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Abstract

Objectives: Cerebral palsy (CP) is the most common childhood motor disabil-

ity, yet its link to single-gene disorders is under-characterized. To explore the

genetic landscape of CP, we conducted whole exome sequencing (WES) in a

cohort of patients with CP. Methods: We performed comprehensive phenotyp-

ing and WES on a prospective cohort of individuals with cryptogenic CP (who

meet criteria for CP; have no risk factors), non-cryptogenic CP (who meet cri-

teria for CP; have at least one risk factor), and CP masqueraders (who could be

diagnosed with CP, but have regression/progressive symptoms). We character-

ized motor phenotypes, ascertained medical comorbidities, and classified brain

MRIs. We analyzed WES data using an institutional pipeline. Results: We

included 50 probands in this analysis (20 females, 30 males). Twenty-four had

cryptogenic CP, 20 had non-cryptogenic CP, five had CP masquerader classifi-

cation, and one had unknown classification. Hypotonic-ataxic subtype showed

a difference in prevalence across the classification groups (p = 0.01). Twenty-six

percent of participants (13/50) had a pathogenic/likely pathogenic variant in 13

unique genes (ECHS1, SATB2, ZMYM2, ADAT3, COL4A1, THOC2, SLC16A2,

SPAST, POLR2A, GNAO1, PDHX, ACADM, ATL1), including one patient with
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two genetic disorders (ACADM, PDHX) and two patients with a SPAST-related

disorder. The CP masquerader category had the highest diagnostic yield (n = 3/

5, 60%), followed by the cryptogenic CP category (n = 7/24, 29%). Fifteen per-

cent of patients with non-cryptogenic CP (n = 3/20) had a Mendelian disorder

on WES. Interpretation: WES demonstrated a significant prevalence of Men-

delian disorders in individuals clinically diagnosed with CP, including in indi-

viduals with known CP risk factors.

Introduction

Cerebral palsy (CP) is the most common childhood-onset

motor disability, affecting more than 700,000 individuals

in the United States alone.1 CP is defined as a “group of

permanent disorders of the development of movement

and posture, causing activity limitation, that are attribu-

ted to nonprogressive disturbances which occurred in the

developing fetal or infant brain.”2 As with other neurode-

velopmental disorders (NDDs), CP is a descriptive term

that does not depend on etiology and can be due to vari-

ous causes. Established CP risk factors include prematu-

rity3 and periventricular/intraventricular hemorrhage, the

latter of which is associated with spastic diplegia.4,5 Peri-

natal asphyxia causing hypoxic ischemic encephalopathy

(HIE) can lead to CP (e.g., spastic quadriplegic CP due to

cerebral hypoperfusion in watershed distributions, or

dyskinetic CP due to basal ganglia injury), accounting for

less than 12% of cases.6 Maternal and fetal infection may

also play a role in the pathogenesis of CP,7–9 and perina-

tal stroke confers risk for hemiplegic CP.10

Approximately 20% of individuals with CP have no

clear etiological explanation based on review of perinatal

risk factors and are classified as having “cryptogenic

CP.”11 Accumulating evidence suggests that some cases of

cryptogenic CP are associated with chromosomal copy

number variants and single gene disorders. Pathogenic

copy number variations have been identified in 10%–20%
of individuals with CP12–14, especially those with dysmor-

phic features and nonmotor comorbidities.11 In a whole

exome sequencing (WES) study in patients with a CP

diagnosis (confirmed using standard criteria), 14% of

cases had a potentially disease-causing genetic alteration;

this study did not differentiate between cryptogenic versus

non-cryptogenic cases.15 A study performed on a more

select population, individuals with CP born at full term

without specific findings on MRI, revealed a pathogenic

or likely pathogenic (P/LP) variant in 9/17 (53%) cases.16

New data have provided statistical and functional evi-

dence that single gene variants can lead to CP pheno-

types.17 A systematic review of inborn errors of

metabolism presenting with CP identified 54 treatable

conditions.18 Finally, some individuals present with symp-

toms that mimic CP, yet they do not meet CP diagnostic

criteria due to, for example, the presence of regression or

progressive symptoms; these are referred to as “CP mas-

queraders”.19

Despite initial progress, the current evidence regarding

genetic causes of CP is limited, partly because past con-

ventional wisdom considered CP to be predominantly

acquired. Additionally, many prior studies did not differ-

entiate or compare findings between cryptogenic CP,

non-cryptogenic CP, and CP masqueraders. As a result of

these limitations, the full breadth of the genetic landscape

of CP is unknown, not only as it pertains to the crypto-

genic CP and CP masquerader groups, but also to the

group of individuals with known CP risk factor(s) who

may also have an underlying genetic disorder, which

could confer vulnerability to adverse perinatal events or

contribute to a more complex phenotype.

To address these questions, we report the results of com-

prehensive phenotyping and WES analysis on a prospective

cohort of 50 unrelated individuals with CP (both crypto-

genic and non-cryptogenic) or CP masqueraders.

Methods

Participant recruitment/selection

We enrolled participants in the Boston Children’s Hospi-

tal (BCH) CP Sequencing Study, approved by the BCH

Institutional Review Board, to conduct phenotyping and

WES for individuals with CP and CP masqueraders

(Fig. 1). The BCH CP Sequencing Study is part of the

Children’s Rare Disease Cohorts (CRDC) initiative, which

integrates genomic, research, and clinical data to facilitate

pediatric precision medicine.20

Participant referrals for this study were from (1) neu-

rodevelopmental clinicians experienced with evaluation of

CP (JSS), (2) neurologists (DC, CMD, EB, SS), orthope-

dists (BJS, BS, CW), physiatrists (DF, DN, AU), nurse prac-

titioners (PM, LB), complex care pediatricians (ED, KH),

or neurosurgeons (SSDS) associated with the Boston Chil-

dren’s Hospital CP Center who have extensive experience

in CP. These physicians had clinically evaluated referred

participants. Participants provided informed consent.

Some elements of the study were prospective, while

others were retrospective. Recruitment, enrollment, WES,
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and categorization of the participant as having CP or CP

masquerader was prospective. Retrospective elements

included classification of CP as cryptogenic/non-

cryptogenic CP, as well as delineation of CP motor phe-

notype, medical comorbidities, and neuroimaging profile.

Inclusion/exclusion

Participants could be of any age or sex. We included (1)

participants who fulfilled standard criteria for CP21, and

(2) participants who had been previously diagnosed with

CP or could be considered to have CP, but review of

their presentation revealed developmental regression, pro-

gressive symptoms, or other findings inconsistent with

the definition of CP (referred to as “CP masquerader”

here). The diagnosis of CP or classification of CP mas-

querader was verified for each participant (SS). We

excluded participants with a known molecular diagnosis

that completely explained their neurodevelopmental pre-

sentation.

No molecular diagnosis 
-OR-

Molecular diagnosis which 
incompletely explains phenotype

Informed Consent Enrollment

Clinic Patient

Non-cryptogenic CP Cryptogenic CP CP masquerader

Established risk factors Absent risk factors Diagnosis of CP or consideration of CP diagnosis, 
but progressive regression or progressive symptoms

Variants in known 
disease genes

Exclude:
-gnomAD MAF 
   > 0.01% for genes implicated in AD conditions
   > 0.10% for genes implicated in AR conditions

Research Whole Exome
Sequencing

Variants in 
candidate gene

Negative

Cerebral Palsy Genetic Analysis Pathway

Check eligibility

Neurologist review of clinical 
 evidence

Variant filtering:
-Frequency

-Predicted consequence
-Inheritance pattern

-Assume complete penetrance 

Figure 1. Research pipeline for exome sequencing analysis in this cohort.

ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 3

M. Chopra et al. Cerebral Palsy Genetics Exome Sequencing



Classification of CP: cryptogenic, non-
cryptogenic, or CP masquerader

For patients meeting criteria for CP, we classified their

etiology into two categories: cryptogenic and non-

cryptogenic. If the participant had any predefined risk

factors, based on review of the medical records, we desig-

nated the case as non-cryptogenic CP. If the participant

had no predefined risk factors, we designated the case as

cryptogenic CP. Risk factors considered were as follows:

(1) prematurity (≤32 weeks); (2) periventricular/intraven-

tricular hemorrhage; (3) intracranial hemorrhage; (4)

perinatal stroke; (5) evidence of other acute perinatal

event (such as acute onset of decreased fetal movements);

(6) hypoxic ischemic injury; (7) kernicterus; (8) fetal

infection; (9) maternal infection at delivery leading to

sepsis in the mother; (10) neonatal infection leading to

sepsis; (11) neonatal respiratory arrest; (12) neonatal car-

diac arrest; (13) hydrocephalus; (14) traumatic brain

injury. This list represents a modification of a recently

outlined set of risk factors.17 We added: intracranial hem-

orrhage; evidence of other acute perinatal event; ker-

nicterus; maternal infection at delivery leading to sepsis

in the mother; and neonatal infection leading to sepsis.

We did not include: major brain malformation or brain

calcifications, since these can be associated with an under-

lying genetic etiology.

Delineation of CP motor phenotype, medical
comorbidities, and neuroimaging profile

We verified the motor phenotype of all affected individu-

als based on direct examination of the patient by one of

the study’s co-authors. Based on this exam, we designated

motor phenotype with one of the following primary pat-

terns: spastic hemiplegic, spastic diplegic, spastic quadri-

plegic, dyskinetic, or hypotonic-ataxic.

We determined the presence of medical comorbidities

based on review of the individual’s medical records by SS.

We designated an affected participant as having multiple

comorbidities if there were two or more of the following

features (as previously delineated in the context of

CP22,23): seizures/epilepsy, severe visual impairment, sev-

ere auditory impairment (i.e., documented permanent

hearing loss), communication impairment (best estimate

based on documented communication abilities), and G-

tube dependence. We could not accurately ascertain intel-

lectual disability (ID) based on review of documentation.

We characterized clinical brain MRI (when available)

using a classification system.23 If there were multiple

scans performed, we chose the latest study available for

review. MRI images and reports were reviewed systemati-

cally (by SS) in order to label each participant’s MRI with

one of the eight primary patterns: (1) deep gray matter

injury; (2) white matter injury; (3) white matter and cor-

tical injury; (4) deep gray matter/white matter/cortical

injury; (5) focal lesion; (6) cortical malformation; (7)

normal study; (8) other.

DNA isolation and WES sequencing

DNA was isolated from probands (and both parents if

available) via blood or buccal samples. WES was per-

formed, as previously reported,20 using the Illumina

NovaSeq6000 platform (GeneDx, Gaithersburg, Maryland)

on DNA extracted from these samples using IDT xGen

probes. The average coverage across the WES was 100x

and more than 95% of targets were covered at 20x. All

sequencing data passed-specific minimal quality control

requirements, including pass-filtered sequencing yield of

4GB, thresholds for mapping percent to hg19 (>95%),

target coverage at 109 (90%, 97%–98% typical), mean

target coverage (509, average 100–1209), duplicate read

percentage (<30%, <10% typical), and read-quality met-

rics (80% Q30).

Through the CRDC, FASTQ files were uniformly pro-

cessed through a standard Sentieon variant calling pipe-

line and passed-specific quality control requirements, as

previously described.20 Read alignment, read depth calcu-

lation, realignment, recalibration, and variant calling were

performed by Sentieon v201808.0391: BWA, HSMet-

ricsAlgo, WGSMetricsAlgo, markduplication and Rea-

ligner, QualCal, Haplotyper, and GVCFtyper91.

Verifybamid 1.1.392 was used to check contamination

and GATK 4.1.2.093 to count reads in bins. Genuity

Science GORpipe 4.3.061 converted other variant data to

genomically ordered relational (GOR) format and anno-

tated variants with VEP 96.294 and custom tools. The

sequencing data were integrated and combined with phe-

notypic and research data in a genomics learning system

(GLS). The GLS enables automated variant classification

and prioritization, as well as phenotype extraction via

natural language processing (NLP) of clinical notes.

Variant prioritization and interpretation

We prioritized variants by consensus within the analytic

team which were (1) coding and/or canonical splice-site;

(2) rare with a maximum allele frequency of 0.0001

(0.001 for recessive models) in the population database

gnomAD (http://gnomad.broadinstitute.org) as accessed

June 2020–June 2021; (3) variants predicted as truncating

(including frameshift, stop-gain, and stop-loss), splice

site, missense, or inframe indels using Variant Effect Pre-

dictor (VEP) classification from NextCODE, and if rele-

vant, using SIFT24 and PolyPhen-225 for evidence of
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pathogenicity; (4) variants in genes previously implicated

in neurodevelopmental/neurological disorders including

CP through review of the published literature; (5) variants

in genes highly intolerant to loss-of-function or missense

variation in the general population based on data from

gnomAD (pLI >0.9 and/or Z score for missense variation

>3.09).
We assessed for inherited and de novo variants

accounting for de novo/autosomal dominant, autosomal

recessive, X-linked dominant, and X-linked recessive

models. Inheritance patterns were considered alongside

the variant for established disease genes. The analytic

team, led by a clinical geneticist (MC), performed a clini-

cal chart review (including, when available, documenta-

tion of dysmorphisms, family history, and previous

investigations) for each case in parallel to WES analysis to

further evaluate/prioritize variants identified on this pipe-

line.

Variants in established disease genes

We classified variants according to American College of

Medical Genetics and Genomics (ACMG) criteria.26 For

P/LP variants, GeneDx directly sequenced probands (and

parents, if available) and provided a Clinical Laboratory

Improvement Amendments (CLIA) report with the vari-

ant’s ACMG classification (clinical confirmation). For

each P/LP variant, following a thorough literature review,

the analytic team determined whether the variant

explained the presentation of the proband, and if so,

whether this explanation was complete.

We clinically confirmed some variants of unknown sig-

nificance (VUS) based on compelling rationale such as

phenotypic specificity and/or potential for further investi-

gations. We used the ACMG classification decision from

the clinical laboratory as the final classification for P/LP

variants and for VUS submitted for clinical validation.

Variants in candidate disease genes

We identified variants in candidate genes, which we

defined as genes with functional or biological relevance to

CP or other NDDs without published studies asserting a

human disease-gene relationship.

Other sequencing methodologies

There were two participants with variants not identified

by our pipeline whose results we have reported here. Both

of these participants had undergone clinical WES by Gen-

eDx Laboratory (Gaithersburg, MD) with methods as pre-

viously reported27 and were included in this cohort

because they met criteria at the time of enrollment.

Statistical analysis

We used exact test to compare prevalence of categorical

variables across the three classification groups (crypto-

genic CP, non-cryptogenic CP, and CP masquerader). We

used the Kruskal–Wallis test to compare continuous vari-

ables across the three classification groups. As indicated,

we converted a categorical variable into multiple dichoto-

mous variables, each representing one of the possible val-

ues of the categorical variable. We set p < 0.05 as the

threshold for statistical significance. Value after �denotes

standard deviation.

Results

Demographics

Demographic characteristics of the probands (n = 50) are

shown in Table 1. There were 20 females and 30 males

(average age 10.1 � 8.1 years). Among these 50 individu-

als, 24 (48%) had cryptogenic CP, 20 (40%) had non-

cryptogenic CP, 5 (10%) had a CP masquerader classifica-

tion, and one (2%) was not classifiable (due to limited

perinatal history). Across the three classification groups,

there were no significant differences in sex (exact test,

p = 0.33), age (Kruskal–Wallis test, p = 0.29), or race (ex-

act test, p = 0.08).

Motor phenotype and CP-related medical
comorbidities

Across the entire cohort, the primary motor phenotypes

of the probands were as follows: spastic diplegic (n = 19/

50, 38%), spastic quadriplegic (n = 16/50, 32%),

hypotonic-ataxic (n = 8/50, 16%), dyskinetic (n = 5/50,

10%), and spastic hemiplegic (n = 2/50, 4%). In compar-

ing the number of individuals with each of these motor

phenotypes versus classification group (cryptogenic CP,

non-cryptogenic CP, CP masquerader), the only motor

phenotype which showed a statistically significant differ-

ence across the three classification groups was the

hypotonia-ataxic subtype, which only occurred in the

cryptogenic CP group (exact test, p = 0.01; Table 2A).

We evaluated medical comorbidities associated with CP

in this cohort. Hearing loss occurred in 8% (n = 4/50).

Communication impairment was the only feature out of

the five CP medical comorbidities assessed that showed

differences in prevalence across the three classification

categories (exact test, p = 0.01) with the highest preva-

lence in the non-cryptogenic category. A higher percent-

age of probands in the non-cryptogenic CP category had

multiple medical comorbidities (n = 11/20, 55%) com-

pared to probands in the cryptogenic CP category (n = 6/
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24, 25%) or CP masquerader category (n = 1/5, 20%)

(exact test, p = 0.09; Table 2B).

MRI classification

There were 44 probands with brain MRIs available for

review, detailed in Table 3. In the cryptogenic CP cate-

gory (n = 21 with MRIs available for review), the most

common MRI pattern was “normal” (n = 7/21, 33%). In

the non-cryptogenic CP category (n = 17 with MRIs

available for review), the most common MRI pattern was

bilateral white matter injury (n = 5/17, 29%).

Exome sequencing

We performed WES analysis in 26 trios, 18 duos, three pro-

band only, two quads (parents + two affected children),

and one other family type (proband, affected sibling,

affected mother). Among the trios, there was one family

with multiple affected male relatives on the maternal side.

Table 1. Demographic characteristics of the probands in the cohort.

Non-cryptogenic CP

(n = 20)

Cryptogenic CP

(n = 24)

CP masquerader

(n = 5)

Entire cohort

(n = 50) p value

Age at enrollment in years [mean(SD)] 9.3 (6.32) 8.44 (6.47) 15.25 (9.92) 10.09 (8.09) 0.29

% Female (n) 45% (n = 9) 29% (n = 7) 60% (n = 3) 40% (n = 20) 0.33

Family type

% Trio (n) 50% (n = 10) 58% (n = 14) 40% (n = 2) 52% (n = 26) 0.77

% Quad (n) 0% (n = 0) 8% (n = 2) 0% (n = 0) 4% (n = 2) 0.59

% Duo (n) 45% (n = 9) 29% (n = 7) 40% (n = 2) 36% (n = 18) 0.58

% Proband-Only (n) 5% (n = 1) 0% (n = 0) 20% (n = 1) 6% (n = 3) 0.09

% Other (n) 0% (n = 0) 4% (n = 1) 0% (n = 0) 2% (n = 1) 1

Race

% White (n) 80% (n = 16) 58% (n = 14) 60% (n = 3) 66% (n = 33) 0.28

% Black or African American (n) 15% (n = 3) 0% (n = 0) 0% (n = 0) 6% (n = 3) 0.14

% Asian (n) 0% (n = 0) 12% (n = 3) 0% (n = 0) 8% (n = 4) 0.32

% Other (n) 0% (n = 0) 4% (n = 1) 20% (n = 1) 4% (n = 2) 0.2

% Unknown (n) 5% (n = 1) 21% (n = 5) 20% (n = 1) 14% (n = 7) 0.27

% Unable to answer (n) 0% (n = 0) 4% (n = 1) 0% (n = 0) 2% (n = 1) 1

There is one individual (female, proband-only, Asian) with an unknown classification who is included in the “entire cohort” group.

Table 2. Motor features and medical comorbidities of the probands.

Non-cryptogenic

CP (n = 20)

Cryptogenic

CP (n = 24)

CP masquerader

(n = 5)

Entire cohort

(n = 50) p value

(A) Primary motor phenotype

% spastic diplegic (n) 30% (n = 6) 42% (n = 10) 60% (n = 3) 38% (n = 19) 0.44

% spastic quadriplegic (n) 45% (n = 9) 25% (n = 6) 20% (n = 1) 32% (n = 16) 0.38

% spastic hemiplegic (n) 10% (n = 2) 0% (n = 0) 0% (n = 0) 4% (n = 2) 0.36

% dyskinetic (n) 15% (n = 3) 0% (n = 0) 20% (n = 1) 10% (n = 5) 0.1

% hypotonic ataxic (n) 0% (n = 0) 33% (n = 8) 0% (n = 0) 16% (n = 8) 0.01

(B) Medical comorbidities

% Multiple medical comorbidities (n) 55% (n = 11) 25% (n = 6) 20% (n = 1) 36% (n = 18) 0.09

% Epilepsy (n) 45% (n = 9) 25% (n = 6) 20% (n = 1) 32% (n = 16) 0.38

% Severe visual impairment (n) 35% (n = 7) 12% (n = 3) 0% (n = 0) 20% (n = 10) 0.14

% Severe auditory impairment (n) 20% (n = 4) 0% (n = 0) 0% (n = 0) 8% (n = 4) 0.07

% Communication impairment (n) 75% (n = 15) 29% (n = 7) 40% (n = 2) 48% (n = 24) 0.01

% G-tube dependence (n) 30% (n = 6) 12% (n = 3) 0% (n = 0) 18% (n = 9) 0.22

(A) Primary motor phenotypes of the probands. There is one individual with dyskinetic CP with an unknown classification who is included in the

“entire cohort” group. (B) CP-related medical comorbidities seen in the probands. There is one individual without multiple comorbidities with an

unknown classification who is included in the “entire cohort” group. For CP masquerader category, primary motor phenotype refers to the phe-

notype the patient was diagnosed with or that most closely describes the patient’s motor presentation.
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Pathogenic/likely pathogenic variants in
known disease genes

There were 13 probands (n = 13/50, 26%) who had P/LP

variants in 14 established disease genes altogether, includ-

ing 13 unique genes. The overall yield for Mendelian dis-

orders for individuals with CP (cryptogenic CP + non-

cryptogenic CP) was 23% (10/44). See Table 4 (additional

phenotypic details in Table S1). One individual with con-

sanguineous parents had homozygous P/LP variants in

two different genes implicated in known autosomal reces-

sive disorders (ACADM and PDHX, respectively). This

individual’s presentation was most consistent with the

PDHX variants, and there were no reported hypoglycemic

crises (as would be expected due to the ACADM vari-

ants). Most variants were de novo heterozygous/hemizy-

gous variants in genes associated with autosomal

dominant (SATB2, ZMYM2, COL4A1, GNAO1, ATL1,

POL2RA) and X-linked (SLC16A2, THOC2) disorders.

There were two patients with heterozygous SPAST vari-

ants (pathogenic in one, likely pathogenic in the other)

whose inheritance we could not confirm. In addition to

the individual with two autosomal recessive disorders,

there was one participant with consanguineous parents

who had homozygous pathogenic founder variants in

ADAT3. There was one individual with compound

heterozygous P/LP variants in ECHS1, corresponding to

an autosomal recessive mode of inheritance.

We determined that the genetic diagnosis sufficiently

explained the CP phenotype in all probands except for

two patients in the non-cryptogenic CP category. The

individual with the SATB2 variant had consistent facial

features and laryngeal cleft, but it is unclear whether this

variant played a role in the patient’s presentation of

hemiplegia in the setting of likely acute perinatal event

(neonatal compartment syndrome, intracranial

hemorrhages). The individual with the variant in ZMYM2

(recently implicated in congenital anomalies of the kid-

neys and urinary tract, nonspecific NDD, and other vari-

able features28) had multiple structural malformations

including anorectal malformation, but no renal malfor-

mation; it is not clear to what extent this variant con-

tributed to the HIE leading to spastic quadriplegia.

We compared the presence of at least one genetic disorder

(binary variable) to classification group, primary motor

phenotype, multiple medical comorbidities, and MRI pat-

tern. Of the 13 probands with a molecular diagnosis, seven

were in the cryptogenic CP category, three were in the CP

masquerader category, and three were in the non-

cryptogenic CP category. The CP masquerader category was

associated with the highest yield of Mendelian disorders on

WES (3/5, 60%), followed by the cryptogenic CP category

(7/24, 29%), and lastly by the non-cryptogenic CP category

(3/20, 15%) (exact test, p = 0.10). The motor phenotype

associated with the highest prevalence of a genetic disorder

was spastic hemiplegic (1/2, 50%), followed by spastic quad-

riplegic (5/16, 31%), hypotonic-ataxic (2/8, 25%), spastic

diplegic (4/19, 21%), and dyskinetic (1/5, 20%) (exact test,

p = 0.91); it is worthwhile to note the small numbers in

some of these categories. The prevalence of a genetic disor-

der was lower in those with multiple medical comorbidities

(3/18, 17%) compared to those without multiple medical

comorbidities (10/32, 31%), but this was not statistically sig-

nificant (exact test, p = 0.33). Among the different MRI pat-

terns, the patterns associated with having a

pathogenic/likely pathogenic variant on WES were: focal

insult (2/2, 100%), white matter and cortical injury (1/1,

100%), deep gray matter injury (2/3, 67%), malformation

(3/7, 43%), normal (4/11, 36%), other (1/7, 14%), and bilat-

eral white matter injury (0/9, 0%) (exact test, p = 0.01);

again, it is worthwhile to note the small numbers in some of

these categories.

Table 3. Classification of MRI pattern of the probands based on a previous scoring system. We labeled each participant’s MRI with one of the

eight primary patterns: (1) deep gray matter injury; (2) white matter injury; (3) white matter and cortical injury; (4) deep gray matter/white mat-

ter/cortical injury; (5) focal lesion; (6) cortical malformation; (7) normal study; (8) other. There is one individual with normal MRI and an unknown

classification who is included in the “entire cohort” group.

Non-cryptogenic

CP (n = 17)

Cryptogenic

CP (n = 21)

CP masquerader

(n = 5)

Entire cohort

(n = 44) p value

% Focal insult (n) 12% (n = 2) 0% (n = 0) 0% (n = 0) 5% (n = 2) 0.37

% White matter injury (bilateral) (n) 29% (n = 5) 10% (n = 2) 40% (n = 2) 20% (n = 9) 0.16

% White matter and cortical injury (n) 0% (n = 0) 5% (n = 1) 0% (n = 0) 2% (n = 1) 1

% Deep gray matter injury (n) 12% (n = 2) 0% (n = 0) 20% (n = 1) 7% (n = 3) 0.14

% Near total brain injury (n) 24% (n = 4) 0% (n = 0) 0% (n = 0) 9% (n = 4) 0.05

% Malformation (n) 6% (n = 1) 29% (n = 6) 0% (n = 0) 16% (n = 7) 0.12

% Normal (n) 6% (n = 1) 33% (n = 7) 40% (n = 2) 25% (n = 11) 0.05

% Other (n) 12% (n = 2) 24% (n = 5) 0% (n = 0) 16% (n = 7) 0.51
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Variants of uncertain significance in known
disease genes, variants in candidate genes,
and variants identified by other means

Notable VUS include the following: (1) compound

heterozygous variants in ALG1 in an individual with spas-

tic diplegia and N-glycan profile showing mild increases

of Hex1GlcNAc2 and NeuAc1Hex1HexNac2 suggesting

possible deficiency of mannosylation; (2) maternally

inherited PAK3 variant in a male with spastic diplegia

and thin corpus callosum, whose pedigree shows multiple

males with NDD presentations in an X-linked pattern

and with segregation testing underway (Table S2). There

were two patients with variants of interest in candidate

genes (CASKIN1, AGAP1), detailed in Table S3. The par-

ticipant with a VUS in ITPR1 had undergone clinical test-

ing 2 years prior to our study identifying this variant,

which, upon review, still meets ACMG criteria for a VUS

classification.

For two probands, variants were identified on clinical

WES, but not by our analysis pipeline. For the individual

with the PAK3 variant, there was insufficient coverage of the

region in our analysis. For the individual with the THOC2

variant, the variant was called on the research pipeline, but

not prioritized, as analysis was performed as a duo (in con-

trast to trio analysis performed with clinical WES).

Among those with P/LP variants, retrospective review

revealed that two participants (one with compound

heterozygous ECHS1 variants, one with homozygous

ADAT3 variant) had previously undergone clinical testing

which identified the disease-causing variants not known

at the time of enrollment and exome variant analysis but

identified independently on our pipeline. For three other

participants with P/LP variants (two with a SPAST variant

and one with SLC16A2 variant), clinical testing performed

in parallel to or after our research-based analysis indepen-

dently identified the variant.

Discussion

Our work supports the notion that a substantial pro-

portion of individuals with CP have an underlying

monogenic disorder. This idea is counter to conven-

tional medical teaching that a diagnosis of CP precludes

the presence of a genetic disorder. This misconception

was highlighted in a survey to physician members of

the AACPDM (American Academy of Cerebral Palsy

and Developmental Medicine) and the CNS (Child

Neurology Society) demonstrating considerable variabil-

ity in the diagnosis of CP in hypothetical scenarios

involving patients with a nonprogressive motor disabil-

ity (meeting criteria for CP) who had a genetic etiol-

ogy.29

In our cohort, we identified a monogenic disorder in

26% (13/50) of cases (cryptogenic CP + non-cryptogenic

CP + CP masquerader) and 23% (10/44) of individuals

who met diagnostic criteria for CP (cryptogenic

CP + non-cryptogenic CP). This yield is comparable to

recent studies, the results of which vary depending on the

ascertainment method and patient characteristics. The

prevalence of P/LP single nucleotide variants in prior CP

sequencing studies has ranged from 14% (patients meet-

ing criteria for CP15,17) to 31% (patients referred to a

clinical sequencing lab with a diagnosis of CP determined

by the referring clinicians30) to 53% (patients with CP

born at full term without specific findings on MRI16) to

100% (patients with ataxic CP31).

The heterogeneity of the genetic findings in our cohort

likely reflects the fact that a wide range of genes have

been implicated in presentations of CP. For example, in

six previously published WES studies on patients with

CP, P/LP variants were collectively present in 515 out of

1913 patients with CP (26%), spanning 248 unique

genes15,16,30,32–34. Genes represented relatively more fre-

quently included CTNNB1, SPAST, GNAO1, TUBA1A,

TUBB4A, STXBP1, KIF1A, and COL4A1. It should be

noted that these studies have involved heterogeneous

cohorts with varying characteristics (in terms of use of

trios, CP subtype, and cryptogenic classification).

One of the strengths of our study was systematic phe-

notyping (using variables including cryptogenic/non-

cryptogenic/CP masquerader classification, primary motor

phenotype, medical comorbidities, and neuroimaging pro-

file), which enhances translational applicability of our

findings into CP clinics. For example, classifying a patient

into one of the three categories––representing the types of

patients seen in a CP clinic–can help rank the likelihood

of an underlying genetic disorder. The yield of an under-

lying monogenic disorder was highest in the CP masquer-

ader category, followed by the cryptogenic CP category,

and lastly the non-cryptogenic CP category. Our analysis

was insufficiently powered to generate a statistical model/

rubric for the prediction of the presence or absence of a

genetic disorder using our phenotyping measures. Moving

forward, expanding the prospective cohort with compre-

hensive evaluation of these specific phenotypes in relation

to genotypes will better inform a clinical paradigm to

guide genetic diagnosis in CP.

The finding of a monogenic disorder in three partici-

pants with non-cryptogenic CP warrants further discus-

sion. These individuals (with variants in COL4A1,

ZMYM2, SATB2) had risk factors to justify classification

as non-cryptogenic CP (perinatal stroke in the case of the

individual with COL4A1 variant; acute perinatal event in

the case of individual with the SATB2 variant; and HIE in

the case of the individual with the ZMYM2 variant).
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However, in addition to these CP risk factors, each of these

individuals had features suggestive of an underlying genetic

syndrome. For the individual with the COL4A1 variant, in

addition to spastic quadriplegic CP, epilepsy, ID, previous

infarct, cerebellar hemorrhage, and cerebral atrophy, there

were extra-neurological symptoms concerning for a genetic

syndrome, including posterior embryotoxon, optic path-

way hypoplasia, patent ductus arteriosus, bicuspid aortic

valve, hypospadias, and cryptorchidism, consistent with

COL4A1-related disorder (OMIM #175780). The individual

with the SATB2 variant had distinctive facial features,

laryngeal cleft, global developmental delay, hemiplegia, and

hemiatrophy of his left arm thought to be secondary to an

acute perinatal event (with clinical history notable for

intrauterine growth restriction, decreased fetal movement

at 36 weeks gestation, neonatal compartment syndrome,

and bilateral intracranial hemorrhages). While SATB2-

related disorder (#OMIM 612313) explains the global

developmental delay, facial features, and laryngeal cleft, its

role in his CP presentation is not clear. Finally, the individ-

ual with the de novo truncating variant in ZMYM2 had

clinical and neuroimaging features consistent with HIE,

including spastic quadriplegia and restricted diffusion in

the bilateral thalami and globus pallidi on newborn MRI.

She had a complex phenotype with multiple malformations

including tethered cord, ascending aortic dilatation, and

imperforate anus (but normal renal imaging). Loss of func-

tion of ZMYM2 has only recently been implicated in syn-

dromic renal and urinary tract anomalies, non-specific

NDDs, and other features, but the role of this variant in

our patient’s HIE is not clear. Although there is no evi-

dence that the SATB2 and ZMYM2 variants were directly

causative of the CP presentations in the respective cases,

such scenarios prompt the question of whether, and to what

extent, damaging variants in Mendelian disease genes con-

tribute to vulnerability to perinatal insults that may have led

to CP. Data from larger cohorts of well-phenotyped indi-

viduals with non-cryptogenic CP will be required to

address this question.

Currently, there are no consensus guidelines to recom-

mend which patients with CP should undergo a genetic

evaluation. Our cohort yields some preliminary data

which could inform an approach to genomic evaluation

for individuals with CP. We note that every individual in

our cohort with a monogenic disorder identified on WES

had at least one of the following features: (1) classification

as cryptogenic CP; (2) classification as CP masquerader;

(3) syndromic features/systemic malformations; (4) con-

sanguineous parents. Based on these findings, we provide

a framework for evaluating patients with cryptogenic CP/

non-cryptogenic CP/CP masquerader, suggesting that the

presence of the following features should warrant genetic

evaluation (Fig. 2):

1 Features from the history: absence of perinatal risk fac-

tors; mismatch between perinatal history and motor

severity/symptoms; consanguinity; more than one

affected family member; progressive or regressive

course; presence of congenital anomalies.

2 Features from prior investigations: normal brain MRI;

mismatch between perinatal history and MRI findings;

unexplained biochemical/metabolic disturbances.

3 Features from the examination: dysmorphic features;

physical/systemic malformations; mismatch between the

MRI pattern and motor phenotype.

In addition to recommending that individuals should

undergo assessment of these factors upon initial CP eval-

uation, we also suggest regular re-review/screening of

these parameters, particularly for disease progression/re-

gression which may become apparent at a later time-

point. The identification of an etiological basis should

not change the diagnosis of the overall descriptive term,

CP.35 Furthermore, the benefits of a genetic diagnosis are

numerous: for patients and their families, a genetic diag-

nosis can provide an end to a diagnostic odyssey that

may have lasted for several years; impact reproductive

planning; inform prognosis, in some cases by identifying

a progressive disorder in contrast to a nonprogressive

condition; prompt further disease monitoring or systemic

surveillance; and point to medication changes or poten-

tial natural history and clinical trial eligibility.36

Our work underscores the need to challenge and revisit

basic assumptions in the CP scientific community, start-

ing with basic definitions. There is wide variability in

understanding and application of diagnostic criteria for

CP by clinicians.37 In the research context, there are mul-

tiple definitions of cryptogenic versus non-cryptogenic

CP11,17. Currently, there is no standard, accepted defini-

tion for CP masquerader. The issue is complicated by the

fact that some progressive disorders that can appear static

at first, or in some patients may not be progressive at all.

For a given disorder, phenotypic variability may be

explained by different effects of variants on the protein or

by other phenotypic modifiers (genetic, epigenetic, or

environmental). For the sake of rigor in future CP stud-

ies, and precision for clinicians and families, clear consen-

sus is needed about the definition of CP and its

etiological classification.

There were three participants (with variants in ECHS1,

ADAT3, and THOC2) in whom clinical testing prior to

study enrollment had revealed the P/LP variant of inter-

est. This did not bias or affect our research analysis inter-

pretation, given that we were unaware of these findings at

the time of analysis. The presence of previous highly rele-

vant genetic testing reports, buried within the electronic

medical records, highlights the need for better accessibility
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of genomic results to all providers who are part of a

patient’s team.

Limitations

The major limitation of our study was that copy number

variant (CNV) analysis, detection of mosaicism, and

mitochondrial DNA variant analysis was not part of our

analysis pipeline. Given the likely role of pathogenic

CNVs in some individuals with CP, a future pipeline that

combines CNV calling with WES analysis has the poten-

tial of yielding even higher diagnostic rates for uncovering

genetic disorders in the CP population. Indeed, as there is

increased accessibility of whole genome sequencing, we

anticipate an even broader understanding of the genomic

landscape of CP. Second, for some patients in this cohort,

the relation between the genetic diagnosis and CP pheno-

type was unclear. Third, our cohort size was relatively

small, limiting generalizability of our findings.

Conclusions

In summary, we demonstrate a significant contribution of

Mendelian disorders in individuals with CP, including in

some patients who had known CP risk factors which may

have been sufficient to explain the CP. On the basis of

our findings, we propose basic guidelines for identifying

patients who should be considered for genomic evalua-

tion. Establishing genetic diagnoses stands to improve

patient, family, and provider understanding of etiology,

and potentially management of thousands of individuals

with CP.
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