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Abstract

Purpose: This study aimed to identify phenotypic factors associated with genetic diagnoses in 

patients with neurodevelopmental disorders and generate a decision tree to assist clinicians in 

identifying patients most likely to receive a positive result on genetic testing.

Methods: We retrospectively reviewed the charts of 316 patients evaluated in a 

neurodevelopmental clinic between 2014 and 2019. Patients were categorized based on genetic 

test results. Analyses were performed to identify variables that discriminate between patients with 

and without a genetic diagnosis.

Results: Patients with a genetic diagnosis were more likely to be female and have a history 

of motor delay, hypotonia, congenital heart disease, and early intervention. Classification and 

regression tree analysis revealed that 75% of patients with motor delay had a genetic diagnosis. 

In patients without motor delay, hypotonia, age of walking, and age at initial evaluation were 

important indicators of a genetic diagnosis.

Conclusion: Our findings suggest that motor delay and hypotonia are associated with genetic 

diagnoses in children with neurodevelopmental disorders. The decision tree highlights patient 

subsets at greater risk and suggests possible phenotypic screens. Future studies could develop 

validated decision trees based on phenotypic data to assist clinicians in stratifying patients for 

genetic testing.
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Introduction

Neurodevelopmental disorders (NDDs), such as global developmental delay, autism 

spectrum disorder (ASD), and intellectual disability, have high heritability (ie, the proportion 

of variation in a trait within a population that can be attributed to genetic differences 

among individuals) and affect individuals across their life span.1 With rapid advances 

in genetic testing, an increasing number of individuals with NDDs can now receive a 

genetic diagnosis.2 Hundreds of genetic variants have been implicated in NDDs, including 

chromosomal rearrangements, insertions and deletions, copy-number variants (CNVs), and 

single-nucleotide variants (SNVs).2 Genetic testing for NDDs with chromosomal microarray 

(CMA) to identify CNVs results in a diagnostic yield of 10% to 20%, whereas the addition 

of exome sequencing (ES) to identify SNVs results in a diagnostic yield of >40%.3

Genetic analysis has previously been performed as part of large-scale genomic research 

studies, which include patients with a range of complexity levels of NDDs, from very 
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mild to more severe, identified through broad-based recruitment strategies.4,5 Genotype-

phenotype analyses within these cohorts demonstrate that individuals with heterogeneous 

NDDs and a genetic diagnosis have an increased frequency of medical comorbidities, 

such as impaired gastrointestinal motility,6 epilepsy,7,8 heart disease,9,10 and kidney/urinary 

problems,10,11 compared with individuals with NDDs without a genetic diagnosis. Likewise, 

individuals with ASD and a genetic diagnosis are significantly more likely to have a history 

of motor delay relative to IQ-matched controls with ASD without a genetic diagnosis.12,13 

Our clinic patients differ from these previous cohorts because we specifically select for 

individuals with high-complexity known or suspected neurogenetic disorders that would 

benefit from subspecialist management in an outpatient, multidisciplinary, tertiary care 

clinic. Therefore, our study is susceptible to sampling bias for patients with NDDs of 

enhanced medical and psychiatric complexity, whereas previous studies were susceptible 

to self-selection bias. That is, study individuals chose to participate in genomics research 

studies based on their own motivations or interests.14 Strict selection criteria (eg, exclusion 

of individuals with very low mental functioning or a history of birth trauma4) may also have 

biased these genomic research cohorts toward lower complexity subjects.

Here, we investigate phenotypic factors associated with a genetic diagnosis in patients with 

NDDs from a high-complexity clinical sample recruited at the UCLA Care and Research 

in Neurogenetics (CARING) Clinic, a tertiary care neurogenetics clinic to (1) examine 

clinical features that have been identified in previous community cohorts, (2) identify novel 

factors associated with a genetic diagnosis specific to patients with NDDs in an academic 

health care system clinic setting, and (3) generate a classification tree that may assist 

clinicians in identifying which set of factors, among patients with NDDs, are most effective 

in discriminating between those with and without a positive result on genetic testing.

Materials and Methods

Study design

Research approval was granted by the University of California Los Angeles (UCLA) 

Medical Institutional Review Board (IRB) 3.

A total of 110 patients and/or their legal guardians provided informed consent for 

prospective collection of clinical data (UCLA IRB#: 14-001908). With an IRB-approved 

waiver of consent, the charts of an additional 206 patients were retrospectively reviewed 

(UCLA IRB#: 19-000121). Upon manual extraction from the UCLA electronic health record 

(EHR) (D.J.A., N.R.W.), all patient data were coded into an encrypted database. Seventy 

patients were excluded from final analysis because they never received genetic testing 

because of lack of completion of ordered tests or lack of insurance authorization for genetic 

tests (Figure 1). Patients were included in one of the study cohorts if they had a known or 

suspected neurogenetic disorder and had completed at least 1 genetic test, such as CMA, 

fragile X testing, mitochondrial DNA testing, single-gene sequencing, or ES, with test 

results available to the study team. ES generally did not report CNVs. We extracted variants 

and their classification (ie, pathogenic, likely pathogenic, likely benign, or as variant(s) 

of uncertain significance [VUS]) from clinical reports. Patients with negative findings on 
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genetic testing were included in the study as well because they had a suspected, but not 

confirmed, neurogenetic disorder.

We delineated 3 cohorts based on genetic test results (Figure 1): (1) the pathogenic or likely 

pathogenic (P/LP) cohort included patients whose genetic testing revealed a P/LP variant or 

other definitive molecular diagnosis; (2) the negative cohort included patients whose genetic 

test revealed no P/LP variants but could have had likely benign variants, VUS, or no reported 

variants regardless of type of testing; and (3) the ES negative cohort was a subset of the 

negative cohort and included only those patients who had ES completed without a P/LP or 

VUS variant identified. In creating this third cohort with more stringent negative criteria, we 

ensured that all included patients did not have a P/LP SNV within a gene-coding region. 

This allowed us to ensure that individuals in the negative comparator cohort were accurately 

classified and that associations between a genetic diagnosis and clinical factors were not 

confounded by misclassification of individuals with P/LP SNVs within the negative cohort.

Potential confounding factors included the following sociodemographic variables: sex, 

age of presentation to the UCLA CARING Clinic, ethnicity, and socioeconomic status 

as measured by area deprivation index (ADI) (Table 1) and the relative frequency of 

NDD diagnoses (Table 2). The ADI represents a neighborhood’s level of socioeconomic 

deprivation and is associated with health outcomes.15 ADI was determined from the 

reported address of residence in the EHR. The independent variables of interest that 

we examined included the ages of sitting, walking, first word, and first phrase and a 

history of the following: motor delay, hypotonia, language delay, neurological diagnosis, 

seizures, congenital heart disease, attention-deficit/hyperactivity disorder, macrocephaly, 

microcephaly, head circumference percentile, and early intervention. Patients were coded 

as having a history of motor delay if 1 or more clinician documented them as such in the 

EHR, or if 1 or more gross milestones were reported to occur after 8 months for sitting, 12 

months for crawling, and 16 months for walking based on the 97th percentiles reported for 

normative data by the World Health Organization.16 Similarly, patients were coded as having 

a history of language delay if 1 or more clinicians documented them as such in the EHR or 

if 1 or more expressive language milestones were reported to occur after 12 months for first 

words and 24 months for first phrases (ie, combined words) based on the Act Early Centers 

for Disease Control and Prevention Recommendations.17 A history of early intervention was 

coded if a patient received services and/or supports for developmental disabilities before the 

age of 3.18 Macrocephaly was assigned when a patient’s occipitofrontal circumference was 

greater than 2 standard deviations above the mean for his or her given age and sex (ie, >97th 

percentile); microcephaly was assigned when a patient’s occipitofrontal circumference was 

greater than 2 standard deviations below the mean for his or her given age and sex (ie, <3rd 

percentile).19

Statistical analyses

To investigate associations between genetic diagnosis and clinical characteristics, we used 

a 2-step analytical approach. First, we conducted χ2 tests for all binary clinical variables 

and 2-sample Wilcoxon tests for continuous variables to identify potentially significant 

associations. Full results of the preliminary analyses are provided in the supplemental 
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materials for transparency (Supplemental Tables 1 and 2). This preliminary analysis served 

as an exploratory step to guide our subsequent modeling. To maintain statistical power and 

reduce the risk of overfitting, given our sample size constraints, we then performed a logistic 

regression analysis incorporating only the clinical characteristics that showed the strongest 

associations in the initial analyses. Regression was performed between (1) the P/LP cohort 

(2) the negative cohort (Figure 2A), and (3) the ES negative cohort (Figure 2B). We present 

means and standard deviations for continuous variables and counts and relative frequencies 

for categorical variables. This approach allowed us to focus on the most salient features 

while preserving model stability. The logistic regression models were controlled for age 

(in months), ethnicity, and ADI. We considered each clinical characteristic individually and 

developed regression models using genetic diagnosis as the primary outcome variable. We 

then used classification and regression tree analysis (CART) to identify combinations of 

sociodemographic and clinical variables that effectively discriminate between patients with 

and without a genetic diagnosis. The CART procedure was performed on the entire data 

set of patients whose genetic testing results were available (N = 246). All analyses were 

performed in SAS 9.4 (SAS Institute) and RStudio (2023). CART was performed using the 

R package “rpart” (Therneau and Atkinson, 2022).

Results

Cohort description

Referrals to the UCLA CARING Clinic came from physicians within and outside an 

academic health system, patient advocacy groups (eg, Dup15Q Alliance), and research 

studies for patients with known or suspected neurogenetic disorders. As the clinic became 

known in the community, an increasing number of families were self-referred. Of the 316 

patients evaluated in a multidisciplinary academic health system clinic between January 1, 

2014, and January 1, 2019, 246 patients had completed genetic testing with results available 

in the EHR and were included in this study. Of those who had completed genetic testing, 

153 of 246 (62%) received all their testing before clinic referral, 47 of 246 (19%) received 

some testing before the clinic and some additional testing after referral, whereas 46 of 246 

(19%) patients received all of their testing after referral. Of this group of 246 patients with 

completed genetic testing, 152 (61.8%) patients were found to have a P/LP variant, and 94 

(38%) patients were found to have no variants, benign variants, or VUS (ie, the negative 

testing cohort). For the P/LP cohort, patients had 62 different genetic diagnoses, with 12 

genetic diagnoses being shared by 2 or more patients (ie, recurrent genetic diagnoses) and 

50 different genetic diagnoses each being present in only a single patient (ie, nonrecurrent 

genetic diagnoses).

The negative cohort underwent the following tests: CMA (76 patients), FMR1 CGG 

repeat analysis (21 patients), metabolic testing (10 patients), PTEN testing (4 patients), 

mitochondrial DNA testing (3 patients), and MECP2 testing (2 patients). From this negative 

cohort, 33 patients also underwent ES, which we used as an additional negative control 

group. Of the ES negative cohort, 25 of 33 patients (76%) had undergone CMA before 

ES. In the negative cohort, the most common prior test was CMA (76 of 94 patients), with 

ES frequently recommended but not completed. On average, patients who did not receive 
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ES lived in neighborhoods with significantly higher ADI (ADI of ES noncompleters vs ES 

completers: 9.9 vs 6.7, t = −2.6, P = .009) and were more likely to have uncertain insurance 

status, meaning that no insurance could be found on file in the EHR (10% of noncompleters 

vs 3% of completers).

Patients with a P/LP variant were more likely to be female (47% compared with 20% and 

12% in the negative and ES negative [P < .001]). The average age of presentation in the 

study group was 9.4 years (range: 2 months-36.7 years). There was no significant difference 

in age of presentation between the 3 cohorts. There were similar proportions of patients 

self-identifying as White, Black or African-American, Asian, and Hispanic across the 3 

cohorts, with White being the predominant ethnicity (Table 1).

Genotype-phenotype analysis

We aimed to determine which specific patient characteristics were associated with the 

presence of P/LP variant in patients with suspected neurogenetic disorder. Utilizing logistic 

regression (as depicted in Table 3, Figure 2), we discovered that patients with a history 

of motor delay had an increase in the odds of having a P/LP variant compared with those 

without a history of motor delay. This heightened risk was maintained in comparison with 

both control cohorts (negative cohort: odds ratio [OR] = 4.3, P ≤ .0001; ES negative cohort: 

OR = 6.0, P = .0001). Furthermore, for every 1-month delay in the age of walking noted by 

the caregiver, a patient’s odds of carrying a P/LP variant increased 5% to 11%. A history 

of hypotonia (OR = 5.6, P ≤ .0001; OR = 4.7, P = .0019), congenital heart disease (OR 

= 3.9, P = .003; OR = 11.30, P = .02), and early intervention (OR = 2.1, P = .01; OR = 

2.4, P = .05) were all similarly associated with increased odds of having a P/LP variant. 

In comparison with the ES negative cohort, a history of language delay also emerged as 

significantly associated with a P/LP variant (OR = 3.2, P = .03).

Patient classification

In CART analysis, the final tree (Figure 3) achieved a robust overall correct classification 

rate of 76% among an analytical sample of N = 246, albeit with a cross-validated error rate 

of 32%. The primary (parent) node emerging from this analysis was motor delay. Notably, 

62% of our analytical sample had a history of motor delay, and among these patients, this 

node alone correctly classified 75% (114/152) as having a P/LP variant or genetic diagnosis.

In the subset of patients who did not report a history of motor delay, among those who 

were biologically female, we identified 70% (16/23) as also having a genetic diagnosis. The 

ensuing node identified was hypotonia, followed by the age of walking and the age at the 

initial evaluation at the CARING Clinic (Figure 3). In biologically male patients with a 

confirmed history of hypotonia, 78% (7/9) of those who commenced walking at 13 to 16 

months had received a genetic diagnosis, compared with 29% (2/7) of their counterparts who 

began walking before 13 months. For biologically male patients without a known history 

of hypotonia, 81% (42/52) of those evaluated at the CARING Clinic before reaching 24.3 

years of age did not have a genetic diagnosis. The final subset, comprising biologically male 

patients without a history of hypotonia, who received their initial evaluation at the CARING 

Wong et al. Page 6

Genet Med. Author manuscript; available in PMC 2025 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clinic at or after 24.3 years of age, was limited in number. However, all members of this 

group (100%; 3/3) had a P/LP variant.

Discussion

Consistent with previous reports,12,13 we found that female sex was associated with 

increased likelihood of having a genetic diagnosis, likely reflecting the higher mutational 

burden required for females to manifest NDDs.20 Motor delay and hypotonia also emerged 

as being strongly associated with a genetic diagnosis, with a 5% to 11% increase in the 

likelihood of a P/LP variant associated with each 1-month delay in walking. This finding 

aligns with previous studies showing a 17% increased risk per 1-month delay and suggests 

that hypotonia should prompt clinicians to carefully screen for motor impairment and 

consider genetic testing.13

Congenital heart disease was significantly associated with genetic diagnosis in our sample, 

consistent with prior reports.21 Interestingly, epilepsy did not emerge as a significant 

covariate, possibly due to insufficient power or referral bias related to the presence of 

neurology in our multidisciplinary clinic leading to an enrichment of patients with pure 

epilepsy without other features of neurogenetic disorders. We did not observe differences 

between our 2 negative cohorts, suggesting that the negative cohort was not substantially 

diluted by patients without ES who carried undetected SNVs, potentially reflecting the 

ability of genetics experts to identify patients with high pretest probability of a positive 

finding and more aggressively pursuing ES. Notably, patients who did not complete ES 

lived in neighborhoods with higher ADI scores, a measure of socioeconomic deprivation, 

and were more likely to have uncertain insurance status, highlighting ongoing challenges 

with equitable access to genetic testing. Although professional societies recommend testing 

for all patients with NDDs,22–24 the optimal approach to prioritization in resource-limited 

settings remains unclear.

Our CART analysis suggests the potential utility of motor delay and hypotonia as 

phenotypic screens to identify patients most likely to benefit from genetic testing, with 

an overall accuracy rate of 76%. However, we acknowledge that our sample reflects 

high-complexity patients and that our data are cross-sectional; therefore, we are unable to 

establish temporal ordering between patient and clinical characteristics and our outcome. 

Additionally, the model’s classification accuracy may have been limited by missing 

milestone data and unstandardized clinician notes, indicating the need for higher-powered, 

prospective studies with more complete phenotyping.25

In summary, our findings confirm and expand previous work identifying motor delay 

and hypotonia as key phenotypic differences between individuals with NDDs with and 

without a genetic diagnosis from ES or other tests more broadly. The decision tree 

represents a preliminary, exploratory step toward the development of accurate, validated 

algorithms to guide genetic testing decisions. Future large-scale studies integrating high-

quality phenotypic data could enable the creation of clinically useful decision support tools 

to help stratify patients with NDDs for genetic testing.

Wong et al. Page 7

Genet Med. Author manuscript; available in PMC 2025 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors would like to thank the patients and families of the UCLA CARING Clinic for participating in this 
research study.

Funding

This research was supported by UCLA IDDRC U54HD087101 and the National Institutes of Health National 
Center for Advancing Translational Science UCLA CTSI Grant Number UL1TR001881. A.D.B. and R.B.W. were 
supported by the UCLA Savant Fellowship in Neurodevelopmental Genetics. A.D.B. was supported by the National 
Institute of General Medical Sciences 2T32GM008243-3 and the Rady Children’s Hospital Transforming Mental 
Health Initiative. R.B.W. was supported by National Institutes of Health/National Institute of Child Health and 
Human Development K23HD099275 and the Simons Foundation Grant 977910. J.A.M.-A. was supported by the 
Health Resources and Services Administration of the US Department of Health and Human Services under the 
Autism Intervention Research Network on Physical Health grant, UT2MC39440. The information, content and/or 
conclusions are those of the authors and should not be construed as the official position or policy of, nor should any 
endorsements be inferred by Health Resources and Services Administration, Health and Human Services, or the US 
Government.

Data Availability

The data sets generated and/or analyzed during the current study are not publicly available 

because of patient privacy laws but are available from the corresponding author upon 

request.

References

1. Hickman RA, O’Shea SA, Mehler MF, Chung WK. Neurogenetic disorders across the lifespan: 
from aberrant development to degeneration. Nat Rev Neurol. 2022;18(2):117–124. 10.1038/
s41582-021-00595-5 [PubMed: 34987232] 

2. Parenti I, Rabaneda LG, Schoen H, Novarino G. Neurodevelopmental disorders: from genetics to 
functional pathways. Trends Neurosci. 2020;43(8):608–621. 10.1016/j.tins.2020.05.004 [PubMed: 
32507511] 

3. Blesson A, Cohen JS. Genetic counseling in neurodevelopmental disorders. Cold Spring Harb 
Perspect Med. 2020;10(4):a036533. 10.1101/cshperspect.a036533 [PubMed: 31501260] 

4. Fischbach GD, Lord C. The Simons Simplex Collection: a resource for identification of 
autism genetic risk factors. Neuron. 2010;68(2):192–195. 10.1016/j.neuron.2010.10.006 [PubMed: 
20955926] 

5. Trost B, Thiruvahindrapuram B, Chan AJS, et al. Genomic architecture of autism from 
comprehensive whole-genome sequence annotation. Cell. 2022;185(23):4409–4427.e18. 10.1016/
j.cell.2022.10.009 [PubMed: 36368308] 

6. Bernier R, Golzio C, Xiong B, et al. Disruptive CHD8 mutations define a subtype of autism early in 
development. Cell. 2014;158(2):263–276. 10.1016/j.cell.2014.06.017 [PubMed: 24998929] 

7. Sanders SJ, Campbell AJ, Cottrell JR, et al. Progress in understanding and treating SCN2A-
mediated disorders. Trends Neurosci. 2018;41(7):442–456. 10.1016/j.tins.2018.03.011 [PubMed: 
29691040] 

8. Vlaskamp DRM, Shaw BJ, Burgess R, et al. SYNGAP1 encephalopathy: a distinctive 
generalized developmental and epileptic encephalopathy. Neurology. 2019;92(2):e96–e107. 
10.1212/WNL.0000000000006729 [PubMed: 30541864] 

9. Van Dijck A, Vulto-van Silfhout AT, Cappuyns E, et al. Clinical presentation of a complex 
neurodevelopmental disorder caused by mutations in ADNP. Biol Psychiatry. 2019;85(4):287–297. 
10.1016/j.biopsych.2018.02.1173 [PubMed: 29724491] 

Wong et al. Page 8

Genet Med. Author manuscript; available in PMC 2025 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. van der Sluijs PJ, Jansen S, Vergano SA, et al. The ARID1B spectrum in 143 patients: from 
nonsyndromic intellectual disability to Coffin-Siris syndrome. Genet Med. 2019;21(6):1295–1307. 
10.1038/s41436-018-0330-z [PubMed: 30349098] 

11. Bekheirnia MR, Bekheirnia N, Bainbridge MN, et al. Whole-exome sequencing in the molecular 
diagnosis of individuals with congenital anomalies of the kidney and urinary tract and 
identification of a new causative gene. Genet Med. 2017;19(4):412–420. 10.1038/gim.2016.131 
[PubMed: 27657687] 

12. Wickstrom J, Farmer C, Green Snyder L, et al. Patterns of delay in early gross motor and 
expressive language milestone attainment in probands with genetic conditions versus idiopathic 
ASD from SFARI registries. J Child Psychol Psychiatry. 2021;62(11):1297–1307. 10.1111/
jcpp.13492 [PubMed: 34382689] 

13. Bishop SL, Farmer C, Bal V, et al. Identification of developmental and behavioral 
markers associated with genetic abnormalities in autism spectrum disorder. Am J Psychiatry. 
2017;174(6):576–585. 10.1176/appi.ajp.2017.16101115 [PubMed: 28253736] 

14. Simons VIP Consortium. Simons Variation in Individuals Project (Simons VIP): a genetics-
first approach to studying autism spectrum and related neurodevelopmental disorders. Neuron. 
2012;73(6):1063–1067. 10.1016/j.neuron.2012.02.014 [PubMed: 22445335] 

15. Maroko AR, Doan TM, Arno PS, Hubel M, Yi S, Viola D. Integrating social determinants of 
health with treatment and prevention: a new tool to assess local area deprivation. Prev Chronic Dis. 
2016;13:E128. 10.5888/pcd13.160221 [PubMed: 27634778] 

16. WHO Multicentre Growth Reference Study Group. WHO Motor Development Study: windows of 
achievement for six gross motor development milestones. Acta Paediatr Suppl. 2006;450:86–95. 
10.1111/j.1651-2227.2006.tb02379.x [PubMed: 16817682] 

17. What is a developmental milestone? Centers for Disease Control and Prevention. Accessed June 
18, 2023. https://www.cdc.gov/ncbddd/actearly/milestones/index.html

18. What is “Early Intervention” and is my child eligible? Centers for Disease Control and Prevention. 
Accessed June 18, 2023. https://www.cdc.gov/ncbddd/actearly/parents/states.html

19. David TJ. Atlas of pediatric physical diagnosis. Arch Dis Child. 1988;63(1):111. 10.1136/
adc.63.1.111-b

20. Jacquemont S, Coe BP, Hersch M, et al. A higher mutational burden in females supports a 
“female protective model” in neurodevelopmental disorders. Am J Hum Genet. 2014;94(3):415–
425. 10.1016/j.ajhg.2014.02.001 [PubMed: 24581740] 

21. Gill K, Sasaki J, Jayakar P, Sosa L, Welch E. Chromosomal microarray detects genetic risks 
of neurodevelopmental disorders in newborns with congenital heart disease. Cardiol Young. 
2021;31(8):1275–1282. 10.1017/S1047951121000202 [PubMed: 33536103] 

22. Schaefer GB, Mendelsohn NJ, Professional Practice and Guidelines Committee. Clinical genetics 
evaluation in identifying the etiology of autism spectrum disorders: 2013 guideline revisions. 
Genet Med. 2013;15(5):399–407. 10.1038/gim.2013.32 [PubMed: 23519317] 

23. Michelson DJ, Shevell MI, Sherr EH, Moeschler JB, Gropman AL, Ashwal S. Evidence 
report: genetic and metabolic testing on children with global developmental delay: report 
of the Quality Standards Subcommittee of the American Academy of Neurology and the 
Practice Committee of the Child Neurology Society. Neurology. 2011;77(17):1629–1635. 10.1212/
WNL.0b013e3182345896 [PubMed: 21956720] 

24. Moeschler JB, Shevell M. Committee on Genetics. Comprehensive evaluation of the child 
with intellectual disability or global developmental delays. Pediatrics. 2014;134(3):e903–e918. 
10.1542/peds.2014-1839 [PubMed: 25157020] 

25. Hannigan LJ, McAdams TA, Eley TC. Developmental change in the association between 
adolescent depressive symptoms and the home environment: results from a longitudinal, 
genetically informative investigation. J Child Psychol Psychiatry. 2017;58(7):787–797. 10.1111/
jcpp.12689 [PubMed: 28151560] 

Wong et al. Page 9

Genet Med. Author manuscript; available in PMC 2025 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/ncbddd/actearly/milestones/index.html
https://www.cdc.gov/ncbddd/actearly/parents/states.html


Figure 1. Patient flow in CARING Clinic (2014-2019).
P/LP, pathogenic/likely pathogenic.
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Figure 2. Association of phenotypic factors with having a genetic diagnosis compared with the 
negative cohort and the ES negative cohort.
A. Negative cohort. B. ES negative cohort, where the association between history of 

congenital heart disease and genetic diagnosis has a very large upper limit (odds ratio 

= 11.30, 95% CI 1.44-88.77), likely due to sparsity and/or instability in this estimate. 

The figure above thus does not show the upper limit to ensure that the rest of the 

associations can be visualized clearly. ADHD, attention-deficit/hyperactivity disorder; ES, 

exome sequencing. Red points and confidence intervals indicate factors with statistically 

significant associations with genetic diagnosis (p < 0.05), while gray represents non-

significant associations.
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Figure 3. Classification and regression tree analysis of CARING patients who received genetic 
testing.
Terminal nodes (boxes) shaded in blue represent patient groups classified as having a genetic 

diagnosis. Groups at high-likelihood for genetic diagnosis are identified by blue-colored 

boxes. The percentages specify the accuracy of our model’s classification at each terminal 

node (eg, for the “History of Motor Delay = yes” node, our model correctly identified 75% 

of the patients with a genetic diagnosis at that node). The total counts specify the fraction of 

the entire data set within each terminal node.
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