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Abstract
Postinfectious neuroinflammation has been implicated in
multiple models of acute-onset obsessive-compulsive disorder
including Sydenham chorea (SC), pediatric acute-onset

neuropsychiatric syndrome (PANS), and pediatric autoimmune
neuropsychiatric disorders associated with streptococcal infec-
tion (PANDAS). These conditions are associated with a range of
autoantibodies which are thought to be triggered by infections,
most notably group A streptococci (GAS). Based on animal
models using huma sera, these autoantibodies are thought to
cross-react with neural antigens in the basal ganglia and mod-
ulate neuronal activity and behavior. As is true for many child-
hood neuroinflammatory diseases and rheumatological diseases,
SC, PANS, and PANDAS lack clinically available, rigorous diag-
nostic biomarkers and randomized clinical trials. In this review
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article, we outline the accumulating evidence supporting the role
neuroinflammation plays in these disorders. We describe work
with animal models including patient-derived anti-neuronal
autoantibodies, and we outline imaging studies that show al-
terations in the basal ganglia. In addition, we present research on
metabolites, which are helpful in deciphering functional phe-
notypes, and on the implication of sleep in these disorders. Fi-
nally, we encourage future researchers to collaborate across
medical specialties (e.g., pediatrics, psychiatry, rheuma-
tology, immunology, and infectious disease) in order to
further research on clinical syndromes presenting with
neuropsychiatric manifestations. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

That postinfectious neuroinflammation may manifest as
obsessive-compulsive disorder (OCD) has been recognized
for many years, and evidence for this relationship continues
to mount. OCD was described in Sydenham chorea (SC)
over 3 centuries ago and was eventually linked to a post-
streptococcal inflammatory process [1]. More recently, with
the description in 1998 of pediatric autoimmune neuro-
psychiatric disorders associated with streptococcal infection
(PANDAS), postinfectious neuroinflammatory pathways
have been implicated in acute-onset OCD in children [2].
The more general term of pediatric acute-onset neuropsy-
chiatric syndrome (PANS) followed to describe cases that
share symptoms with PANDAS (e.g., acute-onset OCD,
other acute-onset neuropsychiatric symptoms) as well as
evidence of an inflammatory pathophysiology but for which
the specific trigger may or may not be GAS infection. This
article reviews research relevant to the relationship between
OCD and immune dysregulation in the contexts of SC,
PANDAS, and PANS and discusses possible extensions of
this model to other conditions manifesting with OCD
symptoms. Since SC provides a widely accepted model of
postinfectious autoimmunity leading to neuropsychiatric
symptoms, we begin with evidence for this model. We then
proceed to review parallel evidence in PANDAS/PANS and,
where applicable, other disorders with overlapping symp-
toms (e.g., restricted food intake and sleep disorders).

SC: A Well-Established Neuroinflammatory Disease
Manifesting with OCD Symptomatology

SC is a post-streptococcal neurological manifestation
of acute rheumatic fever (ARF) that involves marked
behavior changes and involuntary movements [3];

approximately 25% of ARF cases manifest these symp-
toms [4]. Among patients diagnosed with SC, up to 80%
exhibit obsessive-compulsive symptoms, along with other
neuropsychiatric symptoms including restlessness, irri-
tability, emotional lability, distractibility, anxiety, night
terrors, and outbursts of inappropriate and/or violent
behavior [3, 5–10]. In a 1926 case series by Ebaugh,
children were described as “quiet and manageable” prior
to the onset of SC, then suddenly “restless, irritable,
extremely sensitive, and abusive” [8]. Although consid-
ered rare in North America and Europe, SC still occurs
where untreated streptococcal infections are common,
with an average age of onset of between 9.2 years and
11.7 years [11–13]. Successful treatment of SC involves
three components: (1) clearance of GAS from the child
and household, (2) immunomodulatory therapy (corti-
costeroids and intravenous immune globulin), and (3)
psychiatric symptom management [14]. Despite the
significant burden of SC worldwide [15], the efficacy of
immunomodulation and/or antibiotics for SC has not
been established in randomized controlled trials [16].
Nonetheless, the recommended treatment for moderate-
to-severe cases of SC includes immunomodulation [17,
18], which has been shown to be effective in treating
neuropsychiatric symptoms [19].

SC is thought to result from a GAS infection-induced
autoimmune process in which basal ganglia-thalamo-
cortical (CBGTC) circuits are disrupted by cross-
reactive autoantibodies through the process of molecu-
lar mimicry [11, 12]. Anti-neuronal antibodies for do-
pamine receptors (D1R and D2R), tubulin (the primary
protein of microtubules), and lysoganglioside (ganglio-
side-monosialic acid [GM1]) are elevated in SC patients
compared to controls [12], and in one study of SC
patients, titers of autoantibodies against dopamine
receptors correlated with symptom severity [20]. Sera
and cerebrospinal fluid from SC patients have also been
shown to induce activation of CaM kinase II, a protein
kinase involved in neural plasticity and memory that is
a downstream component of dopamine and other
neurotransmitters [12].

Animal models and neuroimaging studies of SC
suggest that these autoimmune processes particularly
impact the basal ganglia. Dopaminergic neurons in the
substantia nigra and ventral tegmental area of the basal
ganglia were found to be targeted [21] in a transgenic
mouse strain expressing heavy and light chain variable
region genes of an antistreptococcal/anti-brain human
monoclonal antibody that targets D2 dopamine receptors
in SC patients (mAb 24.3.1). In humans, multiple MRI
analyses have revealed both abnormal T1 and T2 signals in

362 Dev Neurosci 2023;45:361–374
DOI: 10.1159/000534261

Vreeland et al.

D
ow

nloaded from
 http://karger.com

/dne/article-pdf/45/6/361/4062381/000534261.pdf by guest on 08 M
arch 2024

https://doi.org/10.1159/000534261


the basal ganglia of SC subjects, and persistent alterations
in MRI, including changes in the caudate nucleus, have
been reported in patients presenting with recurrent ep-
isodes of SC, reflecting the possible effects of autoimmune
inflammation [13]. Similarly, volumetric MRI analyses in
children with SC have shown increased volumes of the
caudate, putamen, and globus pallidus compared to
controls (24 children with new-onset SC compared to
matched controls) [22]. Studies that have not found
significant volumetric differences have included subjects
in a variety of illness stages (e.g., active/early, chronic,
remitted) and have reported greater variance in the SC
group compared to controls [23]. In many inflammatory
diseases, initial inflammatory events are associated with
acute swelling, whereas later stages demonstrate atrophy;
thus, pooling samples at different stages of illness may
obscure results.

Alterations in the basal ganglia in SC have also been
found using other imaging modalities such as positron
emission tomography (PET), single photon emission
computed tomography, and magnetic resonance spec-
troscopy [24–27]. While some report normal perfusion
on single photon emission computed tomography, others
report hypoperfusion; as with the volumetric studies,
these heterogeneous results likely reflect differences in the
cohorts’ average stage/phase of illness. A recent diffusion-
weighted imaging (DWI) study reported that apparent
diffusion coefficients in subjects with SC were signifi-
cantly lower before treatment compared to after treat-
ment (8 weeks of prednisone), indicating improved cell
metabolism following treatment of SC [28].

PANDAS and PANS: History, Diagnostic Criteria, and
Clinical Presentation

Like SC, PANDAS and PANS are posited to be
postinfectious, immune-mediated syndromes with OCD
as a cardinal symptom. PANDAS and PANS are defined
by their abrupt symptom onset, relapsing and remitting
course (on average, relapses are 3–4 months in duration)
[29, 30], and neuropsychiatric symptomatology that in-
cludes, but is not limited to, OCD and/or related man-
ifestations (i.e., restrictive eating). As in SC, GAS infec-
tion is thought to incite PANDAS and many instances of
PANS, especially in autumn, winter, and early spring in
the Northern Hemisphere, when there is an increased
incidence of GAS infections. However, proving causality
is rarely possible in individual cases due to the high base
rate of GAS, imperfect testing, and patients presenting
for neuropsychiatric symptoms after the window of

opportunity to detect GAS has passed. Furthermore,
many viruses and even “rheumatogenic strains” of GAS
can present with mild physical symptoms, and patients/
families may not always seek medical care or even recall
having been “sick.” This is a well-known phenomenon
and was first observed in military personnel developing
ARF without antecedent clinically apparent pharyngitis.
Thus, clinical deterioration in the absence of a known
infection does not necessarily exclude the possibility of a
postinfectious inflammatory cause. Further complicat-
ing diagnosis, flaring children may be highly dysregu-
lated, anguished, raging, and unable to effectively ar-
ticulate their thoughts and/or feelings, making inter-
pretation of a child’s clinical presentation difficult.
Clinicians must rely heavily on parent reports, and
though parents are good reporters of their children’s
external behaviors (i.e., compulsions), they are less ac-
curate about their children’s internal experiences
(i.e., obsessions) [31].

While PANDAS by definition describes patients
who experience neuropsychiatric symptom exacer-
bations in temporal association with a GAS infection,
clinicians have observed that, similar to SC, relapses of
PANDAS symptoms do not always coincide with GAS
infections. As a result, it was postulated that other
infections can also trigger acute neuropsychiatric
deteriorations, and the term PANS was coined to
describe patients who experienced abrupt onset of
psychiatric symptoms without consistent evidence of
concurrent GAS infection. Criteria for PANS are ag-
nostic to the identification of a preceding infection and
recognize the possibility of missed diagnoses of GAS,
or of other unknown inciting infections and/or neu-
roinflammatory events [32]. PANDAS and PANS are
both characterized by foudroyant (lightning-like)
onset and a saw-toothed course of relapses and re-
missions of cardinal (OCD, tics, eating restriction) and
other symptoms [2, 33]. Current PANDAS and PANS
criteria are listed in Table 1.

There have been few epidemiological studies of
PANDAS/PANS. One study estimated that PANDAS/
PANS represents 5% of pediatric OCD, which has a child-
population prevalence of 1–4% [34]. The actual pop-
ulation prevalence of PANDAS/PANS is likely higher, as
presentations also include abrupt-onset eating restriction
and tics and thus may not always be captured in clinical
settings focused on OCD. Demographic data from several
PANDAS/PANS cohorts reveal a slight male predomi-
nance and an average age of onset in ranging from 6 years
to 8.5 years [2, 34–42]. Comorbid autoimmune and/or
inflammatory diseases, most frequently inflammatory
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back pain (21%) and reactive or persistent arthritis (28%),
are common, as are immune deficiencies [35, 36, 43]. A
high percentage of patients who meet strict PANS criteria
have enthesitis, particularly at the Achilles tendon in-
sertion, and eventually meet criteria for spondyloarthritis,
enthesitis-related arthritis, or psoriatic arthritis [36].
Family histories of PANS patients reveal remarkably high
incidences of psychiatric disorders (51–78%) and auto-
immune disorders (67–80%) [32, 36, 37, 41, 44–46].
Specifically, first-degree relatives of children with
PANDAS have up to a 10-fold increase in rates of OCD,
tic disorders, and ARF, suggesting that children with
PANDAS may have inherited a specific vulnerability to
OCD, tics, and nonpyrogenic post-streptococcal sequelae
[44, 46]. Siblings of patients with PANS have a higher rate
of immune disorders compared to controls (14% vs. 3%)
[44]. The heightened incidence of disease in siblings may
reflect a shared environment with exposures to a com-
mon triggering pathogen such as GAS, as well as a shared
genetic background [47].

As is the case for SC, treatment for PANDAS/PANS is
multi-modal. Recent collaborative work [48] has called
for a three-pronged approach to intervention that in-
cludes eliminating infection [49], immunomodulatory
therapy [50], and behavioral intervention [51]. Also as
in SC, support of this approach from randomized
clinical trials remains limited. Further evidence for the
efficacy of each of these modalities, particularly for
immunomodulatory therapies, was obtained in a large
(n = 698), self-reported, community-based study of
PANS patients [43].

To date, specific physical and/or laboratory biomarkers
are not widely available for PANDAS/PANS. The use of
ASLO and anti-DNase B antibody titers as serological
markers of GAS infection has been demonstrated to have a
substantial false-negative rate up to 35%. The patients with
negative conventional GAS testing have been shown in
research settings to generate M-specific and other GAS-
specific antibody responses [47]. Without clear diagnostic
markers, proof of diagnosis and treatment studies for these
disorders remain difficult and to some even controversial.
Unfortunately, these challenges are costly for patients and
families, as the burden of disease for PANDAS/PANS is
high [52] and as delays in diagnosis and treatment appear to
be associated with poorer outcomes [43]. Although further
confirmation of the link between preceding or associated
infection and the emergence of neuropsychiatric symptoms
is key to firmly establishing the proposed pathogenic
mechanism, it is only possible through longitudinal, highly
vigilant epidemiological studies (as has been done in SC and
more recently in multiple sclerosis) and animal or other
basic science models for proof of principle [53]. Never-
theless, many sources of evidence support a role for in-
flammation and autoimmunity in these conditions.

Evidence for Autoimmunity in PANDAS/PANS

Proposed Pathophysiologic Model
The prevailing model of PANS/PANDAS posits that

symptoms result from an aberrant immune response to
an infectious trigger. As in SC, poly-reactive antibodies,

Table 1. Diagnostic criteria for PANDAS and PANS

PANDAS Criteria 1998 PANS Criteria 2012

1. Presence of diagnosis of OCD and/
or tic disorder

1. Abrupt, dramatic onset of OCD or severely restricted food intake

2. Pediatric onset 2. Concurrent presence of additional neuropsychiatric symptoms (with similarly severe
and acute-onset) from at least two of the following seven categories

3. Episodic course A. Anxiety

4. Temporal association with GAS
infection

B. Emotional lability and/or depression

5. Association with neurologic
abnormalities

C. Irritability, aggression, and/or severely oppositional behaviors
D. Behavioral (developmental) regression
E. Deterioration in school performance
F. Sensory or motor difficulties
G. Somatic signs or symptoms, including sleep disturbances, enuresis, or urinary
frequency

3. Symptoms are not better explained by a known neurologic or medical disorder, such
as SC, systemic lupus erythematosus, Tourette syndrome, or others
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which are generated to fight the infectious trigger, cross-
react with putative CNS targets; these antibodies are
thought to breach a compromised blood-brain barrier
(BBB) and bind to non-neuronal and neuronal cells and
neurotransmitter receptors, primarily within the basal
ganglia. Preliminary studies of BBB models indicate that
plasma from patients with PANS disrupts the BBB
compared to plasma from matched controls [54]. The
roles of other inflammatory responses, including proin-
flammatory monocytes and mitochondrial disease, are
currently being explored.

Autoantibodies and Proinflammatory Monocytes
As in SC, autoantibodies that react with specific targets

such as dopamine receptors may explain some of the
symptoms of PANS/PANDAS. Serum samples from
patients with PANDAS have been reported to exhibit
elevated titers of dopamine D1 and D2 receptor auto-
antibodies (D1R and D2R) [55], lysoganglioside [55, 56],
and tubulin [57], although these studies have been dif-
ficult to replicate in other cohorts [58]. Chain and col-
leagues (2020) reported elevated levels of anti-neuronal
autoantibodies and CaMKII activation in not only sera
but also the CSF of patients in the early-acute phase of
PANDAS compared to controls. In those with PANS/
PANDAS, changes in D1R, D2R, GM1, and anti-tubulin
titers as well as CaMKII activity have been shown to
predict treatment response [57]. Anti-D1R, D2R, GM1,
and tubulin titers, and the CaMKII activity assay have
good test-retest reliability [59], but limitations to inter-
pretation include the limited number of carefully
screened controls [60]. Nevertheless, these data suggest
that, as in SC, the movement and behavior abnormalities
observed in the PANS/PANDAS illnesses may involve an
autoimmune process that impacts dopaminergic path-
ways [21, 61–63]. Notably, elevations of these autoanti-
bodies and CaMKII activation have also been associated
with other disorders where disruption of CBGTC circuits
is implicated (e.g., Tourette syndrome) [64, 65].

Some symptoms of autism spectrum disorder (ASD)
are similar to OCD symptoms. Like children with PANS/
PANDAS, children with ASD exhibit elevated CaMKII
stimulatory activity [66], and titers of anti-D2R and anti-
tubulin autoantibodies predict treatment response to
intravenous immunoglobulin [66]. The similar findings
in these overlapping disorders are not surprising and may
suggest that a spectrum of neuropsychiatric deteriora-
tions manifesting with OCD symptoms share a common
autoimmune pathophysiology.

Studies examining sera from patients with PANS/
PANDAS compared to controls reveal higher antibody

binding to cholinergic interneurons (CINs) [67, 68]. This
binding declines in parallel with symptom improvement
after treatment (pre- vs. post-intravenous immune
globulin treatment) [67, 69]. As the binding of IgG to
basal ganglia CINs reduces CIN functional activity, it is
likely that these antibodies disrupt the cortico-striatal
circuitry [68]. Although CINs express D2 dopamine
receptors, it is not yet known whether the autoantibodies
that bind CINs do so by targeting dopamine receptors.
When these same CINs are experimentally depleted in
mice, the striatum becomes hyperactive and the mice
develop repetitive behaviors that parallel symptoms of
PANDAS/PANS [70, 71]. Thus, disruption of CIN ac-
tivity by autoantibodies represents one plausible expla-
nation for the pathophysiology of these conditions.

In addition to the evidence for a role of adaptive
immune responses in PANS, there is also emerging ev-
idence for a contribution of innate immune cells, such as
monocytes. Elevated frequencies of circulating inflam-
matory monocytes have been found in association with
an active PANS episode, and elevated frequencies of anti-
inflammatory monocytes have been associated with
PANS improvement [72]. Interestingly, early-onset pe-
diatric OCD patients who have not been diagnosed
specifically with PANS/PANDAS also demonstrate in-
creased levels of circulating proinflammatory monocytes
[73, 74], again suggesting a potential common patho-
physiology across conditions manifesting with OCD
symptoms.

Current clinical laboratory research provides multiple
sources of evidence for inflammation and autoimmunity
against neural targets in PANS/PANDAS; however, ad-
ditional studies are needed to confirm whether the
presence of these markers can distinguish patients with
PANS/PANDAS from controls and insidious onset OCD
patients, to bolster correlations with symptom exacer-
bations, and to clarify pathophysiological mechanisms. If
evidence accrues for the specificity and sensitivity of the
biomarkers under study, more work is needed to
streamline existing methods into clinically useful, reliable
assays for diagnosis.

Identifying genes that underlie PANDAS/PANS and
studying their effect on the immune system and neuronal
function in cell lines, animal models, and peripheral
blood mononuclear cells could potentially identify novel
genetic and molecular biomarkers. While the field is still
in its infancy, there is one published genetic analysis that
used whole genome and whole exome sequencing to
identify ultra-rare genetic variants in PANS [75]. This
study identified a heterogeneous mix of genetic variants
affecting immune and glutamatergic neuronal function.
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Additional genetic studies and studies examining the
molecular effects of PANS-associated genetic variants on
microglia function are currently underway.

Animal Studies
Animal models of post-streptococcal sequelae, in-

cluding both SC and PANS/PANDAS, have focused on
demonstrating the ability of GAS to trigger an autoim-
mune reaction by stimulating adaptive cellular and hu-
moral immune responses and permeating the BBB, which
allows anti-CNS antibodies to access the brain. Intranasal
infections with live bacteria polarize T cells located in the
nasal-associated lymphoid tissue of mice (the mouse
structural analog of human tonsils and adenoids) toward
a Th17 phenotype that is essential for mucosal immune
protection but is also implicated in many autoimmune
diseases. This model has been used to demonstrate how
repeated intranasal GAS infections in mice induce the
migration of T cells from the nasal epithelium to the
olfactory bulb and other CNS regions [76, 77]. The
presence of GAS-specific Th17 cells in the CNS after
repeated intranasal infections increases vesicular gluta-
mate transporter 2 (vGlu2) permeability in several CNS
regions, thereby enabling deposition of serum IgG, in-
cluding potential anti-CNS autoantibodies [76, 77]. Ge-
netic studies in mice have shown that Th17 lymphocytes
are a critical component in this model as they damage the
BBB, trigger neuroinflammation, and produce profound
changes in olfactory neural circuitry by reducing vGlut2
expression at the presynaptic terminals of olfactory
sensory axons and perturbing the excitatory/inhibitory
balance within the primary olfactory circuit [77]. Al-
though such a cellular adaptive immune response has not
been identified to date in children with PANS/PANDAS,
GAS-specific Th17 cells are found in the tonsils of pa-
tients with PANS/PANDAS [76], making them a po-
tential causative agent in the initiation and/or persistence
of the disease state.

Additional animal models, which demonstrate post-
streptococcal inflammation of the basal ganglia utilizing
subcutaneous injections of GAS antigens, demonstrate a
clear link between GAS exposure and behavioral ab-
normalities. This group of rodent models employs sub-
cutaneous immunization with bacterial homogenate plus
complete Freund’s adjuvant to activate the immune
system, in conjunction with agents (i.e., B. pertussis toxin)
that open the BBB to provide access to brain targets [61,
78]. In this model, mice and rats develop behavioral
abnormalities (e.g., increased rearing/repetitive behav-
iors, decreased locomotion), increased perseverative be-
haviors, impaired prepulse inhibition (i.e., a measure of

sensory gating that is impaired in a number of neuro-
psychiatric conditions), and reduced concentrations of
serotonin in the prefrontal cortex as compared to controls
[21, 61, 63, 79]. Moreover, adoptive transfer of serum IgG
from GAS-immunized mice to naive recipient mice or
direct infusion of sera into rat brains recapitulates some of
the behavioral deficits in recipient rodents; importantly,
no effects were observed after adoptive transfer of IgG-
depleted serum [78, 79]. While these findings provide
support for the PANS/PANDAS model, the use of sub-
cutaneous immunization is a somewhat artificial immune
system activator since human GAS infections occur
primarily by the pharyngeal route. Moreover, since the
BBB is artificially opened, these models do not provide
an explanation for how autoantibodies penetrate the
CNS in human disease [80, 81]. However, as men-
tioned above, preliminary data are emerging regarding
the capacity of PANS/PANDAS plasma to disrupt the
BBB integrity [54].

Neuroimaging Studies in SC/PANDAS/PANS
As in SC, alterations in the basal ganglia nuclei are the

most prominent finding in PAN/PANDAS neuroimaging
studies (see Table 2). Giedd et al. [82] (2000) reported
higher volumes of the caudate, putamen, and globus
pallidus in patients with early-stage PANDAS (n = 34)
compared to age- and sex-matched controls (n = 82), and
these volumetric changes were similar to the increases in
basal ganglia volumes reported by the same authors in SC.
Importantly, no correlation was found between basal
ganglia size and symptom severity or duration in either
disorder. On the other hand, Zheng et al. [83] (2020)
found, while there were no statistically significantly
volumetric differences between PANS versus control
groups, that the range of basal ganglia volumes was
greater in the PANS group compared to controls. Again,
the conflicting results across these two studies may result
from differences in the subjects’ stage and duration of
illness. Specifically, while the initial study limited en-
rollment to recent-onset PANDAS subjects (n = 34
[100%]) [82], the latter study evaluated patients with a
wider range of symptom duration and stage (recent-onset
n = 12 [35%], chronic n = 7 [21%], flare on chronic n = 15
[44%]) [83]. As discussed previously, it is widely rec-
ognized that initial changes to organs affected by in-
flammation involve swelling or edema (e.g., nephritis
secondary to systemic lupus erythematosus), while
chronic disease is associated with atrophy. In fact, di-
minished basal ganglia volume has been reported in
adults and children with chronic OCD [84–86], possibly
reflecting changes to these structures secondary to past or
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chronic inflammation. To date, no longitudinal neuro-
imaging studies have been conducted in PANS/PANDAS
to directly address this hypothesis.

Measurement of the diffusion of water in brain tissue
through DWI or diffusion tensor imaging can reveal
alterations in tissue microstructure secondary to trauma
or inflammation. In a recent MRI study, examining DWI
in PANS patients compared to a clinically obtained
control population requiring DWI imaging for non-
PANS indications, PANS patients showed significantly
greater diffusion coefficients in all cortical and subcortical
structures, with the largest differences in the thalamus,
pallidum, caudate, and putamen [83]. Increased diffusion
coefficients may reflect a number of tissue alterations
including increased water content, edema, cellular death,
or disruption of myelinated white matter fibers; myelin is
impermeable to water and resistant to water diffusion.
The subcortical nuclei, which are composed primarily of
gray matter and have been repeatedly implicated in OCD
pathogenesis (e.g., the thalamus, pallidum, caudate, and
putamen), demonstrated the highest degree of diffusion
and suspected structural alteration in PANS patients
compared to controls. MRI techniques are limited in their
ability to directly assess inflammatory processes; thus,
additional confirmation is necessary to implicate in-
flammation as the cause of these structural changes.

Further evidence of basal ganglia involvement in PANS/
PANDAS derives from another recent study, which used
multivariate pattern analysis of MRI data to compare pe-
diatric patients with PANS/PANDAS to healthy control

subjects. Compared to control subjects, patients with
PANS/PANDAS were found to have increased gray matter
volume and reduced white matter volume in the basal
ganglia nuclei [87]; additional structural differences were
reported in volumes of the frontal lobe, parietal lobe,
temporal lobes, subcortical areas, and cerebellum. Using a
model of the neuroanatomical distribution of volumetric
changes in gray and white matter, the multivariate pattern
analysis model correctly identified PANS/PANDAS with an
accuracy of 75% [87]. These findings suggest that neuro-
imaging could be a useful tool in diagnosis, presuming that
future studies with these models distinguish patients with
PANS/PANDAS from healthy controls and patients with
other neuropsychiatric conditions deriving from alternate
pathophysiologic mechanisms. Currently, MRI technolo-
gies are not useful for the diagnosis and treatment of in-
dividual patients since the majority of clinically acquired
MRIs are normal in children with PANS/PANDAS [32, 39,
83]; this may be a result of clinical MRI protocols not using
the methods needed to detect PANS/PANDAS pathology, a
lack of dissemination of imaging tools used in research to
clinical imaging scanners, or other factors.

An additional neuroimaging modality, PET, also im-
plicates neuronal immune activation in PANS/PANDAS.
PET imaging, which allows for direct visualization of the
activity or quantity of a specific cell type or receptor, has
been widely used to assess the activity of microglia in
neuropsychiatric disorders. Microglia are the resident
immune cells in the brain and are responsible for a wide
array of functions, including proinflammatory functions,

Table 2. Neuroimaging findings in PANDAS and PANS

Citation Neuroimaging
technique (disease
stage)

Study groups Main result

Giedd et al.
[82] (2000)

MRI (early-stage
PANDAS)

PANDAS (n = 34), age- and
sex-matched healthy controls
(n = 82)

Larger caudate, putamen, and globus pallidus volume
in PANDAS versus controls

Kumar et al.
[24] (2015)

PET (mixed-stage
PANDAS)

PANDAS (n = 17), Tourette
(n = 12), adult controls*
(n = 15)

Activated microglia in bilateral caudate and bilateral
lentiform in PANDAS versus controls and bilateral
caudate only in Tourette versus controls

Cabrera et al.
[87] (2019)

MRI (mixed-stage
PANDAS)

PANS (n = 14), age- and sex-
matched healthy controls
(n = 14)

Greater gray matter volume and reduced white
matter volume in the basal ganglia

Zheng et al.
[83] (2020)

MRI (mixed-stage PANS) PANS (n = 34), age- and sex-
matched patient controls
(n = 64)

Increased diffusivity throughout the brain, most
prominently in the thalamus, basal ganglia, and
amygdala

*Due to ethical considerations, a pediatric control groupwas not available. However, pediatric brain pharmacokinetic (PK) values
have been reported to be less than or, at the most, equal to normal adult values; thus, pediatric brain PK values that exceed adult
values can be safely and reasonably considered to be abnormal.
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that have been associated with neuronal injury and
neurodegeneration. One PET imaging study suggests that
microglia are more active in the basal ganglia of children
with PANS/PANDAS than in those with Tourette syn-
drome [24]. This study used a tracer targeting translo-
cation protein (TSPO, previously termed peripheral
benzodiazepine receptor), which is highly expressed by
activated microglia but expressed at a lower level in
quiescent microglia [88]. Compared to the controls, the
TSPO signal was increased bilaterally in the caudate,
putamen, and pallidal nuclei in participants with PANS/
PANDAS and increased bilaterally in the caudate in the
Tourette group. Importantly, “first-generation” TSPO
PET studies, such as this, did not assess the genotypes of
participants, which limits their accuracy and generaliz-
ability. With recent technical and methodological ad-
vancements, it is now considered crucial to assess ge-
notypes of participants to determine if they are naturally
high, medium, or low affinity binders of TSPO and to
stratify data based on genotype. Nonetheless, PET im-
aging remains a powerful technique to assess the activity
of immune cells in the brain, and the results of this study
support those of studies using other modalities.

Although neuroimaging techniques are not currently
sufficient to aid in the diagnosis or treatment of individual
patients, their potential to advance our understanding of
PANS/PANDAS is significant. A non-contrast MRI, for
example, exposes a child to little identifiable harm or risk.
Identification of robust and replicated brain changes
specific to PANS/PANDAS may enrich our under-
standing of the pathophysiologic model, suggest parallels
and contrasts between PANS/PANDAS and other dis-
orders, guide the creation of new therapeutics, and
support treatment trials in PANS/PANDAS as putative
biomarkers of efficacy. Thus, continued research in this
area will be an essential complement to clinical and basic
research in PANS/PANDAS.

Sleep Disruption in PANS/PANDAS and Its Connection
to Immune Dysregulation
Several immune and inflammatory molecules and

pathways regulate the circadian clock, and it has been
posited that they also alter sleep patterns [89–91]. The
alterations of basal ganglia and related cortical areas in
PANS/PANDAS are thought to directly affect patients’
sleep stability and sleep-wake cycle [92]. Specifically,
subjects with PANS/PANDAS frequently show sleep
disturbances, such as difficulty falling and staying asleep
(early and intermediate insomnia), early awakenings
(terminal insomnia), terrifying nightmares, and night
terrors [33]. In addition, a very high prevalence of sleep

disorders in children with PANS/PANDAS (up to 80% of
patients) has been confirmed by polysomnographic
studies [93–95]. Polysomnogram findings show a wide
range of sleep alterations, such as parasomnias (e.g., night
terrors, sleepwalking), abnormalities of rapid eye
movement (REM) sleep (e.g., REM sleep without atonia,
REM behavior disorder, nonspecific REM motor disin-
hibition), and periodic limb movement disorder.

Inflammatory molecules that are released during
chronic sleep loss may augment neuroinflammation by
affecting the integrity of the BBB [96, 97], a hallmark
feature of neuroinflammation [98]. Disordered sleep
induces the release of cytokines and other inflammatory
mediators that augment neuroinflammation and promote
BBB disruption [97]. It is posited that the neuro-
inflammatory cascades resulting from sleep restriction
and/or fragmentation generate a low-grade inflammatory
state [97] independent from other triggers or pathogens,
which maintain symptoms in a chronic course or trigger
new flares in the relapsing-remitting presentation.

Furthermore, many patients with PANS/PANDAS
report “brain fog” (i.e., an impaired ability to think
clearly), which also occurs in complex sleep disorders
such as narcolepsy with cataplexy (NT1) [99] and Kleine-
Levin syndrome [100] and has been associated with
systemic inflammation among several autoimmune and
inflammatory diseases and conditions, such as chronic
fatigue syndrome [101], systemic lupus erythematosus
disease (“Lupus fog”) [102], celiac disease [103], Crohn’s
disease [104], and COVID-19 [105].

Early Findings of Metabolomic Differences in PANS/
PANDAS
Metabolomics, the detection and analysis of metabo-

lites, may be another useful tool in deciphering functional
phenotypes of PANS/PANDAS since metabolites are the
products of biological events, and their levels can be
regarded as a molecular readout integrating intrinsic and
extrinsic responses. Through the analysis of biofluids,
metabolomics may facilitate the discovery of molecular
pathways, biomarkers, and therapeutic targets. A recent
study examining the metabolic profile of patients with
PANS/PANDAS using serum from individuals who
fasted for >12 h identified a unique serum metabolomic
profile using nuclear magnetic resonance spectroscopy
[106]. Analyses showed that concentrations of 2-
hydroxybutyrate and glycerol were increased in pa-
tients with PANS/PANDAS compared to neurotypical
controls, whereas concentrations of asparagine, glycine,
glutamine, histidine, tryptophan, and tyrosine were de-
creased. Moreover, concentrations of glycine, tryptophan,
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and tyrosine were significantly and negatively correlated
with the severity of PANS/PANDAS symptoms. These
findings, which are consistent with previous reports
[107–109], suggest the presence of a proinflammatory
environment possibly involving N-methyl-D-aspartate
receptors [110, 111]. Interestingly, tryptophan has also
been implicated in spondyloarthritis [112], a condition
that is relatively common in PANS [36, 113]. Specifically,
a reduction of tryptophan in the intestinal tissue of pa-
tients with spondyloarthritis [114] indicates decreased
metabolic diversity and altered tryptophan metabolism,
two potential pathogenic factors that contribute to an
inflammatory state [112].

The potential clinical utility of metabolomics in sub-
jects with PANS/PANDAS was further highlighted re-
cently in a case report of a 10-year-old girl [115]. A
metabolomics approach was used to evaluate the urinary
metabolome before and after treatment with clari-
thromycin. Differences were noted in protein biosyn-
thesis metabolites, amino acids relevant to brain function,
metabolism pathways, and microbial products. Post-
treatment changes in the metabolome were associated
with improved clinical status.

Importantly, both food consumption and fasting can
influence serum metabolite profiles [116–119]. Current
research indicates a slight preference for fasting samples
[119], and in conditions like PANS where food restriction
is a symptom, fasted samples may provide clearer and
more consist results across patients. However, prolonged
food restriction (including resultant vitamin deficiencies)
can also have lingering effects on blood metabolomics.
Therefore, eating restriction data and vitamin levels must
be corroborated with metabolomic data. In addition,
volitional or iatrogenic dietary restrictions can result in
vitamin deficiencies which can result in symptoms that
overlap with PANS and require additional investigation
and treatment if present [120].

Additional support for the immune-metabolic
connection implicated in PANS/PANDAS comes
from two related metabolic diseases: mitochondrial
disease and cerebral folate deficiency (CFD), which
have been reported in patients exhibiting an abrupt
onset of behaviors reminiscent of PANS/PANDAS,
primarily, but not exclusively, in the context of ASD
[121]. CFD is defined by a below-normal concen-
tration of folate in the cerebrospinal fluid, which is
often caused by an autoantibody to the folate receptor
alpha, the major transporter of folate from blood into
the central nervous system. CFD is associated with an
abrupt neurodevelopmental regression (i.e., loss of
previously acquired skills occurring 3–7 days after

an inflammatory event) and repetitive movements
(e.g., dyskinesias) [122, 123], similar to what is seen in
patients with PANS/PANDAS. Broadly, neuro-
developmental regression is associated with unique
changes in mitochondrial function that render mi-
tochondria vulnerable to physiological stress like
infection or inflammation [124].

In addition, mitochondrial disease with prominent
symptoms of OCD has been reported in patients dem-
onstrating progressive refractory OCD [125, 126]. Early
studies suggest that individuals with OCD have genetic
variations in mitochondrial proteins that regulate oxi-
dative stress [127] and lower mitochondrial DNA copy
number [128] compared to healthy controls. Patients
with inborn errors of metabolism often display symptoms
that overlap with those observed in PANS/PANDAS
including atypical psychotic features, movement disor-
ders, fatigue, nausea, and vomiting [129].

Currently, while little metabolomics data exist for human
subjects outside of the context of PANS/PANDAS, nuclear
magnetic resonance metabolomics of serum from a rat
model of compulsive behavior reflect a hyperlipidemic,
hypoglycemic, and hyper-glutamatergic profile compared
to low-compulsive controls [130]. Additional research using
human cohorts is needed in order to provide metabolic
fingerprints that can be used to distinguish between neu-
ropsychiatric diseases with different etiologies.

Conclusion and Future Directions

Recent research in the fields of SC, PANS, and
PANDAS provides multiple avenues of evidence impli-
cating postinfectious inflammation, autoimmunity, and
altered basal ganglia circuitry in the pathogenesis of these
disorders. Many investigations support the distinctions
between SC, PANS, and PANDAS patients and controls.
Nonetheless, additional research aimed at studying the
correlations between biomarkers and symptom se-
verity, treatment response, and other aspects of disease
course is needed. Differentiating PANS/PANDAS
from phenotypically similar conditions, such as OCD,
tic disorders, and ASD, remains challenging and
controversial due to both heterogeneous presentations
and the likelihood that at least some instances of these
other disorders share overlapping pathophysiology.
Because clinical diagnostic classification is challeng-
ing, research is clearly needed to identify reliable di-
agnostic biomarkers of active disease; these might
include autoantibodies, inflammatory cells, metabolic
profiles, and/or neuroimaging signatures. Diagnostic
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biomarkers are also required to evaluate potential
therapeutic agents in rigorous clinical trials. None-
theless, defining and engaging healthy controls and
difficulties inherent in cross-disciplinary coordination
among medical specialties (e.g., pediatrics, psychiatry,
rheumatology, immunology, and infectious disease)
continue to impede the progress of this research.

Recently, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has illustrated another
clinical syndrome that presents with neuropsychiatric
manifestations, including OCD, anosmia, ageusia,
myopathy, and psychosis [131–133]. From research on
SARS-CoV-2, we are learning that after an infection,
there can be significant and lasting immunological
changes, including increases in autoantibodies and
other inflammatory processes that reflect a shifted
immune system (“Long COVID”) [134, 135]. Some
SARS-CoV-2 patients develop new or aggravated se-
quelae months to years following remission of their
acute COVID-19 symptoms, a process which may also
involve coinfection with other viruses (such as
Epstein-Barr virus) or reactivation of silent herpes
viruses [105]. Given the current prevalence of infec-
tion with SARS-CoV-2 and “Long COVID,” we can
expect that research in this related field will continue
to illuminate potential mechanisms of disease as well
as alternatives for treatment and prevention. Indeed,
research of next decade aims to continue to foster
consensus regarding these conditions, with the goal of
improving treatment outcomes for children and
families affected by SC, PANS, and PANDAS.
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