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Abstract
Background and Objectives
Since the initial description of CACNA1A-related hemiplegic migraine (HM), the phenotypic
spectrum has expanded from mild episodes in neurotypical individuals to potentially life-
threatening events frequently seen in individuals with developmental and epileptic encepha-
lopathies. However, the overall longitudinal course throughout childhood remains unknown.

Methods
We analyzed HM and seizure history from electronic medical records in individuals with
CACNA1A-related HM, delineating frequency and severity of events in monthly increments
through a standardized approach. Combining these data with medication prescription in-
formation, we assessed the response of HM to different agents.

Results
Our cohort involved 15 individuals between 3 and 29 years (163 patient years) and included 11
unique and 2 recurrent variants (p.R1349Q and p.V1393M; both n = 2). The age of first
confirmed HM ranged from 14 months to 13 years (average 3 years). 25% of all HM events
were severe (lasting >3 days), and 73% of individuals had at least 1 severe occurrence. Spacing
of HM events ranged from 1 month to 14 years, and changes in HM severity over time showed
increases or decreases of >2 severity levels in 12 of 122 events. Eight individuals had epilepsy,
but severity of epilepsy was only weakly correlated with frequency and severity of HM events.
While levetiracetam (n = 6) and acetazolamide (n = 5) were the most frequently used medi-
cations, they did not show efficacy in HMprevention or severity reduction. However, verapamil
(risk differences [RD] 0.10, CI 0.05–0.15) and valproate (RD 0.08, CI 0.04–0.12) were
associated with a modest prevention of HM, but not reduction in severity.

Discussion
The longitudinal course of CACNA1A-related HM lacks recognizable patterns for timing and
severity of HM events or strong correlation with seizure patterns. Our data underscore the
unpredictability of CACNA1A-related HM, highlighting the need for close surveillance for
reoccurring HM events even in individuals with symptom-free periods.
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Introduction
Hemiplegic migraine (HM) is a rare neurologic condition
associated with pathogenic variants in several identified genes,
primarily CACNA1A and ATP1A2, and less frequently
SCN1A, PRRT2, and SCN2A.1-4 Initially described in 1996 as
a rare subtype of migraine with aura, HM is presently defined
by the International Classification of Headache Disorders
(ICHD-3) as a phenomenon characterized by transient uni-
lateral motor weakness during the aura phase lasting minutes
to weeks with additional symptoms including visual, sensory,
and speech disturbances; accompanying headache is not
necessary for the diagnosis.5,6 HM caused by pathogenic
variants in CACNA1A (located on chromosome 19p13.13)
have historically been classified as either familial hemiplegic
migraine type 1 (FHM1), resulting from inherited variants, or
sporadic hemiplegic migraine type 1 (SHM1), resulting from
de novo pathogenic variants. The literature has suggested a
correlation between severity and underlying genetic etiolo-
gies, not only in the manifestations of the hemiplegic events
but in the overarching phenotype of the patients, including
baseline neurodevelopmental trajectory.1,2,7-10 However,
these classifications prove inadequate in wholly describing the
phenotype of individual patients. In particular, these defini-
tions do not address the more severe presentations of HM
that can be seen within the pediatric population, which can
range from mild episodes of transient weakness to severe
episodes of protracted hemiplegia, encephalopathy, seizure,
and even life-threatening cerebral edema.9 Consequently,
they underestimate the potential severity and urgency of
events in this population.

CACNA1A-related HM is one of several CACNA1A-related
neurologic conditions, which also include epilepsy, neuro-
developmental disorders, and episodic and progressive ataxia,
among other movement disorders.1,2,7-10 Prior studies, in-
cluding case reports, have described the clinical features of
HM events in individuals with pathogenic CACNA1A vari-
ants, but these have rarely conducted a longitudinal analysis of
event frequency and severity.4,11-15 In addition, while these
case reports have narratively reconstructed patient histories,
they have rarely surpassed 2 to 3 individuals per
report.1,2,4,7,8,10,11,13,15-26 By contrast, most studies with rela-
tively large sample sizes have reported on overall lifetime
features rather than evolution of features over time or trends
in events over the lifetime and have reported features in-
dependently of one another (i.e., looking at seizures and HM
independently without examining the possible bidirectional
relationships between the occurrences of either).11,15,19,27

Finally, data on treatment efficacy for CACNA1A-related HM
are largely limited to anecdotal accounts of single cases or
small numbers of patients.4 Taken together, these factors
render CACNA1A-related HM an elusive phenomenon with
an unclear clinical pattern and unexplored trajectories.

While prospective studies pose significant challenges for rare
genetic conditions such as CACNA1A-related HM, electronic
medical record (EMR) data can be used to comprehensively
delineate clinical spectra of such genetic neurodevelopmental
disorders and epilepsies.28-30 Human phenotype ontology
(HPO), a standardized biomedical ontology, serves as a pow-
erful tool to standardize the wealth of heterogeneous clinical
information and allow high-throughput analyses on it.31-33 By
using a systematic computational approach to information
contained within the EMR, data can be successfully harmonized
and tracked over time, allowing the in-depth characterization of
a given condition and relevant clinical subgroups within it.

Here, leveraging the HPO framework and standardized
computational approaches to the EMR data, we investigate
the complexity of CACNA1A-related HMwithin the pediatric
population by delineating the longitudinal time course of HM
events and seizure history in 15 unrelated individuals with
known pathogenic or likely pathogenic de novo variants in
CACNA1A and a diagnosis of at least 1 lifetime HM. We
describe the incidence and severity of HM events, comorbid
epilepsy, neurodevelopmental phenotypes, and medication
histories. This longitudinal cohort analysis contributes to a
more complete phenotypic characterization of CACNA1A-
related conditions in a pediatric population.

Methods
Identification of Individuals With CACNA1A-
Related HM
The cohort for this longitudinal analysis was obtained from
individuals enrolled in the Epilepsy Genetics Research Project
at the Children’s Hospital of Philadelphia (CHOP, Phila-
delphia, PA) and patients enrolled in a similar study from the
Cleveland Clinic (CCF, Cleveland, OH). The international
cohort included individuals from both the United States and
Australia. Inclusion criteria included documentation of a
pathogenic or likely pathogenic variant in theCACNA1A gene
and at least 1 lifetime HM. A certified genetic counselor
reviewed the clinical laboratory reports for all diagnostic ge-
netic tests performed to confirm that each participant had a
pathogenic or likely pathogenic variant in CACNA1A and to

Glossary
CHOP = Children’s Hospital of Philadelphia; ED = emergency department; EMR = electronic medical record; FDR = false
discovery rate; HM = hemiplegic migraine; HPO = human phenotype ontology; ICU = intensive care unit; OR = odds ratio;
RD = risk differences; VNS = vagal nerve stimulator.
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ensure that no individuals had a second genetic disorder af-
fecting the CNS that could act as a confounder for the effect of
the CACNA1A variant. Of note, 2 individuals were previously
reported as case reports (individual #514 and individual
#1434). Clinical information was obtained via medical records
accessed by a clinician or the family.

Assigning Human Phenotype Ontology Terms
to Phenotypic Manifestations
We manually extracted the phenotypic manifestations from
the EMRs and chart notes and assigned HPO terms.35 In
addition, in collaboration with clinical experts, we created an
ontology for features observed during HM episodes com-
patible with the HPO framework to harmonize all phenotypes
present in CACNA1A-related disorders. Automatic reasoning
was performed to assign higher-level HPO terms by identi-
fying an initial “base” term and a “propagated” term to over-
come the heterogeneity of the depth of the HPO terms, as has
been previously described.28,30,36

Reconstruction of Hemiplegic Migraine Event
History in Monthly Intervals
To recreate the HM history of each study participant, we
reviewed the medical records for the occurrence of HM.
We recorded the frequency and severity of events in
monthly increments, using an analogous strategy to the
reconstruction of seizure histories our group has performed
in the past.28 We defined an HM event as per the ICHD-3
for consistency.5 We recorded each patient’s neurologic
history, including the age of the first diagnosed HM; any
preceding episodes of concern, where relevant; and the age
of the last assessment. Once identified, the severity for each
event was graded on an increasing ordinal scale from grade
1 to 5 (based on time to recovery to baseline and duration
of hospitalization) along with associated clinical features of
the event, where features such as cerebral edema, enceph-
alopathy, reduced consciousness, status epilepticus, and
abnormal MRI/EEG were associated with a higher score
(see Table 1). Grade 1 was transient and required no visit to
the emergency department (ED). Grade 2 could involve an
ED visit but did not require a transfer to the intensive care
unit (ICU). Grade 3 had a longer duration, 1–3 days, and
could involve admission to the ICU. Grade 4 involved more
than 3 days of hospitalization before return to baseline but
less than 1 week. Grade 5 events required more than 7 days
of hospitalization and recovery time. Severe features were
isolated to grade 4 and grade 5 events which correlated
reasonably well with time to recovery. The age of the first
documented abnormal brain imaging on either MRI and/or
CT was also recorded.

Reconstruction of Seizure History in
Monthly Increments
In individuals with seizures, we also recorded the frequency and
severity of seizures in monthly increments. We used HPO terms
to label the seizure types. We used a previously reported pro-
tocol28 to assign seizure severity and plotted the frequency over

time for the life of each individual. To summarize, seizure severity
was defined on an increasing scale from 0 to 5 and correlated
with the number of seizures in a given month (0 = none, 1 =
monthly, 2 = weekly, 3 = daily, 4 = 2–5 per day, 5 = >5 per day).

Delineation of Preventative Therapeutics for
Hemiplegic Migraine
We reviewed medical records to document the use of pre-
ventive therapies for HM and/or epilepsy over time for each
study participant. Similar to how our group assessed the ef-
fectiveness of anti-seizure medications in the past, we retro-
spectively assessed the comparative effectiveness of various
medications in preventingHMby examining the frequency and
severity of HM episodes, using a similar method to those
previously reported.28,37 We reviewed the statistical signifi-
cance of medications used by at least 3 individuals by com-
paring HM frequency and severity in individuals on the given
medication with those in individuals on any other medication.
Median HM frequency and severity grades for six-month pe-
riods while on one of these medications was compared with
median HM frequency and severity grades for all other medi-
cations during these six-month periods, respectively. Owing to
small sample sizes, we defined reduction of HM severity as
either a reduction in median HM severity during the period or
when there was no HM recorded during that period.

Statistical Analysis
All computations were performed using the R Statistical
framework.38-40 Statistical testing for associations is reported
with correction formultiple comparisons using a false discovery
rate (FDR) of 5%. Statistical significance of the medication
comparative effectiveness was calculated with the use of Fisher
exact test. Because of our small sample sizes, there were some
instances where no individuals fit a given category, resulting in
division by zero and reported ORs of infinity. In these in-
stances, we supplemented odds ratios (OR) with risk differ-
ences (RD). In cases where statistical significance was not
reached after correction for multiple comparisons, findings
remain descriptive and are presented as odds ratios with 95%
confidence intervals. Correlations between seizure and HM
occurrence were calculated using a mixed-effects logistic model
with partially crossed random effects of participant and time.

Standard Protocol Approvals, Registrations,
and Patient Consents
Informed consent was obtained from a legal guardian of all
participants in agreement with the Declaration of Helsinki,
and the study was performed following local protocols ap-
proved by the institutional review boards at CHOP or CCF.

Data Availability
Primary deidentified data for this analysis are available in the
supplementary material. Anonymized data not published
within this article or the supplementary material will be made
available by request from any qualified investigator. Computer
code for all analysis is also available on request from the
corresponding author.
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Results
Demographic and Genetic Information
The 15 individuals with confirmed CACNA1A-related HM
included 8 male patients (53%) and 7 female patients (47%),
ranging in age at time of data collection from 3 years old to
late twenties. Age at diagnosis ranged from 1 year to 10 years.
Phenotypic features and variant details are listed in Table 2.
Twelve of the CACNA1A variants were de novo, 1 was
inherited from a partially affected parent, 1 was inherited from
an unaffected parent with low level mosaicism, and 1 had
unknown inheritance. All CACNA1A variants were identified
through prior diagnostic testing performed at a clinical labo-
ratory, which included whole-exome sequencing (n = 8),
epilepsy panel (n = 3), single-gene testing (n = 2), HM panel
(n = 1), or autism panel (n = 1). For all participants, the
CACNA1A variants were deemed clinically explanatory by a
genetic counselor. All other variants identified on genetic
testing were considered unrelated to the primary neurologic
phenotype. Fourteen individuals had missense variants in ei-
ther the S4 voltage sensor or the S5 and S6 pore trans-
membrane regions of the protein (eFigure 1). One individual
had a missense variant located in the intracellular loop be-
tween S5 and S6 (eFigure 1, individual #2). Variants were
distributed across all 4 protein domains.

Phenotypic Spectrum in CACNA1A-Related HM
Demonstrates Broad Variability
Seventy-seven clinical concepts in 7 categories (coded in
HPO terminology) were assigned to the cohort (eTable 1).
These terms accounted for clinical presentations during both
the overall disease trajectory and HM events specifically.
Phenotypic features outside of HM episodes included neu-
rodevelopmental features (Figure 1A), seizures, and other
features that appear either chronically or episodically.

Hemiplegic Migraine Episodes
In total, there were 122 episodes across 15 individuals. During
HM events, 13 of 15 (87%) individuals had at least 1 episode

associated with encephalopathy, 12 of 15 (80%) with reduced
consciousness, 12 of 15 (80%) with seizures, 11 of 15 (73%)
with documented cerebral edema, 10 of 15 (68%) with status
epilepticus, 9 of 15 (60%) with fever, and 9 of 15 (60%) with
vomiting (Figure 1B). Less common features included coma
(7/15, 47%), dysautonomia (5/15, 33%), and apnea (3/15,
20%). The duration of HM episodes ranged from less than 30
minutes (grade 1, n = 32/122 total episodes, 26%) to greater
than 7 days (grade 5, n = 26/122 total episodes, 21%). The
most common duration was greater than 30 minutes but less
than 8 hours (grade 2, n = 42/122 total episodes, 34%).
Durations of 1–3 days (grade 3, n = 18/122 total episodes,
15%) and 4–7 (grade 4, n = 4/122 total episodes, 3%) were
less common (Figure 1C). Overall, 11 of 15 (73%) individuals
experienced at least 1 HM that would be considered severe
(involving cerebral edema or lasting more than 3 days, cor-
responding to grades 4 or 5. In total, approximately 25% of the
HM events were severe, while the majority of HM episodes
were of mild severity (lasting 3 days or less, corresponding to
grades 1–3). Although grade 3 HM events could involve
edema, it was usually mild, unlike the edema seen in grades 4
and 5, correlating with the shorter time to return to baseline.
Grade 4 (resolving within 4–7 days) was the least common,
representing less than 5% of all HM episodes, suggesting that
once an HM episode surpasses 4 days, it is likely to last for a
minimum of a week and involve significant cerebral edema
(Figure 1C). Of note, 12 of 122 HM events involved a change
of greater than 2 severity grades from the prior event (e.g.,
grade 3 HM followed by grade 5 HM). Six individuals
reported minor head trauma as a trigger in at least 1 event and
4 patients cited infections as possible triggers.

Neurodevelopmental Features
Outside of episodic events, we gathered data on neuro-
developmental features, coded into HPO terminology
(eTable 1). In our cohort, 12 of 15 (80%) individuals had
neurodevelopmental abnormality, including global de-
velopmental delay or intellectual disability. At the time of data
collection, 3 of 15 (20%) individuals were nonambulatory and

Table 1 Clinical Features Associated With Hemiplegic Migraine Severity Grades

HM feature Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Time to recovery (including resolution of hemiparesis/paresis) <1 h <8 h 1–3 d 4–7 d >7 d

Cerebral edema None noted None noted Yes/No Yes Yes

Encephalopathy No Yes/No Yes/No Yes Yes

Reduced consciousness Yes/No Yes/No Yes Yes Yes

Seizure No No Yes/No Yes/No Yes/No

Status epilepticus No No Yes/No Yes/No Yes/No

Abnormal MRI (if performed) No No Yes Yes Yes

Each grade was based on time to recovery (return to baseline) and the features seen with each grade, including cerebral edema, encephalopathy, reduced
consciousness, seizure, status epilepticus, and abnormal MRI. Cerebral edema was never documented in hemiplegic migraine (HM) events that lasted less
than 8 hours and was documented in all HM episodes lasting greater than 3 days.
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4 of 15 (27%) were nonverbal with an additional 4 of 15
(27%) having communication challenges, including speech
apraxia and dysarthria. Three (20%) individuals were di-
agnosed with epileptic encephalopathy, and 8 (5%) individ-
uals had hypotonia. Over half of the cohort had abnormal
movements including ataxia (8/15, 53%), tremor (5/15,
33%), paroxysmal tonic upgaze (PTU; 3/15, 20%), and
nystagmus (6/15, 40%). Neuropsychiatric disorders were
present and included autism (8/15, 53%), attention deficit
hyperactivity disorder (3/15, 20%), anxiety (2/15, 13%),
paranoia and suicidal ideation (1/15, 7%), and self-injurious
behavior (1/15, 7%) (Figure 1a).

Seizures and Epilepsy
Comorbid epilepsy was diagnosed in 8 of 15 (53%) individ-
uals. The mean age of seizure onset was 22 months, and
median age at onset was 12 months (range 3 months–6
years). Focal seizures were the most common seizure type
present in 6 of 8 individuals with epilepsy (75%). Status
epilepticus outside of HM episodes occurred repeatedly in a
single individual. In addition, 4 of 8 individuals with epilepsy

had seizures refractory to anti-seizure medications (50%).
The most common abnormal interictal EEG findings were
focal epileptic discharges (4/8 individuals with epilepsy, 50%)
and abnormal slow frequencies (3/8 individuals with epilepsy,
37.5%). In the 3 individuals diagnosed with epileptic en-
cephalopathy, seizure onset was at 3 months, 24 months, and
72 months, respectively.

Neuroimaging Features
Cerebral atrophy was identified on imaging in 5 of 15 indi-
viduals (33%), and cerebellar atrophy was identified in 3 of 15
individuals (20%), both at a median age of 5 years. Two of the
3 individuals with cerebellar atrophy also had cerebral atro-
phy. Of those with documented atrophy, volume loss in the
cerebellumwas not apparent on imaging before the age of 3 or
in the cerebrum before the age of 5 (Table 2).

Longitudinal Analysis Highlights the Range of
Severity and Unpredictability of HM Events
Frequency and severity of each HMwere recordedmonthly for
each individual from birth through the age at data capture,

Table 2 Genotypes and Corresponding Phenotypes in This Cohort

Location ID
Age at
studya

Feature
prompting
testingb

Age of first
HMa

cDNA
changec

Amino acid
changec

Severity
of HM Epilepsy

Neurodev.
traits Brain atrophyd

GDD/
LD ASD Cerebellar Cerebral

DI S4 1 14–18 HM 10–13 c.569A>G p.D190G Severe None Nt None None

DI S4
loop S5

2 10–13 HM 2–5 c.653C>T p.S218L Severe None LD 5 Y 5 Y

DI S5 3 2–5 Seizure 0–1 c.678_
679delinsCT

p.L226F Mild None GDD None None

DI S6 4 2–5 At, GDD 2–5 c.1072G>A p.V358M Severe Controlled GDD 3 Y None

DII S6 5 10–13 GDD 2–5 c.2102G>A p.G701E Severe None GDD ASD None 7 Y

DII S6 6 14–18 Seizure 2–5 c.2136C>G p.V712M Mild Controlled GDD ASD None None

DIII S4 7 6–9 Seizure 2–5 c.4034T>C p.L1345P Severe Refractory GDD None 5 Y

DIII S4 8 2–5 HM 2–5 c.4037G>A p.R1346Q Severe None GDD None None

DIII S4 9 6–9 HM 0–1 c.4046G>A p.R1349Q Severe Refractory GDD ASD 5 Y 5 Y

DIII S4 10 14–18 At, GDD 6–9 c.4046G>A p.R1349Q Severe Refractory GDD ASD None None

DIII S4 11 >18 Seizure 0–1 c.4055G>A p.R1352Q Severe Controlled GDD None None

DIII S5 12 6–9 Seizure 2–5 c.4177G>A p.V1393M Severe Controlled GDD ASD None None

DIII S5 13 6–9 Seizure 2–5 c.4177G>A p.V1393M Mild Refractory GDD ASD None 5 Y

DIV S5 14 14–18 HM 10–13 c.5126T>C p.I1709T Severe None GDD ASD None None

DIV S6 15 6–9 HM 2–5 c.5428A>G p.I1810V Mild None ASD None None

Abbreviations: ASD = autism spectrum disorder; At = ataxia; GDD = global developmental delay; HM = hemiplegic migraine; LD = learning disability;
Nt = neurotypical; Y = years.
Bolded indicates recurrent variant.
a Age range in years.
b Most prominent and severe feature presenting before genetic testing; not an exhaustive list of features. See eTable 1 for a more complete list of features.
c RefSeq transcript NM_001127221.2.
d Age of documented atrophy by available MRI or CT imaging, in years.
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totaling 1,956 patient-months (163 patient-years, Figure 2).
First-documented HM episode ranged from 14 months to 13
years, with a mean age at onset of approximately 4 years and a
median age of 3 years. No events with hemiplegia or hemi-
paresis occurred before 1 year of age. The frequency and in-
tensity of confirmed HM episodes varied for each individual,
with no distinct pattern emerging. Four individuals (27%)
never experienced severe episodes (individuals #3, 6, 13, 15),
while others (2/15, 13%) had the most severe type of event
(grade 5) nearly annually (individuals #5 and 9). Two indi-
viduals (13%) had a later onset of HM episodes, experiencing
their first HM event at age 10 and 13, respectively (individuals
#1 and 14). Others experienced more frequent attacks that
began at a much younger age (5/15, 33% experienced >3 HM
events under 5 years of age, individuals #3, 5, 6, 11, and 13).

For 4 of the 15 (27%) individuals in the cohort, episodes
suspicious for encephalitis without hemiplegia occurred be-
fore the first-confirmed HM. These events involved altered
consciousness, fever, and often status epilepticus. Individual
#13 experienced the earliest of such episodes at 3 months and

then again at 5 and 6 months with status epilepticus occurring
each time. Individual #6 experienced 6 events after mild head
trauma beginning at age 8 months and included status epi-
lepticus, altered consciousness with and without fever. In-
dividual #12 experienced an event at 9 months with global
weakness that lasted approximately 2 hours. Finally, individual
#5 was the oldest to experience these types of events, which
occurred at 22 months with status epilepticus and 25 months
with global weakness that resolved in less than an hour. The
duration of these episodes ranged from a few hours to greater
than 3 days. Given that the diagnostic workup in these epi-
sodes was negative, it may be reasoned that these episodes
represent early HM events.

Seizures Have Variable Severity Over Time and
Weakly Associate With HM Events
As with HM presentation, the seizure severity varied within
and between individuals in the cohort. Seizure frequencies
ranged from monthly (severity score 1) to multiple times per
day (severity score 5). The severity of epileptic activity and
simultaneous HM event intensity were weakly associated with

Figure 1 Phenotypic Features of the Cohort

(A) Atypical neurodevelopmental traits, categorized by color: white—global developmental delay (GDD)/intellectual disability (ID) and related terms; light
blue—abnormalmovements; blue—other neurodevelopmental disorders; dark blue—other. Numbers next to bars indicate the number of individuals (of 15
total). (B) Manifestations observed during hemiplegic migraine episodes. Features grouped by color: dark blue—seizure-related features; light blue—other
severe features; dark gray—other nonsevere features. (C) Distribution of hemiplegic migraine severity scores for all hemiplegic migraine events reported in
the cohort. Themost frequent hemiplegic migraine severity was grade 2 at 34%, followed by grade 1 at 26%. Severe episodes (grades 4 and 5) accounted for
25% of all episodes.
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a marginal R2 value of 0.37. eFigure 2 is a visual depiction of
the association but not a reflection of the correlation analysis.

Preventative Medication Data Suggest Drug
Efficacy in ReducingHMFrequency or Recovery
Time to Baseline, but Not Both
Medications primarily used to prevent future HM events were
used in 10 of 15 (67%) individuals within the cohort and
included verapamil, acetazolamide, and topiramate
(Figure 3). In addition, 14 of 15 (93%) were managed with
antiseizure medications, including valproate, lacosamide,
oxcarbazepine, and clobazam. Of these, 8 of 14 (53%) were
diagnosed with epilepsy, and as noted earlier, 4 of 8 (50%)
individuals with epilepsy were refractory to 2 or more medi-
cations. Outside of medications, epilepsy treatments included
a partial left temporal lobectomy in 1 individual who ulti-
mately became seizure free (individual #6). Two individuals
had vagal nerve stimulator (VNS) placement, and 2 individ-
uals were on the ketogenic diet at some point during the
disease trajectory. Neither VNS placement nor the ketogenic
diet had clear effects on reducing HM frequency or severity.
Abortive medications for HM events applied in our cohort
included steroids and acetazolamide. The ability to analyze
the benefit of abortive treatments was limited because of a
small number of events when such strategies were applied.

Using a previously establishedmethod to assess relative efficacy
of treatments on reconstructed longitudinal data,28 we assessed
the effect on HM frequency and severity for treatments used in
at least 3 individuals: levetiracetam, acetazolamide, verapamil,
and valproate (Figure 4, ORs only). In our analyses, verapamil
(n = 3, p < 0.001, OR inf, RD 0.10, CI 0.05–0.15) and valproate
(n = 3, p < 0.001, OR inf, RD 0.08, CI 0.04–0.12) were sig-
nificantly associated with a modest prevention of HM. Acet-
azolamide (n = 5, p = 0.138, OR 0.36, CI 0.10–1.47) and
levetiracetam (n = 6, p = 0.709, OR 0.73, CI 0.18–4.33) did not
significantly affect prevention of HM. None of the medications
had significant associations with the reduction of HM severity:
verapamil (n = 3, p = 0.802, OR 1.08, CI 0.64–1.82), acet-
azolamide (n = 5, p = 0.781, OR 0.92, CI 0.51–1.64), levetir-
acetam (n = 6, p = 1, OR 0.99, CI 0.54–1.79), and valproate
(n = 3, p = 1, OR 1.06, CI 0.31–3.63).

Discussion
In this article, we examine the longitudinal trajectory of HM in
children with CACNA1A-related disorders. Our study high-
lights the unpredictability and heterogeneity of CACNA1A-
related disorders, which include HM episodes of varying
severity, epilepsy, and a range of neurodevelopmental

Figure 2 Longitudinal Analysis of Hemiplegic Migraine and Seizure Events per Year for Each Individual in the Cohort

All events are plotted left to right, with graphs starting at age 0. (Note: Multiple events within a year were collapsed into 1 event.) Intensity is ranked from 1
(mildest—smallest dot and lightest color) to 5 (most severe—largest dot and darkest color). Above the x-axis: hemiplegic migraine (HM) events (shades of
blue). Below the x-axis: seizures (shades of yellow to red). Each individual demonstrated their own unique pattern. A noteworthy finding was that no HM
events occurred before the age of 1.
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Figure 3 Distribution of Prescriptions for Preventative Treatments for Hemiplegic Migraine, Including Anti-Seizure
Medications

The frequency of medicine corre-
sponds to the percentage of individ-
uals on the specific medication at the
age listed on the x-axis. Of note, this
does not include rescue medications.

Figure 4 Comparative Usefulness of Preventative Therapeutics for Hemiplegic Migraine

Left to right: Prevention of hemiplegicmigraine (HM) events;
reduction of HMseverity. Blue indicates nominally statistical
significance. For each individual, the frequency of events
was compared with the month prior to determine whether
there was a decrease in frequency of HM events (left graph)
or decrease in severity of HM events (right graph). OR = 1
means no change. OR > 1 (on left graph) indicates less fre-
quency of HM events. OR > 1 (on right graph) indicates HM
events with less severity. Only medications used in 3 or
more individuals were included. Note that only the ORs are
shown here for consistency—RDs are reported in text but
not displayed in the figure.
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features. Neuroimaging findings including brain atrophy were
a common finding in our cohort.

We identified several notable findings about the trajectory and
severity of HM events. First, events found in our cohort reflect
the severe end of the spectrum reported in the literature: 25%
of all HM events were severe, lasting greater than 3 days or
involving cerebral edema, and the majority of the cohort (73%)
had at least 1 severe HM in their lifetime. No clear patterns
emerged regarding the severity or frequency of HM events
either in individual study participants or in the cohort as a
whole. These findings suggest that although the majority of
HM episodes will not be life-threatening, most individuals will
have at least 1 potentially life-threatening event in their lifetime.
Given the unpredictability of HM episodes, a lack of prior
severe HM events does not exclude the possibility of a future
severe event. Finally, with first severe HM episodes observed as
late as age 13, there does not appear to be a clear age at which
an individual outgrows their risk for severe HM. Given that the
full severity of an HM event may not be recognized immedi-
ately, all HM events in individuals with CACNA1A-related
disorders should be treated as potentially life-threatening.

We also found that the majority of our study population had
significant comorbid features, including brain atrophy, neuro-
developmental traits, and epilepsy. Brain atrophy was prevalent
in the cohort at 40% with an average age at onset of 5 years,
including both cerebral and cerebellar atrophy. Although various
degrees of cerebellar atrophy are a known feature ofCACNA1A-
related disorders, the early onset and involvement of supra-
tentorial structures is out of proportion to what is known about
CACNA1A-related disorders. This finding emphasizes the
overall severity of CACNA1A-related disorders with HM in
children. Global developmental delay (88%), autism spectrum
disorder (53%), and communication deficits (53%) were com-
mon in our cohort, and only a single individual was neurotypical.
In addition, more than 50% of the cohort had epilepsy with half
those individuals having refractory seizures. This wide spectrum
of comorbid features and severities highlights the complexity of
CACNA1A-related disorders even outside of HM events and has
significant implications for clinical management.

A surprising finding in our study was the presence of suspected
episodes of encephalitis in 27% of individuals prior to their first
hemiplegic migraine event. In retrospect, these early events,
which included encephalopathy with status epilepticus, may
reflect the same pathophysiology as HM events and may be
precursors of HM. It is therefore important to consider CAC-
NA1A-related HM in individuals with unusual infantile pre-
sentations of suspected encephalitis that do not meet
diagnostic criteria for infection or inflammation, especially in
children with comorbid developmental differences or epilepsy.

In addition, we identified mild head trauma for at least 1 episode
in 27% of individuals, although this trigger was only present in a
minority of overall events. Mild head trauma is a well-known
trigger for HM,4,10,25 and our finding emphasizes while most

individuals have at least a single event provoked by mild head
trauma, most events did not have an identifiable trigger. We
found limited evidence for the benefit of preventative medica-
tions, particularly regarding reducing the severity of HM events.
This highlights the clinical complexity ofCACNA1A-relatedHM.

As with most rare disorders, the small sample size limited our
statistical power andmay have introduced ascertainment bias. All
participants sought evaluation at pediatric tertiary care hospitals
and chose to pursue genetic testing and research enrollment. As
such, our participants were mostly prepubertal and may repre-
sent themore severe end ofHM inCACNA1A-related disorders.
Despite this, the participants in our study still showed a wide
range of severity and patterns of lifetime HM, suggesting that
these findings may still be generalizable to many individuals with
CACNA1A-related HM. Further studies are needed to ascertain
the effect of hormonal changes on HM and seizure frequency
and intensity, as well as the natural history of the disorder into
adulthood. Analysis of the effectiveness of preventative agents
was similarly, limited by a small sample size, as well as the
paroxysmal nature of events and the lack of defined triggers.

In summary, our study examines the longitudinal trajectory of
CACNA1A-related HM in children, an understudied episodic
neurologic event with significant morbidity in affected indi-
viduals. Our study emphasizes the unpredictable nature of
HM with risk of future events in affected individuals that may
present as severe, resulting in life-threatening consequences
that require immediate intervention. Triggers are largely un-
known, with mild head trauma as an inconsistent trigger.
Accordingly, in our clinical practice, we recommend that in-
dividuals with a CACNA1A variant that has potential to cause
HM should be provided an action plan for HM and guidance
to treat all HM events as if they could be severe. Furthermore,
neurodevelopmental features and epilepsy are very common
comorbid features that add complexity to management and
ultimate prognosis. Our study also provides insights into the
natural history of CACNA1A-related HM that can serve as
groundwork for further studies of genotype-phenotype rela-
tionships, treatment efficacy, triggers, and delineation of the
natural history through puberty into adulthood.
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