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The diagnostic trajectory of infants and children with clinical

features of genetic disease
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We characterized US pediatric patients with clinical indicators of genetic diseases, focusing on the burden of disease, utilization of
genetic testing, and cost of care. Curated lists of diagnosis, procedure, and billing codes were used to identify patients with clinical
indicators of genetic disease in healthcare claims from Optum'’s de-identified Clinformatics® Database (13,076,038 unique patients).
Distinct cohorts were defined to represent permissive and conservative estimates of the number of patients. Clinical phenotypes
suggestive of genetic diseases were observed in up to 9.4% of pediatric patients and up to 44.7% of critically-ill infants. Compared
with controls, patients with indicators of genetic diseases had higher utilization of services (e.g., mean NICU length of stay of 31.6d
in a cohort defined by multiple congenital anomalies or neurological presentations compared with 10.1d for patients in the control
population (P < 0.001)) and higher overall costs. Very few patients received any genetic testing (4.2-8.4% depending on cohort

criteria). These results highlight the substantial proportion of the population with clinical features associated with genetic disorders

and underutilization of genetic testing in these populations.
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INTRODUCTION

Rare diseases represent a significant clinical and economic burden,
with >25 million Americans estimated to be living with a rare
disease’. Our understanding of the genetic etiologies of many rare
diseases has grown substantially in recent years'-2, Although most
diseases have complex genetic determinants, many rare diseases
are caused by pathogenic variants in single genes or by rare DNA
copy number abnormalities. For example, in two recent analyses
of the Orphanet database, 70-80% of rare diseases were found to
be genetic or have genetic subtypes*3. The Online Mendelian
Inheritance in Man (OMIM) compendium lists over 6500 clinical
phenotypes for which a molecular basis is known and 4200 genes
with phenotype-causing pathogenic variants*. These numbers
have continued to grow as information on genetic variation and
gene-phenotype relationships emerge from various research
projects including those utilizing comprehensive genomic
sequencing approaches®'°. Furthermore, as our understanding
of the genetic etiology of diseases has grown, our ability to treat
many of these conditions has improved, including with targeted
pharmaceuticals, vitamin supplementation or dietary restrictions,
protein and enzyme replacement therapies, stem cell and organ
transplantation, and most recently novel precision medicine
approaches such as gene replacement therapy>''"7.

The American College of Medical Genetics and Genomics
(ACMG) has highlighted that there is “great clinical value in
arriving at a precise medical diagnosis, enabling, among other
things, identification of a disorder’s cause and prognosis, as well as
frequently informing preventive and treatment modalities.”®. A
key challenge, however, is that many genetic diseases are difficult
to diagnose owing to nonspecific clinical presentations and
physician unfamiliarity—leading to delays in diagnosis and
initiation of precision care. These challenges are compounded by
traditional diagnostic approaches, which focused on subjective
assessment, non-genetic tests and imaging, and iterative applica-
tion of single-gene tests or panels with limited diagnostic yield. In
recent years, genome-wide approaches using whole-exome and

whole-genome sequencing have demonstrated substantial
improvement in diagnostic yield compared with traditional
approaches®'2141519-23 These improvements have led to policy
changes related to care delivery. For example, the National Health
Service (NHS) in England has announced the commission of
genome sequencing as part of routine care for patients with
undiagnosed rare diseases. In the US, the majority of pediatric lives
are covered for exome sequencing (ES) by commercial and public
health insurance programs, with some also covering genome
sequencing (Data on file from https://www.policyreporter.com/).

Although the pace of research and understanding of genetic
diseases has accelerated, there has been little real-world evidence
published on population-based epidemiology and the care of
patients with clinical indicators of genetic diseases. In a recent
study of pediatric inpatients in the US using the 2012 version of
the Healthcare Cost and Utilization Project (HCUP) Kid's Inpatient
Database (KID), we estimated that up to 14% of pediatric inpatient
stays had indications of genetic disease®*. Given the burgeoning
opportunity to improve the care of patients with genetic diseases,
understanding their clinical and diagnostic assessment will be
important to improving care delivery. Data are needed to inform
our understanding of the potential impact of new interventions
such as whole-genome sequencing. The clinical features that
guide such testing, which are individually uncommon, are often
present in patients with rare and ultrarare genetic diseases and are
utilized by specialists to guide genetic testing. However, testing is
not uniformly applied to owe to differences in physician practice,
delays in access to specialist consultation, complex and non-
standardized laboratory platforms, regional and urban/rural
disparities in access, and non-uniform health insurance coverage
policies. The objective of this study was to characterize the
population of patients with clinical features of genetic diseases in
a large US commercial healthcare claims database, with a focus on
the burden of disease, utilization of genetic testing, and cost of
care. Separate analyses were performed for critically-ill infants and
the general pediatric population.
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RESULTS

Cohort definitions

A total of 13,076,038 unique patients were included in the source
data set selected. Of these, 11,036,263 subjects were identified
and retained as a control for the pediatric population, and
1,148,695 subjects that met all birth and enrollment criteria were
retained as controls for the newborn population (Table 1). Within
each population (pediatric and critically-ill newborn), analysis
cohorts were identified through a combination of diagnosis codes,
procedure codes, and revenue codes, with combinations of
these codes used to define three different cohorts with different
levels of stringency: (1) a Broad cohort with clinical indicators
suggestive of a genetic disease; (2) a more specific subset of
clinical presentations that are broadly accepted indications for
genetic testing [multiple congenital anomalies (MCA), moderate or
severe intellectual disability (ID), developmental delay (DD), or
epilepsy/seizures (E)]; and (3) a conservative cohort that had

indicators of undiagnosed genetic disease as well as >1 genetic
test (see Methods for additional details on cohort definitions and
selection). Details of the sample selection and attrition are shown
in Supplementary Table 1.

In the pediatric population, a total of 1,139,035 pediatric
patients met the Broad cohort criteria as having one or more
clinical features suggestive of an undiagnosed genetic disease,
representing 9.4% of the total eligible population (n = 12,175,298).
A total of 94,714 (0.8% of eligible patients) had ICD-9/10 codes for
MCA/ID/DD/E. Finally, 28,348 (0.2% of eligible patients) met the
Conservative cohort definition which required at least one genetic
test (Table 1).

In the newborn population, 29,348 critically-ill newborns met
the Broad cohort criteria. This represented 2.3% of the total
eligible newborn population (n = 1,303,762) and 44.7% of the total
eligible population with a NICU stay (65,695 in the Control and
Broad populations). A total of 8723 critically-ill newborns (0.7% of
all newborns and 13.3% of all newborns with a NICU stay) had

Table 1. Population demographics.
Critically-ill newborn cohort Pediatric cohort
Control Broad MCA/ID/DD/E  Conservative Control Broad MCA/ID/DD/E Conservative
Sample size 1,148,695 29,348 8723 1924 11,036,263 1,139,035 94,714 28,348
Patient characteristics
Age at index, mean years 0.0 0.0 0.0 0.0 7.5 (5.5) 7.3 (6.1)* 5.0 (5.8)* 6.4 (6.0)*
Length of enrollment, 602.5 (747.8) 649.0 (756.0)* 823.6 (819.7)* 733.2 (788.5)* 735.3 (794.5) 1494.0 (1096.0)* 1470.0 (1064.0)*  1734.0 (1188.0)*
mean days (SD)
Age at enrollment, 47 (3.3) 0.7 (3.3) 1(29) 0.6 (3.1) 2903.0 (2048.0)  2180.0 (2045.0)* 1523.0 (1914.00*  1823.0 (1927.0)*
mean days (SD)
Male, % (SD) 49.7 (50.0) 57.7(49.4)* 60.6 (48.9)* 57.7 (49.4)% 50.9 (50.0) 53.7 (50.0)* 58.7 (40.2)* 53.3 (50.0)*
White, % (SD) 64.3 (47.9) 64.0 (48.0) 65.7 (47.5)* 65.4 (47.6) 60.6 (48.9) 64.3 (47.9)* 64.5 (47.9)* 62.9 (48.3)*
Hispanic, % 13.0 11.9 10.6 14.6 129 10.3 104 11.9
Black, % 7.7 9.0 8.7 74 9.1 6.7 7.2 5.6
Asian, % 7.2 7.2 6.3 56 5.1 53 5.6 5.2
Race Unknown, % 7.8 7.9 8.6 7.0 124 135 123 14.5
Below 400% poverty 0.3 (5.8) 0.4 (6.0* 04 (6.2) 0.2 (4.7) 0.6 (7.8) 0.4 (6.3)* 0.5 (6.7)* 0.4 (6.5)*
line, % (SD)
Categorization of
index event (%)
Possible N/A 83.5 94.2 71.8 N/A 79.1 69.6 62.8
Probable N/A 10.8 5.1 225 N/A 10.3 30.1 204
Definite N/A 6.9 0.8 0.0 N/A 38 03 0.0
Genetic test N/A 0.2 0.0 79 N/A 0.9 0.0 211
Other CPT/HCPCS N/A 0.1 0.0 0.0 N/A 9.1 0.0 0.0
Clinical presentation
(ICD-9/10 category) (%)
Skin/subcutaneous system N/A 0.0 0.0 0.0 N/A 0.8 0.0 03
Mental/behavioral/ N/A 0.0 0.0 0.0 N/A 37 7.8 1.8
neurodevelopmental
Endocrine/nutritional/ N/A 5.8 0.0 10.0 N/A 9.9 0.0 15.2
metabolic
Circulatory system N/A 0.9 0.0 0.7 N/A 0.9 0.0 0.8
Congenital anomalies N/A 62.7 86.4 51.6 N/A 355 52.8 26.0
Respiratory system N/A 0.1 0.0 0.1 N/A 0.0 0.0 0.0
Musculoskeletal system N/A 0.1 0.0 0.1 N/A 1.2 0.0 0.4
Perinatal period N/A 11.9 0.0 10.6 N/A 0.7 0.0 1.7
Sense organs N/A 0.1 0.0 0.2 N/A 1.0 0.0 0.9
Blood disorders N/A 26 0.0 15 N/A 13 0.0 28
Nervous system N/A 0.6 22 0.9 N/A 24 329 4.2
Digestive system N/A 0.0 0.0 0.1 N/A 0.1 0.0 0.1
Genitourinary system N/A 0.0 0.0 0.0 N/A 0.0 0.0 0.0
Symptoms/signs/not N/A 0.0 0.0 0.0 N/A 0.0 0.0 0.0
otherwise classified
Other diagnoses N/A 0.4 0.0 23 N/A 1.1 0.0 31
CPT/HCPCS Current Procedural terminology/Healthcare common Procedure Coding System (HCPCS), ICD International Classification of Diseases, MCA/ID/DD/E:
MCA multiple congenital anomalies, ID intellectual disability, DD developmental delay, E epilepsy/seizures.
*P<0.01 vs control.
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ICD-9/10 codes for MCA/ID/DD/E (primarily MCA and E in this
cohort). Finally, 1,924 critically-ill newborns (0.1% of all newborns,
and 2.9% of all newborns with a NICU stay) met the Conservative
cohort definition which required at least one genetic test (Table 1).
There was a sizable number of newborns with a code from our
curated list but did not have a qualifying NICU stay (n =125,719
for the Broad cohort) and were therefore excluded from this
population and incorporated into the pediatric population.

Population demographics

Patient demographics are detailed in Table 1. In the pediatric
population, the Broad cohort was generally similar in age (7.3
years) to the control group (7.5 years), while the MCA/ID/DD/E
cohort (5.0 years) and the Conservative cohort (6.4 years) were
somewhat younger at their index date. The proportion of male
patients was 53.7% in the Broad population, 58.7% in the MCA/
ID/DD/E cohort, and 53.3% in the Conservative cohort, com-
pared with 50.9% in the Control cohort (P<0.01 for all
comparisons to the Control cohort). Patients in all three cohorts
with the suspected genetic disease generally had higher rates of
comorbidities, including respiratory failure (up to three times
higher), asphyxia (up to 13 times higher), feeding problems (up
to 10 times higher), and pneumonia (up to 2.5 times higher)
(Supplementary Table 2). In the Broad cohort, the most common
index clinical presentation was congenital anomalies represent-
ing 35.5% of patients (Table 1). Other common presentations
were: endocrine, nutritional, metabolic (9.9%); mental/beha-
vioral/neurodevelopmental (3.7%); and nervous system (2.4%).
In the MCA/ID/DD/E-specific cohort, 52.8% had MCA, 32.9%
nervous system diagnoses, and 7.8% with mental, behavioral, or
neurodevelopmental disorders. Finally, in the Conservative
cohort (in which patients were required to have an ICD-9/10
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code indicative of a potential genetic disorder and must have
received at least 1 genetic test), the most common clinical
presentations were: congenital anomalies (21.0%), endocrine,
nutritional, metabolic (15.2%), and mental, behavioral, and
neurodevelopmental (11.8%).

In the critically-ill newborn population, the proportion of male
patients was 57.7%, 60.6%, and 57.7% in the Broad, MCA/ID/DD/E,
and Conservative populations, respectively, compared with 49.7%
in the control cohort (P<0.01 for all comparisons; Table 1). As in
the pediatric population, critically-ill newborns generally had
higher rates of comorbidities, including respiratory failure (up to
five times higher), feeding problems (up to six times higher), lung
contusion (up to 54 times higher), asphyxia (up to 17 times
higher), pneumonia (up to four times higher), septicemia (up to 13
times higher), and shock (up to 96 times higher) (Supplemental
Table 2). In the Broad cohort, Congenital anomalies were the most
common clinical presentation, representing 62.7% of patients
(Table 1). Other common presentations were: conditions present-
ing in the perinatal period (e.g., abnormal neonatal screening,
some cardiac conditions, hypotonia, and others; 11.9%); and
endocrine/metabolic (5.8%). In the subset of the population with
MCA/ID/DD/E, the vast majority (86.4%) were MCA. The absence of
ID/DD was expected, although the proportion with neurological
presentations such as hypotonia, epilepsy, or seizure disorders was
low (2.2%). Finally, in the Conservative population, the most
common clinical presentations were congenital anomalies (51.6%),
conditions presenting in the perinatal period (10.6%), and
endocrine, nutritional, and metabolic conditions (10.0%). As
above, these represent a population-based distribution of what
types of patients have a suspicious ICD-9 or 10 code and received
genetic testing.

Table 2. Utilization.
Critically-ill newborn population Pediatric population
Control  Broad MCA/ID/DD/E Conservative Control Broad MCA/ID/DD/E Conservative
Sample size 1,148,695 29,348 8723 1924 11,036,263 1,139,035 94,714 28,348
Genetic testing post index
Fraction with genetic test, % 0 7.6 8.4 100 0 4.22 5.4 100
Mean days to genetic test, 1+ N/A 144 247 163 N/A 281 473 340
Number of genetic tests, 1+
Mean N/A 1.7 2 1.8 N/A 2.1 26 23
SD N/A 1.6 1.8 1.6 N/A 1.7 2.0 1.9
Median N/A 1.0 1.0 1.0 N/A 20 2.0 20
Min N/A 1.0 1.0 1.0 N/A 1.0 1.0 1.0
Max N/A 230 220 23.0 N/A 25.0 18.0 26.0
Intensive care stays
Fraction with NICU stay during 3.1 100 100 100 03 1.0 1.9 1.1
eligibility, %
Fraction with PICU stay during eligibility, % 0.3 194 323 30.6 0.1 1.6 57 6.1
NICU days among those with stay
Mean 10.1 246% 31.6° 26.0° 10.1 24.7 30.52 2492
SD 121 331 38.8 34.3 12.1 36.3 41.0 40.1
Median 6.0 13.0 17.0 14.0 6.0 12.0 17.0 12.0
Min 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Max 383.0 807.0 458.0 401.0 383.0 372.0 372.0 218.0
MCA/ID/DD/E: MCA multiple congenital anomalies, ID intellectual disability, DD developmental delay, E epilepsy/seizures, NICU neonatal intensive care unit,
PICU pediatric intensive care unit.
2P <0.001 vs control.
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Intensive care utilization

In the pediatric populations, we observed higher rates of both
neonatal intensive care unit (NICU) and pediatric intensive care
unit (PICU) utilization in all three cohorts with indicators of
suspected genetic disease compared with the control population
(Table 2). For example, PICU utilization was ~16-fold higher in the
Broad cohort and ~50-fold higher in the MCA/ID/DD/E and
Conservative cohorts.

In the critically-ill newborn populations, mean NICU length of
stay (LOS) was 24.6d, 31.6d, and 26.0d in the Broad, MCA/ID/DD/
E, and Conservative populations, respectively, compared with
10.1d for patients in the control population that had at least one
NICU stay (P<0.01; Table 2; Supplementary Fig. 1). Mean NICU
LOS was relatively consistent across different sub-populations of
the Broad cohort based on ICD-9/10 code (Supplementary Table
3). In addition, we observed high rates of PICU utilization during
the continuous enrollment period—19.4%, 32.3%, and 30.6% in
the Broad, MCA/ID/DD/E, and Conservative populations, respec-
tively—compared with 0.3% in the overall newborn control
population (Table 2).

Genetic test utilization

In the pediatric populations, only 4.2% of the Broad cohort and
5.4% of the MCA/ID/DD/E cohort received at least one genetic test.
In patients with at least one genetic test, the mean number of
tests was 2.1, 2.6, and 2.3 in the Broad, MCA/ID/DD/E, and
conservative cohorts, respectively (Table 2; see also Supplemen-
tary Fig. 2 for the distribution of a number of genetic tests). The
mean time to the first test of 281 days and 473 days, respectively.
Notably, in the subset of patients with moderate or severe ID, only
102 patients (~2%) had microarray testing and 9 patients had
whole-exome sequencing. In the Conservative cohort, all of whom
had at least one genetic test by definition, the mean time to the
first test was 340 days and the median was ~7 years (2479 days)
(Table 2; Fig. 1A).

We further interrogated genetic test utilization in the four
most prevalent sub-populations of the pediatric Broad cohort
(Supplementary Table 3). Genetic test utilization was low (<8%)
across all sub-populations: 7.1% in patients with ICD-9/10 codes
representing mental, behavioral, and neurodevelopmental dis-
orders, 3.9% of patients with endocrine/nutritional/metabolic
disorders, 3.5% with nervous system disorders, and 1.7% of
patients with congenital anomalies.

Among critically-ill newborns, in the Broad cohort, only 7.6%
had at least one genetic test. In patients with at least one genetic
test, the mean number of tests was 1.7, 2.0, and 1.8 in the Broad,
MCA/ID/DD/E, and conservative cohorts, respectively (Table 2;

a. Pediatric populations

see also Supplementary Fig. 2 for the distribution of a number of
genetic tests). The mean time to first test was 144 days. In the
MCA/ID/DD/E cohort (predominantly MCA, as noted above), 8.4%
had at least one genetic test with a mean time to the first genetic
test of 247 days (Table 2). In the Conservative cohort, all of whom
had at least one genetic test by definition, the mean time to the
first test was 163 days (Table 2); however, more than half of these
patients were tested in the first 2 weeks, whereas the remainder
received tests over the remaining follow-up time (Fig. 1B).

In the analysis of the four most prevalent sub-populations of
the critically-ill newborn broad cohort, genetic test utilization
was highest in patients with blood disorders (24.2%), followed by
endocrine/nutritional/metabolic disorders (14.7%), congenital
anomalies (5.1%), and disorders presenting in the perinatal
period (3.4%).

Diagnostic transitions

Not all genetic diseases have specific ICD-9/10 codes; thus, a
definitive assessment of genetic disease diagnoses in patients
with initial clinical presentations that are indicative of a suspected
genetic disease is not possible from an administrative claims-
based analysis. However, assessing the proportion of patients
transitioning from an initial index diagnosis code in the possible or
probable genetic disease categories to a primary diagnosis code in
the definite genetic disease category is indicative of a conservative
estimate of definitive genetic disease diagnoses. These transitions
may have resulted from additional clinical investigations including
specialist assessments, the results of imaging or other non-
invasive procedures, or, in an extreme minority of cases per the
genetic test utilization results above, molecular testing. The
number of patients who moved into more definite categories of
diagnosis is reported in Table 3.

In the Broad and MCA/ID/DD/E cohorts of the pediatric
population, 1.1% and 2.6% of patients, respectively, transitioned
from possible or probable to definite (Table 3). We observed a
higher transition rate in the Conservative cohort—which had at
least one genetic test by definition—where 15.8% of patients
transitioned from a possible or probable diagnosis to a definite
diagnosis within the follow-up period (Table 3).

In the Broad and MCA/ID/DD/E cohorts of the critically-ill
newborn population, 5.3% and 6.5% of patients, respectively,
transitioned from possible or probable to definite (Table 3). As in
the pediatric population, the Conservative cohort had a much
higher rate of conversion to definite compared to the other two
cohorts: 41.6% of patients transitioned from a possible or probable
index diagnosis to a definite genetic disease diagnosis during the
follow-up period.

b. Critically-ill newborn populations

Conservative mm= MCA/ID/DD/E === Broad =

. \L

0.50

Portion untested

0.25

0 2500 5000 7500 10000
Days since index
N Events Median 95% CI
Broad 2,278,102 96,224 NA NA
MCA/ID/DD/E 189,436 10,230 NA NA
Conservative 56,698 56,698 2,479 2,436-2,525

Fig. 1
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N Events Median 95% CI
Broad 58,844 4,486 NA NA
MCA/ID/DD/E | 17,526 1,474 NA NA
Conservative 3,856 3,856 13 12-14

Time to first genetic test. a Pediatric populations; b critically-ill newborn populations. MCA/ID/DD/E: MCA multiple congenital

anomalies, ID intellectual disability, DD developmental delay, E epilepsy/seizures.
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Table 3. Diagnostic transitions.

Critically-ill newborn population Pediatric population

Broad MCA/ID/DD/E Conservative Broad MCA/ID/DD/E Conservative
Sample size 29,348 8,723 1,924 1,139,035 94,714 28,348
Fraction possible to probable 9.2 17.7 25.9 3.2 7.7 16.6
Fraction possible to definite 4.6 6.1 29 0.9 2.0 12.4
Fraction probable to definite 0.7 0.4 12.6 0.2 0.6 34
Fraction genetic test to definite 0.0 0.0 33 0.1 0.0 33
Fraction CPT/HCPCS to definite 0.0 0.0 0.0 0.2 0.0 0.0
The first diagnostic category represents the category of code used for the index event. The second diagnostic category represents a change from a less-
specific category to a more specific category during follow-up.
CPT/HCPCS Current Procedural terminology/Healthcare common Procedure Coding System (HCPCS), MCA/ID/DD/E: MCA multiple congenital anomalies,
ID intellectual disability, DD developmental delay, E epilepsy/seizures.

Costs

Analyses of total healthcare costs in the pediatric populations
are shown in Fig. 2A and Supplementary Table 4. In all three
pediatric cohorts, patients had substantially higher healthcare
costs early in the observation compared with the matched
control populations. For example, mean Year 1 costs were
highest in the conservative cohort ($23,514), followed by the
MCA/ID/DD/E cohort ($14,339) and the Broad cohort ($6256),
whereas mean Year 1 costs in the matched control groups were
$1736, $2261, and $1941, respectively (Supplementary Table 4).
Costs declined over time in all three cohorts, reaching a steady-
state after ~12-24 months post index.

A similar pattern emerged in the critically-ill newborn population
(Fig. 2B and Supplementary Table 4), with higher costs in the
three cohorts of patients with indicators of suspected genetic
disease compared with the control population. Mean Year 1 costs
were highest in the MCA/ID/DD/E cohort ($137,590), followed by
the Conservative cohort ($131,392) and the Broad cohort ($80,757),
whereas mean Year 1 costs in the matched control groups were
$6753, $7268, and $7205, respectively (Supplementary Table 4). In
all three cohorts, monthly costs declined over time, reaching a
steady-state after ~12 months post index.

DISCUSSION

Our study aimed to identify and characterize patients with clinical
indicators of genetic disease in a large US payer population.
There are several key findings from our study. First, patients with
clinical indicators of genetic diseases represent a substantial
cohort of patients collectively. Our Broad classification—which
was intended to be broad and err on the side of over-
identification—represented 9.4% of the total eligible pediatric
patient population—similar to the 14% of patients identified in
the previously reported study using the HCUP KID hospitalization
database?*. However, even the subset of patients with a select
group of clinical presentations—MCA, moderate or severe
intellectual disability, developmental disorders, and epilepsy—
collectively represented 0.8% of pediatric patients. While definitive
epidemiological estimates are challenging to develop in the
context of rare genetic diseases, our estimates are complementary
to published estimates of the prevalence of rare diseases more
broadly in the range of 2-6.2%%%°=%’, In the critically-ill newborn
population, our broad classification represented 44.7% of patients
with a NICU stay and the subset with MCA or epilepsy/seizures
represented 13.3% of critically-ill newborn patients—approxi-
mately one of seven patients. Our estimate that approximately
half of the NICU population in this large real-world data set has
indications of a genetic disease is similar to at least one other
estimate based on recruitment for clinical study participation?.

Published in partnership with CEGMR, King Abdulaziz University

Thus, critically-ill infants represent an enriched population where
the concern for an underlying genetic disease is very high for a
substantial fraction of patients.

A second major takeaway from our study was the significant
underutilization of genetic testing and associated delays in
genetic testing. In the Broad population of pediatric patients,
only 4.2% of patients had even one genetic test, and the first
test was performed an average of 281 days from the first clinical
presentation. Although the broad population was intended to
be broad and we would not expect all patients to require
genetic testing, even in the specific cohort of patients with MCA/
ID/DD/E—clinical presentations that should indicate for genetic
testing—only 1 in 20 patients had even one genetic test and
those tests were delayed from the first clinical presentation by
an average of 15 months. Utilization of specific genetic tests
such as chromosomal microarrays and ES, which are recom-
mended and increasingly covered by insurance, were also
extremely rare—even with the caveat that the timeframe of
analysis (Jan 2007 to Dec 2017) extends to a time period prior to
recommendations and broad coverage. Similar to the pediatric
population, only a small proportion of critically-ill newborns with
MCA or epilepsy/seizures—~8%—received even one genetic test
in the entire follow-up period. Although not directly addressed in
our study, the consequences of delaying diagnosis of genetic
diseases among newborns and children can be devastating,
resulting in missed opportunities for effective treatment, unne-
cessary procedures, excessive costs, in addition to patient and
family anxiety'%'>212229-31 Fyture research should evaluate the
reasons underlying the low genetic test utilization rates—which
likely include clinician and patient/family education, socioeco-
nomic barriers, and insurance hurdles3?™*!, the potential impact
on patient outcomes, and novel or innovative methods to address
barriers and inequities in access.

A third major takeaway was that critically-ill newborns with
indicators of suspected genetic diseases had long NICU stays
compared with a control group of newborns without evidence of
a suspected genetic condition. In addition, both the critically-ill
newborn and pediatric populations had high rates of PICU
utilization. Several studies have demonstrated that rapid exome
or genome approaches may lead to decreases in NICU LOS in a
subset of patients'>?242, Although our study design does not
allow for an assessment of whether application of earlier
diagnostic testing or more rapid diagnosis would have resulted
in a decrease in the average LOS in the NICU, identifying the
underlying clinical diagnosis would accelerate the ability to
institute appropriate clinical management in this acutely ill
population3'12'22'43'44.

Finally, patients with clinical indicators of genetic disease in all
of the cohorts evaluated had substantially higher costs compared
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Fig.2 Monthly costs from index date. For both the a pediatric populations and b critically-ill newborn populations, control populations are
shown on the left and patient cohorts on the right. MCA/ID/DD/E: MCA multiple congenital anomalies, ID intellectual disability,

DD developmental delay, E epilepsy/seizures.

with controls—particularly in the first 12-24 months post index.
These data build on a previous study focused on costs associated
with pediatric hospitalizations®*. This area of research deserves
further exploration. Notably, from a health economic perspective,
several published studies demonstrate that earlier incorporation
of genome-wide approaches such as exome or genome sequen-
cing is cost-effective by preventing long expensive diagnostic
odysseys?'224546 A recent study in the Netherlands found that
medical costs decreased substantially following ES—regardless of
whether there was a diagnosis—a finding they termed an “end of
trajectory” effect”’. Future studies should interrogate the services
contributing to costs and how the mix of services changes
over time.

Our study has strengths and limitations. Strengths include the
size of the population evaluated—which included over 13 million
unique patients from a large commercial health plan population,
representative of commercially-insured patients more generally.
Our methodology, which included a detailed curation of indicators
of genetic disease, allowed us to evaluate several different
populations of patients based on different levels of specificity.
Finally, our administrative claims-based approach allowed for a
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comprehensive assessment of direct healthcare-related utilization
and costs. Several limitations should be considered in the
interpretation of our results. First, as our methodology utilized
insurance claims data as opposed to electronic health records, we
are limited in our ability to interpret both diagnostic thinking and
clinical decision-making. For example, while we observe sub-
stantial delays in genetic testing in many patients, the reasons for
these delays are unclear and may be clinically warranted based on
the unique circumstances of individual patients. Similarly, ICD-9/
10 codes do not capture the granularity required to distinguish
diagnosed genetic conditions. Human Phenotype Ontology (HPO)
provides a deep ontology that relates detailed clinical features to
both diseases and genes. Availability of HPO terms in a large data
set like this would have improved our specificity in defining
populations and HPO coding (or improvements in ICD coding
informed by HPO) could contribute to future studies of genetic
disease in populations. In addition, while some genetic diseases
have specific ICD-9/10 codes, many do not; thus, we are unable to
definitively determine the end of a diagnostic odyssey for many
individual patients. Second, our definitions of possible, probable
and definite genetic disease are based on expert opinion and
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manual curation. Not all patients with these features would have
had a genetic diagnosis even if optimal testing had been
performed. This is likely due to additional undescribed disease-
causing genes, oligogenic and complex inheritance, and environ-
mental phenocopies. How ICD-9/10 codes are used for insurance
billing purposes may not be aligned with the diagnostic thinking
of clinicians. Coding systems, including diagnosis and procedure
codes, are used for billing purposes and are likely to fail to reflect
the variability observed in clinical practice. Furthermore, a level of
miscoding is presumed to occur as is inherent in claims database
studies (e.g., a coding specialist may select the first code on a list
of possible codes as opposed to the most appropriate code).
Third, given the substantial health conditions of patients with
genetic diseases, patients may transition to public insurance
programs, switch between private insurance plans, or for other
reasons stopped being observed in the database. Although our
continuous enrollment requirements help control for some of this
variability, there are inherent limitations to the comprehensive-
ness of the follow-up, which could also be exacerbated by the
severity of the disease. Finally, in our selection of patients, we
found a large number of newborns with codes indicating a
possible genetic condition but no stay in a NICU. Because we
required a stay in a NICU, these patients were excluded from
analysis in the critically-ill infant population and were instead
included in the pediatric population.

The results of our study highlight the substantial patient
population with clinical features that may lead a physician to
suspect genetic disease, and notably, that there is significant
underutilization of genetic testing. Earlier and more comprehen-
sive genomic testing has the potential to reduce the burden on
children, families, and the healthcare system. As the availability of
new therapies and approaches expands, accurate and rapid
diagnosis becomes even more critical. Integrating novel diagnos-
tic approaches early in the life of children with clinical symptoms
will improve the long-term prospects of these children and reduce
unnecessary costs to the healthcare system.

METHODS

Data source

We performed a retrospective administrative claims analysis using Optum'’s
de-identified Clinformatics® Data Mart Database 7.1 database which
contains linked eligibility, medical claims, and pharmacy claims. Data for all
patients 0-18 years of age were used to identify patients with clinical
features that may lead a physician to suspect genetic disease based on the
date of birth between 1 January 2007 through 31 December 2017. Age was
determined by the patient’s earliest eligibility effective date. To protect
patient privacy, actual dates of service were not provided in the data;
instead, the database contained “derived dates”, which indicated the days
since birth that an event occurred. For example, if a date was 0 this would
be the day the patient was born. If the date was 365, this would indicate
that the event was 1-year post birth. Data were provided in de-identified
format and met all requirements for patient privacy (i.e., names, exact birth
dates, health plan identifiers, and zip codes were not provided as part of
the data set).

Ethics

Institutional review board approval was not required as the Optum
database has been evaluated and approved in compliance with HIPAA
standards for data privacy.

Study population

Our methodology to define the study populations was developed with the
goal of identifying pediatric (<18 years of age) patients with indicators of
genetic diseases. Diagnostic codes typically do not classify by underlying
disease mechanism, and we therefore manually curated lists of Interna-
tional Statistical Classification of Diseases and Related Health Problems
(ICD)-9 and ICD-10 diagnosis codes, Current Procedural Technology (CPT),
and Healthcare Common Procedure Coding System (HCPCS) codes, and
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other relevant billing codes (e.g., neonatal intensive care). A detailed list of
all codes used in this study can be found in the Supplementary
Information. We then used combinations of these codes (see below) to
define patient subsets for analysis. These code sets were initially curated by
an expert medical geneticist and were reviewed by claims coding experts
at Optum. A similar curation methodology for ICD-9 codes has been
previously described®®, though the current study the code sets were
expanded to allow for more detailed classification of patient cohorts and
utilization of genetic and non-genetic testing and procedures (by including
CPT/HCPCS codes) and to allow for additional timeframe analyses (by
adding ICD-10 codes). The code curation process resulted in identification
of 1269 ICD-9 codes, 2155 ICD-10 codes, and 781 CPT/HCPCS codes. These
codes were further curated with respect to the age of presentation as it is
well known that some clinical diagnoses are highly suggestive of a genetic
disorder within certain age groups but not others (e.g., isolated scoliosis in
a newborn may indicate a genetic disorder, but the same feature in an
adolescent is more likely to be multifactorial).

By definition, ICD-9/10 codes are intended to classify diseases or
conditions; thus, some ICD-9/10 codes definitively identify specific genetic
diseases whereas others indicate clinical presentations that may be an
accepted indication to test for a genetic disease. As such, as described
previously?*, ICD-9/10 codes were first categorized into three sets: (1)
definite genetic disease; (2) probable genetic disease; and (3) possible
genetic disease. The definite category was defined by ICD-9/10 codes that
identify specific genetic diseases (e.g., cystic fibrosis, Down syndrome,
specific inborn errors of metabolism). Probable genetic diseases were
defined as ICD-9/10 codes that describe clinical presentations wherein a
genetic etiology is likely to be achieved with appropriate genetic testing in
>30% of patients with these codes (e.g., neonatal intractable epilepsy).
Finally, possible genetic diseases were defined as ICD-9/10 codes that
describe clinical presentations wherein a genetic etiology is likely to be
achieved with appropriate testing in ~10-30% of patients (e.g., most
severe birth defects, such as congenital central nervous system, and
cardiac malformations). We further identified ICD-9/10 codes where there
are established and specific clinical and/or laboratory diagnostic criteria
and availability of established and commonly administered targeted
diagnostic tests (e.g., cystic fibrosis, sickle cell disorders, neurofibroma-
tosis), and therefore patients with these codes would be less likely to
present clinically as an undiagnosed genetic disease. CPT and HCPCS
codes were categorized into two categories: (1) genetic tests (e.g., specific
single-gene tests, molecular pathology, chromosomal microarray (CMA),
ES); and (2) other procedures that are commonly used in the workup of
patients with suspected genetic diseases (e.g., electrophysiologic tests,
imaging, skin or muscle biopsies, etc), though we acknowledge this second
category includes codes that are not specific to the workup of patients
with suspected genetic diseases.

We used combinations of this curated code sets to group patients into
three non-mutually exclusive cohorts for analysis [a complete list of codes
and the algorithms for identifying each cohort (Supplementary Informa-
tion) and an attrition table (Supplementary Table 1) can be found in the
Supplementary Information].

Broad. The Broad cohort was intended to be the broadest cohort of
patients. We defined this cohort as patients with a possible, probable, or
definite ICD-9/10 code (excluding codes considered easy to diagnose, per
the description above) or =1 curated genetic or non-genetic CPT/
HCPCS code.

Conservative. The Conservative cohort was intended to be a specific
cohort of patients with indicators of undiagnosed disease and evidence of
genetic testing. We defined this cohort as patients with a possible or
probable 1ICD-9/10 diagnosis code as the index code and =1 genetic test
CPT/HCPCS code at any time. Thus, patients with definite ICD-9/10 codes as
the index code were excluded.

Subset of clinical indications broadly accepted for genetic testing (MCA/ID/
DD/E). This cohort was intended to identify a specific subset of clinical
presentations that are broadly accepted indications for genetic testing, as
suggested by clinical guidelines*®->%. We defined this cohort as patients
with ICD-9/10 diagnosis codes for MCA, moderate or severe ID, DD, or E.
For patients with MCA, patients were required to have either a code
specific for multiple anomalies or codes for single anomalies in two or
more organ systems.

An index date was set on the service date of the first appearing
qualifying code for a diagnosis for the Conservative and MCA/ID/DD/E
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Fig. 3 Population selection process. Description of cohort identification process. Note that groups are not mutually exclusive (e.g., MCA/ID/
DD/E and Conservative are subsets of Broad). MCA/ID/DD/E: MCA multiple congenital anomalies, ID intellectual disability, DD developmental
delay, E epilepsy/seizures. CPT/HCPCS Current Procedural terminology/ Healthcare common Procedure Coding System (HCPCS).

cohorts, or on the first appearing diagnosis or test date for the Broad
cohort. Identification of the index date included all ICD codes, regardless of
whether the code was principal or secondary, with a hierarchy of
definite>probable>possible for the index code for claims with more than
one associated diagnosis code. Patients were required to be continuously
enrolled for 6 months prior to the index diagnosis, with any child
<6 months of age having a reduced continuous enrollment requirement
equal to their age on index.

Finally, we divided the sample into two non-overlapping populations
based on age and patient acuity: pediatric patients and critically-ill infants.
Pediatric patients were either >28 days of age and <18 years on the index
date, or were <28 days of age on the index date but had no observed NICU
stay at any time during the observation period. Critically-ill newborns were
<28 days of age on the index date and had a stay in a NICU at any time
during the observation period. Thus our final analyses were completed on
six groups: within both critically-ill infants and within pediatric patients we
evaluated Broad, Conservative, and MCA/ID/DD/E cohorts. (Fig. 3)

Control population

We defined control populations with none of the possible, definite, or
probable 1CD-9/10 diagnosis or CPT codes used to select the study
populations. The first continuous enrollment period for control was
identified and the index date was set as of the start date of enrollment. For
descriptive analyses, all subjects were included. Each of the six cohorts (the
three definition categories for each of the two patient age groups) were
matched to a control population generated by the use of propensity score
technique matching on ethnicity/race, gender, Census Division, age at
index (pediatric only), year of birth, and a number of children in
subscriber’s household. A NICU stay was not required for inclusion in the
newborn control cohort. One way of measuring the balance is with a
Multivariate Imbalance Measure. In this context, an L1 of 1.0 means
completely unmatched, and an L1 of 0.0 means perfectly matched. We
then used three procedures for matching to determine the best
methodological approach to achieve balanced cohorts. For the evaluation
of survival, controls were matched using the Coarsened Exact Matching
(CEM) method® with k-to-k (k2k)—i.e., where the matching procedure
reduces the samples to a 1 to 1 match rather than many to 1 match. The
CEM with k2k is almost as good as CEM without k2k, but has the
computational benefit of reducing the number of records in the control
population, so these results were used for all matching procedures.

Variable definitions

Variables assessed included clinical presentation, demographics (including
age, ethnicity/race, gender, geography, poverty status, and comorbidities),
genetic test utilization, time in the NICU and PICU, and overall costs.
Clinical presentations and comorbidities were identified based on ICD-9/10
diagnosis codes as described above and in the Supplementary Informa-
tion. NICU and PICU stays were identified through revenue codes for billing
of neonatal intensive care room and board billing. Genetic test utilization
was identified based on CPT/HCPCS codes. Costs were measured during
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the continuous enrollment period in 30-day increments starting with the
index date according to the methodology described by Lin et al.>®.

All medical and pharmacy claims were used in the calculation of costs
using the Optum database standard allowable charges field. Costs
were calculated as total costs (inclusive of medical and pharmacy costs),
inpatient costs (identified from the inpatient confinement claims),
and outpatient costs (from the medical claims). More information on
variable definitions and data limitations can be found in Supplementary
Notes 1 and 2.

Analytic approach

Statistical comparisons to the control group were conducted for
demographic variables, including age at index, length of enrollment, age
at enrollment, % male, and % white using independent samples, two-
sided, t test. Other primary analyses performed were descriptive—to avoid
introducing the possibility of error based on multiple hypothesis testing.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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CODE AVAILABILITY

The analyses performed were descriptive and did not use any custom code or
mathematical algorithm that is deemed central to the conclusions. A detailed list of
all curated codes used in this study to group patients for descriptive analyses is
provided in the Supplementary Information.

Received: 8 June 2020; Accepted: 21 October 2021;
Published online: 22 November 2021

REFERENCES

1. Genetics and Rare Diseases Information Center. FAQs About Rare Diseases, https://
rarediseases.info.nih.gov/diseases/pages/31/faqs-about-rare-diseases (2017).

2. Nguengang Wakap, S. et al. Estimating cumulative point prevalence of rare dis-
eases: analysis of the Orphanet database. Eur. J. Hum. Genet. 28, 165-173 (2020).

3. Bick, D., Jones, M., Taylor, S. L., Taft, R. J. & Belmont, J. Case for genome
sequencing in infants and children with rare, undiagnosed or genetic diseases.
J. Med. Genet. 56, 783-791 (2019).

4. Johns Hopkins University. Online Mendelian Inheritance in Man, https://www.
omim.org/statistics/entry (2020).

Published in partnership with CEGMR, King Abdulaziz University


https://www.optum.com/
https://www.optum.com/
https://rarediseases.info.nih.gov/diseases/pages/31/faqs-about-rare-diseases
https://rarediseases.info.nih.gov/diseases/pages/31/faqs-about-rare-diseases
https://www.omim.org/statistics/entry
https://www.omim.org/statistics/entry

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

. Splinter, K. et al. Effect of genetic diagnosis on patients with previously

undiagnosed disease. N. Engl. J. Med. 379, 2131-2139 (2018).

. Bamshad, M. J., Nickerson, D. A. & Chong, J. X. Mendelian gene discovery: fast and

furious with no end in sight. Am. J. Hum. Genet. 105, 448-455 (2019).

. Boycott, K. M. et al. International cooperation to enable the diagnosis of all rare

genetic diseases. Am. J. Hum. Genet. 100, 695-705 (2017).

. Chong, J. X. et al. The genetic basis of mendelian phenotypes: discoveries,

challenges, and opportunities. Am. J. Hum. Genet. 97, 199-215 (2015).

. ClinGen Clinical Genome Resource. https://clinicalgenome.org/ (2020).
. National Center for Biotechnology Information. ClinVar, https://www.ncbi.nlm.nih.

gov/clinvar/ (2020).

. Kim, J. et al. Patient-customized oligonucleotide therapy for a rare genetic dis-

ease. N. Engl. J. Med. 381, 1644-1652 (2019).

. Farnaes, L. et al. Rapid whole-genome sequencing decreases infant morbidity

and cost of hospitalization. npj Genom. Med. 3, 10 (2018).

. Worthey, E. A. et al. Making a definitive diagnosis: Successful clinical application

of whole exome sequencing in a child with intractable inflammatory bowel
disease. Genet. Med. 13, 255-262 (2011).

. Willig, L. K. et al. Whole-genome sequencing for identification of Mendelian

disorders in critically ill infants: a retrospective analysis of diagnostic and clinical
findings. Lancet Respir. Med. 3, 377-387 (2015).

. Petrikin, J. E. et al. The NSIGHT1-randomized controlled trial: rapid whole-genome

sequencing for accelerated etiologic diagnosis in critically ill infants. npj Genom.
Med. 3, 6-6 (2018).

. Bick, D. et al. Successful application of whole genome sequencing in a medical

genetics clinic. J. Pediatr. Genet. 6, 61-76 (2017).

. Scocchia, A. et al. Clinical whole genome sequencing as a first-tier test at a

resource-limited dysmorphology clinic in Mexico. npj Genom. Med. 4, 5 (2019).

. Directors, A. B. O. Clinical utility of genetic and genomic services: a position

statement of the American College of Medical Genetics and Genomics. Genet.
Med. 17, 505-507 (2015).

. Lionel, A. C. et al. Improved diagnostic yield compared with targeted gene

sequencing panels suggests a role for whole-genome sequencing as a first-tier
genetic test. Genet. Med. 20, 435-443 (2018).

Stavropoulos, D. J. et al. Whole genome sequencing expands diagnostic utility
and improves clinical management in pediatric medicine. NPJ Genom. Med. 1,
15012 (2016).

Tan, T. Y. et al. Diagnostic impact and cost-effectiveness of whole-exome
sequencing for ambulant children with suspected monogenic conditions. JAMA
Pediatr. 171, 855-862 (2017).

Stark, Z. et al. A prospective evaluation of whole-exome sequencing as a first-tier
molecular test in infants with suspected monogenic disorders. Genet. Med. 18,
1090-1096 (2016).

Clark, M. M. et al. Meta-analysis of the diagnostic and clinical utility of genome
and exome sequencing and chromosomal microarray in children with suspected
genetic diseases. NPJ Genom. Med. 3, 16-16 (2018).

Gonzaludo, N., Belmont, J. W,, Gainullin, V. G. & Taft, R. J. Estimating the burden and
economic impact of pediatric genetic disease. Genet. Med. 21, 1781-1789 (2019).
EURORDIS Rare Diseases. What is a rare disease? https://www.eurordis.org/
content/what-rare-disease (2019).

Ferreira, C. R. The burden of rare diseases. Am. J. Med. Genet. Part A 179, 885-892
(2019).

Walker, C. E. et al. The collective impact of rare diseases in Western Australia: an
estimate using a population-based cohort. Genet Med 19, 546-552 (2017).
Kingsmore, S. F. et al. A randomized, controlled trial of the analytic and diagnostic
performance of singleton and trio, rapid genome and exome sequencing in ill
infants. Am. J. Hum. Genet. 105, 719-733 (2019).

Soden, S. E. et al. Effectiveness of exome and genome sequencing guided by
acuity of illness for diagnosis of neurodevelopmental disorders. Sci. Transl. Med. 6,
265ra168 (2014).

Dragojlovic, N. et al. The cost and diagnostic yield of exome sequencing for
children with suspected genetic disorders: a benchmarking study. Genet. Med. 20,
1013-1021 (2018).

Joshi, C. et al. Reducing the cost of the diagnostic odyssey in early onset epileptic
encephalopathies. BioMed. Res. Int. 2016, 1-8 (2016).

Reuter, C. M. et al. Yield of whole exome sequencing in undiagnosed patients
facing insurance coverage barriers to genetic testing. J. Genet. Couns. 28,
1107-1118 (2019).

Smith, H. S. et al. Outcomes of prior authorization requests for genetic testing in
outpatient pediatric genetics clinics. Genet. Med. 23, 950-955 (2021).

Douglas, M. P., Parker, S. L., Trosman, J. R, Slavotinek, A. M. & Phillips, K. A. Private
payer coverage policies for exome sequencing (ES) in pediatric patients: trends
over time and analysis of evidence cited. Genet. Med. 21, 152-160 (2019).
Phillips, K. A. et al. Payer coverage policies for multigene tests. Nat. Biotechnol. 35,
614-617 (2017).

Published in partnership with CEGMR, King Abdulaziz University

B.E. Schroeder et al.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.
54.
55.

56.

Geng, L. N. et al. Genomics in medicine: a novel elective rotation for internal
medicine residents. Postgrad. Med. J. 95, 569-572 (2019).

Chou, A. F., Duncan, A. R, Hallford, G., Kelley, D. M. & Dean, L. W. Barriers and
strategies to integrate medical genetics and primary care in underserved
populations: a scoping review. J Community Genet. 1-19 https://doi.org/10.1007/
$12687-021-00508-5 (2021).

Gene Hallford, H., Coffman, M. A,, Obregon-Tito, A. J.,, Morales, A. H. & Williamson
Dean, L. Access barriers to genetic services for Spanish-speaking families in states
with rapidly growing migrant populations. J. Genet. Couns. 29, 365-380 (2020).
Harding, B. et al. Bridging the gap in genetics: a progressive model for primary to
specialist care. BIC Med. Educ. 19, 195 (2019).

Diamonstein, C. et al. Physicians’ awareness and utilization of genetic services in
Texas. J. Genet. Couns. 27, 968-977 (2018).

Kutscher, E. J., Joshi, S. M., Patel, A. D., Hafeez, B. & Grinspan, Z. M. Barriers to
genetic testing for pediatric medicaid beneficiaries with epilepsy. Pediatr. Neurol.
73, 28-35 (2017).

Dimmock, D. et al. Project Baby Bear: Rapid precision care incorporating rWGS in
5 California children’s hospitals demonstrates improved clinical outcomes and
reduced costs of care. Am. J. Hum. Genet. 108, 1-8 (2021).

French, C. E. et al. Whole genome sequencing reveals that genetic conditions are
frequent in intensively ill children. Intensive Care Med. 45, 627-636 (2019).
Sanford, E. F. et al. Rapid whole genome sequencing has clinical utility in children
in the PICU. Pediatr. Crit. Care Med. 20, 1007-1020 (2019).

Incerti, D. et al. Genet. Med. (in press).

Li, C. et al. Cost-effectiveness of genome-wide sequencing for unexplained
developmental disabilities and multiple congenital anomalies. Genet. Med. 23,
451-460 (2021).

Vrijenhoek, T. et al. Whole-exome sequencing in intellectual disability; cost before
and after a diagnosis. Eur. J. Hum. Genet. 26, 1566-1571 (2018).

Manning, M. & Hudgins, L. Array-based technology and recommendations for
utilization in medical genetics practice for detection of chromosomal abnorm-
alities. Genet. Med. 12, 742-745 (2010).

Shaffer, L. G. American College of Medical Genetics guideline on the cytogenetic
evaluation of the individual with developmental delay or mental retardation.
Genet. Med. 7, 650-654 (2005).

Miller, D. T. et al. Consensus statement: chromosomal microarray is a first-tier
clinical diagnostic test for individuals with developmental disabilities or con-
genital anomalies. Am. J. Hum. Genet. 86, 749-764 (2010).

Schaefer, G. B. & Mendelsohn, N. J. Clinical genetics evaluation in identifying the
etiology of autism spectrum disorders: 2013 guideline revisions. Genet. Med. 15,
399-407 (2013).

American Academy of Pediatrics. NATIONAL COORDINATING CENTER for EPI-
LEPSY Epilepsy Overview https://www.aap.org/en-us/advocacy-and-policy/aap-
health-initiatives/Coordinating-Center-on-Epilepsy/Pages/Genetic-Testing-for-
Epilepsy.aspx.

Epilepsy Foundation. Genetic Testing and Epilepsy. (2019).

Ontario Ministry of Health. Criteria for Genetic Testing Related to Epilepsy. (2016).
lacus, S. M., King, G. & Porro, G. CEM: software for coarsened exact matching.
(2009).

Lin, D., Feuer, E., Etzioni, R. & Wax, Y. Estimating medical costs from incomplete
follow-up data. Biometrics. 53, 419-434 (1997).

ACKNOWLEDGEMENTS

This study was funded by lllumina, Inc.

AUTHOR CONTRIBUTIONS

Drs. Schroeder, Gonzaludo, Taft, and Belmont conceptualized and designed the study,
interpreted study results contributed to drafting sections of the initial manuscript, and
reviewed and revised the manuscript. Ms. Everson, Ms. Than, and Mr. Sullivan carried out
all data programming and transformations, analyses, interpretation of results, and
reviewed and revised the full manuscript. All authors meet the following criteria: (1)
substantial contributions to the conception or design of the work or the acquisition,
analysis, or interpretation of the data, (2) drafting the work or revising it critically for
important intellectual content, (3) final approval of the completed version, 4)
accountability for all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately investigated and resolved.

COMPETING INTERESTS

Brock Schroeder, Nina Gonzaludo, Ryan Taft, and John Belmont are employees and
stockholders of lllumina, Inc. Katie Everson, Kyi-Sin Than, and Jeff Sullivan are employed
by PRECISIONheor, a health economics, and outcomes research consultancy.

npj Genomic Medicine (2021) 98


https://clinicalgenome.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.eurordis.org/content/what-rare-disease
https://www.eurordis.org/content/what-rare-disease
https://doi.org/10.1007/s12687-021-00508-5
https://doi.org/10.1007/s12687-021-00508-5
https://www.aap.org/en-us/advocacy-and-policy/aap-health-initiatives/Coordinating-Center-on-Epilepsy/Pages/Genetic-Testing-for-Epilepsy.aspx
https://www.aap.org/en-us/advocacy-and-policy/aap-health-initiatives/Coordinating-Center-on-Epilepsy/Pages/Genetic-Testing-for-Epilepsy.aspx
https://www.aap.org/en-us/advocacy-and-policy/aap-health-initiatives/Coordinating-Center-on-Epilepsy/Pages/Genetic-Testing-for-Epilepsy.aspx

np)

B.E. Schroeder et al.

10

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41525-021-00260-2.

Correspondence and requests for materials should be addressed to Brock E.
Schroeder.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

npj Genomic Medicine (2021) 98

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Published in partnership with CEGMR, King Abdulaziz University


https://doi.org/10.1038/s41525-021-00260-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The diagnostic trajectory of infants and children with clinical features of genetic disease
	Introduction
	Results
	Cohort definitions
	Population demographics
	Intensive care utilization
	Genetic test utilization
	Diagnostic transitions
	Costs

	Discussion
	Methods
	Data source
	Ethics
	Study population
	Broad
	Conservative
	Subset of clinical indications broadly accepted for genetic testing (MCA/ID/DD/E)

	Control population
	Variable definitions
	Analytic approach
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




