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Purpose: As exome sequencing (ES) is increasingly used as a
diagnostic tool, we aimed to compare ES with status quo genetic
diagnostic workup for infants with suspected genetic disorders in
terms of identifying diagnoses, survival, and cost of care.

Methods: We studied newborns and infants admitted to intensive
care with a suspected genetic etiology within the first year of life at a
US quaternary-referral children’s hospital over 5 years. In this
propensity-matched cohort study using electronic medical record
data, we compared patients who received ES as part of a diagnostic
workup (ES cohort, n= 368) with clinically similar patients who
did not receive ES (No-ES cohort, n= 368).

Results: Diagnostic yield (27.4% ES, 25.8% No-ES; p= 0.62) and
1-year survival (80.2% ES, 84.8% No-ES; p= 0.10) were no different
between cohorts. ES cohort patients had higher cost of admission,

diagnostic investigation, and genetic testing (all p < 0.01).

Conclusion: ES did not differ from status quo genetic testing
collectively in terms of diagnostic yield or patient survival; however,
it had high yield as a single test, led to complementary classes of
diagnoses, and was associated with higher costs. Further work is
needed to define the most efficient use of diagnostic ES for critically
ill newborns and infants.
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INTRODUCTION
Evaluation of patients with suspected genetic disorders is
important to pediatric and neonatology practice due to the
incidence of single-gene disorders and chromosomal abnorm-
alities that manifest at birth or soon after.1,2 A leading cause
of mortality in infancy, genetic disorders afflict more than one
quarter of level IV neonatal intensive care unit (NICU)
patients who die before age 5.3,4 During the neonatal period,
diagnostic workup for a suspected genetic etiology and genetic
diagnoses are associated with longer hospital admissions that
cost on average $77,000 more than those not associated with
genetic disorders.5–7 Timely and accurate identification of a
genetic diagnosis can impact a patient’s hospital course and
health outcome.8,9

Given the prevalence of genetic conditions and resource
intensive nature of NICUs, the clinical and economic impact
of exome sequencing (ES) may be greatest in neonatal critical
care.10,11 ES has demonstrated high diagnostic yield, and
evidence of its clinical utility, while currently sparse, is
building.12–14 Although clinical guidelines for ES application
have not yet been developed due in part to a lack of robust
utility data,15 clinical uptake is increasing.16,17 Real-world data
to assess the impact of ES compared with the current standard

genetic diagnostic workup, including chromosomal micro-
array (CMA) and targeted gene sequencing,18–20 on health
outcomes and cost of care are extremely limited, especially
within US health-care system context.21–24

We studied the clinical application of ES over more than 5
years at a large US children’s hospital. Variation in clinical
practice allowed comparison of diagnostic approaches in
contemporaneous cohorts of patients with similar clinical
presentations. Primary outcome measures were diagnostic
yield and survival, and we explored cost of care as a secondary
outcome. The objectives of this study were to (1) describe a
population of critically ill patients who had a suspected
genetic etiology in the first year of life and underwent ES
during diagnostic testing; and (2) compare outcomes for
contemporaneous, clinically similar patients who did not have
ES. We combined administrative and electronic medical
record (EMR) data to analyze outcomes over the year
following the initial inpatient genetics consultation.

MATERIALS AND METHODS
Study design
We examined ES use in patients with a suspected genetic
etiology admitted to an intensive care unit (ICU) at Texas
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Children’s Hospital (TCH) within the first year of life. We
employed a propensity-matched retrospective cohort study
design with ES as the exposure factor to compare clinically
similar patients who did (ES cohort) and did not have ES
(No-ES cohort) as part of a diagnostic workup. Baylor
Genetics (BG) laboratory performed all TCH ES. ES cohort
patients had one of three ES forms: sequencing of the patient
only (proband ES), sequencing of the patient and both parents
(trio ES), or sequencing of the patient and both parents with
expedited turnaround time (critical trio ES). Patients in the
No-ES cohort had a status quo genetic diagnostic workup that
did not include ES but may have included CMA, fluorescence
in situ hybridization (FISH), single-gene or gene panel
sequencing, deletion/duplication analysis, and methylation
studies. A clinician may have ordered ES for patients in the
No-ES cohort without it being performed for reasons such as
lack of parental consent or cancellation by lab due to
insufficient blood sample; we refer to these patients as the ES-
recommended subgroup.
Documentation of an inpatient genetics consultation

indicated suspected genetic etiology in the patient. We
defined the index admission as the admission during which
the first genetics consult was ordered and the index year as the
365 days after that consultation. The one-year time horizon
allowed estimation of ES impact on outcomes even if results
were not returned before index admission discharge. The
Baylor College of Medicine Institutional Review Board
approved this study.

Identification of eligible patients
We combined hospital and diagnostic laboratory data to
identify eligible patients who met the following criteria: (1)
ICU admission within the first year of life, (2) inpatient
genetics consultation documented in EMR, (3) admission and
genetics consultation occurred between 1 December 2011 and
30 June 2017, and (4) no definitive clinical diagnosis. The ES
cohort included all eligible patients who also had ES in the
first year of life. To construct the No-ES cohort, each patient
in the ES cohort was propensity score matched to a patient
who did not receive ES. Propensity scores were calculated
based on clinical characteristics and Human Phenotype
Ontology (HPO) terms generated from the text of the
genetics consult note (Supplementary Materials and Meth-
ods). Our identification strategy assumes that in the absence
of clinical guidelines for ES application, ordering behavior of
the consulting geneticist determined, at least in part, whether
a given patient had ES instead of status quo genetic testing.
Variability in the number of consults in which ES was ordered
as a proportion of total consults by an attending geneticist
supports this assumption (Figs. S1–S2).
The study team (H.S.S.) reviewed EMRs and abstracted

information from administrative and clinical notes on
admission characteristics, demographics, consultation, and
clinical outcomes. EMR review was completed in January
2019 such that a minimum of one year of clinical follow-up
data was available for each patient. We obtained hospital

administrative data on diagnostic-related investigations and
costs for each included patient.

Measurement and comparison of outcomes
Primary outcomes were establishment of a molecular
diagnosis and survival. Molecular diagnosis was defined as
identification of a specific genetic change interpreted as causal
or probably causal of the patient’s clinical presentation.
Results of all genetic tests ordered in the year following initial
genetics consultation were individually reviewed and inter-
pretation was verified in clinical notes. We considered ES
cases as diagnosed if reported by the laboratory as “solved” or
“probably solved.” We tallied changes in medical manage-
ment of ES patients based on documentation at the time of ES
return of results, regardless of when result return occurred.

Statistical analysis
We calculated descriptive statistics on patient and index
admission characteristics. We tested for differences between
cohorts using chi-square and Wilcoxon rank-sum tests and
for differences in outcomes by ES form using analysis of
variance (ANOVA). All hypothesis tests were two-sided and
used an alpha level of 0.05. We produced Kaplan–Meier
survival curves to visualize survival to 28 days and one year of
age. We used logistic regression to estimate impact of ES on
odds of diagnosis and of being alive at 28 days and one year.
We conducted exploratory cost analyses from the hospital’s

perspective over the timeframe of the index admission and the
index year for total, diagnostic pathway (Supplementary
Materials and Methods), and genetic test costs. We performed
post hoc subgroup analyses for the ES-recommended group
and patients with the same ultimate diagnosis. To account for
skewed cost distribution, we used nonparametric tests of
comparison and natural log of cost as the dependent variable
in ordinary least squares regression. All costs were adjusted to
2017 USD using the Consumer Price Index for All Urban
Consumers (CPI-U). Data analysis was performed using
Stata/IC 15 (StataCorp, College Station, TX).

RESULTS
Outcomes
A total of 368 patients comprised the ES cohort. Of 936
eligible patients who did not have ES, 368 were matched to ES
patients to comprise the No-ES cohort (Fig. 1). Propensity
score matching successfully reduced differences in covariates
between ES and No-ES patients such that the ES and No-ES
cohorts had similar distributions for patient characteristics
(Table 1). Patients represented a diverse population with
home addresses in 361 unique zip codes from across the
United States. Overall, more patients were male, non-
Hispanic, and white. The majority of patients were in the
NICU for the initial genetics consultation, which most
frequently took place within the first quarter year of life. ES
patients had longer length of stay (LOS) than No-ES patients
(Table 1, p= 0.008; Fig. S3). Form of ES was proband for 227
(61.7%) patients, trio for 54 (14.7%) patients, and critical trio
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for 87 (23.6%) patients. ES results were returned before
discharge from the index admission for 107 (29.1%) patients.

Diagnostic yield and survival
Overall, 205 of 736 (27.9%) patients received a molecular
diagnosis from any genetic test (Table 2). Yield of ES alone in
the ES cohort (27.4%) was no different from collective yield of
other modalities in the No-ES cohort (25.8%; p= 0.62). Most
ES cohort patients (328, 89.1%) also had a CMA, and nine
patients with nondiagnostic ES were diagnosed by CMA (n= 8)
and cSNP (n= 1). Diagnoses and tests with which they were
identified are listed in Tables S1–S2. In the No-ES cohort, 71.6%
(68/95) of diagnoses were made via chromosomal analyses
(CMA, FISH, and karyotype).
Hispanic patients had 41.0% lower odds of diagnosis than

non-Hispanic patients (Table S3, p= 0.003), and in the ES
cohort only, odds of diagnosis for Hispanic patients were
approximately half that for non-Hispanic patients (Table S4,
p= 0.01). By form of ES, there was no difference in diagnostic
yield or survival (Table S5). Diagnostic yield was lower in the
ES-recommended subgroup (2/36, 5.6%, p= 0.004) compared
with the ES cohort (Table S6).
A geneticist recommended at least one change in clinical

care based on ES results for 22% of patients in the ES
cohort, including those diagnosed (n= 49) and undiag-
nosed by ES (n= 32; Table S7). In undiagnosed patients,
subspecialist referrals (n= 19) and screening recommenda-
tions (n= 10) accounted for most management changes.
There was no difference in mean age at death between
cohorts. The proportion of patients alive at 28 days (94.8%
ES cohort; 91.6% No-ES cohort, p= 0.08, Table 2; Table S8
adjusted odds ratio [OR]= 2.42, p= 0.11) and at one year
(80.2% ES cohort; 84.8% No-ES cohort, p= 0.099; Table S9
adjusted OR= 1.07, p= 0.85) was not significantly
different between cohorts. However, based on visual
inspection of the survival curves in Fig. 2a, deaths tended
to occur earlier in the No-ES cohort while the death rate was

steadier in the ES cohort. Diagnosed patients in both
cohorts had the lowest survival compared with patients who
remained undiagnosed (Fig. 2b). Among hospital units,
survival was lowest among patients in the pediatric
intensive care unit (Fig. S4).

Costs
Mean index admission total, diagnostic pathway, and genetic
test costs were higher in the ES cohort than No-ES cohort
(Table 3; Fig. S5). The same was true for costs during the index
year (Fig. S6). Mean cost of the diagnostic pathway per
diagnosis made was $60,869 (95% bootstrapped confidence
interval [CI] $49,749–$71,953) for the ES cohort and $24,763
($19,956–$29,569) for the No-ES cohort. Controlling for
length of stay and other features of hospitalization, ES was
associated with approximately 17.4% higher total cost of
admission (p < 0.001, Table S10). Total cost of genetic tests
during the index admission and year differed between groups
of patients who had different forms of ES (Table S11).
Diagnoses of four conditions in 23 patients were made in both
cohorts (Table S12): CHARGE syndrome (ES= 3, No-ES= 4),
Noonan syndrome (ES= 9, No-ES= 3), Walker–Warburg
syndrome (ES= 1, No-ES= 1), and Gaucher disease (ES= 1,
No-ES= 1).

DISCUSSION
We studied critically ill newborns and infants with suspected
genetic disease to compare outcomes for patients who did and
did not have ES as part of a diagnostic workup. Genetic
testing identified a diagnosis in 27.9% of patients overall. As
an individual test to detect monogenic disorders, ES
demonstrated high diagnostic yield that was similar to that
of the status quo toolbox of genetic modalities collectively.
Even in the context of matched phenotypes, however, we
observed a high incidence of chromosomal abnormalities
detected by CMA. These findings highlight the importance of
continuing to assess ES alongside array-based tools for

MRN present in
hospital and lab data

n = 368

MRN present in
hospital data only

n = 936

Propensity score
calculated; matched to

most similar patient
who had ES

No-ES Cohort
n = 368

ES Cohort
n = 368Final cohort

EMR data abstraction:
consultation age, sex, hospital
unit, consultation date period,

HPO terms

Verification of inclusion criteria;
duplicate removal

Undiagnosed
infants with
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disorders

Exome sequencing orders from hospital;
sample date within first year of life

n = 851

Laboratory Data

Inpatient stay within first year of life;
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Fig. 1 Study flow diagram. ES exome sequencing, EMR electronic medical record, HPO Human Phenotype Ontology, MRN medical record number.
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patients with severe clinical presentation in the first year
of life.
Odds of being alive at 28 days and one year of age were not

significantly different between cohorts. Survival was lower
among diagnosed patients in both cohorts compared with
those who remained undiagnosed, which is consistent with
other studies of genomic sequencing in the NICU.9 Between

cohorts, our finding of lower odds of one-year survival in the
ES cohort is unsurprising. It may indicate the severity of
diagnosed conditions and lack of available treatments and
therapeutics for those conditions. Our findings regarding
timing of death, however, are somewhat unexpected. Sequen-
cing has been predicted to increase 28-day mortality, driven
by redirection of care to comfort care only following

Table 1 Patient characteristics.
All patients ES cohort No-ES cohort p valuea

(n= 736) (n= 368) (n= 368)

Sex 0.297
Male 420 (57.1%) 217 (59.0%) 203 (55.2%)
Female 316 (42.9%) 151 (41.0%) 165 (44.8%)
Ethnicity 0.581
Hispanic 336 (45.7%) 174 (47.3%) 162 (44.0%)
Non-Hispanic 390 (53.0%) 190 (51.6%) 200 (54.3%)
Unknown 10 (1.4%) 4 (1.1%) 6 (1.6%)
Race 0.396
White/Caucasian 566 (76.9%) 289 (78.5%) 277 (75.3%)
Black/African American 116 (15.8%) 58 (15.8%) 58 (15.8%)
Asian 39 (5.3%) 17 (4.6%) 22 (6.0%)
American Indian and Alaska Native 2 (0.3%) 1 (0.3%) 1 (0.3%)
Native Hawaiian and Other Pacific Islander 2 (0.3%) 0 (0.0%) 2 (0.5%)
Unknown 11 (1.5%) 3 (0.8%) 8 (2.2%)
Preferred language 0.219
English 606 (82.3%) 294 (79.9%) 312 (84.8%)
Spanish 121 (16.4%) 69 (18.8%) 52 (14.1%)
Other 9 (1.2%) 5 (1.4%) 4 (1.1%)
Gestational age at birth, median (Q1, Q3), weeksd 37.6 (35.1, 39.0) 38.0 (35.7, 39.0) 37.3 (34.9, 39.0) 0.071b

Mother’s age at birth, mean (SD), yearse 28.66 (6.30) 28.39 (6.33) 28.93 (6.27) 0.251
Father’s age at birth, mean (SD), yearsf 31.31 (7.67) 31.03 (7.79) 31.59 (7.55) 0.357
Unit 0.261
NICU 467 (63.5%) 222 (60.3%) 245 (66.6%)
CVICU 132 (17.9%) 70 (19.0%) 62 (16.8%)
PICU 23 (3.1%) 15 (4.1%) 8 (2.2%)
PCU 42 (5.7%) 25 (6.8%) 17 (4.6%)
Other unit 72 (9.8%) 36 (9.8%) 36 (9.8%)
Age at admission, median (Q1, Q3), days 2.0 (0.0, 40.0) 2.0 (0.0, 44.0) 1.0 (0.0, 36.0) 0.450b

Age at initial genetics consult, median (Q1, Q3), days 13.0 (2.0, 56.5) 13.0 (2.0, 57.5) 10.5 (2.0, 54.5) 0.516b

Age at initial genetics consult (quartile of year) 0.925
First 599 (81.4%) 297 (80.7%) 302 (82.1%)
Second 92 (12.5%) 49 (13.3%) 43 (11.7%)
Third 25 (3.4%) 12 (3.3%) 13 (3.5%)
Fourth 20 (2.7%) 10 (2.7%) 10 (2.7%)
Genetics consult date (quartile of study period) 0.101
First 184 (25.0%) 92 (25.0%) 92 (25.0%)
Second 184 (25.0%) 79 (21.5%) 105 (28.5%)
Third 185 (25.1%) 95 (25.8%) 90 (24.5%)
Fourth 183 (24.9%) 102 (27.7%) 81 (22.0%)
ES form
Proband 227 (61.7%)
Trio 54 (14.7%)
Critical trio 87 (23.6%)
Point of origin, index admission 0.928
Transfer center 327 (44.4%) 160 (43.5%) 167 (45.4%)
Newborn at TCH 264 (35.9%) 136 (37.0%) 128 (34.8%)
Self-referral/non–health-care facility 82 (11.1%) 40 (10.9%) 42 (11.4%)
Clinic or physician referral 63 (8.6%) 32 (8.7%) 31 (8.4%)
Payer 0.058c

Commercial 314 (42.7%) 142 (38.6%) 172 (46.7%)
Public 418 (56.8%) 224 (60.9%) 194 (52.7%)
None 4 (0.5%) 2 (0.5%) 2 (0.5%)
Length of stay, index admission, days
Mean (SD) 58.72 (83.03) 66.86 (80.56) 50.57 (84.75) 0.008
Median (Q1, Q3) 32.0 (13.0, 67.5) 39.0 (17.0, 83.5) 27.5 (10.0, 56.0) <0.001b

Discharge place 0.490
Home/self-care 581 (78.9%) 287 (78.0%) 294 (79.9%)
Expired 111 (15.1%) 60 (16.3%) 51 (13.9%)
Other facility 27 (3.7%) 15 (4.1%) 12 (3.3%)
Home health-care service 6 (0.8%) 3 (0.8%) 3 (0.8%)
Hospice 11 (1.5%) 3 (0.8%) 8 (2.2%)

CVICU cardiovascular intensive care unit, ES exome sequencing, NICU neonatal intensive care unit, PCU progressive care unit, PICU pediatric intensive care unit,
TCH Texas Children's Hospital.
aAll p values from chi-square tests unless otherwise noted. bWilcoxon rank-sum test. cFisher’s exact test. d15 were missing. e14 were missing. f108 were missing.
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Table 2 Outcomes.

All patients ES cohort No-ES cohort p value

(n= 736) (n= 368) (n= 368)

Molecular diagnosis, n (%)a 196 (26.6%) 101 (27.4%) 95 (25.8%) 0.617

Age at death, mean (SD), days 240.90 (376.34) 236.00 (303.26) 247.29 (456.73) 0.849

Median (Q1, Q3) 69.5 (18.0, 335.0) 121.5 (40.0, 335.0) 44.5 (7.5, 335.0)

Alive at 28 days, n (%) 686 (93.2%) 349 (94.8%) 337 (91.6%) 0.079

Alive at 1 year, n (%) 607 (82.5%) 295 (80.2%) 312 (84.8%) 0.099

Alive at end of study period, n (%) 570 (77.4%) 274 (74.5%) 296 (80.4%) 0.052
ES exome sequencing.
aYield of ES only in the ES cohort. An additional 9 patients were diagnosed by array-based tools, bringing the total number of patients diagnosed in the ES cohort to
110 (29.9%).

0.50

1.00

367 303(48) 289(2) 274(2) 262(5)No ES
367 320(42) 300(13) 280(10) 261(10)ES

Number at risk

280 100 200 300 400

analysis time

ES
No ES

a

0.75

1.00

273 227(33) 214(2) 203(1) 194(4)No ES, Not Diagnosed
94 76(15) 75(0) 71(1) 68(1)No ES, Diagnosed

266 237(26) 224(10) 209(7) 195(7)ES, Not Diagnosed
101 83(16) 76(3) 71(3) 66(3)ES, Diagnosed

Number at risk

280 100 200 300 400

analysis time

ES, Diagnosed ES, Not Diagnosed

No ES, Diagnosed No ES, Not Diagnosed

b

Fig. 2 Survival by diagnosis category and cohort. (a) illustrates survival in the ES cohort (red) and the No-ES cohort (blue). (b) illustrates survival of ES
cohort patients who received a diagnosis (blue) and did not receive a diagnosis (red), alongside survival of No-ES cohort patients who received a diagnosis
(green) and did not receive a diagnosis (orange). ES exome sequencing. Lines at 28 days and 100 days represent benchmarks for comparisons with other
studies.
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confirmation of severe, untreatable disease.10 We find No-ES
patients died sooner after birth than ES patients, likely driven
by diagnoses of chromosomal abnormalities not compatible
with survival.
A strength of our study is that it assesses effectiveness of ES

using real-world data from application in a clinical setting,
rather than efficacy of ES in a controlled environment as
evaluated in most prior studies.25 Our approach enabled us to
study a large patient population over more than five years,
ensure follow-up time of at least one year over which to
measure outcomes, and compare groups of patients with
similar observable clinical characteristics. Although others
have suggested propensity score matching,26 this is the first
analysis, to our knowledge, to use this approach to select
phenotypically matched controls who were contempora-
neously hospitalized to draw comparisons against a counter-
factual cohort of patients. After matching, observed patient
characteristics were well-balanced between the two cohorts.
The lack of guidelines regarding a standard position of ES in

the diagnostic pathway leaves the workup for a suspected
genetic disorder largely at the discretion of geneticists caring
for a particular patient. Observed variability in ES uptake at
the clinician level supports our assumption that whether or
not ES was ordered for a given patient may be due, in part, to
propensity of the attending geneticist to order ES. It prevents
us, however, from being able to draw conclusions about
optimal placement of ES within the diagnostic pathway.
Guideline development could be advanced by defining
categories of patients most likely to benefit clinically from
ES. This would require analysis of more nuanced details than
we were able to capture retrospectively through HPO terms.
In a clinical area with such rapid evolution of technology as
genetics has seen over the past decade, conducting timely
analyses to inform practice guidelines and educate clinicians
is a challenge.
While CMA is first-tier diagnostic standard care and is

therefore an appropriate status quo comparator to measure
the value of ES,11 the diagnoses made in each cohort were
qualitatively different based on the types of changes

identifiable by tests used in each group (i.e., structural
changes in the No-ES cohort versus single-gene sequence
variants in the ES cohort). The importance of both CMA
and ES in contributing to nonoverlapping diagnoses may
point to the eventual implementation of genome sequencing
for both detecting structural changes and identifying
Mendelian diagnoses that ES cannot.27 The ES-
recommended subgroup that did not have ES due to
external factors had lower diagnostic yield than in the ES
cohort. This finding supports the hypothesis that ES might
be most cost-effective when applied in patients who are
difficult or impossible to diagnose with other modal-
ities.28,29 Amid increased emphasis on addressing the
limited diversity of ethnic group participation in genomic
research,30 our finding that Hispanic patients had half the
odds of diagnosis compared with non-Hispanic patients in
the ES cohort suggests further study is warranted.
Total costs of care in the ES cohort were higher than the

No-ES cohort. Because use of ES was a clinical decision, albeit
one with variability, we are not able to draw conclusions
about cost-effectiveness. Reduction of number of days in the
NICU has driven some of the largest estimated cost savings in
hypothetical counterfactual cases when rapid sequencing
results are returned while patients are admitted (median
23 days from order).8 ES patients had a longer LOS than No-
ES patients and the majority did not have ES results returned
during the index admission, meaning there was little potential
for impact on care provision during the index admission
although result return occurred within the expected turn-
around time. We analyzed a one-year follow-up period to
capture potential impact of return of results on longer-term
care. If knowledge of ES information impacted care so as to
avert costs that would otherwise have accrued in the future,
then we would expect the within-cohort difference between
the cost of the index admission and the cost of the index year
to be smaller for the ES cohort than the No-ES cohort.
Instead, the ES cohort had a greater increase in cost between
index admission and index year. Further examination of the
drivers of costs in both populations is needed.

Table 3 Costs by cohort.

Cost category, mean (SD)a All patients ES cohort No-ES cohort p value

(n= 736) (n= 368) (n= 368)

Total cost of index admission 272,600 (401,499) 326,698 (449,888) 218,503

(338,488)

<0.001

Total cost of index year 338,179 (421,266) 409,591 (466,617) 266,768

(357,009)

<0.001

Total cost of index admission diagnostic pathway 11,632 (9429) 16,871 (9773) 6393 (5243) <0.001

Total cost of index year diagnostic pathway 13,886 (10,398) 20,188 (10,034) 7584 (6018) <0.001

Total cost of index admission genetic tests 6322 (6534) 10,227 (6817) 2417 (2905) <0.001

Total cost of index year genetic tests 7239 (7266) 11,851 (7061) 2627 (3633) <0.001

Cost (index admission diagnostic pathway) per diagnosis,

[95% CI]b
60,869 [49,784–71,953] 24,763 [19,956–29,569]

SD standard deviation, CI confidence interval, ES exome sequencing. aAll costs reported in 2017 USD. b95% CI constructed from 1000 bootstrap replicates.

ARTICLE SMITH et al

1308 Volume 22 | Number 8 | August 2020 | GENETICS in MEDICINE



Several limitations deserve mention. We were not able to
account for deaths not recorded in the EMR or care received
at other institutions, meaning that we potentially under-
estimate the cost of the index year. We recognize potential
indication bias and cannot rule out the possibility that ES was
applied in overall more complex patients. There may be
features relevant to clinician decision-making and outcomes
for which we are unable to control. Although we tried to
capture important clinical and phenotypic qualities of
patients, our matching process relied on documentation in
the EMR, and individual HPO terms may not capture the full
range of features that an astute geneticist would detect upon
clinical exam. Relatedly, HPO term generation depended
upon phenotypic description in clinical notes, which differed
from patient to patient in detail and extent.
This study focused on diagnostic yield as a measure of

clinical utility. While diagnostic yield is the most commonly
used outcome measure in sequencing studies,23 it is not a
complete measure of clinical utility and does not capture the
broad range of health and nonhealth outcomes that may arise
from ES for the patient and family.31,32 Apart from clinical
implications, families value genetic information for personal
purposes such as reassurance regarding a transition to comfort
care only measures, help with coping, risk information for
other family members, and reproductive planning.33–38

Clinicians also perceive a broad range of outcomes to be
important results of ES.39 There is an immediate need for
more systematic outcomes measurement, along with valuation
of various outcomes, to advance health services research and
economic evaluation of genomic sequencing.23,24,40 Future
work should incorporate family preferences with clinical
outcomes to move toward a more holistic evaluation of the
utility of genomic sequencing.

Conclusion
In a broad population of newborns and infants with suspected
genetic disease, ES demonstrated important diagnostic utility.
Due to the contribution of large chromosome structural
rearrangements and gene copy-number variations present in
this population, status quo genetic diagnostics including
chromosomal analyses identified a diagnosis in a similar
percentage of patients and were associated with lower costs.
Further work is needed to define the most efficient use of ES
in a genetic diagnostic pathway for critically ill newborns and
infants.
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