, Table 3) [5, 23–25, 34]. 
43% (3/7) of patients had a positive respiratory SARS-CoV-2 
RT-qPCR on admission. In 57% (4/7), seroconversion could 
be verified. Children were on average 13 years old (median; 
range 9.0–16.0 years). Movement disorders evolved with a 
median delay of 3 days (range 3–80 days) after infection. 
Within this group, five of seven children were described with 
chorea [5, 23, 34], which was mainly left-sided in two cases 
[34]. One of those patients were suspected with a relapse 
of Sydenham’s chorea [34]. Additionally, Della Corte et al. 
reported on one 12-year-old boy with left-sided myoclonus, 
bilateral clonus (pyramidal sign), and psychiatric symptoms 
[24]. Gaughan et al. described a 16-year-old girl with acute 
onset akinesia interpreted as akinetic mutism, rigidity and 
potentially iatrogenic tremor after treatment with haloperidol 
and olanzapine [25]. In patients with chorea, neuroimag-
ing (0/5) and EEG (0/3) did not revealed any pathological 
results. Criteria of inflammatory CSF were met in two out of 
two cases. In two children, including our index patient, ele-
vated CSF protein levels but negative results of panel testing 
for anti-neuronal/-glial antibodies led to additional immuno-
fluorescence studies via tissue-based assays on murine brain 
sections. Bartley et al. identified positive immunosignals in 
mitral cells of the olfactory bulb, cerebral cortex, cerebel-
lar Purkinje cells, hippocampus, and brainstem of a mouse 
brain (with no information on the basal ganglia) with CSF 
from a mid-teen girl with chorea and psychiatric impair-
ment [23]. Whereas, in our case, an isolated astrocytic fiber 
pattern could be detected in the murine hippocampus, basal 
ganglia, and cerebellum. In children with chorea, none of 
three reported cases recovered spontaneously, one recovered 
fully and two others only partially after treatment.

Discussion

The COVID-19 pandemic is ongoing and while mortality 
rates are decreasing, diagnosis and treatment of neurologic 
disease associated to SARS-CoV-2 infection remains a 
challenge for pediatricians [7]. A prospective cohort study 
including children with COVID-19 hospitalized in England 
between 2020 and 2021 estimated a prevalence of 3.8 per 
100 pediatric cases with neurologic and psychiatric impair-
ment [5]. One-tenth of those cases (5/51) had movement 
disorders (chorea) or cerebellar impairment (ataxia). Apply-
ing these epidemiologic data to 14 million children having 
been tested positive for COVID-19 by February 2022 in the 
United States [2], approximately 50 thousand children would 
be affected of non-functional de novo movement disorders or 
ataxia. Additionally, a rising incidence of functional move-
ment disorders during the COVID-19 pandemic was recently 
reported [10]. To facilitate differentiation and improve care, 
it is necessary to provide missing data on the phenomenol-
ogy, clinical findings, treatment options and outcome of non-
functional pediatric de novo movement disorders, cerebellar 
and pyramidal signs associated to SARS-CoV-2 infection or 
vaccination. We performed a scoping review from 2019 to 
2022 on MEDLINE and identified 17 studies describing 32 
pediatric cases of de novo movement disorders, cerebellar 
or pyramidal signs after SARS-CoV-2 infection. Addition-
ally, we reported on a 10-year-old girl with hemichorea after 
SARS-CoV-2 infection/vaccination.

SARS-CoV-2-associated pediatric movement disor-
ders or cerebellar impairment occurred in a minority in 
the context of known entities such as Guillain-Barré syn-
drome [22], Sydenham’s chorea [34], thiamine deficiency 
[32], ADEM [6], or encephalitis with known antibodies 
(NMDAR, MOG) [6, 30]. A larger proportion, however, 
could not be assigned to a defined clinical entity. Based 
on the published data, we propose a diagnostic work-up 
for differential diagnosis and therapeutic algorithm for the 
management of COVID-19-associated movement disor-
ders and ataxia in children (Fig. 3).

It appears that in most pediatric cases of COVID-19, two 
different neurological systems may be affected: (i) the cer-
ebellar system and (ii) the cortico-basal ganglia network.

(ad i) Both, acute cerebellar ataxia (ACA) and acute cer-
ebellitis (AC) are well-known (post)infectious conditions in 
children, with ACA being the most common cause for acute 
ataxia in pediatric emergency departments [36]. Whereas 
these patients typically present with chief complaints as 
ataxia, unsteady gait, nystagmus, or dysmetria, children with 
AC additionally suffer of altered mental state and more fre-
quently show brain MRI abnormalities [35]. Children with 
ACA are typically under the age of 6 years and the outcome 
is very good. Segal et al. reported on a cohort of 58 children, 
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72% of whom made a complete spontaneous recovery within 
1–2 days and the remainder within 3–21 days. [17] Yet, after 
AC, Lancella et al. reported on neurologic sequelae in 6% 
of children, and those with pathologic findings on neuro-
imaging were more likely to have only partial recovery. In 
our cohort, we describe 26 children with predominant cer-
ebellar signs in the context of COVID-19 (Fig. 2, Table 3, 
Supplementary Table 3). Only 12% could be classified as 
ACA, whereas most patients (54%) met criteria of AC. Chief 
complaints were ataxia, unsteady gait or dysmetria; and in 
many cases (70%) abnormalities on brain MRI were iden-
tified. Unlike ACA/AC, the median age of these patients 
with COVID-19-associated ataxia/cerebellitis was higher at 
9 years and the onset of ataxia was earlier, with 70% of the 
children developing movement disorders during the acute 
course of infection. The outcome of these children was less 
favorable in comparison to ACA/AC: only 17% recovered 
without treatment, another 61% recovered completely after 
therapy, and 22% of patients recovered only partially after 
treatment. Within the small subgroup of three cases meet-
ing the criteria of ACA, the outcome was better with 67% 
of spontaneous recovery and 33% fully recovering after 
treatment. To confirm these two entities in de novo ataxia/
cerebellitis after SARS-CoV-2 infection, and to further iden-
tify prognostic parameters and long-term outcomes, larger 
cohorts and longer follow-up periods will be necessary. Even 
so, COVID-19-associated ataxia/cerebellitis seems to have 

distinct characteristics and immunotherapy may be superior 
to watchful waiting.

(ad ii) The basal ganglia play a vital role in initiating and 
controlling movement and behavior. Autoimmune processes 
in this finely tuned network can trigger hypo- and hyper-
kinetic movement disorders [37, 38]. After streptococcal 
infection, e.g., prototypic chorea and psychiatric symptoms 
may evolve, known as Sydenham’s chorea [18]. Dale et al. 
identified antibodies against surface dopamine-2 receptor 
in 10/30 patients with Sydenham’s chorea [37], indicating 
a post-infectious humoral autoimmunity. Yet, much of the 
pathophysiology remains unclear. The treatment regimens 
are diverse, with approximately one-third of children receiv-
ing immunotherapy. The outcome is favorable with remis-
sion in most cases [18]. We found a very limited number of 
patients with hypo-/hyperkinetic movement disorders after 
SARS-CoV-2 infection (Fig. 2, Table 3). It may be consid-
ered that hyperkinetic movement disorders can be mistaken 
as “ataxia” by the untrained eye and videos were rarely pro-
vided. Considering the limited number of cases, none of 
five patients with chorea had abnormal brain MRI or EEG. 
Two patients met the criteria for inflammatory CSF with 
elevated protein levels, but both screening was negative for 
anti-neuronal/-glial antibodies: [39] In one mid-teen patient 
with chorea and psychiatric symptoms, both CSF antibodies 
against SARS-CoV-2 of unknown significance and a positive 
result in immunofluorescence testing on murine brain (with 
no information on the basal ganglia) were detected [23]. 

Fig. 3  A diagnostic and therapeutic algorithm for the management of 
COVID-19-associated movement disorders and ataxia. This proposed 
algorithm is derived from the here published data (retrospective, 
n = 33) and is therefore of advisory nature. For differential diagno-
ses please refer to the recommendations for clinical use of the Euro-
pean Reference Network Rare Neurological Disease (ERN-RND) for 
patients with “childhood-onset chorea” and “early-onset ataxias” and 
the review on functional movement disorders by Edwards and Bhatia 
[49–51]. The terms “probable” and “definite autoimmune etiology” 

are based on the definitions for autoimmune encephalitis [52]. Details 
on tissue- and cell-based assays, as well as an example of a commer-
cial panel assay for anti-neuronal antibodies are stated in the Supple-
mentary methods 1. *In cases of suspected autoimmune etiology but 
absence of autoantibodies, consider antibody-negative autoimmune 
encephalitis following published criteria [52] and discuss probatory 
immunotherapy after exclusion of alternative causes. MD movement 
disorders, MRI: magnetic resonance imaging
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In a 10-year-old girl with left-sided hemichorea (our index 
patient), a likely autoimmune astrocytic fiber pattern in the 
murine hippocampus, basal ganglia, and cerebellum was 
found. In both cases, the exact target of these autoantibod-
ies binding to neuronal or glial surface receptors or synaptic 
proteins, was not identified. Yet, both patients benefited from 
immunotherapy. The overall outcome of COVID-19-asso-
ciated chorea seemed to be less favorable in comparison 
to Sydenham’s chorea with 67% of only partial recovery 
after therapy. Interestingly, two other patients with chorea 
and one with myoclonus were described with striking left-
sided predominance, which is a well-known phenomenon in 
immune-mediated movement disorders [18, 24, 34]. To date, 
the molecular mechanism is unclear. There are only hints 
suggesting that asymmetrically expressed proteins may be 
targets of autoantibodies [40] or that a circulating pathogenic 
B-cell clone releasing autoantibodies passes the blood–brain 
barrier only on one hemisphere. [41]

The relevance of post-viral humoral autoimmunity in the 
disease cascade of COVID-19 is emphasized by emerging 
reports of anti-neuronal and anti-glial antibodies in CSF of 
patients with neurologic symptoms [13, 14]. In this study, 
SARS-CoV-2 virus was not detected in the CSF of any of 
the patients tested. Instead, the presence of autoantibodies 
is supported by both, unspecific indirect immunofluores-
cence techniques and hypothesis-driven cell-based assays. 
The exact identification of those antibodies is difficult. The 
response to immune-modulating therapy, however, suggests 
an autoimmune process in the pathophysiology of COVID-
19-associated de novo movement disorders or cerebellar 
involvement [42]. Results of this study indicate a better 
responsiveness to high-dose intravenous methylpredniso-
lone, which we take into account in our algorithm (Fig. 3).

Possibilities for further and more granular analysis were 
limited as the total number of patients was small, sample 
sizes varied widely between specific disease groups, and 
the data might be susceptible to reporting bias due to the 
preferential publication of severe and special cases. In par-
ticular, the comparative group analysis performed to identify 
potential prognostic factors (Supplementary table 2) must 
be interpreted with caution, because of the limitations men-
tioned above. Yet, our data (Table 3) show a trend of good 
responsiveness to immune-modulating therapy, especially 
steroids, and of better outcomes in the absence of inflam-
matory CSF.

In contrast to a comprehensive review about de novo 
movement disorders in an adult cohort of 52 patients [12], 
no parkinsonism, and fewer cases with myoclonus were 
seen in our pediatric cohort. Cerebellar signs were simi-
larly described in the adult cohort, whereas chorea was less 
common in adult patients [12, 43]. In adults, three cases 
were published with acute hemichorea after vaccination 

with AstraZeneca® or Comirnaty® [44, 45]. Of note, only 
one child in our study developed movement disorders after 
COVID-19 vaccination, although even in this case, the pre-
ceding COVID-19 infection cannot be excluded as the actual 
trigger. We rather assumed that mechanisms of post-viral 
humoral autoimmunity may also be triggered by vaccination, 
but more mildly in comparison to infection. A protective 
effect of COVID-19 vaccinations to prevent MIS-C could 
already be shown in a Danish cohort [46].

Conclusion

Infection with SARS-CoV-2 can trigger de novo movement 
disorders and cerebellar impairment in children and ado-
lescents, likely through post-viral humoral autoimmunity. 
Most children presented with signs of COVID-19-associ-
ated ataxia comprising distinct characteristics different from 
other post-infectious ataxias or cerebellitis (older age, less 
favorable outcome). Fewer cases presented with chorea. 
Here, we identified CSF antibodies against structures of 
the basal ganglia, but details on the pathophysiology are 
yet to be discovered. Our data suggest that children with de 
novo movement disorders, and cerebellar inflammation can 
benefit from immune-modulating therapy, especially meth-
ylprednisolone, despite negative results in clinical investi-
gations. Larger case numbers and longer clinical follow-up 
investigations will be necessary to further unravel the spec-
trum of pediatric COVID-19-associated ataxia/cerebellitis 
and COVID-19-associated chorea and potentially confirm 
these new clinical entities.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00415- 023- 11853-5.

Acknowledgements We thank the patient and her family.

Author contributions NMW, and MN contributed to the conception 
of the study. NMW wrote the first draft of the manuscript. MN and 
ESS performed and analyzed immunologic studies with patient CSF 
on mouse brain tissue and cell culture. NMW, ALAM, OS, AD, PB, 
PI and MN took care of the patient. NMW and MN performed detailed 
literature research. HP, ALAM, JK, AAK, AMK, MK, MS and EK 
critically read the manuscript, analyzed, and interpreted the patient 
data and contributed to the design of the study. NMW, MN and ALAM 
accessed and verified the underlying data. All authors have access to 
the data, read and approved the final version of the manuscript. No 
medical writer or editor was involved.

Funding Open Access funding enabled and organized by Pro-
jekt DEAL. Deutsche Forschungsgemeinschaft, Research Unit 
2841 “Beyond the Exome”, FOR3004 (SYNABS), Collaborative 
Research Centre TRR 295 (Project ID 4247788381), Berlin Institute 
of Health Clinician Scientist Program, NeuroCure Exzellenzcluster, 
EXC-2049-390688087.

Data availability Data are available upon reasonable request.

https://doi.org/10.1007/s00415-023-11853-5


4605Journal of Neurology (2023) 270:4593–4607 

1 3

Declarations 

Conflicts of interest NMW was supported by the DFG Research Unit 
2841 “Beyond the Exome”. HP, AMK were supported by the FOR3004 
(SYNABS). JK, MN, and ALAM are participants in the BIH-Charité 
(Junior) Clinician Scientist Program funded by Charité-Universitäts-
medizin Berlin and the Berlin Institute of Health. MS, AAK, and EK 
were supported by NeuroCure under Germany’s Excellence Strat-
egy—EXC-2049-390688087. AAK was supported by the Collabora-
tive Research Centre TRR 295 (Project ID 4247788381). The funding 
sources had no involvement in study design, in the collection, analysis, 
and interpretation of data; in the writing of the report, and in the deci-
sion to submit the paper for publication.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG et al (2020) 
A new coronavirus associated with human respiratory disease in 
China. Nature 579(7798):265–269

 2. US Department of Health and Human Services, CDC (2022) Cent-
ers for Disease Control and Prevention. COVID Data Tracker. 
[Internet]. https:// covid. cdc. gov/ covid- data- track er. Accessed 14 
Aug 2022

 3. Clarke KEN, Jones JM, Deng Y, Nycz E, Lee A, Iachan R et al 
(2022) Seroprevalence of Infection-Induced SARS-CoV-2 Anti-
bodies - United States, September 2021-February 2022. MMWR 
Morb Mortal Wkly Rep 71(17):606–608

 4. Loske J, Röhmel J, Lukassen S, Stricker S, Magalhães VG, Liebig 
J et al (2022) Pre-activated antiviral innate immunity in the upper 
airways controls early SARS-CoV-2 infection in children. Nat 
Biotechnol 40(3):319–324

 5. Ray STJ, Abdel-Mannan O, Sa M, Fuller C, Wood GK, Pysden 
K et  al (2021) Neurological manifestations of SARS-CoV-2 
infection in hospitalised children and adolescents in the UK: a 
prospective national cohort study. Lancet Child Adolesc Health 
5(9):631–641

 6. Aubart M, Roux CJ, Durrleman C, Gins C, Hully M, Kossorotoff 
M et al (2022) Neuroinflammatory disease following severe acute 
respiratory syndrome coronavirus 2 infection in children. J Pediatr 
S0022–3476(22):00426–00427

 7. Taquet M, Sillett R, Zhu L, Mendel J, Camplisson I, Dercon Q 
et al (2022) Neurological and psychiatric risk trajectories after 
SARS-CoV-2 infection: an analysis of 2-year retrospective 
cohort studies including 1 284 437 patients. Lancet Psychiatry 
S2215–0366(22):00260–00267

 8. Hull M, Parnes M, Jankovic J (2021) Increased incidence of func-
tional (psychogenic) movement disorders in children and adults 
amid the COVID-19 pandemic: a cross-sectional study. Neurol 
Clin Pract 11(5):e686–e690

 9. Heyman I, Liang H, Hedderly T (2021) COVID-19 related 
increase in childhood tics and tic-like attacks. Arch Dis Child 
106:420–421. https:// doi. org/ 10. 1136/ archd ischi ld- 2021- 321748

 10. Machado M, Tarrano C, Mesrati F, Roze E, Vidailhet M, Aubignat 
M (2022) Functional movement disorders during the COVID-19 
pandemic: back to Charcot’s era at the Salpêtrière. Mov Disord 
37(2):432–434

 11. Pringsheim T, Ganos C, McGuire JF, Hedderly T, Woods D, Gil-
bert DL et al (2021) Rapid onset functional tic-like behaviors 
in young females during the COVID-19 pandemic. Mov Disord 
36(12):2707–2713

 12. Ghosh R, Biswas U, Roy D, Pandit A, Lahiri D, Ray BK et al 
(2021) De novo movement disorders and COVID-19: exploring 
the interface. Mov Disord Clin Pract 8(5):669–680

 13. Franke C, Ferse C, Kreye J, Reincke SM, Sanchez-Sendin E, 
Rocco A et  al (2021) High frequency of cerebrospinal fluid 
autoantibodies in COVID-19 patients with neurological symp-
toms. Brain Behav Immun 93:415–419

 14. Kreye J, Reincke SM, Prüss H (2020) Do cross-reactive anti-
bodies cause neuropathology in COVID-19? Nat Rev Immunol 
20(11):645–646

 15. Neumann B, Schmidbauer ML, Dimitriadis K, Otto S, Knier 
B, Niesen WD et  al (2020) Cerebrospinal fluid findings in 
COVID-19 patients with neurological symptoms. J Neurol Sci 
15(418):117090

 16. Matschke J, Lütgehetmann M, Hagel C, Sperhake JP, Schröder 
AS, Edler C et  al (2020) Neuropathology of patients with 
COVID-19 in Germany: a post-mortem case series. Lancet Neurol 
19(11):919–929

 17. Segal E, Schif A, Kasis I, Ravid S (2019) Acute ataxia in children: 
common causes and yield of diagnostic work-up in the era of 
varicella vaccination. J Clin Neurosci 68:146–150

 18. Orsini A, Foiadelli T, Magistrali M, Carli N, Bagnasco I, Dassi P 
et al (2022) A nationwide study on Sydenham’s chorea: clinical 
features, treatment and prognostic factors. Eur J Paediatr Neurol 
36:1–6

 19. Henderson LA, Canna SW, Friedman KG, Gorelik M, Lapidus 
SK, Bassiri H et al (2021) American College of Rheumatology 
clinical guidance for multisystem inflammatory syndrome in 
children associated with SARS-CoV-2 and hyperinflammation in 
pediatric COVID-19: version 2. Arthritis Rheumatol 73(4):e13-29

 20. Abdel-Mannan O, Eyre M, Löbel U, Bamford A, Eltze C, 
Hameed B et al (2020) Neurologic and radiographic findings 
associated with COVID-19 infection in children. JAMA Neurol 
77(11):1440–1445

 21. Akçay N, Oğur M, Emin Menentoğlu M, İrem Sofuoğlu A, 
Boydağ Güvenç K, BakirtaşPalabiyik F et al (2022) Acute cereb-
ellitis in MIS-C: a case report. Pediatr Infect Dis J 41(1):e16–e18

 22. Aljomah L, Almedlej S, Baarmah D, Altwaijri W, Alrumayyan 
A, Alrifai MT et al (2021) Pediatrics COVID-19 and neurologi-
cal manifestations: single tertiary centre experience. eNeurol Sci 
24:100355

 23. Bartley CM, Johns C, Ngo TT, Dandekar R, Loudermilk RL, 
Alvarenga BD et al (2021) Anti-SARS-CoV-2 and autoantibody 
profiles in the cerebrospinal fluid of 3 teenaged patients with 
COVID-19 and subacute neuropsychiatric symptoms. JAMA 
Neurol 78(12):1503–1509

 24. Della Corte M, Delehaye C, Savastano E, De Leva MF, Ber-
nardo P, Varone A (2022) Neuropsychiatric syndrome with 
myoclonus after SARS-CoV-2 infection in a paediatric patient. 
Clin Neurol Neurosurg 213:107121

 25. Gaughan M, Connolly S, O’Riordan S, Tubridy N, McGuigan C, 
Kinsella JA (2021) Pediatric parainfectious encephalitis associ-
ated with COVID-19. Neurology 96(11):541–544

http://creativecommons.org/licenses/by/4.0/
https://covid.cdc.gov/covid-data-tracker
https://doi.org/10.1136/archdischild-2021-321748


4606 Journal of Neurology (2023) 270:4593–4607

1 3

 26. Heald DL, Devine IM, Smith RL, Holsopple SAT, Arasmith JL, 
Arnold RW (2021) Opsoclonus after COVID-19 in an infant. 
Pediatr Neurol 117:34

 27. McLendon LA, Rao CK, Da Hora CC, Islamovic F, Galan FN 
(2021) Post-COVID-19 acute disseminated encephalomyelitis 
in a 17-month-old. Pediatrics 147(6):e2020049678

 28. O’Neill KA, Polavarapu A (2021) Acute cerebellar ataxia asso-
ciated with COVID-19 infection in a 5-year-old boy. Child Neu-
rol Open. 8:2329048X211066755

 29. Sánchez-Morales AE, Urrutia-Osorio M, Camacho-Mendoza E, 
Rosales-Pedraza G, Dávila-Maldonado L, González-Duarte A 
et al (2021) Neurological manifestations temporally associated 
with SARS-CoV-2 infection in pediatric patients in Mexico. 
Childs Nerv Syst 37(7):2305–2312

 30. Sarigecili E, Arslan I, Ucar HK, Celik U (2021) Pediatric anti-
NMDA receptor encephalitis associated with COVID-19. Childs 
Nerv Syst 37(12):3919–3922

 31. Sharma S, Ruparelia J, Bhaskar S, Tiwari S, Nag VL, Panda S (2021) 
Acute fulminant cerebellitis in children with COVID-19 infection: a 
rare but treatable complication. Pediatr Neurol 119:45–47

 32. Skok H, Jabour J, Betcher J (2022) Wernicke Korsakoff syn-
drome in a teenage female as a complication of COVID-19. J 
Am Coll Emerg Physicians Open 3(3):e12735

 33. Tomar LR, Shah DJ, Agarwal U, Batra A, Anand I (2021) Acute 
post-infectious cerebellar ataxia due to COVID-19. Mov Disord 
Clin Pract 8(4):610–612

 34. Yüksel MF, Yıldırım M, Bektaş Ö, Şahin S, Teber S (2021) A 
sydenham chorea attack associated with COVID-19 infection. 
Brain Behav Immun Health 13:100222

 35. Lancella L, Esposito S, Galli ML, Bozzola E, Labalestra V, Boccuzzi 
E et al (2017) Acute cerebellitis in children: an eleven year retrospec-
tive multicentric study in Italy. Ital J Pediatr 43(1):54

 36. Garone G, Reale A, Vanacore N, Parisi P, Bondone C, Suppiej A 
et al (2019) Acute ataxia in paediatric emergency departments: a 
multicentre Italian study. Arch Dis Child 104(8):768–774

 37. Dale RC, Merheb V, Pillai S, Wang D, Cantrill L, Murphy TK et al 
(2012) Antibodies to surface dopamine-2 receptor in autoimmune 
movement and psychiatric disorders. Brain 135(Pt 11):3453–3468

 38. Mckeon A, Vincent A (2016) Chapter 17—Autoimmune move-
ment disorders. In: Pittock SJ, Vincent A, editors. Handbook of 
clinical neurology [Internet]. Elsevier, pp 301–315. https:// www. 
scien cedir ect. com/ scien ce/ artic le/ pii/ B9780 44463 43200 00177. 
Accessed 1 Aug 2022

 39. Nikolaus M, Meisel C, Kreye J, Prüss H, Reindl M, Kaindl AM 
et al (2020) Presence of anti-neuronal antibodies in children with 
neurological disorders beyond encephalitis. Eur J Paediatr Neurol 
28:159–166

 40. Meno C, Shimono A, Saijoh Y, Yashiro K, Mochida K, Ohishi 
S et al (1998) lefty-1 is required for left-right determination as a 
regulator of lefty-2 and nodal. Cell 94(3):287–297

 41. Engelhardt B, Vajkoczy P, Weller RO (2017) The movers 
and shapers in immune privilege of the CNS. Nat Immunol 
18(2):123–131

 42. Mohammad SS, Dale RC (2018) Principles and approaches to 
the treatment of immune-mediated movement disorders. Eur J 
Paediatr Neurol 22(2):292–300

 43. Cotta Ramusino M, Perini G, Corrao G, Farina L, Berzero G, 
Ceroni M et al (2021) Sars-Cov-2 in a patient with acute chorea: 
innocent bystander or unexpected actor? Mov Disord Clin Pract 
8(6):950–953

 44. Matar E, Manser D, Spies JM, Worthington JM, Parratt KL 
(2021) Acute hemichorea-hemiballismus following COVID-19 
(AZD1222) vaccination. Mov Disord 36(12):2714–2715

 45. Ryu DW, Lim EY, Cho AH (2022) A case of hemichorea follow-
ing administration of the Pfizer-BioNTech COVID-19 vaccine. 
Neurol Sci 43(2):771–773

 46. Holm M, Espenhain L, Glenthøj J, Schmidt LS, Nordly SB, 
Hartling UB et al (2022) Risk and phenotype of multisystem 
inflammatory syndrome in vaccinated and unvaccinated danish 
children before and during the omicron wave. JAMA Pediatr 
176(8):821–823

 47. Kreye J, Wenke NK, Chayka M, Leubner J, Murugan R, Maier 
N et al (2016) Human cerebrospinal fluid monoclonal N-methyl-
d-aspartate receptor autoantibodies are sufficient for encephalitis 
pathogenesis. Brain 139(Pt 10):2641–2652

 48. Teixeira ALJ, Maia DP, Cardoso F (2005) UFMG Sydenham’s 
chorea rating scale (USCRS): reliability and consistency. Mov 
Disord 20(5):585–591

 49. Edwards MJ, Bhatia KP (2012) Functional (psychogenic) 
movement disorders: merging mind and brain. Lancet Neurol 
11(3):250–260

 50. Bachoud-Lévi AC, Ortigoza Escobar JD, Landwehrmeier B 
(2019) Diagnostic flowchart for Childhood onset Chorea [Inter-
net]. ERN-RND. https:// www. ern- rnd. eu/ wp- conte nt/ uploa ds/ 
2019/ 10/ Diagn ostic- flowc hart- for- Child hood- onset- Chorea. pdf. 
Accessed 26 Jun 2023

 51. Bertini E, Macaya A, Mariotti C, Schuele-Freyer R (2020) DIAG-
NOSTIC FLOWCHART FOR EARLY-ONSET ATAXIAS [Inter-
net]. ERN-RND. https:// www. ern- rnd. eu/ wp- conte nt/ uploa ds/ 
2020/ 10/ ERN- RND- Diagn ostic- Flowc hart- for- early- Ataxi as_ 
final. pdf. Accessed 26 Jun 2023

 52. Graus F, Titulaer MJ, Balu R, Benseler S, Bien CG, Cellucci 
T et al (2016) A clinical approach to diagnosis of autoimmune 
encephalitis. Lancet Neurol 15(4):391–404

Authors and Affiliations

Nina‑Maria Wilpert1,2  · Ana Luísa de Almeida Marcelino3  · Ellen Knierim1,2  · Pasquale Incoronato2 · 
Elisa Sanchez‑Sendin4,5  · Olga Staudacher6,7  · Anne Drenckhahn2 · Petra Bittigau1,2  · Jakob Kreye1,2,4,5  · 
Harald Prüss4,5  · Markus Schuelke1,2,8  · Andrea A. Kühn3  · Angela M. Kaindl1,2  · Marc Nikolaus1,2 

 * Marc Nikolaus 
 marc.nikolaus@charite.de

 Nina-Maria Wilpert 
 nina-maria.wilpert@charite.de

 Ana Luísa de Almeida Marcelino 
 ana.almeida@charite.de

 Ellen Knierim 
 ellen.knierim@charite.de

 Pasquale Incoronato 
 pasquale.incoronato@charite.de

 Elisa Sanchez-Sendin 
 elisa.sanchez-sendin@dzne.de

https://www.sciencedirect.com/science/article/pii/B9780444634320000177
https://www.sciencedirect.com/science/article/pii/B9780444634320000177
https://www.ern-rnd.eu/wp-content/uploads/2019/10/Diagnostic-flowchart-for-Childhood-onset-Chorea.pdf
https://www.ern-rnd.eu/wp-content/uploads/2019/10/Diagnostic-flowchart-for-Childhood-onset-Chorea.pdf
https://www.ern-rnd.eu/wp-content/uploads/2020/10/ERN-RND-Diagnostic-Flowchart-for-early-Ataxias_final.pdf
https://www.ern-rnd.eu/wp-content/uploads/2020/10/ERN-RND-Diagnostic-Flowchart-for-early-Ataxias_final.pdf
https://www.ern-rnd.eu/wp-content/uploads/2020/10/ERN-RND-Diagnostic-Flowchart-for-early-Ataxias_final.pdf
http://orcid.org/0000-0001-9453-8335
http://orcid.org/0000-0002-3291-7222
http://orcid.org/0000-0002-4769-7322
http://orcid.org/0000-0003-1984-6746
http://orcid.org/0000-0001-5825-8838
http://orcid.org/0000-0002-6989-5223
http://orcid.org/0000-0003-2913-1015
http://orcid.org/0000-0002-8283-7976
http://orcid.org/0000-0003-2824-3891
http://orcid.org/0000-0002-4134-9060
http://orcid.org/0000-0001-9454-206X
http://orcid.org/0000-0002-3678-5159


4607Journal of Neurology (2023) 270:4593–4607 

1 3

 Olga Staudacher 
 olga.staudacher@charite.de

 Anne Drenckhahn 
 anne.drenckhahn@charite.de

 Petra Bittigau 
 petra.bittigau@charite.de

 Jakob Kreye 
 jakob.kreye@charite.de

 Harald Prüss 
 harald.pruess@charite.de

 Markus Schuelke 
 markus.schuelke@charite.de

 Andrea A. Kühn 
 andrea.kuehn@charite.de

 Angela M. Kaindl 
 angela.kaindl@charite.de

1 Department of Neuropediatrics, Charité-Universitätsmedizin 
Berlin, Corporate Member of Freie Universität 
Berlin, Humboldt-Universität zu Berlin, and Berlin 
Institute of Health (BIH), Campus Virchow-Klinikum, 
Augustenburger Platz 1, 13353 Berlin, Germany

2 Center for Chronically Sick Children, 
Charité-Universitätsmedizin Berlin, Corporate Member 

of Freie Universität Berlin, Humboldt-Universität zu Berlin, 
and Berlin Institute of Health (BIH), Berlin, Germany

3 Department of Neurology with Experimental Neurology, 
Movement Disorders and Neuromodulation Unit, 
Charité-Universitätsmedizin Berlin, Corporate Member 
of Freie Universität Berlin, Humboldt-Universität zu Berlin, 
and Berlin Institute of Health (BIH), Berlin, Germany

4 German Center for Neurodegenerative Diseases (DZNE), 
Charité-Universitätsmedizin Berlin, Corporate Member 
of Freie Universität Berlin, Humboldt-Universität zu Berlin, 
and Berlin Institute of Health (BIH), Berlin, Germany

5 Department of Neurology and Experimental Neurology, 
Charité-Universitätsmedizin Berlin, Corporate Member 
of Freie Universität Berlin, Humboldt-Universität zu Berlin, 
and Berlin Institute of Health (BIH), Berlin, Germany

6 Department of Pediatric Respiratory Medicine, Immunology 
and Critical Care Medicine, Charité-Universitätsmedizin 
Berlin, Corporate Member of Freie Universität Berlin, 
Humboldt-Universität zu Berlin, and Berlin Institute 
of Health (BIH), Berlin, Germany

7 NeuroCure Clinical Research Center, Berlin, Germany
8 Department of Immunology, Labor Berlin GmbH, Berlin, 

Germany


	Pediatric de novo movement disorders and ataxia in the context of SARS-CoV-2
	Abstract
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Search strategy
	Study selection criteria
	Data synthesis
	Statistical analysis
	Ethics

	Results
	Case report
	Scoping review
	Study group
	Clinical presentations
	Clinical investigations
	Treatment and outcome
	Patients with COVID-19-associated ataxiacerebellitis
	Patients with COVID-19-associated hypo-hyperkinetic movement disorders


	Discussion
	Conclusion
	Anchor 25
	Acknowledgements 
	References




