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Executive Summary
Structured Abstract

Purpose: To conduct a health technology assessment (HTA) on the efficacy, safety, and cost-
effectiveness of whole genome sequencing (WGS) among outpatients with suspected genetic
conditions.

Data Sources: PubMed from January 2013 through October 2023; clinical trial registry;
government, payor, and clinical specialty organization websites.

Study Selection: English-language trials and cohort studies conducted in very highly developed
countries that allowed for comparison of WGS to alternative genetic testing strategies including
whole exome sequencing (WES), chromosomal microarray, multigene panels, single gene test,
karyotype, or other standard of care genetic testing. Studies reporting clinical utility (i.e.,
diagnostic yield, changes in medical management), health outcomes, secondary findings, safety
outcomes, or cost-effectiveness outcomes among outpatients with suspected genetic disorders
were included.

Data Abstraction and Analysis: One reviewer abstracted data and a second checked for
accuracy. Two reviewers independently assessed risk of bias of included studies. We rated the
certainty of the evidence using the Grading of Recommendations, Assessment, Development and
Evaluation (GRADE) approach.

Data Synthesis: Two randomized controlled trials (RCT), 31 cohort studies, and 2 decision
analyses were included for a total of 35 unique studies. Three studies were limited to adults; the
rest included both adults and children or were limited to infants and children. The most common
phenotype evaluated were neurologic conditions (13 studies). Across studies, the median number
of persons analyzed was 87. Studies varied with respect to use of trio testing (i.e., patient plus
parents), reference genome, and criteria used for establishing a molecular diagnosis. Seven
studies were conducted prospectively, and we assessed 22 studies as high risk of bias.

Heterogeneity in populations evaluated, study designs used, and comparator test strategies
evaluated precluded a quantitative synthesis. Across 37 comparisons reported by 32 studies, the
incremental diagnostic yield (i.e., the additional yield from WGS compared with comparator
testing strategy) ranged from -27% to 100% (median 8%; interquartile range, 0% to 22%). WGS
was most commonly compared with a testing strategy that included WES (with or without other
genetic testing) and the incremental yield ranged from -7% to 53% across 21 comparisons.
Fourteen studies reported on other clinical utility outcomes (e.g., changes in clinical
management); however, variation in rigor and completeness of outcome ascertainment, lack of
standard outcome definitions to quantitatively assess clinical utility, and lack of comparisons
limit the interpretation of these data. Among the some risk of bias studies reporting comparable
data, the percent of patients/families with a change in treatment, management or surveillance was
12% to 65%. Only 1 study reported health outcomes; of 28 patients who received a diagnosis
that led to a recommendation for change in therapy, there was an observed positive treatment
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effect for 8 patients, an unclear or negative effect for 6 patients, a decision not to initiate therapy
for 4 patients, and an undetermined outcome for 10 patients. Nine studies reported secondary
findings; the range was 0% to 12.5% in the 4 studies that limited reporting of secondary findings
to American College of Medical Genetics and Genomics (ACMG)-defined medically actionable
variants.

Two studies reported safety outcomes. In 1 study, a lower incidence of variants of unknown
significance (VUS) was reported for WES or WGS (22.5%) compared with multigene panels
(32.6%; P<0,0001). Further, trio sequencing reduced the incidence of VUS compared to non-trio
tests (18.9% vs. 27.6%, P<0.0001) and no difference was observed between WES (22.6%) and
WGS (22.2%). In the other study, diagnoses made by WES or WGS were rescinded for 1.9% of
families.

Two studies reported findings from decision analyses focused on children with suspected genetic
conditions and compared first-line and second-line WGS to standard of care (SOC) genetic
testing. Both studies used published estimates of diagnostic yield, microcosting studies, and
publicly available prices from Medicare and major U.S. laboratories. In 1 study, a diagnostic
strategy using first-line WGS cost less and identified more diagnoses than SOC approaches. In
the other study, first-line WGS strategies cost $27,349 per additional diagnosis compared to SOC
testing strategies.

Limitations: A minority of studies in our evidence base reported outcomes other than diagnostic
yield, and none reported comparative clinical utility (other than diagnostic yield) or health
outcomes. No studies reported on psychosocial or personal utility outcomes, particularly those
related to patient and family experience with the diagnostic odyssey.

Conclusions: WGS may increase the yield of molecular diagnoses in people with suspected
genetic conditions; however, our certainty is very low. The evidence related to changes in
clinical management and health outcomes resulting from a diagnosis made with WGS is very
limited. The incidence of medically-actionable secondary findings from WGS ranged from 0% to
12.5% of persons tested. Few studies reported outcomes related to safety and data was limited
for cost-effectiveness based on U.S. costs estimates.

Whole Genome Sequencing: Draft Evidence Report Page ES-2
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ES 1. Background

Rare disorders of genetic origin represent a substantial public health problem. In addition to the
clinical burden associated with these illnesses, patients and families often experience delays in
diagnosis; and many remain undiagnosed,’ representing a large and likely underestimated
socioeconomic burden.? These diagnostic odysseys can introduce delays in accurate diagnosis,
substantial psychosocial costs, and potentially preventable use of health care resources.*® The
purpose of this report is to conduct a health technology assessment (HTA) on the efficacy,
safety, and cost-effectiveness of the use of whole genome sequencing (WGS) for diagnosis of
suspected genetic disorders among persons in outpatient care settings.

ES 1.1 Technology Description

WGS is a complex test with multiple steps (see Figure 1 in Full Report with additional details in
Appendix A.1). WGS uses next-generation sequencing (NGS) technology that first cuts the
person’s genomic DNA into random small fragments, and then simultaneously sequences the
resulting fragments and compares them to a human reference genome. Differences between the
person’s genome and the reference genome (i.e., variants) are identified using bioinformatics
tools and algorithms. The same NGS platforms are used for WGS, whole exome sequencing
(WES), and many multigene panels. However, WGS sequences and analyzes nearly the entire
genome, while WES sequences and analyzes only the protein coding regions (1% to 2% of the
genome) and multigene panels only analyze the protein coding regions of genes specific to those
included in the panel.

The interpretation of identified variants from WGS as causally related to the person’s phenotype
is complex because the volume of variants identified is very large, the bioinformatics tools that
aid in this process are continually refined over time, parental genomic sequencing (“trio” testing)
adds additional information for consideration, and public knowledge regarding gene-phenotype-
disease associations expands over time. For all of these reasons, interpretation begins with
automated variant filtering and prioritization, resulting in a smaller pool of variants that are then
manually reviewed by a team of variant scientists. The team of scientists use information
external to the NGS platform (e.g., research genetics databases, research literature, statistical
modeling, additional information about the patient [clinical or phenotypic data], and
epidemiologic data) to make judgments about whether the prioritized genomic variants are
associated with the patient’s phenotype (i.e., confer a molecular diagnosis). Medically actionable
secondary findings (i.e., pathogenic variants in genes unrelated to the patient’s clinical indication
for testing but that are known to be related to a condition or risk for future condition such as a
pathogenic variant in BRCA gene associated with increased risk for breast cancer) are also often
included in the clinical report that is returned to the ordering clinician.

For patients who are unable to receive a molecular diagnosis from WGS, a reanalysis of their
sequenced genomic data at least 1 year or more after the initial analysis can be offered to patients
and their families. Reanalysis uses the patient’s initial sequenced DNA and applies updated
variant filtering and prioritization algorithms and a manual review that incorporates new
information about gene-disease associations discovered in the interval since initial sequencing.
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Traditionally, WGS and WES have been used after other first-tier clinical and laboratory
(including genetic) diagnostic evaluations for a suspected genetic disorder. As knowledge of
genetic etiologies has increased and NGS technology has improved and dropped in price,
sequencing larger sections of the genome (e.g., WES or WGS) has become more practical. In the
context of genetic disease diagnosis in nonacute settings, WGS could potentially avoid or shorten
diagnostic odysseys, speed the time to appropriate intervention, guide disease management, and
alleviate patient and family burden.

ES 1.2 Regulatory Status

Although the FDA regulates the safety and effectiveness of diagnostics tests, including quality of
design and manufacturing of the test itself, debate exists over whether WGS is a laboratory test
or a clinical service.” Laboratories that provide clinical WGS in the United States must satisfy
CLIA requirements for high complexity testing. However, these requirements relate to the
quality of clinical laboratories and the clinical testing processes used and are not specific to
WGS. CLIA requirements only control factors related to analytic validity and no federal
regulation of genetic tests with respect to clinical validity or clinical utility exists.*!” On
September 29, 2023, the FDA released a proposed rule related to the regulation of laboratory-
developed tests (LDTs) including NGS test systems for genetic testing. If finalized, the proposed
rule would clarify FDA’s authority to regulate LDTs as medical devices and establish a plan to
phase out the FDA’s use of enforcement discretion for LDTs. !

ES 1.3 Policy Context

In November 2019, the Health Technology Clinical Committee approved WES as a covered
benefit with conditions.'? At that time, WGS was not in widespread clinical use and was not
reviewed. The State of Washington Health Care Authority has now selected WGS in outpatient
settings for an HTA because of high concerns of safety, medium concerns for efficacy, and high
concerns for cost. WGS testing (including rapid genome sequencing) of critically ill patients in
acute care settings such as neonatal or pediatric intensive care units (NICU/PICU) are covered
under inpatient prospective payment systems and are not included within the scope of this HTA.

ES 1.4 State of Washington Utilization Data

The State of Washington Health Care Authority provided data on WGS utilization in the State of
Washington from 2020 to 2023. This data is provided in Appendix B. The data provided includes
utilization and costs for Medicaid (fee for service and managed care organization), Department
of Labor and Industries Workers’ Compensation Program, and the Public Employee Benefit
Board Uniform Medical Plan.

ES 2. Methods

This section describes the methods we used to conduct this HTA.

Whole Genome Sequencing: Draft Evidence Report Page ES-4
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ES 2.1 Research Questions and Analytic Framework

Efficacy Question (EQ). What is the efficacy of whole genome sequencing for use in
diagnosing possible genetic disorders?

Safety Question (SQ). What are the harms associated with whole genome sequencing for use in
diagnosing possible genetic disorders?

Cost Question (CQ). What is the cost-effectiveness of whole genome sequencing for use in
diagnosing possible genetic disorders?

Figure ES-1 depicts the analytic framework of the proposed HTA.

Figure ES-1. Analytic Framework for Health Technology Assessment of Whole Genome

Sequencing
Individuals . .
suspected of Whole genome Clinical utility outcomes
having a genetic sequencing »| Health outcomes
disorder Non-health outcomes

sQ

Cost-effectiveness

Abbreviations: CQ = cost question; EQ = efficacy question; SQ = safety question.

In addition to the research questions, we defined a Contextual Question after the final research
questions were posted for public comment between October 18, 2023, and October 31, 2023.

Contextual Question: What is the diagnostic yield of whole genome sequencing reported in
systematic reviews published in the past 4 years?

ES 2.2 Data Sources and Search

We searched PubMed and the Cochrane Database of Systematic Reviews from January 1, 2013,
to October 4, 2023, and the ClinicalTrials.gov registry through March 11, 2024, using MeSH and
text words for terms related to WGS (Appendix C).

ES 2.3 Study Selection

Two team members independently screened titles, abstracts, and full-text articles using the
following study selection criteria:

Population: children or adults with suspected genetic disorder

Whole Genome Sequencing: Draft Evidence Report Page ES-5
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Intervention. standard or rapid WGS, including WGS reanalysis, alone or as part of a diagnostic
testing pathway that included other tests.

Comparators. standard of care diagnostic evaluation, including clinical, laboratory, or imaging;
single gene tests; multigene panels; chromosomal microarray (CMA); karyotype; WES; and

WES reanalysis. Results from alternative testing strategies in the same participant were eligible
for diagnostic yield outcomes. For safety outcomes, studies without a comparator were eligible.

Outcomes:
EQ— diagnostic yield, clinical utility (changes in treatment or management), secondary
findings, time to diagnosis; at-risk relative identification; health outcomes (mortality,
survival, or morbidity); nonhealth outcomes (personal utility; psychosocial outcomes; and
patient experience related to diagnostic odyssey).

SQ— any clinical utility, health, or nonhealth outcome suggestive of a harm including but
not limited to psychosocial distress and false negative or false positive results.

CQ— cost per additional diagnosis, quality-adjusted life year gained.

Settings: outpatient clinical settings in countries with a development rating designated as very
high on the 2021 United Nations Human Development Index.'*

Study Designs: randomized controlled trials (RCT); controlled clinical trials; and cohort studies
with a clear comparison between 2 or more testing strategies; noncomparative designs for SQ
only; cost utility and cost-effectiveness analysis from a societal or payor perspective for CQ.

Language and Time Period. published in English since 2013.

What Is Excluded from This HTA: studies in healthy populations or embryos/fetuses; WGS for
purposes other than diagnosis (e.g., guiding clinical management of established genetic disorder
or pharmacogenetic guidance, infectious agent sequencing); inpatient hospital settings, such as
neonatal and pediatric intensive care units (though WGS may be used in these settings, this use
was not within the scope of this HTA because such testing would be part of care covered under
inpatient prospective payment systems).

ES 2.4 Data Abstraction, Risk-of-Bias Assessment, and Synthesis

One team member extracted relevant study data into a structured abstraction form and a senior
investigator checked those data for accuracy. Two team members conducted independent risk-of-
bias assessments on included studies; discrepancies were resolved by discussion or a third
reviewer. We developed a risk-of-bias assessment tool adapted to this topic based on Cochrane
Risk of Bias 2 tool for randomized trials'* and the ROBINS-I instrument for nonrandomized
studies of interventions (NSRI)..>We used a validated tool for assessing the methodological
quality of cost-effectiveness studies.'® We did not exclude studies based on their risk of bias or
methodological quality rating.
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We qualitatively synthesized study characteristics and results for each research question in
tabular and narrative formats. Clinical and methodological heterogeneity precluded a quantitative
synthesis. We used a modification to the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) approach for assessing the certainty of evidence.’
Certainty of evidence (COE) was graded as very low, low, moderate, or high and reflected our
confidence in the findings based on concerns related to study limitations (i.e., risk of bias),
consistency, precision, directness, and reporting bias.

ES 3. Results

ES 3.1 Literature Search

We included 35 studies reported in 49 articles published between 2014 and 2023. Thirty-two
studies were included for the EQ.'**’ 2 studies were included for the SQ,?22" and 2 studies were
included for the CQ.>? Individual study and population characteristics and findings for all
included studies are summarized in Appendix D. The list of articles we screened at the full-text
stage, but which we excluded, is provided in Appendix E. We assessed 1 study as low risk of
bias,*’ 12 studies as some risk of bias,?>-3/-40:43-404849.53 ap( the rest as high risk of bias. We report
our individual study risk-of-bias assessments for included studies in Appendix F.

ES 3.2 Study and Population Characteristics

Study and population characteristics of included studies are summarized in Table ES-1. We
divided studies into 3 different study design categories that we labeled as (1) single cohort, (2)
separate cohorts, and (3) diagnostic odyssey path (Figure 4 in the Full Report). In single cohort
studies, patients received both WGS and the comparator test(s). In separate cohort designs, WGS
and the comparator test were used in different cohorts of patients. In diagnostic odyssey studies,
only patients who remained undiagnosed after comparator test(s) received WGS. In 14
studies,?-22:23:30.33-36.4041.43.4348.50 WGS was conducted in a clinical laboratory, which we defined
as laboratories with CLIA accreditation (U.S. only), commercial labs, or labs affiliated with a
hospital or clinical center and trio testing was used for more than 90% of patients in 9
studies,22:20:29:32.35.37404447 A positive molecular diagnosis was defined differently across studies;
many considered pathogenic or likely pathogenic variants to be diagnostic; some studies also
considered variants of unknown significance (VUS) when combined with phenotype or other
clinical data to also be diagnostic. WGS was conducted within the last 5 years in 8
studies,8:20:23.33-37.47.48.30.34 mgre than 5 years ago in 4 studies, 231434 and was not reported in 20
studies,[%:21:22.24:27.29.30.32-34.38-42.44.9649 Ty studies evaluated the use of WGS early in the
diagnostic trajectory, prior to patients having received any other genetic testing.*”** Twenty-two
studies?!:22:24-27.29-34.36-38.40-42.44-46.99.54 eyalyated late WGS testing, which refers to the use of WGS
later in the diagnostic trajectory after some or most imaging, laboratory, and non-WGS genetic
testing had been conducted. In 9 studies,'#-20:23:28:33.3943.50 the timing of WGS either could not be
determined or was a mix of both early and later use.
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Table ES-1. Study and Population Characteristics of Included Studies

Characteristic Number of Studies

Country Setting Partly or solely U.S.: 16

European countries: 9

Australia: 5

Canada: 3

Other: 2

Industry Funding Sole: 1

Some: 8

None: 22

Unclear: 2

Not reported: 2

Recruitment Settinga Primary care: 0

Genetics clinics: 16

Specialty clinics: 11 (e.g., neurology, cardiology, ophthalmology, ataxia clinic)
Tertiary medical settings not further specified: 5
Clinical laboratory or registry: 2

Unclear/not reported: 2

Phenotype of Recruited | Autism spectrum disorder: 3

Participants2 Developmental or intellectual disability: 7
Epilepsy: 5

Neurologic disorder:13

Vision disorder: 4

Cardiovascular disorder: 2

Any suspected genetic condition: 13

Other: 1 (immunologic conditions); 1 (structural malformations)
Age of Participants Infants only: 1

Infants and children: 8

Adults only: 3

Children and adults: 22

Not reported: 1

N Analyzed Median: 87
Range: 14 t0 1,512,306
Sex Range across studies
% Female: 13 to 64
Race or Ethnicity Not reported: 21

Range across studies reporting this characteristic

% White or European: 0 to 95 (14 studies reporting)

% Black or African: 0 to 20 (8 studies reporting)

% Asian: 3 to 92 (10 studies reporting)

Native American or First Nations: 0 to 4 (4 studies reporting)

2 Studies could have recruited from more than one setting listed and studies may also have enrolled participants from among
multiple phenotypes.

Abbreviations: N = number; U.S. = United States.

ES 3.3 Effectiveness Findings

Thirty-two studies'®** reported effectiveness outcomes. All reported clinical utility outcomes

and 1 study®® also reported health outcomes. Although nonhealth outcomes such as personal
utility, psychosocial outcomes, and patient experience related to diagnostic odyssey were eligible
for inclusion in this HTA, we did not identify any studies reporting these outcomes that
otherwise met our eligibility criteria.
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Diagnostic Yield

Thirty-seven comparisons from 32 studies'®**” reported data that enabled us to calculate
incremental diagnostic yield. Incremental diagnostic yield refers to the difference in diagnostic
yield between a WGS testing strategy (or WGS reanalysis) and a comparator testing strategy. A
negative incremental yield means that the comparator testing strategy identified more molecular
diagnoses than WGS. A summary of findings related to incremental diagnostic yield organized
by study design is depicted in Figure ES-2. Incremental yield across studies ranged from -27%
to 100% (median 8%; interquartile range, 0% to 22%). This wide range is partially explained by
study designs used and comparator test strategies evaluated. Analyses organized by comparator
strategies are in Figures 6-9 of the Full Report). WGS was most commonly compared with a
testing strategy that included WES (with or without other genetic testing) and the incremental
yield ranged from -7% to 53% across 21 comparisons. We also evaluated whether variation
could be partially explained by phenotype evaluated; however, we found that incremental
diagnostic yield varied as much within a given phenotype as it did across phenotypes.

Figure ES-2. Diagnostic Yield Among All Included Studies
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Legend:

m and O: Single cohort observational study with historical or concurrent comparator: studies with early and late WGS and
variable prior or concurrent testing, patients serve as their own control. Solid symbols depicts incremental yield relative to
comparator; open symbols depict absolute yield of WGS.

: Two or more separate cohorts (including the 2 RCTs): studies with early and late WGS and variable prior and
concurrent testing; WGS group and comparator test group are different patients. Solid symbols depicts incremental yield relative
to comparator; open symbols depict absolute yield of WGS.

Diagnostic odyssey path study design: single group of patients who only received WGS if they tested negative on the

comparator test, reflects yield from last-line WGS after the comparator testing strategy so by definition represents incremental
yield.

Abbreviations: RCT = randomized controlled trials; WGS = whole genome sequencing.
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Other Clinical Utility Measures

Eight studies?>38-404243:45.498 that we assessed as having some risk of bias and 6
studies'®1%:2220:2834 that we assessed as high risk of bias reported clinical utility measures other
than diagnostic yield. However, the variation in rigor and completeness of outcome
ascertainment and lack of standard outcome definitions to quantitatively assess clinical utility
limit the interpretation of these data. Further, most of these studies did not report comparative
clinical utility. Among the some risk of bias studies reporting comparable data, the percent of
patients/families with a change in treatment, management or surveillance was 12% to 65%.

Health Outcomes

One high risk of bias study from the Undiagnosed Diseases Network (UDN) reported health
outcomes in patients who received a diagnosis following their UDN evaluation.? In this study,
patients (N=357) received customized evaluations based on their presenting phenotypes and
testing completed prior to UDN acceptance. For 21% (N=28) of participants who received a
diagnosis, the diagnosis led to a recommendation regarding a change in therapy. There was an
observed positive treatment effect for 8 patients and an unclear or negative effect for 6 patients.
Therapy was not initiated for 4 patients, and the outcome could not be determined for 10
patients.?®

Secondary Findings

One RCT* and 8 cohort studies?%31:33:36.384243.45 repnrted secondary findings, which are
medically actionable results that are not related to the patient’s primary indication for testing.
The incidence of secondary findings from WGS ranged from 0% to 12.5% of persons tested in
the 5 studies that limited reporting of secondary findings to genes recommended by the
ACMG.>>¢

ES 3.4 Safety Findings

Two studies reported measures that we considered as safety outcomes.?*>* One study looked at
the frequency of VUS following 1.5 million sequencing test results.? Results came from either
multigene panels, WES, or WGS. VUS can result in considerable patient and provider
uncertainty and can result in downstream costs due to additional surveillance or testing that may
be undertaken to rule in or rule out inconclusive diagnoses. There was a lower rate of
inconclusive test results due to VUSs from WES/WGS (22.5%) compared with multigene panels
(32.6%; P<0.0001); however this is expected since labs typically report VUS for all genes within
a panel whereas labs report VUS from WES and WGS only for genes known to be associated
with phenotype.?>? Trio sequencing reduced the likelihood of VUS as compared to non-trio
WES or WGS (18.9% vs. 27.6%; P<0.0001).223" There was no significant difference in VUS
rates between WES (22.6%) and WGS (22.2%).222

The other study reported diagnoses that were made by WES or WGS that were later rescinded
due to reinterpretation.?2 Incorrect diagnoses can result in unnecessary surveillance/management
and lost opportunity to identify the correct diagnosis. Four families (1.9%) out of the 214
initially diagnosed as having a genetic condition associated with a definite or probable disease-
causing genomic variant had the diagnosis rescinded.??
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ES 3.5 Cost-Effectiveness Findings

Two studies reported cost-effectiveness outcomes for WGS testing compared to other tests based
on decision analysis models and we assessed both as having some concerns for bias.>*2 Both
studies focused on children with suspected genetic conditions and compared WGS to standard of
care testing (SOC), which was described as single gene panels, multigene panels, chromosomal
microarray, karyotype, and other laboratory tests but not WES.>">2 Both studies compared first-
line WGS to SOC followed by second-line WGS.>>2 Lavelle et al. also compared first-line WGS
to other strategies including first- or second-line WES.>! Both studies used published estimates of
diagnostic yield, microcosting studies, and publicly available pricing data from Medicare and

major U.S. laboratories.>>2

One study reported that first-line WGS testing identified more diagnoses than SOC genetic

testing and cost less.> In this study, SOC testing followed by second-line WGS cost $24,178 per
additional diagnosis compared with SOC testing alone.>? The other study reported that compared

to SOC genetic testing, first-line WGS cost $27,349 per additional diagnosis and WGS with

reanalysis at 1 year cost $30,078 per additional diagnosis.>! In this study, first-line WGS cost

$3,076 per additional diagnosis compared to first-line WES.>!

ES. 3.6 Contextual Question Findings

Because of the limitations of the systematically reviewed evidence, we summarized additional

information from systematic reviews published in the past 4 years concerning the absolute

diagnostic yield of WGS. The studies included in these reviews different inclusion criteria than

our review, most specifically they included patients in acute, inpatient settings and did not
require comparator testing strategies.

Figure ES-3. Diagnostic Yield Range for WGS in Systematic Reviews from Past 4 Years
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Ontario Health (2020)¢®
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Notes: Lines on graph represent the range of diagnostic yield estimates from WGS reported among studies included in each SR.
In addition, some reviews provided pooled summary estimates; these pooled estimates are indicated by the purple diamond
marker (0) and tick marks on either side of the diamond represent the 95% confidence intervals for the pooled estimate.
 Included comparative yield; WGS vs. WES; pooled OR, 1.54; 95% CI, 1.11 to 2.21; 12 studies.>’
b No pooled estimate provided by authors.

¢ Included comparative yield: WGS vs. WES; pooled OR, 1.2; 95% CI 0.79 to 1.83; 9 studies.*®

4 No pooled estimate provided by authors across all settings; pooled estimate for hospital-based settings 36% (17 studies); pooled
estimate for reference laboratories 33% (17 studies).
¢ Included comparative yield WGS vs. standard genetic testing (CMA, single gene, multigene panel testing); pooled RR, 2.48;
95% CI, 1.31 to 4.68.%°

ES 4. Discussion

ES 4.1

Summary of the Evidence

We assessed the COE for the effectiveness, safety, and cost-effectiveness of WGS as very low
across all outcomes. A summary of evidence and the COE ratings is provided in Table ES-2.

Table ES-2. Summary of Findings and Certainty of Evidence for Whole Genome Sequencing

No. Studies Overall COE/
Outcome | (No. Participants) Summary of Effect Direction
Effectiveness
Incremental | 32 (8,484) Median 8%, interquartile range 0% to 22%; range -27% to 100% | Very low/
Diagnostic (2 RCTs4048, 30 Variation based predominantly on study design and comparator | favors WGS
Yield cohorts)18-49 testing strategies used, but also possibly from definitions used
for molecular diagnosis.
Other 14 Variation in rigor and completeness of outcome ascertainment Very low /
Clinical (1,3911)1819.25.2628. | and lack of standard outcome definitions and measures unable to
Utility 34.35.38-40.42.43.4548 quantitatively assess clinical utility limit the interpretation of these | determine
data.
Health 1(357)28 Authors note that for the 28 patients with a diagnosis leading to a | Very low /
Outcomes change in therapy, a positive treatment effect was observed in 8 | unable to
and a negative effect in 6. Therapy was not initiated in 4, and determine
outcomes could not be determined in 10.
Secondary 1 RCT (99)4 No secondary findings reported from the use of first-line WGS Very low /
Findings testing. unable to
determine
8 cohorts Incidence of secondary findings in ACMG defined medically Very low /
(1,201)2231.35.36.3842 | actionable genes ranged from 2.0% to 12.5% in 4 cohorts. In 5 unable to
4345 cohorts that returned findings beyond the ACMG-defined list; determine
cohorts that reported carrier status had higher numbers of
secondary findings (mean of 2.0 in one cohort; 41 findings
among 22 person in another cohort).
Safety
Frequency 1 cohort (1.5 Lower incidence of VUS for WES or WGS (22.5%) compared to | Very low/
of VUS million tests)%0 multigene panels (32.6%); P<0.0001. favors WES and
Lower incidence of VUS for trio WES or WGS compared to non- | WGS (vs. MGP)
trio WES or WGS; P<0.0001).
No significant difference in incidence of VUS for WES (22.6%)
vs. WGS (22.2%).
Rescinding 1 cohort (531; 85 1.9% of families initially diagnosed with WGS or WES had a Very low /
ofa of which had diagnosis rescinded. unable to
diagnosis WGS)22 determine
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No. Studies Overall COE/
Outcome | (No. Participants) Summary of Effect Direction
Cost-Effectiveness
Cost per 2 decision Compared to SOC testing, first-line WGS was cost saving in 1 Very low /
additional analyses (NA)5152 | studys2and was $27,349 per additional diagnosis in the other unable to
diagnosis study.3! determine

Abbreviations: COE = certainty of evidence; NA = not applicable; RCT = randomized controlled trial; SOC = standard of care;
VUS = variants of undetermined significance; WES = whole exome sequencing; WGS = whole genome sequencing.

ES 4.2 Limitations of the Evidence Base

Genetic diseases are rare with variable phenotypes making it challenging for researchers to move
beyond analytic and clinical validity to conduct studies that can demonstrate clinical utility and
ultimately health benefits.®” A minority of studies in our evidence base reported outcomes other
than diagnostic yield, and none reported comparative clinical utility (other than diagnostic yield)
or health outcomes. We were not able to pool diagnostic yield results because of the large degree
of clinical (e.g., phenotypes) and methodologic heterogeneity (e.g., study design) across the
included evidence. We observed generally higher incremental diagnostic yield in diagnostic
odyssey path study designs compared with the 2 other study designs used in this evidence base.
Conversely, we observed the lowest incremental diagnostic yields among studies using separate
cohorts designs. The observational cohorts in this category rarely described how testing
strategies (WGS vs. other) were selected and it is possible that patient phenotype or clinical
status influenced test selection (i.e., cases perceived as more challenging diagnostically may
have received WGS), resulting in a biased estimate because of confounding.

ES 4.3 Clinical Practice Guidelines

Most guidelines with recommendations for the use of WGS were for pediatric populations,
though these guidelines range from general to specific regarding when and how to use genome
sequencing for diagnosis or treatment, for example several guidelines were specific to use in
patients with epilepsy (7Table 6 in Full Report). The 2021 ACMG guidelines recommends using
WES and WGS as first-tier or second-tier tests for pediatric patients with 1 or more congenital
anomalies prior to age 1 or for patients with development delay and intellectual disability prior to
age 18 years.®!

ES 4.4 Payer Coverage

We conducted a scan of payor coverage policies for WGS (Table ES-3). Medicare Part B covers
selected genetics tests, including those based on NGS, for diagnostic use or to determine
treatment when certain conditions are met.®* We did not identify any Medicare National
Coverage Determination specifically for WGS. The Office of Inspector General for the
Department of Health and Human Services identified Genome Sequence Analysis (CPT Code
81425) as the second highest genetic test with respect to Medicare Part B reimbursement rates in
2019, with a reimbursement rate of $5,031, only exceeded by exome sequence analysis, which
had a reimbursement rate of $12,000.%%
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Table ES-3. Overview of Payer Coverage Policies for Whole Genome Sequencing

Kaiser Premera Regence United-
Medicare  |Aetna  |Cigna Humana |Permanente  |Blue Cross |Blue Shield |TRICARE |Healthcare
— x va x x x x —b va
Notes: v = covered; ¥ = not covered; — = no policy identified.

2 Covered with conditions (see Table 8 in Full Report).

> We did not identify a TRICARE coverage policy. The TRICARE web page indicates that TRICARE may cover genetic testing
when medically necessary.

ES 4.5 Limitations of This HTA

This HTA was limited to peer-reviewed articles published in English since 2013. We required
comparative data for diagnostic yield; thus, single group studies without available comparator
testing strategy data that only reported diagnostic yield from WGS were not included. Data from
countries not considered very highly developed were also not considered. Lastly, this HTA
focused on the use of WGS in outpatient settings. Use among critically ill patients in inpatient or
intensive care settings was not reviewed.

ES 4.6 Ongoing and Future Research

We identified 23 clinical trials registered in ClinicalTrials.gov that are relevant to this HTA; of
these 11 are not yet recruiting, 2 are active, 6 are completed but not yet published, and the status
of 4 are unknown. Future research on the clinical use of WGS faces several challenges. First, the
technology used and the approaches for conducting WGS, as well as the knowledge base of
phenotype-disease-gene association, is continually evolving. By the time long-term comparative
studies assessing health benefits and harms are completed, the technology and approaches used
will have evolved. However, evidence from shorter-term studies that are rigorously designed
could assess clinical utility, psychosocial outcomes of testing, and harms related to WGS versus
alternative tests. Cross-over RCTs may be the preferred study design for evaluating incremental
diagnostic yield from WGS because it allows each patient to serve as their own control to
eliminate the genomic heterogeneity between groups inherent in a parallel-group RCT design
that might result by chance and that would be challenging to mitigate. Further, a randomized
design ensures that test selection is not influenced by phenotype, clinician preference, or other
factors.

ES 5. Conclusion

WGS may increase the yield of molecular diagnoses in people with suspected genetic conditions;
however, our certainty is very low. The evidence related to changes in clinical management and
health outcomes resulting from a diagnosis made with WGS is very limited. The incidence of
medically actionable secondary findings from WGS ranged from 0% to 12.5% of persons tested.
Few studies reported outcomes related to safety and data was limited for cost-effectiveness based
on U.S. costs estimates.
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Full Technical Report
1. Background

There are approximately 7,000 rare disorders that affect 6% to 8% of the U.S. population.®® Rare
disorders of genetic origin represent a substantial public health problem. According to an
analysis of the Orphadata resource, at least 39% of rare disorders have a defined genetic
etiology.*** In addition to the clinical burden associated with these illnesses, patients and
families often experience delays in diagnosis; and many remain undiagnosed, representing a
large and likely underestimated socioeconomic burden.? These diagnostic odysseys can introduce
delays in accurate diagnosis, substantial psychosocial costs, and potentially preventable use of
health care resources.**

Whole genome sequencing (WGS), also called genome sequencing or full genome sequencing, is
a laboratory procedure for sequencing and analyzing an organism’s entire DNA sequence. In
contrast to whole exome sequencing (WES), which sequences and analyzes only the exome—the
1% to 2% of the genome that code for proteins—genome sequencing focuses on nearly all of the
genome. The cost of WGS has steadily dropped since it was first introduced in 2013, permitting
increased use in research and clinical applications.®

The purpose of this report is to conduct a health technology assessment (HTA) on the efficacy,
safety, and cost-effectiveness of the use of WGS for diagnosis of suspected genetic disorders
among persons in outpatient care settings. The Health Technology Clinical Committee will use
findings from this assessment to inform coverage decisions regarding this test.

1.1 Technology Description

WGS is a complex test with multiple steps. WGS interrogates the DNA base pair sequence of
most of the genome and may be performed for clinical or research purposes. Clinical WGS is
typically ordered by a physician or other health care professional with training and experience in
the diagnosis and treatment of genetic disorders and is conducted in a clinical diagnostic
laboratory. Research WGS, conducted by an academic or research laboratory, may be applied to
undiagnosed individuals participating in research studies or used to identify and characterize a
disease gene or genes among multiple families or patients with a similar phenotype or clinical
diagnosis. In addition to sequencing and analyzing the DNA from the patient with a suspected
genetic disorder (i.e., singleton WGS), parents or siblings may also be sequenced and analyzed to
help interpret genetic variants identified in the patient’s DNA. The use of WGS in the patient and
both parents is referred to as trio testing; duo testing refers to the patient and 1 parent or sibling.

The process of conducting WGS is depicted in Figure 1 and is described in additional detail in
Appendix A.1. WGS uses next-generation sequencing (NGS) technology that first cuts the
person’s genomic DNA (~ 3 billion nucleotide bases represented as A, C, T, G) into random
small fragments, and then simultaneously sequences the resulting fragments. The sequenced
fragments (ranging from 50 to 250 bases each) are then compared to a human reference genome.
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Figure 1. Simplified Depiction of Whole Genome Sequencing Process
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Differences between the person’s genome and the reference genome (i.e., variants) are identified
using bioinformatics tools and algorithms. The same NGS platforms are used for WGS, WES,
and many multigene panels. However, WGS sequences and analyzes nearly the entire genome,
while WES sequences and analyzes only the protein coding regions (1% to 2% of the genome)
and multigene panels only analyze the protein coding regions of genes specific to those included
in the panel.

The interpretation of identified variants from WGS as causally related to the person’s phenotype
is complex for several reasons. First, the volume of variants typically identified is very large and
requires the use of complex and multiple bioinformatics tools to prioritize the variants most
likely to be responsible for the person’s phenotype. These technologies are continually being
improved and refined over time. Second, the availability of parental or sibling genomic
sequencing adds additional information for consideration into the analysis. Third, the public
knowledge base regarding gene-disease associations is continually evolving and improving as
more people are sequenced and new information about the relationship between genes, variants,
and phenotypes is accrued and expanded over time. For all of these reasons, interpretation begins
with automated variant filtering and prioritization, resulting in a smaller pool of variants that are
then manually reviewed by a team of variant scientists.

The team of scientists use information external to the NGS platform (e.g., research genetics
databases, research literature, statistical modeling, additional information about the patient
[clinical or phenotypic data], and epidemiologic data) to make judgments about whether the
prioritized genomic variants are associated with the patient’s phenotype. Generally, only variants
that are pathogenic or likely pathogenic that reside in genes associated with disorders that
overlap the patient’s phenotype/clinical condition are included in the clinical report that is
returned to the ordering clinician and patient. Patients for whom a pathogenic or likely
pathogenic variant is identified are considered as having a molecular diagnosis. In some cases
variants of unknown significance (VUS) may also be included in the report at the discretion of
the laboratory team. Clinicians then compare the reported variants to the patient’s phenotype to
confer a clinical diagnosis. Medically actionable secondary findings (i.e., pathogenic variants in
genes unrelated to the patient’s clinical indication for testing but that are known to be related to a
condition or risk for future condition such as a pathogenic variant in BRCA 1 gene associated
with increased risk for breast cancer) are also often included in the clinical report.

For patients who are unable to receive a molecular diagnosis from WGS, a reanalysis of their
sequenced genomic data at least 1 year or more after the initial analysis can be offered to patients
and their families. Reanalysis uses the patient’s initial sequenced DNA and applies updated
variant filtering and prioritization algorithms and a manual review that incorporates new
information about gene-disease associations discovered in the interval since initial sequencing.

1.2 Rationale for Use of WGS for Diagnosis

Traditionally, WGS and WES have been used after other first-tier clinical and laboratory
(including genetic) diagnostic evaluations for a suspected genetic disorder. As knowledge of
genetic etiologies has increased and NGS technology has improved and dropped in price,
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sequencing larger sections of the genome (e.g., WES or WGS) has become more practical. Most
multigene panel tests are now conducted on the same NGS platforms used for WES, though
interpretation of variants is limited to only selected genes. WGS is used increasingly earlier in
the diagnostic process, particularly in neonatal and pediatric acute care settings with critically ill
infants and children. In such settings, the use of rapid WGS has the potential to shorten the time
to diagnosis and early intervention even further.%%’

In the context of genetic disease diagnosis in nonacute settings, WGS could potentially avoid or
shorten diagnostic odysseys, speed the time to appropriate intervention, guide disease
management, and alleviate patient and family burden. WGS identifies single nucleotide variants
(SNVs) with high accuracy (> 99.5% sensitivity and specificity). Small insertions/deletions
(indels), copy number variants (large duplications or deletions), and nucleotide repeats can be
identified with variable sensitivity. WGS identifies indels and copy number variants more
accurately than WES and can also detect variants in intronic regions (e.g., in promoters,
regulatory elements, or SN'Vs that alter splicing) and repeat expansions.®”*® However, questions
exist about the clinical utility of WGS compared to WES or other genetic (e.g., chromosomal
microarray, karyotype, single gene or multigene panel testing) or nongenetic tests (e.g., imaging,
metabolic, biopsy). Evidence about the clinical utility of WGS in providing accurate diagnosis
that guides clinical management and improves patient outcomes could guide appropriate use of
WGS in the context of nonacute settings. Further, any benefits of WGS must be weighed against
its potential harms and costs.

1.3 Regulatory Status

Two federal agencies have primary authority to regulate genetic tests in the United States:
Centers for Medicare & Medicaid Services (CMS), which administers the Clinical Laboratory
Improvement Amendments (CLIA), and the U.S. Food and Drug Administration (FDA).
Laboratories that provide clinical WGS in the United States must satisfy CLIA requirements for
high complexity testing. However, these requirements related to the quality of clinical
laboratories and the clinical testing processes used and are not specific to WGS. As such, CLIA
requirements only control factors related to analytic validity.'? Analytic validity refers to the
accuracy with which a genetic characteristic (e.g., DNA sequence variant, chromosome deletion)
is identified by a given laboratory test.2 There is no federal regulation of genetic tests with
respect to clinical validity (accuracy of a genetic test for identifying a particular clinical
condition) or clinical utility (usefulness of test results such as to inform changes in treatment,
surveillance, or further testing).®

Although the FDA regulates the safety and effectiveness of diagnostics tests, including quality of
design and manufacturing of the test itself, debate exists over whether WGS is a laboratory test
or a clinical service.” Most FDA enforcement efforts to date have focused on commercial in vitro
diagnostic testing kits rather than the complex testing represented by WGS. In 2018, the FDA
published nonbinding recommendations for the design, development, and analytical validation of
NGS-based in vitro diagnostics.®’ This guidance provides recommendations for designing,
developing, and validating NGS-based tests intended to aid clinicians in the diagnosis of
symptomatic individuals with suspected germline conditions. On September 29, 2023, the FDA
released a proposed rule related to the regulation of laboratory-developed tests (LDTs) including
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NGS test systems for genetic testing. If finalized, the proposed rule would clarify FDA’s
authority to regulate LDTs as medical devices and establish a plan to phase out the FDA’s use of
enforcement discretion for LDTs. !

1.4 Policy Context

In November 2019, the Health Technology Clinical Committee approved WES as a covered
benefit with conditions.'? At that time, WGS was not in widespread clinical use and was not
reviewed. The State of Washington Health Care Authority has now selected WGS in outpatient
settings for an HTA because of high concerns of safety, medium concerns for efficacy, and high
concerns for cost. WGS testing (including rapid genome sequencing) of critically ill patients in
acute care settings such as neonatal or pediatric intensive care units (NICU/PICU) are covered
under inpatient prospective payment systems.

1.5 Washington State Agency Utilization Data

The State of Washington Health Care Authority provided data on WGS utilization in the State of
Washington from 2020 to 2023. This data is provided in Appendix B. The data provided includes
utilization and costs for Medicaid (fee for service and managed care organization), Department
of Labor and Industries Workers’ Compensation Program, and the Public Employee Benefit
Board Uniform Medical Plan.

2. Methods

This section describes the methods we used to conduct this HTA.

2.1 Research Questions and Analytic Framework

Efficacy Question (EQ). What is the efficacy of whole genome sequencing for use in
diagnosing possible genetic disorders?

Safety Question (SQ). What are the harms associated with whole genome sequencing for use in
diagnosing possible genetic disorders?

Cost Question (CQ). What is the cost-effectiveness of whole genome sequencing for use in
diagnosing possible genetic disorders?

Figure 2 depicts the analytic framework of the proposed HTA.
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Figure 2. Analytic Framework Depicting Scope of this Health Technology Assessment
Individuals Clinical utility outcomes
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Abbreviations: CQ = cost question; EQ = efficacy question; SQ = safety question.

The State of Washington HTA Program posted a draft of these research questions and proposed
scope for public comment from October 18 to October 31, 2023. The final research questions
and response to public comments on the draft research questions were published on the
Program’s website on November 15, 2023.2°

In addition to the research questions, which we systematically reviewed, we defined a
Contextual Question after the final research questions were posted.

Contextual Question: What is the diagnostic yield of whole genome sequencing reported in
systematic reviews published in the past 4 years?

This draft evidence report will be externally peer reviewed and posted for public comment in
April 2024.

2.2 Data Sources and Searches

We searched PubMed and the Cochrane Database of Systematic Reviews on October 4, 2023,
using Medical Subject Headings (MeSH) and text words in the title and abstract for terms related
to WGS. We limited the search to English-language studies published since 2013 in human
populations. We further limited the search to exclude citations focused on genome sequencing
applications not relevant to the current HTA (e.g., bacteria, infection, cancer, pregnancy, and
fetal testing) and publication types not related to reporting the results of primary research (e.g.,
editorials). The detailed search strategy is presented in Appendix C. In addition, we searched the
ClinicalTrials.gov registry on March 11, 2024, for completed or ongoing studies of WGS using
keywords associated with genome sequencing.

2.3 Study Selection

Table 1 provides the study selection criteria we used for this HTA, which are organized by
population, intervention, comparator, outcomes, timing, setting, and study design (PICOTS).
Two review team members independently screened titles, abstracts, and full-text articles based
on these study selection criteria using DistillerSR version 2.35 (DistillerSR, Inc.). Discrepancies
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in study selection at the full-text level were adjudicated by a senior investigator or, in some
cases, by consensus among the team. We used DistillerSR Artificial Intelligence (AI) rank
feature to prioritize citations for review.

Table 1. Population, Intervention, Comparator, Outcome, Timing, and Setting for Review
Domain Included Excluded
Population Children or adults, with or without a clinical e Embryos and fetuses
diagnosis, with a suspected genetic disorder e Persons with nonsyndromic cancer or infections,

where genome sequencing is being used to
characterize the tumor or microbe
Deceased persons

Healthy persons

Single gene testing

Multigene panel testing

Mitochondrial genome sequencing
Genome-wide association studies

Exome sequencing

WGS for purposes other than diagnosis of a
suspected genetic condition (e.g.,
pharmacogenetic guidance; screening or risk
assessment; characterization of tumors or
infectious agents)

e Long-read WGS

Intervention Diagnostic standard or rapid genome sequencing,
alone or as part of a testing pathway, including
clinical, laboratory, and imaging evaluation

Comparator e Usual diagnostic care (e.g., clinical, Literature-based outcome estimates (e.qg.,
laboratory, or imaging evaluation; exome diagnostic yield comparisons to previously
sequencing; single gene testing; and/or published papers)
multigene panel testing; chromosomal
microarray)

o Alternative test results in the same participant,
including reanalysis
e Single arm studies (harms outcomes only)

Outcomes o Clinical utility: diagnostic yield for initial and/or | e Health outcomes related to secondary findings
subsequent reanalysis, including secondary e Hypothetical patient, family, or provider
actionable findings; time to diagnosis; clinician preferences
referral and treatment selection or other e Analyses using non-U.S. costs

changes in care; at-risk relative identification

e Health: mortality, survival, morbidity

¢ Non-health: personal utility; psychosocial
outcomes; patient experience related to
diagnostic odyssey measured with a validated
scale where possible

o Cost: cost-effectiveness measures using
U.S.-based costs

e Harms: any clinical utility, health, or non-
health outcome or other findings that suggest
harm (e.g., psychosocial distress; false
negative or false positive results)

Setting Any outpatient setting in countries categorized as | e Inpatient hospital settings®
very highz on the 2021 UN Human Development e Non-clinical settings
Index e Countries categorized as other than very highz

on the 2021 UN Human Development Index
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Domain Included Excluded
Study Design o Study designs o Editorials, commentaries, narrative reviews, or
e Randomized controlled trial; controlled clinical letters; conference abstracts; case reports or
trial; comparative cohort studies case series; case-control studies; other
(noncomparative studies for diagnostic yield observational study designs where clear
and harm outcomes only) comparison between testing strategies is not
o Cost utility analysis, cost-effectiveness present
analysis performed from societal or payor o Relevant systematic reviews and meta-analyses
perspective will be excluded but may be hand searched to
identify potentially eligible studies
o Qualitative studies
Languageand | e English Any language other than English
Time Period o 2013 or later

Notes: 2 Countries identified as very high with the 2021 UN Human Development Index: Andorra, Argentina, Australia, Austria,
Bahamas, Bahrain, Belarus, Belgium, Brunei, Canada, Chile, Costa Rica, Croatia, Cyprus, Czech Republic, Denmark, Estonia,
Finland, France, Georgia, Germany, Greece, Hong Kong China (SAR), Hungary, Iceland, Ireland, Israel, Italy, Japan,
Kazakhstan, Kuwait, Latvia, Liechtenstein, Lithuania, Luxembourg, Malaysia, Malta, Mauritius, Montenegro, Netherlands, New
Zealand, Norway, Oman, Panama, Poland, Portugal, Qatar, Romania, Russian Federation, San Marino, Saudi Arabia, Serbia,
Singapore, Slovakia, Slovenia, South Korea, Spain, Sweden, Switzerland, Taiwan, Thailand, Trinidad and Tobago, Turkey,
United Arab Emirates, United Kingdom, United States, Uruguay.

b Studies that take place in inpatient hospital settings, such as intensive care units, are excluded. Though rapid genome
sequencing may be used in these settings, this use was not within the scope of this HTA because such testing would be part of
care covered under inpatient prospective payment systems and would not require a coverage determination from the State of
Washington’s Health Technology Clinical Committee.

Abbreviations: WGS = whole genome sequencing; UN = United Nations; U.S. = United States.

2.3.1 Population

We selected studies that analyzed children, adults, or both who were suspected of having a
genetic disorder. Studies reporting on persons with or without a clinical diagnosis were included.

2.3.2 Intervention and Comparator

We selected studies that reported on standard or rapid WGS, either alone or as part of a
diagnostic testing pathway, that included other genetic or nongenetic testing. We also included
studies reporting on results from WGS reanalysis.

Eligible comparators included standard of care diagnostic evaluation as reported by study
authors. This could include clinical, laboratory, or imaging evaluation; single gene testing;
multigene panel testing; chromosomal microarray; karyotype; WES; and WES reanalysis.
Results from alternative testing strategies in the same participant were also eligible but for
diagnostic yield outcomes only because once a molecular diagnosis is made in a participant,
follow-up care and health outcomes are not attributable to the method of diagnosis. For harms
outcomes only, single arm studies without a comparator were also eligible.

2.3.3 Outcomes

For the efficacy question (EQ), we selected studies that reported clinical utility outcomes such as
diagnostic yield for initial and/or subsequent reanalysis, including reporting of secondary
actionable findings; time to diagnosis; clinician referral and treatment selection or other changes
in care; and at-risk relative identification. We also included health outcomes such as changes in
mortality, survival, or morbidity and nonhealth outcomes such as personal utility; psychosocial
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outcomes; and patient experience related to diagnostic odyssey if such outcomes were measured
with a validated scale.

For the safety question (SQ), we included studies that reported any clinical utility, health, or
nonhealth outcome or other findings that suggest harm. This included but was not limited to
psychosocial distress and false negative or false positive results.

For the cost question (CQ), we included studies that reported measures of cost-effectiveness,
such as cost per additional diagnosis, or quality-adjusted life year gained.

2.3.4 Settings

We included studies conducted in any outpatient setting that were conducted in countries with a
development rating designated as very high on the 2021 United Nations Human Development
Index.® The rationale for this limit was to focus on evidence from countries with the most
similar standards of medical practice as the United States.

2.3.5 Study Design

For the EQ and SQ, we included randomized controlled trials; controlled clinical trials; and
cohort studies where a clear comparison between 2 or more testing strategies could be identified.
For the SQ, we also included noncomparative studies. For the CQ, we included cost utility
analysis and cost-effectiveness analysis performed from a societal or payor perspective. We did
not include systematic reviews but did search the reference lists of relevant systematic reviews to
identify primary studies that our electronic database searches may have missed.

2.3.6 Language and Time Period
We selected studies published in English since 2013.

2.3.7 What Is Excluded from This HTA

This review did not include studies conducted among healthy populations or embryos/fetuses.
WGS for purposes other than diagnosis are also excluded (e.g., guiding clinical management of
established genetic disorder or pharmacogenetic guidance, infectious agent sequencing,
mitochondrial genome sequencing). We did not evaluate long-read WGS, as this type of WGS is
primarily available in research settings at the present time.

Studies that took place in inpatient hospital settings, such as neonatal and pediatric intensive care
units, were excluded. Though WGS may be used in these settings, this use was not within the
scope of this HTA because such testing would be part of care covered under inpatient
prospective payment systems and would not require a coverage determination from the State of
Washington’s Health Technology Clinical Committee.

For diagnostic yield outcomes, studies that did not evaluate a comparator testing strategy were
excluded to focus the review on the diagnostic yield compared to clinically relevant alternatives.
The only instance in which analyses without a comparator testing strategy were include were for
analyses reporting harms of WGS. Studies reporting only cost were excluded, given the rapidly
changing cost environment around WGS. The National Human Genome Research Institute tracks
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the cost of WGS.% Further cost-effectiveness evaluations that used non-U.S. costs were excluded
because of differences in health care financing and costs in the U.S. compared with other
countries such that findings would not be generalizable to U.S. settings.

2.4 Data Abstraction and Risk-of-Bias Assessment

One team member extracted relevant study data into a structured abstraction form in DistillerSR,
and a senior investigator checked those data for accuracy. Two team members conducted
independent risk-of-bias assessments on all included studies; discrepancies were resolved by
discussion or a third reviewer. We developed a risk-of-bias assessment tool adapted to this topic
based on Cochrane Risk of Bias 2 tool for randomized trials'* and the ROBINS-I instrument for
nonrandomized studies of interventions (NSRI).!> We used a validated tool for assessing the
methodological quality of cost-effectiveness and cost utility studies.'® We did not exclude studies
based on their risk of bias or methodological quality rating. We assessed the most relevant
clinical practice guidelines using Appraisal of Guidelines for Research & Evaluation II (AGREE
IT) instrument.”!

2.5 Data Synthesis and Strength-of-Evidence Rating

We qualitatively synthesized study characteristics and results for each research question in
tabular and narrative formats. We were not able to conduct quantitative syntheses for any of the
research questions because of the clinical and methodological heterogeneity in this evidence
base.

We used a modification to the Grading of Recommendations Assessment, Development and
Evaluation (GRADE) approach for assessing the certainty of evidence.!” Certainty of evidence
(COE) can be graded as very low, low, moderate, or high and reflects our confidence in the
findings based on concerns related to study limitations (i.e., risk of bias), consistency, precision,
directness, and reporting bias. We rated consistency as not applicable (NA) for single study
bodies of evidence and downgraded 1 level. When confidence intervals (Cls) were either not
provided or could not exclude a meaningful difference, we downgraded for imprecision. We
captured reporting bias as part of risk of bias/study limitations.

3. Results

3.1 Literature Search Yield

Figure 3 depicts the study flow diagram. We identified and screened 3,190 unique citations. We
excluded 3,073 citations after title and abstract review. We reviewed the full text of 117 articles
and included 35 studies reported in 49 articles published between 2014 and 2023. Thirty-two
studies were included for the EQ,'**’ 2 studies were included for the SQ,?22" and 2 studies were
included for the CQ.>"? Individual study and population characteristics and findings for all
included studies are summarized in Appendix D. The list of articles we screened at the full-text
stage, but which we excluded, is provided in Appendix E. Note that articles may have been
excluded for more than 1 reason, but we report only 1 reason. We assessed 1 study as low risk of
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35.37-40,43-46.48.49,53

bias,*’ 12 studies as some risk of bias, and the rest as high risk of bias. We report
our individual study risk-of-bias assessments for included studies in Appendix F.

Figure 3. Study Flow Diagram for HTA on Whole Genome Sequencing

Number of additional citations
identified through other sources
(e.g., hand search):

6

Number of records identified through
database searches:
3,184

\ 4

Number of titles/abstracts screened
after duplicates removed:

3,190
Number of titles/abstracts
» excluded:
3,073
\ 4

Number of full-text articles
assessed for eligibility:

117
Number of full-text articles exclude:
69
By reason:
Ineligible Intervention 28
Ineligible Comparator 18
Ineligible Population 8
» Ineligible Outcomes 3
Ineligible Study Design 9
Ineligible Country 2
Not relevant 1
Other 1
\ 4 Duplicate 1
35 studies (from 49 publications)
included
A\ 4 A\ 4
32 studies 2 studies 2 studies
(from 46 publications) (from 3 publications) (from 2 publications)
included for EQ included for SQ Included for CQ

LAbbreviations: CQ = cost question; EQ = efficacy question; HTA = health technology assessment; RCT = randomized
controlled trial; SQ = safety question.
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3.2 Study and Population Characteristics

Study and population characteristics of included studies are summarized in Table 2. Details of
individual studies are presented in Appendix D, Tables D-1 and D-2. Sixteen studies!>2%-23:27.2-
33.33.37.39.4043.4446.54 analyzed people with the same established clinical diagnosis with the aim of
ascertaining a molecular diagnosis. Sixteen studies!®21:24:26.28.34.3842.45.47-49.31.52 analyzed people
with diverse phenotypes but all of whom had suspected genetic conditions without a clinical or
molecular diagnosis. Two studies enrolled a sample of people with diverse phenotypes but with
established clinical diagnoses with an aim to establish a molecular diagnosis,?®*" and 1 study
analyzed data from multiple clinical laboratories on patients with diverse phenotypes, some of
whom may have already had established clinical and/or molecular diagnoses.>"

Table 2. Study and Population Characteristics of Included Studies

Characteristic Number of Studies

Country Setting Partly or solely U.S.: 16

European countries: 9

Australia: 5

Canada: 3

Other: 2

Industry Funding Sole: 1

Some: 8

None: 22

Unclear: 2

Not reported: 2

Recruitment Settinga Primary care: 0

Genetics clinics: 16

Specialty clinics: 11 (e.g., neurology, cardiology, ophthalmology, ataxia clinic)
Tertiary medical settings not further specified: 5
Clinical laboratory or registry: 2

Unclear/not reported: 2

Phenotype of Recruited | Autism spectrum disorder: 3

Participantsa Developmental or intellectual disability: 7
Epilepsy: 5

Neurologic disorder:13

Vision disorder: 4

Cardiovascular disorder: 2

Any suspected genetic condition: 13

Other: 1 (immunologic conditions); 1 (structural malformations)
Age of Participants Infants only: 1

Infants and children: 8

Adults only: 3

Children and adults: 22

Not reported: 1

N Analyzed Median: 87
Range: 14 to 1,512,306
Sex Range across studies
% Female: 13 to 64
Race or Ethnicity Not reported: 21

Range across studies reporting this characteristic

% White or European: 0 to 95 (14 studies reporting)

% Black or African: 0 to 20 (8 studies reporting)

% Asian: 3 to 92 (10 studies reporting)

Native American or First Nations: 0 to 4 (4 studies reporting)
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2 Studies could have recruited from more than one setting listed and studies may also have enrolled participants from among
multiple phenotypes.

Abbreviations: N = number; U.S. = United States.

We divided studies into 3 different study design categories that we labeled as (1) single cohort,
(2) separate cohorts, and (3) diagnostic odyssey path (Figure 4). Ten studigs?!:23:3>:3041.43-4347.49
were single cohort observational studies with a concurrent or historical comparison of the same
study participants. Eleven studies used separate cohorts designs (2 randomized controlled trials
[RCT]***® and 9 comparative cohort studies!®-2"-22:20:30.31.33.39) 'Eleven studies?*2>:27-29-32.34.37.38.42.46
reported findings from a diagnostic odyssey path design in a single cohort, and 2 studies®>2 were
decision analyses to model cost-effectiveness. In single cohort studies, patients received both
WGS and the comparator test(s). In separate cohort designs, WGS and the comparator test were
used in different cohorts of patients. In diagnostic odyssey studies, only patients who remained
undiagnosed after comparator test(s) received WGS. Of the 33 primary research studies (i.e.,
studies other than the 2 decision analyses®2), 7 studies!%:22:20.31.3940.48 19.22.26.31.39.48 \yere
conducted prospectively and the rest were retrospective analyses of data collected either during
routine clinical care, laboratory data, or registries.

WGS testing varied across included studies. In 14 studies,?%:22:23:30.33-36.4041.43.4348.50 WG S was

conducted in a clinical laboratory, which we defined as laboratories with CLIA accreditation
(U.S. only), commercial labs, or labs affiliated with a hospital or clinical center. In the rest of the
studies, WGS was conducted in research laboratories, %:27:28:31324246.49 1 it was unclear' 8212+
20.29.37-39.4447.5% what type of lab was used. Standard (not rapid) WGS testing was used by nearly
all studies, likely an artifact of the populations included in the scope of this HTA, which
excluded studies conducted among critically ill people or individuals in inpatient care settings.

The type of WGS testing (e.g., trio, duo, singleton) was inconsistently reported across studies;
among studies reporting, trio testing was used for more than 90% of patients in 9

studies 22:26:29:32.35.37.404447 The most common reference genome used was Genome Reference
Consortium Human genome build 37; some studies used earlier or later builds. Twenty-four
studies reported variants using the American College of Medical Genetics and Genomics
(ACMG)/Association for Molecular Pathology (AMP) criteria either solely or in combination
with other approaches,?0-30-34-42:44.469849 an the rest of the studies used other guidelines or did
not report what was used to guide variant annotation. A positive molecular diagnosis was defined
differently across studies; many considered pathogenic or likely pathogenic variants to be
diagnostic; some studies also considered VUS when combined with phenotype or other clinical
data to also be diagnostic. Some studies also distinguished between full diagnosis and partial
diagnosis. WGS was conducted within the last 5 years in 8 studies,'%:2:23:33-37:47.48.50.34 more than
5 years ago in 4 studies, 2344 and was not reported in 20 studies,>:21:22.24-27.29.30.32-34.38-42.44.46.49
However, among the 20 studies where the date of WGS was not reported, 13 were published
within the past 5 years 1221.22.24:27.33.38-40.44.46
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Figure 4. Study Designs Used to Evaluate Incremental Diagnostic Yield in this Review
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Two studies evaluated the use of WGS early in the diagnostic trajectory, prior to patients having
received any other genetic testing.*’*® Twenty-two studies?!:2%:24-2/:29-34.36-38.40-42.44-46.49.54
evaluated late WGS testing, which refers to the use of WGS later in the diagnostic trajectory
after some or most imaging, laboratory, and non-WGS genetic testing had been conducted. In 9
studies,#-20:23:28.33.39.43.50 the timing of WGS either could not be determined or was a mix of both
early and later use. In studies conducting later WGS, the types of genetic testing received by
patients prior to WGS varied greatly by study but included the following types of tests: WES,
WES reanalysis, chromosomal microarray, multigene panel testing (often using a next generation
sequencing platform), single gene testing, karyotype, and Fragile X syndrome testing. The 2
decision analyses modeled both early (i.e., first-line WGS) and late (i.e., following standard of
care testing) use.>=22

3.3 Effectiveness

Thirty-two studies'®** reported effectiveness outcomes. All reported clinical utility outcomes

and 1 study?® also reported health outcomes. Although nonhealth outcomes such as personal
utility, psychosocial outcomes, and patient experience related to diagnostic odyssey were eligible
for inclusion in this HTA, we did not identify any studies reporting these outcomes that
otherwise met our eligibility criteria.

3.3.1 Clinical Utility

Diagnostic Yield

Thirty-seven comparisons from 32 studies'®* reported data that enabled us to calculate
incremental diagnostic yield. Incremental diagnostic yield refers to the difference in diagnostic
yield between a WGS testing strategy (or WGS reanalysis) and a comparator testing strategy. A
negative incremental yield means that the comparator testing strategy identified more molecular
diagnoses than WGS. A summary of findings related to incremental diagnostic yield organized
by study design is depicted in Figure 5. Incremental yield across studies ranged from -27% to
100% (median 8%; interquartile range, 0% to 22%). This wide range is partially explained by
study designs used and comparator test strategies evaluated, so in the following sections we
present incremental diagnostic yield organized by comparator strategies evaluated and then by
study design. We also evaluated whether this variation could be partially explained by phenotype
evaluated; however, we found that incremental diagnostic yield varied as much within a given
phenotype as it did across phenotypes.
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Figure 5. Diagnostic Yield Among All Included Studies
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m and O: Single cohort observational study with historical or concurrent comparator: studies with early and late WGS and
variable prior or concurrent testing, patients serve as their own control. Solid symbols depicts incremental yield relative to
comparator; open symbols depict absolute yield of WGS.

: Two or more separate cohorts (including the 2 RCTs): studies with early and late WGS and variable prior and
concurrent testing; WGS group and comparator test group are different patients. Solid symbols depicts incremental yield relative
to comparator; open symbols depict absolute yield of WGS.

e Diagnostic odyssey path study design: single group of patients who only received WGS if they tested negative on the
comparator test, reflects yield from last-line WGS after the comparator testing strategy so by definition represents incremental
yield.

Abbreviations: RCT = randomized controlled trials; WGS = whole genome sequencing.

WGS vs. WES (including WES reanalysis)

Twenty-one comparisons from 19 studies compared WGS to a testing strategy that included

WES 21:23:24.25:28.3134.37.3841.44.464749 Foyr studies®2%2%*! analyzed patients with suspected genetic
21,22.24 25,27,31-34.37.38.44.46,47.49

disorders without regard to any specific phenotype, while 15 studies
focused on patients with development delay, intellectual disability, autism spectrum disorder,
epilepsy, or other neurological disorders. The number of patients analyzed across these studies
ranged from 20 to 1,612.
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All studies used standard of care clinical testing prior to WES or WGS and many also used
standard of care genetic testing, which could have included chromosomal microarray (CMA),
single gene testing, multigene panels, karyotype, or other specific genetic testing. In all cases,
standard of care testing was not determined by a study protocol but rather was determined by the
evaluating clinicians such that each patient had tailored testing leading up to WES or WGS.
Further, standard of care testing was not always described in detail by study authors. Figure 6
depicts incremental yield of WGS compared to strategies involving WES organized by study
design, which ranged from -7% to 53%. Among the 4 studies that were not focused on any
specific phenotype, the incremental diagnostic yield ranged from -5% to 19%.23:26-2841

Figure 6. Diagnostic Yield, WGS vs. WES Strategies
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Legend:

m and O: Single cohort observational study with historical or concurrent WES: studies with early and late WGS and variable prior

or concurrent testing, patients serve as their own control. Solid symbols depicts incremental yield relative to comparator; open
symbols depict absolute yield of WGS.

: Two or more separate cohorts: studies with early and late WGS and variable prior and concurrent testing; WGS group

and WES group are different patients. Solid symbols depicts incremental yield relative to comparator; open symbols depict
absolute yield of WGS.

Diagnostic odyssey path study design: single group of patients who only received WGS if they tested negative on WES,
reflects yield from last-line WGS after WES, so by definition represents incremental yield.

Abbreviations: EQ = effectiveness question; WES = whole exome sequencing; WGS = whole genome sequencing.

WGS vs. CMA

Three studies reported incremental diagnostic yield for WGS compared with a testing strategy
that included CMA.2%#>#* Findings are summarized in Figure 7. One study was conducted in
children (N=101) with a developmental or intellectual disability or structural malformations and
used a diagnostic odyssey path design to report an incremental yield of 24%.%> The second study
was conducted among 2 groups of patients with diagnosis of or strong suspicion for intellectual
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disability (N=650).2% One group received WGS as either a first or second line genetic test and
this was compared to the diagnostic yield from a group of patients that received CMA testing
with or without FMR1 gene testing.2” The incremental yield in this study was 19%.2° The third
study was conducted in a single cohort (N=1,612) of patients with autism spectrum disorder (age

not specified).** All patients received both CMA and WGS and the incremental yield from WGS
was 4%.*

Figure 7. Diagnostic Yield, WGS vs. CMA Strategies
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Legend:

m and O: Single cohort observational study with historical or concurrent CMA: studies with early and late WGS and variable prior
or concurrent testing, patients serve as their own control. Solid symbols depicts incremental yield relative to comparator; open
symbols depict absolute yield of WGS.

: Two or more separate cohorts: studies with early and late WGS and variable prior and concurrent testing; WGS group
and CMA group are different patients. Solid symbols depicts incremental yield relative to comparator; open symbols depict
absolute yield of WGS.

Diagnostic odyssey path study design: single group of patients who only received WGS if they tested negative on CMA,
reflects yield from last-line WGS after CMA, so by definition represents incremental yield.

Abbreviations: CMA = chromosomal microarray; WGS = whole genome sequencing.
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WGS vs. Multigene Panels

Six studies reported incremental diagnostic yield for WGS compared with a testing strategy that
included multigene panels.®®#® Each study focused on a specific phenotype and used multigene
panels specific to the phenotypes being evaluated (e.g., the study evaluating patients with visions
disorders used a multigene panel that included genes known to be associated with vision
disorders). As best we can assess, the gene panels used by these studies were based on NGS
platforms. Findings are summarized in Figure 8. Two studies (N=14%°, N=322%), both conducted
among children and infants with early onset epileptic encephalopathy, used a diagnostic odyssey
path design and reported an incremental diagnostic yield of 100% and 73%, respectively. Two
studies, 1 conducted in adults (N=35) with hereditary cerebellar ataxia®’ and 1 conducted in
children and adults (N=40) with nystagmus and suspected albinism*® used separate cohorts study
designs and reported incremental yields of -1% and 2%, respectively. Finally, 2 studies were
conducted in a single cohort of patients.** One reported an incremental yield of 0% for WGS
compared to a multigene panel among adults with cardiomyopathy (N=41).% The other reported
an incremental yield from WGS of 9% among a cohort of children and adults (N=642) with
suspected genetic disorders and diverse phenotypes (cardiovascular, neurologic, immunologic,
development/intellectual disability).2® In this study, 1 of 3 multigene panels was used
(cardiovascular panel, immunodeficiency panel, neurodevelopment panel) depending on the
patient’s phenotype.

Figure 8. Diagnostic Yield, WGS vs. Multigene Panel Strategies
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m and O: Single cohort observational study with historical or concurrent MGP: studies with early and late WGS and variable prior
or concurrent testing, patients serve as their own control. Solid symbols depicts incremental yield relative to comparator; open
symbols depict absolute yield of WGS.

: Two or more separate cohorts: studies with early and late WGS and variable prior and concurrent testing; WGS group
and MGP group are different patients. Solid symbols depicts incremental yield relative to comparator; open symbols depict
absolute yield of WGS.
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Diagnostic odyssey path study design: single group of patients who only received WGS if they tested negative on MGP,
reflects yield from last-line WGS after MGP, so by definition represents incremental yield.

Abbreviations: MGP = multigene panel; WGS = whole genome sequencing.

WGS vs. Standard of Care Genetic Testing

Five studies reported 6 comparisons of incremental diagnostic yield for WGS compared to
standard of care genetic testing (Figure 9).22 One RCT enrolled children and adults (N=198)
suspected of having a genetic disorder but did not limit to any specific phenotype.*® The standard
of care genetic testing in this study was determined by the referring provider and the most
commonly ordered standard of care test was a multigene panel (N=137, 65%). The incremental
diagnostic yield in was -2%.* The other RCT enrolled children (N=32) with a white matter brain
disorder confirmed by MRI.*® The incremental yield of first-line WGS with standard of care
genetic testing compared to standard of care genetic testing alone was 34%.*" The sample size in
the immediate WGS group was 9 participants, 5 of whom received a diagnosis (56%) compared
with 5 of 23 who received a diagnosis in the standard of care testing group (22%). This study
also conducted delayed WGS after 4 months in the standard of care testing group, which
identified an additional 14 diagnoses (cumulative diagnostic yield 83%). Thus, first-line WGS
with standard of care testing had an incremental yield of -27% compared with standard of care
plus delayed WGS.** The authors noted these findings were an interim analysis and these
findings did not include findings for all whom had been randomized to date.*

Two of the 5 studies evaluating yield from WGS compared to standard of care genetic testing
were separate cohort study designs. One was conducted in adults (N=76) referred to a single
neurogenomics clinic for any of 45 different clinical diagnoses,'® and the other was conducted
among children and adults (N=45 total) referred to a single ocular genetics clinic with
microphthalmia, anophthalmia, or coloboma.'” The incremental diagnostic yield was -23% and
4%, respectively, in these studies. Lastly, 1 study reported the incremental yield from a single
cohort of infants with epilepsy (N=40) and reported an incremental diagnostic yield of 8%.>
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Figure 9. Diagnostic Yield, WGS vs. Standard of Care Genetic Testing
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Legend:
m and O: Single cohort observational study with historical or concurrent SOC testing: studies with early and late WGS and
variable prior or concurrent testing, patients serve as their own control. Solid symbols depicts incremental yield relative to
comparator; open symbols depict absolute yield of WGS.

: Two or more separate cohorts (including the 2 RCTs): studies with early and late WGS and variable prior and
concurrent testing; WGS group and SOC group are different patients. Solid symbols depicts incremental yield relative to
comparator; open symbols depict absolute yield of WGS.

Abbreviations: SOC = standard of care genetic testing tailored to the patient, WGS = whole genome sequencing.

WGS reanalysis vs. WGS

One study conducted among a single cohort of children and adults (N=22) referred to a single
genetics clinic reported on the incremental yield for WGS reanalysis after singleton WGS, which
was reported as 22%.* The interval between initial WGS and reanalysis was not reported. We
note the initial WGS was conducted between 2010 and 2013, so relevance of this result to the
current era is unclear.

Clinical Utility Other than Diagnostic Yield

Eight studies?>38-40424345.48 that we assessed as having some risk of bias and 6
studies!®:1%:23:26.28.34 that we assessed as high risk of bias reported clinical utility measures other
than diagnostic yield. reported on clinical utility outcomes other than diagnostic yield. However,
the variation in rigor and completeness of outcome ascertainment and lack of standard outcome
definitions to quantitatively assess clinical utility limit the interpretation of these data. Further,
most of these studies did not report comparative clinical utility. The results from the studies with
some risk of bias are described briefly below and among those with comparable data, the range
of percent of patients/families with a change in treatment, management or surveillance was 12%
to 65%. The findings reported by the high risk of bias studies were also very heterogenous; some
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did not report any quantitative findings. Details from the high risk of bias studies can be found in
Appendix D, Table D-3.

Authors of 1 RCT reported that 25% of those with diagnosis required additional workup because
of uncertainty as to whether the WGS molecular diagnosis could explain the clinical features.**

Authors of the other RCT reported that early identification allowed for coordination of
appropriate multidisciplinary care team, but quantitative results were not reported.>> Authors of
another study reported that in a proportion of cases, diagnosis led to changes in clinical
management; the authors provide some examples of such changes but do not indicate a
quantitative estimate for the proportion with changes.*

Authors of 1 cohort study reported that additional diagnostic testing or referrals occurred in 12%
of those tested with WGS, but it is unclear whether this additional testing or referrals were in
those diagnosed by WGS or those who remained undiagnosed by WGS.*

In 1 cohort study, authors reported that diagnosis prompted improvements to clinical
management in 20% of cases; however, this was across all cases diagnosed either from WGS or
the comparator testing, which was singleton WES.%

One cohort study reported that WGS results (diagnostic, VUS, secondary findings) influenced
changes to medical care, further evaluation, or referral of at-risk relatives in 48% of people tested
and in 30% of people with a diagnostic WGS result.*> The comparator testing in this study
(standard of care testing tailored to person including CMA, gene panel, karyotype, Fragile X
testing) influenced subsequent care in 22% of people tested.>>

Authors of 1 cohort study reported that the mean number of lab tests was greater following CMA
testing (n=101) but that mean number of specialist/allied health visits was greater following
WGS testing (n=93) testing.*? Authors also reported that no medication prescriptions or
alterations and no cascade family testing was observed after CMA or WGS testing, but that 6
activities were averted after nondiagnostic WGS results and 5 activities were averted after
diagnostic WGS testing.*

In 1 cohort study, WGS results impacted medical management or surveillance in 65% of people
who received a diagnosis, and for all cases with a diagnosis, there were reproductive
consequences for the parents.*

3.3.2 Health Outcomes

One study from the Undiagnosed Diseases Network (UDN) reported health outcomes in patients
who received a diagnosis following their UDN evaluation.2® We evaluated this study as having a
high risk of bias. In this study, patients (N=357) received customized evaluations based on their
presenting phenotypes and testing completed prior to UDN acceptance. UDN evaluations
included clinical review, directed clinical testing, CMA, WES, WES reanalysis, and/or WGS.
Ultimately, 28% of patients who received WES were diagnosed and 19% of patients who
received WGS were diagnosed. Over half of patients who received WGS had a prior negative
WES. For 21% (N=28) of participants who received a diagnosis, the diagnosis led to a
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recommendation regarding a change in therapy. There was an observed positive treatment effect
for 8 patients and an unclear or negative effect for 6 patients. Therapy was not initiated for 4
patients, and the outcome could not be determined for 10 patients.?®

3.3.3 Secondary Findings

One RCT* and 8 cohort studies reported secondary findings.22:21:33:36.3842.43.45 Qecondary findings
refer to medically actionable variants in 1 or more genes that are not related to the patient’s
primary indication for testing. The ACMG first published guidance for reporting secondary
findings in 2013,°® with the most recent guidance released in 2023.%°> These guidelines contain a
recommended list of gene-condition pairs that laboratories performing WES or WGS should
screen and return any pathogenic or likely pathogenic variants to prevent or reduce morbidity
and mortality associated with these conditions. Laboratories do not have to follow this guidance,
and some choose to return secondary findings in genes beyond those recommended by ACMG.
Gene-condition pairs not on the ACMG list may have less evidence for actionability as a
secondary finding. Further some laboratories conducting research WGS may return carrier status
for autosomal recessive disorders and drug metabolism variants that affect the use of certain
drugs.

Five studies®=*3%4248 reported secondary findings in genes on the ACMG list. In the 1 RCT, no

secondary findings were reported for the first-line WGS testing group.*® In the other 4 studies,
the incidence of secondary findings from WGS varied from 2.0%>! to 12.5%® of persons tested.

Five studies?231334349 reported secondary findings beyond those on the ACMG list. The

incidence of secondary findings in 3 of these studies ranged from 4%?2 to 9%?>! The other studies
did not report incidence. In one of these studies, authors reported a mean number of incidental
findings as 2.05 per person tested*® In the other of these studies where participants were allowed
to indicate which types of secondary findings to be included in the report, authors reported 41
incidental findings among 22 persons.*> Studies that returned carrier status results as secondary
findings had high numbers of secondary findings.*>*>

3.4 Safety

Two studies reported safety outcomes.2>* One study looked at the frequency of VUS following
1.5 million sequencing test results across 19 clinical laboratories in North America.’’ Results
came from either multigene panels, WES, or WGS. VUS can result in considerable patient and
provider uncertainty and can result in downstream costs due to additional surveillance or testing
that may be undertaken to rule in or rule out inconclusive diagnoses. There was a lower rate of
inconclusive test results due to VUSs from WES/WGS (22.5%) compared with multigene panels
(32.6%; P<0.0001); however, this is expected since labs typically report VUS for all genes
within a panel whereas labs report VUS from WES and WGS only for genes known to be
associated with phenotype.2% Trio sequencing reduced the likelihood of VUS as compared to
non-trio WES or WGS (18.9% vs. 27.6%; P<0.0001).222" There was no significant difference in
VUS rates between WES (22.6%) and WGS (22.2%).22°
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The other study reported diagnoses that were made by WES or WGS that were later rescinded
due to reinterpretation.?? Incorrect diagnoses can result in unnecessary surveillance/management
and lost opportunity to identify the correct diagnosis. Four families (1.9%) out of the 214
initially diagnosed as having a genetic condition associated with a definite or probable disease-
causing genomic variant had the diagnosis rescinded.?* Three of the patients had the diagnosis
rescinded after follow-up examinations or test results were not consistent with the initial
diagnosis. The diagnosis of the fourth patient was rescinded when a different variant was
reinterpreted as probably disease-causing on reanalysis that was a better fit with the patient’s
phenotype.?

3.5 Cost-Effectiveness

Two studies reported cost-effectiveness outcomes for WGS testing compared to other tests based
on decision analysis models.>!=>2

3.5.1 Study and Population Characteristics

Two studies reported the cost-effectiveness of WGS testing from a payor perspective using
decision analysis models (Table 3).>>2 We rated both as having some concerns for bias. Both
studies focused on children with suspected genetic conditions, and the study authored by Lavelle
et al. specifically focused on children with moderate disability.>! In both studies, authors
compared WGS to standard of care testing (SOC), which was described as single gene panels,
multigene panels, chromosomal microarray, karyotype, and other laboratory tests but not
WES.2132 The study authored by Incerti et al. included diagnostic medical appointments,
pathology, and imaging as part of SOC testing.>? Both studies compared first-line WGS to SOC
followed by second-line WGS.2%22 Lavelle et al. also compared first-line WGS to other strategies
including first- or second-line WES.>! Both studies used published estimates of diagnostic yield,
microcosting studies, and publicly available pricing data from Medicare and major U.S.
laboratories.”>2

3.5.2 Findings

With respect to cost per additional diagnosis, Incerti et al. reported that first-line WGS testing
dominated SOC testing, which means that it identified more diagnoses than SOC genetic testing
and cost less, so is considered cost saving relative to a SOC approach.’ SOC testing followed by
second-line WGS cost $24,178 per additional diagnosis compared with SOC testing alone.”* In
contrast, Lavelle et al. reported that relative to SOC genetic testing, first-line WGS cost $27,349
per additional diagnosis compared with SOC testing and WGS with reanalysis at 1 year cost
$30,078 per additional diagnosis.>! Compared to first-line WES, first-line WGS cost $3,076 per
additional diagnosis. All other testing strategies were dominated by first-line WGS (i.e., WGS
cost less and returned more diagnoses).>!

Whole Genome Sequencing: Draft Evidence Report Page 24



WA - Health Technology Assessment

April 4, 2024

Table 3. Summary of Studies Reporting Cost-Effectiveness
Author,
Year Study
RoB Design Population Testing Approaches Perspective and Costs | Brief Results
Incerti et Modeled Noncritically ill children | 1. SOC genetic testing Payor; Medicare Cost per additional diagnosis (2020 USD)
al., (2021)32 | cost- younger than age 18 (single gene and multigene | Clinical Laboratory Fee | e WGS dominates (more diagnoses and lower costs
Some effectiveness | years with suspected panels, “other tests”) Schedule, microcosting vs. SOC)
concerns genetic disease 2. Trio WGS studies, cost of WGS e SOC >WGS: $24,178 vs. SOC
3. SOC followed by trio assumed to included
WGS labor, supplies,
bioinformatics,
equipment, and
confirmatory testing
Lavelle et Modeled Noncritically ill children | 1. SOC genetic testing Payor; costs based on Cost per additional diagnosis (2019 USD)
al. (2022)3! | cost- younger than age 18 (single gene, multigene CMS rates or from o WGS: $27,349 vs. SOC
Some effectiveness | years with undiagnosed | panels, CMA, karyotype) applying cost-to-charge | ¢ WGS with reanalysis at 1year: $30,078 vs. SOC
concerns suspected genetic 2. First-line WES ratios to list prices from | o WGS: $3,076 vs. WES
conditions and 3. SOC followed by WES major U.S. testing labs | All other strategies were dominated.
moderate disability 4. First-line WGS
5. SOC followed by WGS
6. WES followed by WGS
7. SOC followed by WES
followed by WGS

Abbreviations: CMS = Centers for Medicare & Medicaid Services; ROB = risk of bias; SOC = standard of care; U.S. = United States; USD = U.S. dollars; WES = whole exome

sequencing; WGS = whole genome sequencing.
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3.6 Contextual Question

Because of the limitations of the systematically reviewed evidence, we added a contextual
question to provide additional information from systematic reviews published in the past 4 years.
A summary of these recent systematic reviews is presented in Table 4. We note that the study
inclusion/exclusion criteria used in these reviews was somewhat different than our criteria; most
notably, reviews typically included patients in acute, inpatient settings, including ICUs, and rapid
WGS testing. Further, some reviews excluded adults or studies focused on specific phenotypes
and only included cohorts with a broad range of rare and undiagnosed disease. Lastly, several of
these reviews did not require studies to report results from comparator testing strategies to be
included.

Diagnostic yield

The absolute diagnostic yield of WGS from recent systematic reviews is depicted in Figure 10.
These estimates represent the absolute, not incremental, diagnostic yield. Three reviews
specifically reported on comparative diagnostic yield relative to another strategy.””> In these 3
reviews, WGS resulted in more diagnoses as compared to WES (pooled OR, 1.54, 95% CI, 1.11
to 2.21°%; pooled OR, 1.2, 95% CI, 0.79 to 1.83°%) or standard genetic testing (pooled RR, 2.5,
95% CI, 1.31 to 4.68%).

Figure 10. Diagnostic Yield Range for WGS in Systematic Reviews from Past 4 Years
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Notes: Lines on graph represent the range of diagnostic yield estimates from WGS reported among studies included in each SR.
In addition, some reviews provided pooled summary estimates; these pooled estimates are indicated by the purple diamond
marker (0) and tick marks on either side of the diamond represent the 95% confidence intervals for the pooled estimate.

2 Included comparative yield; WGS vs. WES; pooled OR, 1.54; 95% CI, 1.11 to 2.21; 12 studies.?’

b No pooled estimate provided by authors.

¢ Included comparative yield: WGS vs. WES; pooled OR, 1.2; 95% CI 0.79 to 1.83; 9 studies.*®

4 No pooled estimate provided by authors across all settings; pooled estimate for hospital-based settings 36% (17 studies); pooled
estimate for reference laboratories 33% (17 studies).>®
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¢ Included comparative yield WGS vs. standard genetic testing (CMA, single gene, multigene panel testing); pooled RR, 2.48;
95% CI, 1.31 to 4.68.

Abbreviations: CMA = chromosomal microarray; OR = odds ratio; RR = relative risk; SR = systematic review; WES = whole
exome sequencing; WGS = whole genome sequencing.
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Table 4. Recent Systematic Reviews on Whole Genome Sequencing Analyses
Author, Year | Dates Covered | Brief Inclusion/Exclusion Criteria Results
Funding
Wigby etal. | Search:1/2011- | ¢  WGS conducted in people with Studies included: 71 cohorts
(2024)2 8/2022 suspected genetic conditions including Pooled weighted mean yield: 34% (95% Cl, 30% to 39%, 12=93%)

None reported
(authors are

Included
studies: 2014-

both children and adults and in
ambulatory and inpatient settings,
including intensive care settings

Pooled first-line WGS (unweighted): 45% (range 12 to 73, 27 studies)
Pooled prior genetic tests (WES in 80%) (unweighted): 33% (range 6 to 86); 36 studies
Pooled ES-negative (WES in >80%) (unweighted): 33% (9 to 60, 8 studies)

studies: 2015-
2022

e  Patients underwent WGS and/or WES;
also considered usual care genetic tests
when available

members of | 2022 e Usual care genetic testing or no genetic | Clinical Utility
the Medical testing comparator Reported quantitatively in 32% of studies; most commonly in studies occurring in acute
Genome e Reporting diagnostic yield or clinical care settings.
Initiative, ut|||ty outcomes, patient health outcomes, Clinical Management Changes: 20% to 100%
which and cost-effectiveness Health Outcomes
includes Review authors state that these were described infrequently
universities
and industry)
Nurchis etal. | Search: 1/2010- | e  Pediatric populations with life-threatening | Studies included: 39 total (36 cohorts, 3 RCTs)
(2023)° 6/2022 disorders of likely genetic origin in Diagnostic yield:
emergency or outpatient settings WGS: 19.1 to 68.3% (15 studies)
Government Included e Any study designs WES: 6.7 to 72.2% (27 studies)

Usual care: 0 to 22.2% (10 studies)

Diagnostic yield meta-analysis:

Pooled WGS: 38.6% (95% Cl, 32.6 to 45.0)

Pooled WES: 37.8% (95% Cl, 32.9 to 42.9)

Pooled usual care: 7.8% (95% Cl, 4.4 t0 13.2)
Comparator studies (12 studies):

WGS vs. WES (OR 1.54, 95% CI, 1.11 to 2.21, 12 studies)

excluded

Ferreiraetal. | Search: NR- e Adults (age 16 years or older attime of | Studies included: 41 studies of patient cohorts with sample size >10
(2023)8 2/2022 diagnosis or at time of WES/WGS) Diagnostic yield of WES/WGS in patients with:
diagnosed with or suspected of having Nervous system abnormalities: 11% (486/4,100)
Foundation Included inherited metabolic disorders Dyslipidemia: 10% (32/320)
studies: NR o Al article types including case studies Diabetes: 9% (5/57)
e Diagnostic yield of WES/WGS were Cardiovascular disease: 7% (52/762)
reported together Ophthalmological symptoms: 1% (1/103)
Chungetal. | Search:2011- | e  Cohorts of any age with a broad range of | Studies included: 161 studies featuring 159 cohorts
(2023)%8 2021 rare and undiagnosed diseases Diagnostic yield meta-analysis:
e Cohorts focusing on specific diseases or | Pooled WGS: 34% (95% Cl 30 to 38, 40 studies)
University those that affect only 1 body system were | Pooled WES: 38% (95% CI 36 to 40, 126 studies)

Diagnostic yield from studies with comparators
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Author, Year | Dates Covered | Brief Inclusion/Exclusion Criteria Results
Funding
Included e All study designs WGS vs. WES (OR 1.2, 95% CI 0.79 to 1.83, 9 studies)
studies: 2012- Pooled clinical utility
2021 WGS: 61% (95% CI 50 to 73, 16 studies)
WES: 48% (95% Cl, 40 to 56, 47 studies)
Nurchisetal. | Search: 1/2015- | Economic evaluations focused on the pediatric | Included studies: 4 studies, all in Canada; all costs reported in 2020 international dollars
(2022)4 5/2021 population affected by severe disorders of Cost per additional diagnosis
likely genetic origin, comparing WGS with WGS vs. CMA ranged from $245 to $23,145
Government | Included WES and CMA WGS vs. WES ranged from $6,885 to $10,440
studies: 2017- Incremental net benefit (additional cost per additional diagnosis)
2021 WGS vs. CMA: $6,003 (95% ClI, $2,863 to $9,143, 4 studies)
WGS vs. WES: $4,073 (95% Cl, $2,426 to $5,720, 3 studies)
Shickhetal. | Search:2016- | e  Patients of any age undergoing WES or | Studies included: 50 cohorts
(2021) 9/2020 WGS for investigation of a genetic Diagnostic yield:
disease WES or WGS: 2.6% to 70% (when ACMG criteria were used to classify variants (35
University, Included o Al study designs studies) diagnostic yield ranged from 13% to 70%).
Government | studies: NR e Diagnostic yield of WES/WGS were Pooled diagnostic yield
reported together Hospital-based settings: 36% (17 studies)
Reference labs: 33%(17 studies); P<0.05).
Secondary findings
Range: 0% to 89%, with higher yields reported by studies returning pharmacogenomic
results. (When limited to studies only reporting ACMG actionable genes (14 studies),
yield ranged from 0 to 7%.)
Clinical utility
Management changes: 4 to 100% of patients receiving a diagnosis (24 studies)
Acute patients: 67% to 95%
Neurologic patients: 16% to 100%
Narrower definition of clinical utility: 30% to 70% (11 studies)
Ontario Search: 1/2008- | ¢  WES or WGS Diagnostic yield: 9 studies specific to WGS testing
Health 1/2019 e Reporting diagnostic yield as a primary Pooled WGS: 40% (95% Cl, 32% to 49%)
(2020)22 outcome Pooled first-line WGS : 46% (95% Cl, 36% to 57%; 5 studies; 295 people)
Included e Excluded studies conducted to confirm or | Pooled third-line WGS: 32% (95% Cl, 24% to 42%; 4 studies; 353 people)
Government studies: 2016- further explore clinical diagnoses Comparative yield (vs. standard genetic testing including CMA, single gene, multigene
2019 panel testing): RR 2.48 (95% ClI, 1.31 to 4.68); COE: very low
Clinical utility: 4 studies specific to WGS testing
Short-term clinical management or monitoring/long-term management activities: 20.2%
Secondary findings (14 studies including both WES and WGS)
Range:1.2% to 20%
Cost-effectiveness: 1 Canadian study specific to WGS testing
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Author, Year | Dates Covered | Brief Inclusion/Exclusion Criteria Results
Funding
Cost per additional diagnosis:
Singleton WGS vs. CMA: $8,322
Trio WGS vs. CMA: $20,039
Malinowski et | Search: 1/2007- | e  Patients with 1 or more congenital Studies included: 167 studies total, 36 studies with sample sizes 220; results inclusive of
al. (2020)2¢ 3/2019 anomaly or developmental WES or WGS testing
delay/intellectual disability evident at or Clinical utility
University Included before 18 years of age who received Change to patient or family clinical management (95%)
studies: NR WES or WGS Change of patient medication reported in 22 studies

o  Studies presenting only diagnostic yield
of WES/WGS were excluded
o  All study designs including case reports

Alternations to a patient’s existing diet: 9 studies

Changes to planned procedures or surveillance strategies: 19 studies

Referral to specialists: 6 studies.

Withdrawal of care or start of palliative care: 9 studies

Enrollment in or eligibility for clinical trials: 6 studies

Impact on family members, such as cascade testing: 12 studies

Outcomes related to reproductive planning: 20 studies

Health outcomes

Three studies reported mortality and morbidity.

In 1 case series morbidity was avoided in 61% (11/18).

One series of acutely ill infants reported a higher 120-day mortality rate in 57% (12/21)
of patients who received a diagnosis with rapid WGS compared with 14% (2/14) of
patients who did not receive a diagnosis.

Another study reported a mortality rate of 23% (9/40) undergoing rapid WES.

Harms

Five studies described harms associated with WES/WGS. This included identification of
misattributed paternity and a patient who declined therapeutic intervention for economic
reasons.

Abbreviations: ACMG = American College of Medical Genetics and Genomics; CI = confidence interval; CMA = chromosomal microarray; COE = certainty of evidence; OR =
odds ratio; RCT = randomized controlled trial; RR = relative risk; SR = systematic review ; WES = whole exome sequencing; WGS = whole genome sequencing.
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4. Discussion

4.1 Summary of the Evidence

We assessed the COE for the effectiveness, safety, and cost-effectiveness of WGS as very low
across all outcomes. A summary of evidence and the COE ratings is provided in Table 5.

With respect to incremental diagnostic yield, we observed wide variation across cohorts that was
partly explainable by comparator testing strategies evaluated and by study design. We could not
explain this variation based on phenotype. Another source of possible variation is the definitions
used to determine a molecular diagnosis. Although the most common approach used by studies
was to use the identification of a pathogenic and/or likely pathogenic variant based on the
ACMG/AMP classification system, some studies used broader criteria (e.g., VUS or other
unclassified variants in genes related to the phenotype) or narrower criteria (required 2 or more
pathogenic or likely pathogenic variants to be present) criteria. And, some studies either did not
report their criteria or were conducted prior to the establishment of the ACMG/AMP
classification system. As a result of the unexplained residual variation, imprecision in estimates
due to small sample sizes, and the risk of bias among included studies, we graded the evidence as
very low certainty that WGS results in a higher diagnostic yield than alternative testing
strategies, including WES, CMA, multigene panels, and standard of care genetic testing that
includes combinations of those tests.

With respect to other clinical utility outcomes, such as changes in management or treatment, we
graded the evidence as very low certainty and were not able to discern the direction of effect for
WGS in comparison to alternative testing approaches. Many studies reported these outcomes in
narrative case report style. Comparative changes in clinical utility were only available from
studies using separate cohort designs, and even then, the variation in rigor and completeness of
outcome ascertainment and lack of standardized outcome definitions severely limited our ability
to synthesize and interpret this data.

Only 1 study reported findings that we could discern as a health outcome; however, this study
reported findings as ‘positive’ or ‘negative’ treatment effects and offered no further detail. As
such, we graded this evidence as very low certainty to assess the impact of WGS on health
outcomes and were unable to determine a direction of effect relative to alternative testing
strategies.

A minority of studies reported secondary findings, and only 4 limited reporting to medically
actionable findings recommended by the ACMG. We graded this evidence as very low certainty
because of concerns about consistency, inability to evaluate precision, and unclear relevance
more generally about whether secondary findings represent a benefit or a risk for an individual or
their family. Longer term studies that follow people identified with secondary findings to
determine the impact on psychosocial, clinical utility, and health outcomes resulting from
identification of these secondary findings would help to elucidate the actual impact of their
identification.
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Two studies reported findings that we classified as safety outcomes because of the potential
impact such findings could have on psychosocial outcomes such as anxiety or stigma. One such
outcome was frequency of VUS. We identified a higher frequency of VUS for multigene panels
and for singleton WES or WGS compared to trio-based WES or WGS testing. The higher
incidence of VUS from multigene panels can explained by the testing of only genes definitively
known and established as associated with phenotype (i.e., a higher pre-test probability of finding
variants). The higher incidence of VUS from singleton WES or WGS can be explained by the
inability to assess its presence or absence in close relatives without the phenotype of concern. In
the other study reporting a safety outcome, authors rescinded diagnoses in 1.9% of families.
Although the impact of this was not reported by authors, it indicates that WGS is not foolproof.
Rescinding diagnoses could lead to treatment or management for a wrong diagnosis that is not
only ineffective but that might be harmful. It may also lead to delays in the establishing a correct
diagnosis since further diagnostic evaluation is usually halted once a molecular diagnosis is
established. Lastly, it may result in anxiety and psychosocial distress and lack of trust in
providers and the healthcare enterprise more generally. As a result of the limited safety outcomes
reported, we graded the evidence as very low certainty and were unable to determine a direction
of effect compared with alternative testing strategies.

Lastly, we identified only 2 studies reporting cost-effectiveness outcomes based on U.S. costs.
Both were in pediatric populations, but findings were inconsistent for first-line WGS. With
respect to costs per additional diagnosis, first-line WGS was cost-savings compared to standard
of care genetic testing (genetic testing excluding WES) in 1 study and cost $27,439 per
additional diagnosis in the other study. We graded this evidence as very low certainty because of
inconsistency between studies, inability to evaluate precision, and indirectness related to use of
modeling to derive estimates.
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Table 5. Summary of Findings and Certainty of Evidence for Whole Genome Sequencing
Outcome No. Studies
(No. Study Overall COE/
Participants) | Summary of Effect Consistency Precision Directness | Limitations Direction
Effectiveness
Incremental | 32 (8,484) Median 8%, interquartile range 0% to 22%; range -27% | Serious concerns | Serious No Some and Very low /
Diagnostic (2RCTs%048 | to 100% (partially explained | concerns concerns high risk of favors WGS
Yield 30 cohorts) & | Variation based predominantly on study design and by study design bias studies
49 comparator testing strategies used, but also possibly and comparators
from definitions used for molecular diagnosis. evaluated)
Other 14 Variation in rigor and completeness of outcome Very serious Very serious | Serious Some and Very low /
Clinical (1,3911)18.19.25 | ascertainment and lack of standard outcome definitions | concerns concerns concerns high risk of unable to
Utility 2628343538 and measures quantitatively assess clinical utility limit (measures too (not possible bias studies determine
4042434548 the interpretation of these data. Among a subset of heterogenous to to
studies reporting comparable data, the range of synthesize even determine)
patients/families with a change in treatment, qualitatively)
management, or surveillance was 12% to 65%.
Health 1(357)8 Authors note that for the 28 patients with a diagnosis NA (single study) | Very serious | Serious High risk of Very low /
Outcomes leading to a change in therapy, a positive treatment concerns concerns bias unable to
effect was observed in 8 and a negative effect in 6. (not possible | (unclear determine
Therapy was not initiated in 4, and outcomes could not to relevance
be determined in 10. determine) of outcome
definition)
Secondary 1RCT (99)% | No secondary findings reported from the use of first-line | NA (single study) Serious Serious Some risk of | Very low/
Findings WGS testing. concerns concerns bias unable to
(rare events) | (unclear determine
relevance)
8 cohorts Incidence of secondary findings in ACMG defined Serious concerns | Unable to Serious Some and Very low /
(1,201)2231353 | medically actionable genes ranged from 2.0% to 12.5% evaluate concerns high risk of unable to
638424345 in 4 cohorts. In 5 cohorts that returned findings beyond (unclear bias studies determine
the ACMG-defined list; cohorts that reported carrier relevance
status had higher numbers of secondary findings (mean of findings
of 2.0 in one cohort; 41 findings among 22 person in since no
another cohort). outcomes
related to
these
findings are
reported))
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Outcome No. Studies
(No. Study Overall COE/
Participants) | Summary of Effect Consistency Precision Directness | Limitations Direction
Safety
Frequency 1 cohort (1.5 | Lower incidence of VUS for WES or WGS (22.5%) NA (single study) Precise Serious High risk of Very low /
of VUS million tests)®0 | compared to multigene panels (32.6%); P<0.0001. concerns bias; reflects | favors WES
Lower incidence of VUS for trio WES or WGS compared (unclear findings from | and WGS (vs.
to non-trio WES or WGS; P<0.0001). relevance multigene MGP)
No significant difference in incidence of VUS for WES of VUS panels, WES,
(22.6%) vs. WGS (22.2%). findings) and WGS
Rescinding 1 cohort (531; | 1.9% of families initially diagnosed with WGS or WES NA (single study) Serious Serious High risk of Very low /
ofa 85 of which had a diagnosis rescinded. concerns concerns bias unable to
diagnosis had WGS)2 (rare event) | (unclear determine
impact of a
rescinded
diagnosis)
Cost-Effectiveness
Cost per 2 decision Compared to SOC testing, first-line WGS was cost Inconsistent Unable to Indirect Pediatric Very low /
additional analyses saving in 1 study®2 and was $27,349 per additional evaluate population unable to
diagnosis (NA)3L52 diagnosis in the other study.t only; some determine
concerns for
bias

Abbreviations: COE = certainty of evidence; NA = not applicable; RCT = randomized controlled trial; SOC = standard of care; VUS = variants of undetermined significance;
WES = whole exome sequencing; WGS = whole genome sequencing.
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4.2 Limitations of the Evidence Base

Genetic diseases are rare with variable phenotypes making it challenging for researchers to move
beyond analytic and clinical validity to conduct studies that can demonstrate clinical utility and
ultimately health benefits.®” A minority of studies in our evidence base reported outcomes other
than diagnostic yield, and none reported comparative clinical utility (other than diagnostic yield)
or health outcomes. Few studies reported on the impact of secondary findings, and some did not
limit secondary findings to the ACMG?’s list of medically actionable findings, reducing the
ability to weigh the benefits of such findings against the potential harms. No studies reported on
psychosocial or personal utility outcomes, particularly those related to patient and family
experience with the diagnostic odyssey,® though by design we did not include qualitative
research studies, which is where such outcomes are likely to be found.

We were not able to pool diagnostic yield results because of the large degree of clinical (e.g.,
phenotypes) and methodologic heterogeneity (e.g., study design) across the included evidence.
One critical limitation to the interpretation of diagnostic yield from the evidence we assessed was
variation in study designs. The lower bound for incremental diagnostic yield determined by a
diagnostic odyssey path is zero because only patients who are not diagnosed on an earlier test go
on to receive WGS. We observed generally higher incremental diagnostic yield in such study
designs compared with the 2 other study designs used in this evidence base. We expected the
incremental yield from diagnostic odyssey path designs to be similar to those obtained from
studies using single cohort designs because in both types of studies each patient is serving as
their own control (i.e., each test is evaluated against the same genome). One explanation may be
the smaller numbers of patients that received WGS testing in the diagnostic odyssey path study
designs (median 15 patients) compared with the single cohort designs (median 108 patients).
When we consider diagnostic yield from WGS only (i.e., not incremental yield), the yield in
diagnostic yield study designs was similar to the WGS yield in both the single and separate
cohort designs (except for 2 outliers).

Conversely, we observed the lowest incremental diagnostic yields among studies using separate
cohorts designs. The observational cohorts in this category rarely described how testing
strategies (WGS vs. other) were selected and it is possible that patient phenotype or clinical
status influenced test selection (i.e., cases perceived as more challenging diagnostically may
have received WGS), resulting in a biased estimate because of confounding. The 2 RCTs in this
design category may have mitigated this issue through use of randomization, but findings were
inconsistent between the 2 studies.

In 2017, the National Academies of Sciences, Engineering, and Medicine acknowledged the
challenges of making evidence-based decisions about the use of genetic tests because the clinical
value of genetic testing is generally based on lower-quality evidence, and because of the
accelerated development of the technology.®’

4.3 Clinical Practice Guidelines

We searched the ECRI Guidelines Trust, the National Institute for Health and Care Excellence
(NICE), the National Institute for Health Research HTA database, and the websites of several
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medical specialty societies to identify relevant clinical practice guidelines related to WGS
(Table 6). We rated the quality of each guideline using the Appraisal of Guidelines for Research
& Evaluation II (AGREE-II) instrument.”! With this instrument, 6 domains are assessed and an
overall score of 1 (lowest quality) to 7 (best quality) is assigned.

Most guidelines with recommendations for the use of WGS were for pediatric populations,
though these guidelines range from general to specific regarding when and how to use genome
sequencing for diagnosis or treatment. For example, several guidelines were specific to use in
patients with epilepsy. The 2021 ACMG guidelines offered the most detailed recommendations
for its use in pediatric patients with congenital anomalies or intellectual disability.®s We looked
for guidelines from the Association for Molecular Pathology and the American Society of
Human Genetics, but these organizations offered no recommendations specifically for genome

sequencing.
Table 6. Clinical Practice Guidelines on the Use of Genome Sequencing
Title Year | AGREE-ll | Summary of Recommendation(s)
Rating

Medical Genome Initiative (MGI): 2024 | 6 o For pediatric patients who have an unexplained illness

Evidence review and consideration with a suspected genetic etiology, WGS is recommended

for use of first-line genome as a first-line genetic test.

sequencing to diagnose rare genetic e For patients with features indicating a likely genetic cause,

disorders’2 WGS is recommended to be included alongside

(MGl is an academic-industry sequential genetic tests.

consortium) o If panel testing does not include all variants known to be
causative of a disorder, WGS is recommended.

o For patients undergoing treatment for a nongenetic
condition, WGS is recommended if they have a clinical
course or response to therapy that is better explained by a
rare genetic diagnosis.
o The group supports targeted tested as an alternative to

WGS when the clinician determines this testing will likely
identify the disorders and the patient’s features suggest a
single recognizable genetic disorder.

National Society of Genetic 2023 | 6 The recommendations are relevant to genetic testing and

Counselors (NSGC): Genetic testing
and counseling for the unexplained
epilepsies: an evidence-based
practice guideline

counseling for individuals with unexplained epilepsies.

o NSGC strongly recommends that individuals with
unexplained epilepsy be offered genetic testing without
limitation of age.

o First-tier testing includes WGS, WES and/or a multigene
panel followed by CMA.

o NSGC additionally recommends in the setting of
appropriate pre-test and post-test genetic counseling for
genetic tests to be selected, ordered, and interpreted by a
qualified health care provider.
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Geneticists: The clinical application
of genome-wide sequencing for
monogenic diseases in Canadad?

Title Year | AGREE-ll | Summary of Recommendation(s)
Rating
National Institute of Health and Care | 2022 | 5 o WGS should be considered for people with epilepsy of
Excellence (NICE): Epilepsies in unknown cause who are younger than 2 years when
children, young people, and adults’® epilepsy started or have clinical features suggestive of a
specific genetic epilepsy syndrome or have additional
clinical features that meet the eligibility criteria set by the
NHS National Genomic Test Directory.
o If clinically agreed by a specialist multidisciplinary team,
NICE recommends the consideration of WGS for people
with epilepsy of unknown cause who were between ages
2 and 3 years when epilepsy started.
EuroGentest: Recommendations for | 2022 | 5 o WGS is recommended when it is a relevant improvement
WGS in diagnostics for rare on quality, efficiency, and/or diagnostic yield.
diseases’® o Diagnostic WGS should only be performed in accredited
(EuroGentest is an initiative initially laboratories for rare disease and cancer.
funded by European governments e Acceptable validation tests for NGS are needed prior to
but also involves industry.) the use of NGS in a clinical practice.
¢ Inaresearch setting, the confirmation, interpretation, and
communication of results to the patient should be done
after retesting by a diagnostic laboratory.
American College of Medical 2021 7 Recommends the use of exome sequencing and genome
Genetics and Genomics (ACMG): sequencing as first-tier or second-tier tests for patients who
Exome and genome sequencing for meet the following criteria: 1 or more congenital anomalies
pediatric patients with congenital prior to age 1 year or for patients with developmental delay
anomalies or intellectual disability and intellectual disability with onset prior to age 18 years.
evidence-based guidelinet!
Canadian College of Medical 2015 | 6 e For the diagnostic assessment, the use of clinical

genome-wide sequencing is appropriate for a patient with
a suspected monogenic disease associated with genetic
heterogeneity or who has had previous genetic tests that
have failed to provide a diagnosis. Prior to undertaking
clinical genome-wide sequencing, genetic counseling
should be provided and informed consent obtained from
the patient.

e The group does not recommend the use of intentional
clinical analysis of disease-associated genes (i.e.,
secondary findings) other than those linked to the primary
indication until the benefits of reporting incidental findings
are established.

Abbreviations: AGREE = Appraisal of Guidelines for Research & Evaluation II instrument; ACMG = American College of
Medical Genetics and Genomics; NGS = next-generation sequencing; NHS = National Health Survey; NICE = National Institute
of Health and Care Excellence; NSGC = National Society of Genetic Counselors; WES = whole exome sequencing; WGS =

whole genome sequencing.
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4.4 Selected Payer Coverage Policies

We conducted a scan of payor coverage policies for WGS and a summary is in Table 7 with
additional details in Table 8. Medicare Part B covers selected genetics tests, including those
based on NGS, for diagnostic use or to determine treatment when certain conditions are met.%?
We did not identify any Medicare National Coverage Determination specifically for WGS. The
Office of Inspector General for the Department of Health and Human Services identified
Genome Sequence Analysis (CPT Code 81425) as the second highest genetic test with respect to
Medicare Part B reimbursement rates in 2019, with a reimbursement rate of $5,031, only
exceeded by exome sequence analysis, which had a reimbursement rate of $12,000.%

Aetna, Humana, Kaiser Permanente, Premera Blue Cross, and Regence Blue Shield consider
WGS experimental, investigational, unproven, or not medically necessary. Cigna®! and
UnitedHealthcare®? cover WGS if specific conditions are met. WGS was not included in
TRICARE’s Genetic Testing Coverage description.®

Table 7. Overview of Payer Coverage Policies for Whole Genome Sequencing
Kaiser Premera Regence United-
Medicare  |Aetna  |Cigna Humana |Permanente |Blue Cross |Blue Shield |[TRICARE |Healthcare
— x v'a x x x x —b v'a
Notes: v’ = covered; ¥ = not covered; — = no policy identified.

2 Covered with conditions (see Table 8).

> We did not identify a TRICARE coverage policy. The TRICARE web page indicates that TRICARE may cover genetic testing
when medically necessary. TRICARE covers genetic counseling provided by an authorized provider when it precedes the genetic
testing. Examples of tests covered: chromosome analysis for repeated miscarriages or infertility, testing for Turner syndrome,
chromosome analysis due to genitalia ambiguity, small size for gestational age, multiple anomalies, or failure to thrive.52
Examples of tests not covered: genetic screening tests, paternity tests, and routine gender testing.

Table 8. Details of Payor Coverage Policies for Whole Genome Sequencing
Payer Coverage policy
(Date of Policy)
Aetnad4 WGS is considered to be experimental and investigational.
(01/30/2024)
Cignag! WES or WGS is considered medically necessary when criteria listed below are met and when a
(01/15/2024) recommendation for testing is confirmed by ONE of the following:

¢ Anindependent Board-Certified or Board-Eligible Medical Geneticist

e An American Board of Medical Genetics and Genomics or American Board of Genetic
Counseling-certified Genetic Counselor not employed by a commercial genetic testing
laboratory

e Agenetic nurse credentialed as either a Genetic Clinical Nurse (GCN) or an Advanced
Practice Nurse in Genetics (APNG) by either the Genetic Nursing Credentialing Commission
(GNCC) or the American Nurses Credentialing Center (ANCC) who is not employed by a
commercial genetic testing laboratory

e Genetic counselors and nurses are not excluded if they are employed by or contracted with a
laboratory that is part of an Integrated Health System which routinely delivers health care
services beyond just the laboratory test itself who has evaluated the individual, completed a
three generation pedigree, and intends to engage in post-test follow-up counseling

WES or WGS is considered medically necessary when ALL of the following criteria are met:
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Payer
(Date of Policy)

Coverage policy

¢ Individual has been evaluated by a board-certified medical geneticist or other board-certified
specialist physician specialist with specific expertise in the conditions and relevant genes for
which testing is being considered
e Testing results will directly impact clinical decision-making and/or clinical outcome for the
individual being tested
¢ No other causative circumstances (e.g., environmental exposures, injury, prematurity,
infection) can explain symptoms
¢ Clinical presentation does not fit a well-described syndrome for which single-gene or targeted
panel testing (e.g., comparative genomic hybridization [CGH]/chromosomal microarray
analysis [CMAY), is available
o The differential diagnosis list and/or phenotype warrant testing of multiple genes and ONE of
the following:
Whole exome or whole genome sequencing is more practical than the separate single-
gene tests or panels that would be recommended based on the differential diagnosis.
Whole exome or whole genome sequencing results may preclude the need for multiple
and/or invasive procedures, follow-up, or screening that would be recommended in the
absence of testing.

Whole exome or whole genome sequencing is considered medically necessary for ANY of the
following clinical scenarios when ALL of the general criteria listed above are also met:

e Phenotype suspicious for a genetic diagnosis

Epilepsy

Hearing loss

Global developmental delay

Intellectual disability

Fetal testing (when additional criteria met)

Humanas® WGS and rapid WGS are considered experimental/investigational as they are not identified as
(01/01/2024) widely used and generally accepted for the proposed uses as reported in nationally recognized
peer-reviewed medical literature published in the English language.

Kaisert® WGS is classified as a new and emerging medical technology, which is considered to have
(04/24/2023) unproven benefit because the current scientific evidence is not yet sufficient to establish the

impact of these technologies on health outcomes.

Premera Blue Crossé?

WGS is considered not medically necessary in the outpatient setting for all indications.

(02/20/2023)

Regence Blue Shield®® | WGS is considered investigational for all indications, including but not limited to diagnostic testing
(01/01/2024) for inherited disease and testing for cancer treatment selection.

TRICARESS TRICARE may cover genetic testing when medically necessary. TRICARE covers genetic
(03/20/2022) counseling provided by an authorized provider when it precedes the genetic testing. Examples of

tests covered: Chromosome analysis for repeated miscarriages or infertility, Testing for Turner
Syndrome, Chromosome analysis due to genitalia ambiguity, small size for gestational age,
multiple anomalies, or failure to thrive. Examples of tests not covered: Genetic screening tests,
Paternity tests, Routine gender testing.

United Health2
(01/01/2024)

WGS is medically necessary for the diagnosing or evaluating a genetic disorder when the results

are expected to directly influence medical management and clinical outcomes and all of the

following criteria are met:

o Neither CMA nor WES have been performed; and

o Clinical presentation is nonspecific and does not fit a well-defined syndrome for which a
specific or targeted gene test is available.

o If a specific genetic syndrome is suspected, a single gene or targeted gene panel should be
performed prior to determining if WGS is necessary; and

e WGS is ordered by a medical geneticist, neonatologist, neurologist, or developmental
pediatrician; and one of the following:
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Payer Coverage policy
(Date of Policy)

Clinical history strongly suggests a genetic cause and one or more of the following
features are present:
= Multiple congenital anomalies (must affect different organ systems)
= Moderate, severe, or profound Intellectual Disability diagnosed by 18 years of
age
= Global Developmental Delay
= Epileptic encephalopathy with onset before three years of age; or
Clinical history strongly suggests a genetic cause and two or more of the following
features are present:
= Congenital anomaly
Significant hearing or visual impairment diagnosed by 18 years of age
Laboratory abnormalities suggestive of an Inborn errors of metabolism
Autism spectrum disorder
Neuropsychiatric condition (e.g., bipolar disorder, schizophrenia, obsessive-
compulsive disorder)
= Hypotonia or hypertonia in infancy
= Dystonia, ataxia, hemiplegia, neuromuscular disorder, movement disorder, or
other neurologic abnormality
=  Unexplained developmental regression, unrelated to autism or epilepsy
= Growth abnormality (e.g., failure to thrive, short stature, microcephaly,
macrocephaly, or overgrowth)
Persistent and severe immunologic or hematologic disorder
Dysmorphic features
Consanguinity
Other first- or second-degree family member(s) with similar clinical features
e Comparator (e.g., parents or siblings) WGS for evaluating a genetic disorder when the above
criteria have been met and WGS is performed concurrently or has been previously performed
on the member

WGS is not medically necessary for any other clinical situation due to the availability of clinically
equivalent diagnostic tests.

Abbreviations: CMA = chromosome microarray analysis; WES = whole exome sequencing; WGS = whole genome sequencing.

4.5 Limitations of This HTA

This HTA was limited to peer-reviewed articles published in English since 2013. We required
comparative data for diagnostic yield; thus, single group studies without available comparator
testing strategy data that only reported diagnostic yield from WGS were not included. Data from
countries not considered very highly developed were also not considered. Lastly, this HTA
focused on the use of WGS in outpatient settings. Use among critically ill patients in inpatient or
intensive care settings was not reviewed.

4.6 Ongoing and Future Research

The search of the ClinicalTrials.gov trial registry for keywords related to WGS retrieved 367
trials. We identified 23 clinical trials registered in ClinicalTrials.gov that are relevant to this
HTA. Table 9 summarizes these trials by study status. The trials classified as relevant represent
studies that most closely aligned with the inclusion criteria of this HTA and, therefore, did not
include trials conducted in NICUs or other inpatient settings or trials of gene discovery alone.
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Table 9. Clinical Trials of Whole Genome Sequencing by Status
Not Yet Active Not Completed Not

Recruiting Recruiting Yet Published Unknown Total
11 2 6 4 23

Future research on the clinical use of WGS faces several challenges. First, the technology used
and the approaches for conducting WGS, as well as the knowledge base of phenotype-disease-
gene association, is continually evolving. By the time long-term comparative studies assessing
health benefits and harms are completed, the technology and approaches used will have evolved.
However, evidence from shorter-term studies that are rigorously designed could assess clinical
utility, psychosocial outcomes of testing, and harms related to WGS versus alternative tests.
Cross-over RCTs may be the preferred study design for evaluating incremental diagnostic yield
from WGS because it allows each patient to serve as their own control to eliminate the genomic
heterogeneity between groups inherent in a parallel-group RCT design that might result by
chance and that would be challenging to mitigate. Further, a randomized design ensures that test
selection is not influenced by phenotype, clinician preference, or other factors.

5. Conclusion

WGS may increase the yield of molecular diagnoses in people with suspected genetic conditions;
however, our certainty is very low. The evidence related to changes in clinical management and
health outcomes resulting from a diagnosis made with WGS is very limited. The incidence of
medically actionable secondary findings from WGS ranged from 0% to 12.5% of persons tested.
Few studies reported outcomes related to safety and data was limited for cost-effectiveness based
on U.S. costs estimates.
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Appendix A. Additional Background Information

Additional WGS Technology Description

Sequencing. DNA from the person being tested is extracted and broken up into small pieces in
preparation for sequencing on a next-generation sequencing (NGS) platform. An NGS platform
refers to the sequencing machine itself and the bioinformatics algorithms developed by the
manufacturer to convert the large amount of raw data generated by the sequencer into strings of
nucleotide bases (e.g., TACCCGGAT) referred to as sequence reads. In addition to the sequence
reads that are generated, the bioinformatics algorithms provide quality metrics for each base call
that describe the likelihood that the sequencing machine’s result is correct. Once sequencing is
complete, the whole genome sequencing (WGS) analysis phase begins. WGS requires multiple
layers of bioinformatics analysis, often referred to as the analysis pipeline, which is further
described below.22% Despite its name, WGS does not capture the complete genome as there are
repetitive regions of the genome that are difficult to sequence with short-read technologies.
Long-read WGS technologies are available but are primarily limited to research applications.”!

Sequence read mapping. Once the DNA has been sequenced, bioinformatics software aligns the
sequence reads (i.e., DNA fragments from the person being tested) to a human reference
genome. The Genome Reference Consortium produces the reference sequences, which are used
by multiple countries. The clinical genetics laboratory chooses which reference genome version
to use; the version used should be included in the laboratory report that is provided back to the
ordering clinician (e.g., GRCh37).

Variant calling. Bioinformatic algorithms identify differences between the patient’s sequenced
genome and the reference genome. The process is complex and may use multiple bioinformatic
algorithms to identify different types of variants. The accuracy of identifying variants differs by
variant type and characteristics and the details of the sequencing method. WGS identifies single
nucleotide variants with high accuracy (> 99.5% sensitivity and specificity). Small
insertions/deletions (indels), copy number variants (large duplications or deletions), and
nucleotide repeats are also identified but with variable sensitivity.®® The result of this step is a
variant call file, which details all of the variants present in the person’s sequenced genome.

Variant annotation and filtering. Variant annotation interprets the variant within the larger
genomic and clinical context. Information is extracted from bioinformatic databases to identify
the gene in which the variant occurs and its function, the location of the variant within the gene,
the effect of the variant on the gene transcript, allele frequencies, and the Human Genome
Variation Society nomenclature of the variant.”2 It would be impossible to manually review all
the variants identified in a variant call file from a given genome, so bioinformatics algorithms
filter and prioritize variants that are more likely to be pathogenic and require a further, manually
driven review. Algorithms may filter on population frequency (rarer variants), differences from
parent or sibling genomes identified through trio or duo testing, location in a gene known to
cause the patient’s phenotype or to have a function or be expressed in the affected tissue, or the
characteristics of the variant.

Variant interpretation. The final step of the analysis is to develop a full interpretation of the
identified potentially causal variants (i.e., variants that were annotated in the previous step). This
step is manually driven by scientists and clinicians, although it uses multiple bioinformatic tools,
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databases, and information external to the NGS platform. This may include information from the
literature, research and genetic databases, statistics and modeling, and additional information
about the patient’s phenotype. Based on this information, the team of scientists conducting the
interpretation of variants classifies each variant as pathogenic, likely pathogenic, variants of
unknown significance (VUS), likely benign, or benign.”

Reporting. Only variants that may be relevant to the patient’s phenotype/clinical condition or
medically actionable secondary findings are included in the clinical report that is returned to the
ordering clinician and patient. Reportable variants may be confirmed by orthogonal genetic
assays (e.g., Sanger sequencing). A clinical laboratory report for WGS usually includes primary
findings of pathogenic and likely pathogenic variants identified in genes associated with the
clinical phenotype of the patient and their interpretation. VUS findings may also be reported if
they meet laboratory reporting criteria. Secondary findings, defined as medically actionable
findings in genes not associated with the patient’s indication for testing, may also be reported.>>
An example of this would be finding a pathogenic variant in a known gene (e.g., BRCA 1) that is
associated with an increased risk for future breast cancer. Laboratories conducting WGS for
research studies may also report secondary findings related to whether the patient is a carrier for
any autosomal recessive disorders recommended for reporting by the American College of
Medical Genetics and Genomics (ACMG) and drug metabolism variants that affect the use of
certain drugs. Some laboratories require persons being tested to opt in /opt out for receiving
secondary findings as part of what is included in their findings report.
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Appendix B. State of Washington Health Care Authority
Utilization Data

Information in this appendix was provided by the State of Washington Health Care Authority

Population

Administrative claims and encounter data for whole genome sequencing (WGS) from the
following Washington State health programs were assessed: the Public Employees Benefit Board
(PEBB) and School Employees Benefit Board (SEBB) Uniform Medical Plan (UMP), Medicaid
managed care (MC) and fee-for-service (FFS), and the Department of Labor and Industries
(L&I) Workers” Compensation Plan.

The assessment includes final paid and adjudicated claims and encounters for all ages. Denied
claims or rejected encounters are excluded. Individuals that were dually eligible for both
Medicare and Medicaid are excluded from the Medicaid program analysis. The PEBB/SEBB
UMP experience includes claims for non-Medicare services.

WGS Procedures
The assessment includes only procedures and services specific to WGS with a date of service
between January 1, 2020, and December 31, 2023.

Claims and encounters for any age with qualifying procedures or services according to current
procedural terminology (CPT) codes during the period were extracted for analysis. Qualifying
CPT codes included 81425, 81426, 81427, 0094U, 0212U, and 0213U.

Copyright Notice
CPT codes, descriptions and other data only are copyright 2020 American Medical Association.
All Rights Reserved. Applicable FARS/HHSARS apply.

Disclaimer

Fee schedules, relative value units, conversion factors and/or related components aren’t
assigned by the AMA, aren’t part of CPT, and the AMA isn’t recommending their use. The AMA
doesn’t directly or indirectly practice medicine or dispense medical services. The AMA assumes
no liability for data contained or not contained herein.
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Table B-1.  Utilization of WGS and related procedures and services, by state health program
(2020-2023)

Medicaid Total (unique)
Individuals with at NR NR NR NR NR

least one WGS -

related

procedure/service

Individuals with at NR NR 25 71 NR
least one WGS-
related
procedure/service
Female, count NR NR 11 31 NR
Male, count NR NR 14 40 NR
Number of NR NR 43 136 NR
encounters with
WGS
Average NR NR 1.7 1.9 NR
encounters with
WGS/individual
Amount paid, WGS NR NR $16,797 $87,821 NR
Average payments NR NR S672 $1,237 NR
per individual
Amount paid, WGS NR NR $37,474 $96,410 NR
and related
procedures
Public Employees Benefit Board/School Employees Benefit Board Uniform Medical Plan (PEBB/SEBB
UMP)
Individuals with at NR NR NR NR NR
least one WGS
related
procedure/service
Female, count NR NR NR NR NR
Male, count NR NR NR NR NR
Number of NR NR NR NR NR
encounters with
WGS
Average NR NR NR NR NR
encounters with
WGS/individual
Amount paid, WGS NR NR NR NR NR
Average payments NR NR NR NR NR
per individual
Amount paid, WGS NR NR NR NR NR
and related
procedures
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Medicaid 2020 2021 2022 Total (unique)
Washington State Department of Labor and Industries (L&I)
Individuals withat ~ NR NR NR NR NR
least one WGS-
related
procedure/service
Female, count NR NR NR NR NR
Male, count NR NR NR NR NR
Number of NR NR NR NR NR
encounters with
WGS
Average NR NR NR NR NR
encounters with
WGS/individual
Amount paid, WGS NR NR NR NR NR
Average payments NR NR NR NR NR
per individual
Amount paid, WGS NR NR NR NR NR
and related
procedures
Individuals withat ~ NR 14 29 73 NR
least one WGS-
related
procedure/service
Female, count NR NR 13 31 NR
Male, count NR NR 16 42 NR
Number of NR NR 52 139 NR
encounters with
WGS
Amount paid, WGS NR $34,496 $16,797 $92,399 NR
Amount paid, WGS NR $45,697 $38,816 $102,049 NR
and related
procedures

Data notes: WGS = whole genome sequencing; NR = not reported; small numbers suppressed to protect patient privacy.
Claimant sex was not always reported. Annual members for Medicaid excludes members that are dually eligible for Medicaid
and Medicare. Amount paid reflects all claims submitted with the procedure code for the same date of service, and includes
any professional, facility, and ancillary claims (such as venipuncture). Managed care amount paid reflects an estimate of the
amount paid for the procedure. UMP data does not reflect patient cost share. Individuals who had a procedure in more than
one year are only counted once in the “Total” summary. Amounts paid of SO were excluded from amount paid table value
calculations.
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Table B-2.

Codes and cost by HCPCS/CPT code (maximum allowable), by state health program

and setting

CPT/HCPCS Non-
facility Facility

81425

81426

81427

0094U

0212U

0213U

Genome (e.g., unexplained constitutional or

heritable disorder or syndrome;) sequence $4,884.29 $4,884.29

analysis.

Genome (e.g., unexplained constitutional or
heritable disorder or syndrome); sequence
analysis, each comparator genome (e.g.,
parents, siblings.)

Genome (e.g., unexplained constitutional or
heritable disorder or syndrome); re-

evaluation of the previously obtained $2,269.39 $2,269.39

genome sequence (e.g., updated knowledge

or unrelated condition/syndrome.)

Genome (e.g., unexplained constitutional or

heritable disorder or syndrome), rapid NC NC
sequence analysis

Rare diseases (constitutional/heritable

disorders), whole genome and mitochondrial

DNA sequence analysis, including small

sequence changes, deletions, duplications, NC NC
short tandem repeat gene expansions, and

variants in non-uniquely mappable regions,

blood or saliva, identification and

categorization of genetic variants, patient

Rare diseases (constitutional/heritable

disorders), whole genome and mitochondrial

DNA sequence analysis, including small

sequence changes, deletions, duplications,

short tandem repeat gene expansions, and NC NC
variants in non-uniquely mappable regions,

blood or saliva, identification and

categorization of genetic variants, each

comparator genome (e.g., parent, sibling)

$2,630.82 $2,630.82

Non-

facility

NC

NC

NC

NC

NC

Facility

NC

NC

NC

NC

NC

NC

Data notes: NC = not covered. Medicaid FFS from October 1, 2023 Physician-Related Services Fee Schedule (accessed March 8,
2024; webpage). L&l from 2023 provider fee schedule (accessed March 8, 2024). PEBB/UMP fees are confidential and not
publicly available (proprietary).

Copyright Statement
CPT only copyright 2020 American Medical Association. All rights reserved.
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Appendix C. Search Strategy

Databases: PubMed, Cochrane Database of Systematic Reviews

PubMed
Search date: October 4, 2024

#1 ("Whole Genome Sequencing"[Mesh:NoExp] OR "whole genome"[All Fields] OR "whole-
genome"[All Fields] OR "genome sequencing"[All Fields] OR "clinical genome sequencing"[All
Fields]) 79,069

#2 (“Cost-Benefit Analysis”’[Mesh] OR “Genetic Diseases, Inborn”[Mesh] OR "Insurance,
Health, Reimbursement"[Mesh] OR "Outcome Assessment, Health Care"[Mesh] OR "Patient
Care Management"[Mesh] OR “Precision Medicine”[Mesh] OR "Prospective Payment
System"[Mesh] OR “Reproducibility of Results”’[Mesh] OR “Sensitivity and Specificity”’[Mesh]
OR “diagnostic utility”[tiab] OR “Mendelian diagnostics”[tiab]) 3,848,304

#3 (#1 AND #2) 5,687
#4 (#1 AND #2) Filters: English 5,554

#5 (#1 AND #2) AND ("2010/01/01"[Date - Publication] : "3000"[Date - Publication]) Filters:
English 4,865

#6 (#5 NOT ("Bacteria/genetics"[Mesh] OR “DNA, Plant”[Mesh] OR “DNA, Bacterial”’[Mesh]
OR "Fungi"[Mesh] OR "Genetic Predisposition to Disease"[Mesh] OR “Genome,
Bacterial’[Mesh] OR "HIV"[Mesh] OR "Infections"[Mesh] OR "Neoplasms"[Mesh] OR
Pregnancy[Mesh] OR "Viruses"[Mesh] OR "Virology"[Mesh] OR “bacterial DNA”’[tw] OR
“bacterial typing”’[tw] OR “bacterial genetics”[tw] OR cancer*[tw] OR carcinoma*[tw] OR
“CRISPR-Cas’[tw] OR fungal[tw] OR “gene editing”[tw] OR HIV[tw] OR infection*[tw] OR
infectious[tw] OR neoplasm*[tw] OR “plant DNA”’[tw] OR pregnancy[tw] OR pregnant[tw] OR
sarcoma*[tw] OR viral[tw] OR virus*[tw] OR tumor*[tw] OR tumour*[tw] OR "prenatal
test*"[tw] OR "fetal test*"[tw] OR "prenatal diagnosis"[tw] OR "Noninvasive Prenatal
Testing"[Mesh] OR "Prenatal Diagnosis"[Mesh] OR bacteria[tw] OR bacterial[tw] OR
tuberculosis[tw] OR tuberculin[tw] OR "Bacteria"[Mesh] OR "Bacterial Infections"[Mesh] OR
"Tuberculosis"[Mesh] OR "oncogene*"[tw] OR "proto-oncogene*"[tw] OR
"Oncogenes"[Mesh])) 2,070

#7 ("Systematic Review"[Publication Type] OR “systematic review”’[ti] OR “meta-analysis”[pt]
OR “meta-analysis™[ti] OR “systematic literature review”[ti] OR “this systematic review’[tw]
OR (“systematic review”’[tiab] AND review[pt]) OR "meta synthesis"[ti] OR “cochrane database
syst rev”’[ta] OR "Umbrella Review"[tiab] OR "meta-analysis"[tiab] OR "meta-analyses"[tiab]
OR "meta-synthesis"[tiab] OR "meta-syntheses"[tiab]) 451,666
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#8 (#6 AND #7) 29

#9 (#6 NOT (("Animals"[Mesh] NOT "Humans"[Mesh]) OR "Comment"[Publication Type] OR
"Editorial"[Publication Type] OR "Case Reports"[Publication Type] OR Review[Publication
Type])) 1,330

#10 (“Whole Genome Sequencing”[All Fields] OR “whole-genome™[tiab] OR “whole
genome”[tiab] OR "WGS"[tiab] OR "rWGS"[tiab] OR "genome sequencing"[All Fields] OR
"clinical genome sequencing"[All Fields]) 80,158

#11 (“clinical benefit”[tiab] OR “clinical utility”’[tiab] OR ClinSeq[tiab] OR “Cost-Benefit”’[tiab]
OR “cost effectiveness”[tiab] OR costs[ti] OR “diagnostic”[tiab] OR “disease
management”[tiab] OR (health*[tiab] AND outcome*[tiab]) OR “inborn genetic diseases”[tiab]
OR hospitalization*[tiab] OR (insurance*[tiab] AND reimburse*[tiab]) OR “medical
management”[tiab] OR “Mendelian diagnostics”[tiab] OR “monogenic disease risk’[tiab] OR
MDR[tiab] OR "Patient Care Management"[tw] OR “Precision Medicine”’[tw] OR "Prospective
Payment System"[tw] OR reimburse*[ti] OR “Reproducibility of Results”’[tw] OR “Sensitivity
and Specificity”’[tw] OR "disease diagnosis"[tiab] OR "diagnosis rate"[tiab]) 2,523,757

#12 (#10 AND #11) 8,857

#13 ("Bacteria/genetics"[Mesh] OR “DNA, Plant”’[Mesh] OR “DNA, Bacterial’[Mesh] OR
"Fungi"[Mesh] OR “Genome, Bacterial’[Mesh] OR "HIV"[Mesh] OR
"Infections"[Mesh:NoExp] OR "Neoplasms"[Mesh] OR "Viruses"[Mesh] OR "Virology"[Mesh]
OR “bacterial DNA’[tw] OR “bacterial typing”[tw] OR “bacterial genetics”[tw] OR cancer*[tw]
OR carcinoma*[tw] OR “CRISPR-Cas”[tw] OR fungal[tw] OR “gene editing”’[tw] OR HIV[tw]
OR neoplasm*[tw] OR “plant DNA”’[tw] OR pregnancy[tiab] OR pregnant[tiab] OR
sarcoma*[tw] OR viral[tw] OR virus*[tw] OR tumor*[tw] OR tumour*[tw] OR "prenatal
test*"[tw] OR "fetal test*"[tw] OR "prenatal diagnosis"[tw] OR "Noninvasive Prenatal
Testing"[Mesh] OR "Prenatal Diagnosis"[Mesh:NoExp] OR bacteria[tw] OR bacterial[tw] OR
tuberculosis[tw] OR tuberculin[tw] OR "Bacteria"[Mesh] OR "Bacterial
Infections"[Mesh:NoExp] OR "Tuberculosis"[Mesh] OR "oncogene*"[tw] OR "proto-
oncogene*"[tw] OR "Oncogenes"[Mesh]) 9,779,397

#14 (#12 NOT #13) 3,595

#15 (#14 AND ("2010/01/01"[Date - Publication] : "3000"[Date - Publication])) Filters: English
3,238

#16 (#15 AND (#7 OR "systematic review"[tiab])) 81
#17 (#16 NOT (#8 OR #9)) 63
#18 (#15 NOT (#8 OR #9 OR #17)) 2,483
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#19 (#8 OR #9 OR #17 OR #18) NOT (("Animals"[Mesh] NOT "Humans"[Mesh]) OR
"Comment"[Publication Type] OR "Editorial"[Publication Type] OR "Case Reports"[Publication
Type]) 3,449

Cochrane Library
Search date: October 9, 2024

#1 [mh "Whole Genome Sequencing"] OR "whole genome" OR "whole-genome" OR "genome
sequencing" OR "clinical genome sequencing" with Cochrane Library publication date from Jan
2010 to Dec 2023, in Cochrane Reviews 15

#2 "Whole Genome Sequencing" OR ("whole-genome" OR "whole genome" OR "WGS" OR
"rWGS"):ti,ab OR "genome sequencing" OR "clinical genome sequencing" with Cochrane
Library publication date from Jan 2010 to Dec 2023, in Cochrane Reviews 11

#3 #1 OR #2 with Cochrane Library publication date from Jan 2010 to Dec 2023, in Cochrane
Reviews 15
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Clinicaltrials.gov
Search date: September 1, 2023, to March 11, 2024
e Study Status: completed OR ongoing

e "genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR "prenatal
testing") in Condition field = 4 records (GS_condition UPDATE 4 records)

e "whole genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR
"prenatal testing") in Condition field = 2 records (WGS_condition UPDATE 2
records)

e "genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR "prenatal
testing") in Other Terms field = 25 records (GS_other UPDATE 25 records)

e "whole genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR
"prenatal testing") in Other Terms field = 22 records (WGS_other UPDATE 22
records)

Search date: September 19, 2023 (start date not restricted)

e Study Status: ongoing (not yet recruiting; recruiting; no longer looking for
participants; active not recruiting; enrolling by invitation; unknown), completed

e "genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR "prenatal
testing") in Condition field = 54 records (GS_condition_54 records)

e "whole genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR
"prenatal testing") in Condition field = 44 records (WGS_condition 44 records)

e "genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR "prenatal
testing") in Other Terms field = 244 records (GS_other 244 records)

e "whole genome sequencing" NOT (cancer OR pregnancy OR "fetal testing" OR
"prenatal testing") in Other Terms field = 201 records (WGS_other 201 records)
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Table D-1.  Study Characteristics
Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) [Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
Abul-Husn et al. |Assess the understanding |U.S. Single group, |Years study |WGS (n=642) Type of Lab: Clinical
(2023)33 of genomic test results historical conducted:  |Percentage trios: 30%

Bonini et al. using a novel digital National Human  |comparison |NR Reference Genome: hg37 (January
(2023)36 platform and to evaluate |Genome Research Comparator: 1 of 3 targeted gene panels  {2019-March 2020) and hg38 (March
the diagnostic yield of Institute and NIH Yearstest  |conducted on an whole exome platform 2020-project end)

NYCKidSeq WGS and targeted gene conducted: |selected based on patient’s phenotype,
panels in diverse patient 2019-2020  |neurodevelopmental panel (447 genes),  |Coverage: 30x+/-3x mean
populations. This analysis immunodeficiency panel (250 genes), or
focuses only on the latter cardiovascular panel (240 genes). (n=642, |ACMG criteria used: Yes
aim. The former aim was same patients as the WGS group)
assessed via an RCT
design.
Alfares etal.  |Retrospective comparison |Saudi Arabia Single group, |Years study |WGS (n=108) Type of lab: Clinical
(2018)41 of patients with suspected historical conducted: |Percentage trios: NR
genetic conditions who ~ |NR comparison {2013-2017 Reference genome: GRCh37
had both clinical WES and Comparator: WES (n=108)
clinical WGS. Years test Coverage: Average coverage depth
conducted: ~30x
NR
ACMG criteria used: Yes
Alvarez-Mora et |Report the impact and Spain Diagnostic  [NR WGS (n=12) Type of lab: Unclear
al. (2022)2 advantages of WES and odyssey Percentage trios: unclear
WGS in the diagnosis of |Various funding Reference genome: NR
neurodevelopmental from government Comparator: WES (trio, duo, or singleton
disorders. of Spain ministries depending on family history) (n=87) Coverage: NR
of health
ACMG criteria used: Yes
Bhatia et al. Use next-generation Singapore Observational |Years study |WGS (n=24) Type of lab: Unclear
(2021)2 sequencing technology to with conducted:  |Percentage trios: 92%
Bylstraetal.  |improve diagnostic yield |Singapore Ministry [independent |2014-2019 Reference genome: GRCh37/hg19
(2019)¢4 in patients with suspected |of Health comparison Comparator: WES (n=172)
Jamuaretal.  |genetic disorders in the groups Years test Coverage: NR
(2016) Asian setting. conducted: |Criteria or method of group selection (WGS
NR vs. WES) was not reported. Virtual gene  |ACMG criteria used: Yes
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
SUREKids panels specific to each family based on
within patient’s phenotype was developed to help
BRIDGES prioritze variants analysis, but data across
all genes analyzed if no suitable variant
was identified by the gene list.
Bick et al. Pilot program to use WGS |U.S. Single group, |Years study |WGS reanalysis (n=22) Type of lab: Clinical
(2017)% as part of routine clinical historical conducted:  |Percentage trios: 0% (100% singleton)
practice at a single NR comparison {2010-2013 Reference genome: reference genome
institution to diagnose Comparator: Initial WGS analysis build 36 or 37 depending on when WGS
suspected Mendelian Years test was performed
genetic disorders where conducted:
standard testing failed to 2010-2013 Coverage: NR; threshold of less than 8x
yield a diagnosis and was used to delineate low coverage but
where a diagnosis would not a strict cutoff
enhance medical
decision-making. ACMG criteria used: No
Bogdanova- Describe the 5-year Ireland Observational |Years study |WGS (n=5) Type of lab: Clinical
Mihaylova et al. |experience at the National with conducted:  |Percentage trios: NR
(202022 Ataxia Clinic and how the |Ataxia Ireland independent {2014-2019 Reference genome: NR
access to commercially comparison Comparator: WES (n=20)
available advanced groups Years test Coverage: NR
genetic technologies has conducted:
impacted the rate of NR ACMG criteria used: No
confirmed genetic
diagnoses in patients with
early and late-onset
progressive ataxia.
Bowling etal.  |Demonstrate the benefits |U.S. Observational |Years study |WGS plus WGS reanalysis (n=244) Type of lab: Research
(2017)31 of genomic sequencing to with conducted:
Hiatt et al. identify disease- U.S. NHGR; independent |NR Percentage trios: trios, duo, and singleton |Reference genome: NR
(2018)2 associated variationin ~ [National Cancer  {comparison testing reported for both WES and WGS
patients with Institute; groups Years test  |but not reported separately Coverage: WGS was conducted to a
CSER developmental disabilities {HudsonAlpha conducted: mean depth of 35x with >80% of bases
consortium who are otherwise lacking 2013-2016  |Comparator: WES plus WES reanalysis covered at 20x.

a precise clinical
diagnosis.

(and CMA if not already done clinically)
(n=127)
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
ACMG criteria used: The study began
prior to the formal classification system
proposed by ACMG, although the
evidence and interpretation criteria are
conceptually similar
Brockman et al. |Evaluate the diagnostic  |U.S. RCT Years study |WGS plus SOC genetic testing. Referring  [Type of lab: Clinical
(2021)48 yield and clinical conducted: |clinical providers, study staff members with
relevance of clinical Department of 2018-2019  |patient interaction, and patients were Reference genome: GRCh37 using
genome sequencing as a |Medicine at blinded to randomization status until WGS |BWA
first genetic test for Massachusetts Years test  |report availability. (n=99)
patients with suspected  |General Hospital; conducted:  |Percentage trios: 8% Coverage: All samples achieved a
monogenic disorders. llumina supplied a 2018-2019 minimum coverage of 20 reads per
portion of the Comparator: SOC genetic testing, including |base for >95% of the genome, with a
sequencing methods such as karyotyping, minimum mean coverage of 30 reads
reagents to enable chromosomal microarray analysis, single- |per base.
this study gene analysis, and multigene panels.
(n=99) ACMG criteria used: Yes
Chan et al. Describe the phenotypic  [United Kingdom  |Observational |Years study |WGS (n=9) Type of lab: Unclear
(2021)32 and genotypic spectrum with conducted:  |Percentage trios: NR; affected siblings and
of a cohort of consecutive |Wellcome Trust; (independent |2017-2019  |parents and/or other family members were |Reference genome: GRCh37 or
patients presenting with  [National Institute |comparison sequenced when available. GRCH38
suspected ocular and for Health groups Years test
oculocutaneous albinism  [Research, NHS conducted:  |Comparator: Targeted gene panel Coverage: Minimum coverage of 15x
as these diagnoses may NR consisting of 30 albinism and nystagmus  |for >97% of the callable autosomal
be confounded with each genes called Oculome (n=31) genome
other and with other
diagnoses. Patients seen between November 2017 to |ACMG criteria used: Yes
September 2018 were recruited to the
100,000 Genomes Project so received
WGS. Patients recruited subsequently
received the targeted gene panel.
Cirino et al. Compare targeted u.s. Single group, |Years study |WGS (n=41) Type of lab: Clinical
(201743 hypertrophic historical conducted: |Percentage trios: NR
Christensen et |cardiomyopathy genetic  |National Human  |comparison |2014-2016  |Note: Authors state that noncoding regions |Reference genome: Human reference
al. (2018)¢2 testing, performed by Genome Research outside clincial regions of interest were not |sequence (GRCh37) using the BWA

multigene panel or familial

Institute

0.6.1-r104.

Whole Genome Sequencing: Draft Report

Page D-4




WA - Health Technology Assessment April 4, 2024
Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
Machinietal. |variant test, to WGS in Yearstest |interpreted unless a previously known
(2019)e8 patients to (1) examine conducted:  |pathogenic variant was identified. Coverage: 30x mean coverage, with
the difference in 2013-2015 295% of bases sequenced to at least
MedSeq Project |diagnostic yield, (2) Comparator: Targeted gene panel for 8x coverage
quantify the occurrence of hypertrophic cardiomyopathy genetic
secondary findings from testing (n=41, same patients as WGS ACMG criteria used: ACMG and an
WGS, and (3) explore the group); multigene panel that included additional broader, study-specific
clinical actions that between 4 to 62 genes depending on year |approach was used
resulted from additional of testing (2004-2016) and clinician
findings from WGS. selection.
Cohen et al. This study aimed to u.s. Single group, |Years study |WGS (n=662) Type of lab: Clinical
(2022)z provide comprehensive historical conducted: |Percentage trios: 58%
diagnostic and candidate |NR; authors were |comparison |NR Reference genome: GRCh38
analyses in a pediatric ~ |employoees or Comparator: WES (n=499); clinical WES
Genomic rare disease cohort. shareholders of Yearstest  |(n=536). Coverage: NR
Answers for Pacific conducted:
Kids (GA4K) Biosciences, 2022 Note: There was overlap among all these |ACMG criteria used: Yes
PhenoTips, and groups.
Bionano
Genomics
D'Gamaetal. |Demonstrate the Australia, Canada, |Single group, |Years study |First-line, rapid WGS (n=40) Type of lab: Clinical
(2023)3 feasibility of rapid genome |U.K., U.S. historical conducted:  |Percentage trios: 93%
sequencing and comparison |{2021-2022 Reference genome: Varied by site:
investigate the diagnostic |[American Comparator: Site-specific SOC previous or |Victorian Clinical Genetics Services:
Gene- yield and clinical utility for |Academy of Yearstest  |concurrent genetic testing (n=36, same GRCh38/hg38
shortening Time |infants with new-onset  |Pediatrics, Boston conducted:  |patients as the WGS group); SOC testing  |SickKids: GRCh37/hg19
of Evaluation in |epilepsy. Children’s 2021-2022 |included CMA, gene panels, fragile X, GOS ICH: GRCh38/hg38
Paediatric Hospital, and/or karyotype. GeneDx: GRCh37/hg19
epilepsy Canadian
Services (Gene- Institutes of Health Coverage: Varied by site:
STEPS) Research Victorian Clinical Genetics Services:

30x

SickKids: 35x

GOS ICH: 35x
GeneDx: 40x
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Reference Genome for WGS

Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
ACMG criteria used: Yes
Dias et al. The diagnostic rate, cost, |Australia Diagnostic  [NR WGS (n=32) Type of lab: Research
(2024)4 sensitivity and cost- odyssey
effectiveness of WES vs. [National Human Percentage trios: 0% (all singleton) Reference genome: hg38/GRCh38
WGS was assessed in  |Genome Research using BWA aligner
this prospective, tightly  |Institute, Comparator: Trio WES (n=74, those with
ascertained, moderate to |Australian negative results went on to have WGS) Coverage: NR
severe ID cohort. Genomics; New
South Wales ACMG criteria used: Yes
Statewide
Genomic Service;
Broad Center for
Mendelian
Genomics
Elliott et al. Describe results and Canada Observational |Years study |WGS with periodic reanalysis (n=85) Type of lab: Clinical
(2022)22 experiences in a with conducted:  |Percentage trios: 100%
Elliott et al. longitudinal study of Genome British  |independent |2015-2018 Reference genome: BWA-0.7.6
(2018)22 children with suspected  |Columbia; British |comparison Comparator: trio WES with periodic
genetic disease who Columbia groups Yearstest  |reanalysis (n=415) Coverage: NR
CAUSES undergo genomic testing. |Provincial Health conducted:
Services Authority; NR ACMG criteria used: Yes
British Columbia
Women’s Hospital
Ewans et al. Investigate differences  |Australia Single group, |Years study |WGS (n=59) Type of lab: Unclear
(2022)2 between diagnostic and historical conducted:  |Percentage trios: Trio, multiple family
cost outcomes of WGS comparison {2013-2017  |members, singleton used but specific Reference genome: hs37d5
and WES in a cohort with |Genome details NR
suspected Mendelian sequencing Years test Coverage: NR
disorders. funded by NSW conducted:  |Comparator: Reanalysis of previous WES
Office of Health WES conducted 2 years prior (n=59, same ACMG criteria used: Yes
and Medical performed  |patients as WGS group)
Research; authors 2013-2017,;
supported by WGS 2016-
various 2017
government grants
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
Gilissen etal.  [ldentify etiology of severe |Netherlands Diagnostic  |NR WGS (n=50) Type of lab: Research
(2014)32 intellectual disability using odyssey Percentage trios: 100%
genome sequencing. Netherlands Reference genome: GRCh37
Organization for Comparator: Trio WES (n=100, only a
Scientific subset of those with negative WES results |Coverage: Average genome-wide
Research; received WGS) coverage 80 fold, but Supplement Table
European 1 indicates average 0.92 reference
Research Council Comparator: CMA (n=1,489, only a subset |genome fraction of bases with coverage
of those with negative CMA received WES) |> or = 40x
ACMG criteria used: No
Gretheretal. |Assess additional Switzerland Diagnostic  |Years study |Trio WGS (n=20) Type of lab: Unclear
(2022)32 diagnostic yield achieved odyssey conducted:  |Percentage trios: 100%
Papuc et al. by doing trio WGS in Schweizerischer 2021 Reference genome: GRCh37/hg19
(2019)100 patients who were not Nationalfonds zur Comparator: Trio WES and CMA (n=64,
diagnosed after having  [Forderung der Yearstest  |only a subset those with negative WES and |Coverage: Average read depth 62.6
trio WES and CMA. Wissen- conducted:  |CMA results received WGS)
schaftlichen 2021 ACMG criteria used: Yes
Forschung;
Universitat Zrich
Harding etal.  |Describe detailed clinical |England Observational |Years study |WGS (trio, duo, singleton not provided) Type of lab: Research
(2022)12 phenotyping of 50 with conducted: |(n=21)
patients with MAC to Wellcome Trust; |independent [2017-2020 Reference genome: GRCh37/GRCh38
investigate trends National Institute  |comparison Percentage trios: NR using an Isaac aligner
(including molecular for Health groups Years test
diagnostic yield) in a Research conducted:  |Comparator; CMA, single gene tests, WES-|Coverage: Minimum coverage of 15x
heterogeneous cohort.  [Biomedical NR based ocular panels; criteria for selection of |for >97% callable autosomal genome
Research Centre comparator genetic tests for each patient
at NHS was NR but presumably selection was ACMG criteria used: Other Association
Foundation; UCL tailored to individual needs (n=24) for Clinical Genomic Science
Institute of classification guidelines was mentioned
Ophthalmology; Authors did not report how they determined |for evaluation of at least 1 novel variant;
Moorfields Eye who received WGS vs. who received other |NR for other variants
Charity genetic testing.
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
Hayeems et al. |Compare diagnostic yield |Canada Single group, |Years study |WGS (n=93, only conducted on persons  |Type of lab: Research
(2017)42 of WGS with conventional historical conducted:  |not diagnosed with the comparator test
Stavropoulos et |molecular testing and University of comparison |2013-2014  |strategy] Reference genome: GRCh37
al. (2016)101 systematic reanalysis to  [Toronto Centre for Percentage trios: 0%
Costainetal.  |determine cumulative Genetic Medicing; Years test Coverage: An average of ~52x
(2018)102 diagnostic yield of WGS. |The Centre for conducted:  |Comparator; CMA (n=101, same patients |coverage
Applied Genomics' NR as the WGS group)
The Hospital for GlaxoSmithKline ACMG criteria used: Yes
Sick Children
Genome Clinic
Project
Helman etal. |Pursue genome Multiple countries |Diagnostic  |Years study |WGS (n=41) Type of lab: Research
(2020)2 sequencing on odyssey conducted:  |Percentage of Trios: NR
persistently unsolved Canadian 2009-2013 Reference genome: GRCh37 using the
families to assess the Institutes of Health Comparator: WES (n=71, only those not  |[BWA software package
Myelin potential value of genome |Research; Years test  |diagnosed by WES received WGS)
Disorders sequencing diagnostics in |lllumina; conducted: Coverage: The mean read depth in
Bioregistry a pediatric neurological  |Children’s NR patients was 34x and on average, 91%
Project (MDBP) |disease cohort. Research Institute of the genome had coverage depth
at the Children’s greater than 20x.
Hospital of
Philadelphia; ACMG criteria used: Yes
Australian National
Health and
Medical Research
Council; Victorian
Government’s
Operational
Infrastructure
Support Program
Kang et al. Determine the yield from [Australia Observational |Years study |WGS testing (n=3); did not include testing |Type of lab: Clinical
(2018)0 genetic testing strategies with conducted:  |for CNV or structural variants because such
and the genetic and None specifically |independent |2002-2017  |testing was not clinically approved at the  |Reference genome: NR
phenotypic spectrum of  |indicated; authors |comparison time
hereditary cerebellar supported by groups Percentage trios: NR Coverage: NR
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
ataxias in Australia using |government Yearstest  |Comparator: NGS panels with or without ~ |ACMG criteria used: Yes
real-world data. fellowships conducted: |comprehensive repeat expansion testing
NR (SCA8, SCA31, SCA36, DRPLA) (n=32)
Did not describe criteria for determining
who received WGS versus who received
the comparator testing.
Lindstrand et al. |Compare the outcome of |Sweden Observational |Years study |WGS (n=229; 100 individuals received as a |Type of lab: Clinical
(2022)2 3 different testing with conducted:  {first-line test,129 individuals received as
strategies in individuals  {The Swedish independent [{2020-2021  |secondary/tertiary test after negative CMA  |Reference genome: GRCh37/hg19
with intellectual disability. |Research Council, [comparison and FMR1 testing)
The Stockholm  [groups Years test Coverage: NR
Regional Council, conducted:  |Percentage trios: 0% (all WGS was
Karolinska 2020 and singleton, but authors report follow-up ACMG criteria used: Yes
Institute, Swedish 2021 parental analyses were performed in 22%
Brain Foundation, to 29% of patients; however, it is unclear
Swedish Rare whether these analyses were WGS or
Diseases some other type of testing).
Research
Foundation, the Comparator: CMA with or without FMR1
Hallsten Research testing (n=421)
Founcation,
Sallskapet
Barnavard
Lionel et al. Prospective comparison [Canada Single group, |Years study |WGS (n=103) Type of lab: Research
(2018)42 of WGS and NGS gene historical conducted:  |A prospective comparison of the diagnostic
panels and other routine  |Centre for Genetic [comparison [2013-2015  |yield of WGS with those of conventional ~ |Reference genome: hg19 reference
testing in 103 new Medicine; The genetic testing. sequence using Isaac Genome
patients with suspected  |Centre for Applied Yearstest  |Percentage trios: 0% Alignment Software
genetic disorders with Genomics conducted: (SAAC00776.15.01.27) (lllumina)
diverse phenotypes, The Hospital for NR Comparator: Conventional genetic testing
drawn from a range of Sick Children; including targeted gene panel based on Coverage: On average across the
pediatric nongenetics Genome Canada; phenotype in all participants and CMAin  |cohort, the mean and median depth
subspecialty clinics. University of 43% of participants (n=103, same patients |coverage of WGS was 37x
Toronto; as WGS group)

McLaughlin Centre

ACMG criteria used: Yes
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
Lowther etal. |Systematically evaluate |U.S. Single group, |Years study |WGS (n=1,612) Type of lab: Unclear
(2023)44 the performance of WGS historical conducted:
against the current National Institutes |comparison  [NR Percentage trios: 100%; was actually Reference genome: hg38/GRCh38
standard-of-care of Health; Simons quartet (both parents and unaffected sibling [using BWA-mem 0.7.15
diagnostic tests (CMA,  |Foundation Autism Yearstest  |were all tested)
WES) for the assessment |Research conducted: Coverage: mean genome coverage of
of autism spectrum Initiative, NR Comparator: CMA and WES (n=1,612, >30x
disorder. Canadian same patients as the WGS group)
Institutes of Health ACMG criteria used: Yes
Research;
National Science
Foundation;
National Research
Foundation of
Korea
McLean etal. |Review referral Australia Observational |Years study |WGS (n=9; 4 of 9 had WGS as the 1st Type of lab: Unclear
(2023)18 indications and outcomes with conducted:  |evaluation test, 5 of 9 had WGS as a 2nd
of adults with suspected  |Some authors independent (2017-2020  |or 3rd evaluation test) Reference genome: NR
neurogenetic disorders  |reported receipt of |comparison Percentage trios: NR
who were seen in an industry support  |groups Years test Coverage: NR
integrated conducted:  |Comparator; Genetic testing that varied by
multidisciplinary clinic. 2017-2020  |patient and included single gene testing,  |ACMG criteria used: Cannot determine

single variant testing, CMA, various panels,
PCR-based tests for repeat disorders,
WGS with restricted analysis. (n= 67)

After clinical evaluation, some patients
were recommended to have genetic
testing. The specific genetic test ordered
was based on patient factors. Some testing
would qualify to be publicly funded and for
others, other options of funding testing
(research, self-pay) were discussed but not
clear if any of those patients proceeded
with testing or not. Based on results of
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
initial genetic testing, some patients might
go on to have a 2nd or 3rd genetic test.
Ostrander et al. |Apply whole genome u.s. Diagnostic  |Years study |WGS (n=3); patients who were not Type of lab: Unclear
(2018)22 analysis consisting of odyssey conducted: |diagnosed by the targeted gene panel
WGS and comprehensive |Utah Genome 2015-2016  |described below had analysis expanded to |Reference genome: GRCh37
variant discovery Project; Chan the whole genome.
approaches to a cohort of |Soon-Shiong Yearstest  |Percentage trios: 100% Coverage: Average of 65x (range 51x
individuals with early Family conducted: to 93x) median coverage per individual
infantile epileptic Foundation; NIH NR Comparator: targeted gene panel on a
encephalopathy for whom WGS platform; analysis limited to 223 early |ACMG criteria used: Yes
prior genetic testing had infantile epileptic encephalopathy candidate
not yielded a diagnosis. genes (n=14)
Palmeretal.  |Assess benefits and Australia Diagnostic  |Years study |WGS (n=30, cohort A and B combined) Type of lab: Unclear
(2021)5 limitations of WGS odyssey conducted:  |Percentage trios: 0%
Palmer compared to WES or National Health 2017-2018 Reference genome: NR
(2018)103 multigene panel for the  |and Medical Comparator Cohort A; SOC testing followed
molecular diagnosis of  [Research Council; Years test  |by trio WES if negative, then WGS if Coverage: >30x average coverage.
developmental and The Sydney conducted:  |negative(Cohort A, n=15); SOC testing Sampes were joint called; at this depth,
epileptic Partnership for NR including NGS-based multigene panel >95% of coding exons were sequenced
encephalopathies. Health, Education, followed by WGS if negative (Cohort B, to >20x depth
Research and n=15); only those undiagnosed after earlier
Enterprise; Kids to testing received WGS ACMG criteria used: Yes
Adult (K2A)
Clinical Academic
Group; NSW
Health Office of
Health and
Medical Research
Rehm et al. Investigated the rate of ~ |U.S. and Canada |Other Years study |Aggregate genetic testing results from Type of lab: Clinical
(2023)30 VUS reported on conducted:  |multiple clinical laboratories were analyzed
diagnostic testing via National Human 2020-2021  |to understands which test types, MGPs vs. |Reference genome: NR
multigene panels and Research Institute ES/GS leads to more VUS. MGP results
exome and genome Years test  |were grouped by the total number of genes |Coverage: NR
sequencing to measure conducted: |analyzed. ES/GS tests were categorized by
the magnitude of 2020-2021  |exome vs. genome and by inclusion of

uncertain results and

family samples; both parents and the
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
explore ways to reduce patient vs. less than trio; for some ACMG criteria used: Probably, given
their potentially laboratories, test results were further that these were clinical laboratories in
detrimental impact. categorized by disease area across 12 the U.S., but not explicitly reported
broad indications; the average number of
genes for each disease testing area was
computed by using the midpoint in the
panel range or 201 for >200 genes as a
single gene number for each test
Percentage trios: NR
Comparator: NA
Schluter etal. |Determine the clinical Spain Diagnostic  |Years study |WGS (n=16) Type of lab: Unclear
(2022)38 utility of singleton WES odyssey conducted:  |Percentage trios: 0%
and WGS interpreted with [Multiple funding 2017-2019 Reference genome: hg19
a phenotype- and sources; most Comparator: trio WES (n=126); reanalysis
interactome-driven appear to be Years test  |of trio WES 1 to 2 years later (n=126); only |Coverage: NR
prioritization algorithm to  |government conducted:  |those who remained undiagnosed after
diagnosed genetic white  |related NR initial WES received WGS. ACMG criteria used: Yes
matter disorders while
identifying novel
phenotypes and
candidate genes.
Soden et al. Report the diagnostic u.s. Diagnostic  [NR WGS (n=6, participants only received WGS |Type of lab: Clinical
(2014)34 yield and impact on time odyssey after negative WES)
to diagnosis, and Multiple Percentage trios: Goal was to evaluate Reference genome: Human reference
subsequent clinical care  |foundations, trios, and mean number of tests per family |National Center for Biotechnology
of a WGS and WES Children’s Mercy— was reported as 2.55 Information 37 using Genomic Short-
sequencing program for  |Kansas City; read Nucleotide Alignment Program

children with NDD,
featuring an accelerated
sequencing modality for
patients with high-acuity
iliness.

National Institutes
of Health

Comparator: WES (n=103)

Coverage: WES: >80-fold
Nonexpedited WGS: NR

Rapid WGS: average depth of at least
30-fold

Note: discussion includes text
supporting using <40-fold WGS depth
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Type of Lab
Reference Genome for WGS

Country Analysis Years WGS Testing (n) Coverage for WGS

Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
ACMG criteria used: Yes

Splinter etal.  |Determine the rate of u.s. Diagnostic  |Years study |WGS (n=165) Type of lab: Research

(2018)z8 diagnosis and effect on odyssey conducted:  |Percentage trios: NR

subsequent medical care |National Institutes 2015-2017 Reference genome: Genome
among patients with of Health Comparator: WES (n=195; unclear how Reference Consortium human genome

Undiagnosed  |undiagnosed disease. Yearstest  |many of these participants also received  |build 37, human genome 1

Diseases conducted:  |WGS)

Network (UDN) 2018 Coverage: Sufficient sequencing was
performed on the lllumina HiSegX
system using 10 bp paired-end reads to
achieve a mean coverage of 40x over
the entire genome
ACMG criteria used: Yes

van der Sanden |Tested the hypothesis Netherlands Single group, |Years study |WGS (n=150) Type of lab: Unclear

etal. (2023)2  |whether WGS provides a historical conducted:  |Percentage trios: 100%

higher diagnostic yield for |Netherlands comparison {2018-2019 Reference genome: Human reference
patients with NDD when  |Organization for Comparator: WES and additional SOC genome (GRCh37/hg19) using BWA
compared to current Health Research Yearstest  |genetic testing, which could include CMA, |(v.0.78)
WES-based SOC. and Development, conducted: |single gene-based testing, mitochondrial
Netherlands 2018-2019  |DNA testing, Sanger sequencing of Coverage: Median coverage was 63
Organization for individual genes, or repeat expansion
Scientific analysis, or others at the discretion of ACMG criteria used: Other European
Research; lllumina clinicians guidelines
provided support
for the reagents
Vanderver et al. [Compare WGS to SOC  |U.S. RCT Years study |Immediate WGS with SOC (n=9) Type of lab: Clinical
(2020)%0 testing with respect to conducted:  |Percentage trios: 100%
both overall diagnostic  |lllumina; 2015-2017 Reference genome: Sequencing data
yield and time to Pennsylvania Comparator: SOC testing followed by were aligned to build 37.1 of the Human

LeukoSEQ diagnosis. Department of Years test  |delayed WGS after 4 months if remained  [Reference Genome

Clinical Trial Health; Hunter’s conducted:  |undiagnosed from SOC testing (n=23);

Hope Foundation; NR SOC defined as routine clinical testing Coverage: All samples were sequenced

The Children’s

employed for disorders of expected genetic
origin, including radiologic, enzymatic,

to a minimum average coverage of
=30-fold, with >99% of the genome
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Type of Lab
Reference Genome for WGS
Country Analysis Years WGS Testing (n) Coverage for WGS
Author (Year) |[Study aim Funding Design Conducted |Comparator Testing (n) Use of ACMG Criteria
Hospital of biochemical analyte, chromosomal, covered at 210-fold coverage and
Philadelphia targeted, or gene panel testing,including  |=97% of the genome callable

mitochondrial genome testing

ACMG criteria used: Yes

Abbreviations: ACMG = American College of Medical Genetics; BWA = Burrows-Wheeler Aligner; CMA = chromosomal microarray; CNV = Copy Number Variant; CSER=
Clinical Sequencing Exploratory Research; ES = exome sequencing; GA4K = Genomic Answers for Kids; Gene-STEPS = Gene-shortening Time of Evaluation in Pediatric
Epilepsy Services; GS = genome sequencing; GOS ICH = Great Ormond Street Institute of Child Health; ID = intellectual disability; K2A = Kids to Adult; MAC=
Microphthalmia, Anophthalmia and Coloboma; MDBP = Myelin Disorders Bioregistry; MGP = multigene panel; NA = not applicable; NDD = neurodevelopmental disorders;
NGS = next-generation sequencing; NHS = National Health Survey; NIH = National Institutes of Health; NHGRI = National Human Genome Research Institute; NR = not
reported; NSW = New South Wales; PCR = polymerase chain reaction; RCT = randomized controlled trial; SickKids = The Hospital for Sick Children; SOC = standard of care;
U.K. = United Kingdom; U.S. = United Stated; VUS = variant of unknown significance; WES = whole exome sequencing; WGS = whole genome sequencing.
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Table D-2. Population Characteristics
Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Abul-Husn et al. |Patients Individuals age 21 years or older|Enrolled 650 patients;  |Median: 9 years Male: 398 (61.7)|N (%) Some, but not all, individuals had
(2023)53 receiving medical |with suspected genetic etiology |645 underwent genetic  |[Range: 2 months to |Female; 247 |AI/AN: 1 (0.2) previous genetic testing personalized
Bonini et al. care in for a neurologic (epilepsy), testing (5 withdrew 21 years (38.3) Asian: 35 (5.4) [for their care and may have included
(2023)38 metropolitan immunologic (primary before testing) Black: 105 (16.3) |CMA and/or WES, Fragile X,
NYC at either immunodeficiency), and/or 643 had WGS Hispanic: 328 karyotype, or other panel testing; 31
NYCKidSeq Mount Sinai cardiac disorder 642 had both WGS and (50.9) (16%) had prior WES and 104 (54.2%)
Health System or |(cardiomyopathy, arrythmia).  |targeted gene panels Middle Eastern or|had prior targeted gene panels. Those
Montefiore Individuals who had previous North African/  |with noninformative prior testing were
Medical Center |genetic testing were eligible if  |N analyzed = 642 Mediterranean: 5 |allowed to participate.
previous testing was (0.8)
uninformative. Racial/ethnic White: 126 (19.5)
minorities (non-White) and/or More than 1
from medically underserved selected: 27 (4.2)
areas were prioritized. Other: 4 (0.6)
Prefer not to
Excluded individuals with known answer: 8 (1.2)
molecular diagnosis or if there Unknown/“none
was an apparent genetic of these fully
diagnosis for phenotype, or who describe my
had a previous bone marrow child”: 6 (0.9)
transplant.
Alfares et al. Genetics clinic at |All cases that underwent both {108 patients with Pediatric patients:  [Males: 61 (56) [NR but All patients had previous negative
(2018)41 King Abdulaziz  |WES and WGS between 2013 |complete clinical 98 (91) Females: 47  |presumably CMA and negative or inconclusive
Medical City in  |and 2017 were enrolled information and raw data [Adult patients: 10 |(44) Saudi based on  |WES prior to having WGS.
Riyadh, Saudi |irrespective of their phenotype. 9) study location
Arabia Patients had negative CMA and |N analyzed = 118
negative or inconclusive WES
results.
Excluded patients with only
WGS or WES, patients with
limited or no clinical information,
and patients with limited or no
raw data available for
reanalysis.
Alvarez-Mora et |Biochemistry and |Families with 1 or several 87 families selected for |NR Male: 21 (68) |NR Before enrollment, all patients

al. (2022)2

Molecular

members affected by

WES; 12 patients with

Female: 10 (32)

underwent extensive diagnostic
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Genetics neurodevelopmental disorders  |no pathogenic variant on Diagnosed workup, including clinical evaluation
department, who had previously undergone |WES received WGS patients only and genomic profiling (Fragile X
Hospital Clinic  |extensive diagnostic workup, (n=31) syndrome and analysis for CNVs).
including clinical evaluation and |N analyzed = 87
genomic profiling and who were
referred for testing.
Bhatia et al. Genetics Patients suspected of genetic {275 patients recruited, [N (%) Male: 108 (55.1)|Chinese: 134 Underwent previous genetic testing,
(2021)28 services at 2 disorders based on abnormal {196 patients analyzed |18 (9.1) Female: 88 (68.4) not otherwise described without an
Bylstra et al. academic antenatal ultrasound, multiple  [(including 3 fetuses, 1 |72 (36.7) (44.9) Indian: 22 (11.2) |established molecular diagnosis.
(2019)¢4 medical centers |congenital anomalies, and parental duo with no 86 (43.9) Malay: 13 (6.6)
Jamuar et al. developmental delay that are  |DNA on patient), 24 20(10.2) In WGS group: {Indonesian: 8
(2016) considered diagnostic patients had WGS and Male: 13 (54) |(4.1)
“unknowns” because previous {172 had WES In WGS group: Female: 11 (46) |Filipino: 6 (3.1)
SUREKids genetic testing did not establish <1yr:1(4) Other: 13 (6.6)
within a diagnosis or whose symptoms |N analyzed = 196 1-5yr: 11 (46)
BRIDGES were heterogenous and did not 5-18yr: 8 (33)
program appear to fit a well-known >18yr: 4 (17)
(Bringing Mendelian disorder.
Research
Innovations in Patients with known genetic
Diagnosis of disorders, either after clinical
Genetic assessment or investigations
Diseases in such as previous genetic
Singapore) testing.
Bick et al. Genetics Clinic at|Physicians from any specialty at |57 cases referred for Mean: 9 years 11 [Male: 8 (36.4) [NR All patients had standard clinical care,
(201745 Children’s Children’s Hospital of Wisconsin |review, 25 cases months Female: 14 including genetic testing tailored to
Hospital of could refer potential cases who |{recommended for WGS |Range 3 months to {(63.6) their phenotype prior to enrollment;
Wisconsin were evaluated by a case but only 22 cases from |35 years 2 months those who remained undiagnosed

review team that would make
one of following decisions:
(1) Recommend WGS

(2) Recommend additional
testing and/or additional
information prior to
resubmission

(3) Reserve for future
consideration

(4) WGS not recommended

21 families had WGS

N analyzed = 22

were then referred to this study and a
subset was selected and had WGS.
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Author (Year)

Setting

Population;
Exclusion criteria

Number of patients

Age

Sex, N (%)

Race/Ethnicity
N (%)

Previous or concurrent testing

Any age eligible. Cases were
selected without consideration
of their research potential.

Bogdanova-

National Ataxia

All patients age 16 years or

254 enrolled; 20

Older than 16 years

Male: 131 (51)

Irish: 243 (95)

Clinical assessment, imaging with.

Mihaylova et al. |Clinic at a older presenting with received WES and 5 Female: 123 |The remaining  |nerve conduction studies,
(20202 university progressive ataxia. received WGS (49) were Asian, electromyography, echocardiography,
hospital in European, or optical coherence tomography, and
Dublin, Ireland, a |Patients without acquired N analyzed = 20 Australian muscle and/or nerve biopsy were
multidisciplinary |nongenetic form of ataxia such performed as clinically indicated.Initial
clinicrunby 2  |as multiple system atrophy genetic testing for repeat expansion
consultant (MSA) were excluded. disorders and X-linked tremor ataxia
neurologists, syndrome. If negative, patients
ataxia research received NGS-based targeted gene
fellow, ataxia panel. Itis unclear whether only
nurse specialist, patients with negative gene panels
and a cardiologist and WES received WGS. If
mitochondrial disease was suspected
and initial sequencing for the common
mitochondrial DNA and POLG point
mutations was negative, whole
mitochondrial genome sequencing
using blood DNA and muscle biopsy
for mitochondrial analysis was
performed.
Bowling etal. |Participants had |Affected individuals displayed  |339 families (371 Mean age: 11 years |Male: 214 (57.7)INR Standard of care genetic testing
(2017)31 to have a clinical |symptoms described by 333 affected individuals) N (%) Female: 157 including:
Hiatt et al. relationship with |unique HPO terms, with over  |enrolled, 127 affected |2 to 5 years: 96 (42.3) CMA: 222 (59.8)
(2018) the recruiting 90% of individuals displaying  |individuals received (25.8) Single gene/gene panel: 142 (38.3)
pediatric intellectual disability, 69% with |WES, 244 affected 6 to 12 years: 165 Karyotype: 108 (29.1)
CSER neurologistor  |speech delay, 45% with individuals received (44.5) Fragile X: 101 (27.2)
consortium medical seizures, and 20% with WGS 13 to 18 years: 61 Mitochondrial DNA screen: 28 (7.55)
geneticist microcephaly or macrocephaly. (16.5)
Patients were required to be at |N analyzed = 371 19 t0 40 years: 47
least 2 years old, weigh at least (12.7)

9 kg (19.8 Ib) and be affected
with developmental and/or
intellectual delays. Individuals
who presented with mild to

>40 years: 2 (0.54)
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
severe ID were considered for
study enrollment if their
condition could not be
accounted for by known causes
(such as inborn errors of
metabolism, lysosomal storage
or mitochondrial disorders,
Fragile X-associated mental
retardation, Rett syndrome or
other neurodegenerative
conditions, Prader-Willi
syndrome, or severe and
documented birth asphyxia).
Patients were excluded if they
did not meet inclusion criteria
above.
Brockman et al. |Patients were Patients, both adult and 204 patients enrolled Mean age: 40.1 Female: 110  |White: 170 (84) |None
(2021)48 recruited at the  |pediatric, were eligible for this  |100 randomized to SOC |years (54) Asian: 6 (3)
time of their study if they were pursuinga  |only Range 2 months to |Male: 94 (46)  (Black or African
clinical genetics  |diagnostic genetic test atthe 102 randomized to SOC |81 years American: 5 (2)
evaluation at 1 of |time of enrollment. plus WGS Race
6 participating 99 SOC only analyzed Unknown/not
clinics: Patients who previously pursued |99 SOC plus WGS and reported: 21 (10)
cardiovascular  |genetic testing for the same analyzed NOT
genetics, medical |indication or were non-English Hispanic/Latino:
genetics and speaking were excluded. N analyzed = 198 172 (84)
metabolism, Hispanic/Latino:
ataxia genetics 7(3)
unit-neurology, Ethnicity
gastrointestinal Unknown/not
cancer, reported: 25 (12)
endocrine tumor
genetics and
pulmonary
genetics clinic
Chan et al. Ocular genetics  |Consecutive nystagmus patients |44 families initially had |36 children (age16 |Male: 23 (52.3) |White British: 11 |Data collected as part of the study
(2021)3 service at a seen between November 2017  |testing (12 WGS and 32 |years or younger) (27.5) included best corrected visual acuity,
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
specialty eye and October 2019 with panel); 4 families with median age of |Female: 21 South Asian: 8 |slit lamp biomicroscopy, and
hospital suspected albinism presenting  |identified as having 31 months (range 2 |(47.7) (20.0) fundoscopy. Unclear if these were
to ocular genetics clinicatan  |results consistent with  |to 186) Mixed White and |completed prior to enrollment or part
Eye Hospital. Patients had to  [non-albinism so were Black African: 5 |of enrollment.
have one of the following: excluded from 8 adults with (12.5)
(1) Positive family history of subsequent analyses of |median age of 33 White other; 5
albinism with or without albinism cases, leaving |years (range 17 to (12.5%)
molecular confirmation of the |44 patients from 40 39) African: 4 (10.0)
affected family member(s) unrelated families used Black African: 4
(2) Nystagmus with in analysis (10.0)
hypopigmentation of the fundus, Middle Eastern: 2
hair and/or skin N analyzed = 40 (5.0)
(3) Nystagmus and foveal Mixed White and
hypoplasia and/or intracranial South Asian: 1
chiasmal misrouting. (2.5)
No initial exclusion criteria
provided, but after testing was
performed, 4 families were
excluded from subsequent
analysis of albinism cases but
their clinical and genetic details
were included.
Cirino et al. Cardiologists at |Adult patients with presumptive [100 patients with Mean (SD): 58 Female: 22 (54) |White: 39 (95)  |All participants had a diagnosis of
(2017)% Brigham and inherited HCM or dilated inherited years (12) Male: 19 (46) HCM or DCM but method of diagnosis
Christensen et |Women’s cardiomyopathy (DCM) who cardiomyopathy in was not detailed.
al. (2018)¢z Hospital underwent genetic testing MedSeq study; 50 were
Machini etal.  |identified (either multigene panel or randomized to receive Those participants who did not
(2019)e8 qualifying familial variant test) before or  |family history evaluation, previously have a targeted gene panel
patients concurrent with enrollment and  |targeted HCM genetic had one ordered concurrently to WGS.

MedSeq Project

received WGS as part of the
study.

Excluded any patient with a
score of more than 14 or more
than 16 on the anxiety and
depression subscales,

testing, and WGS as
part of a clinical trial; 41
had a diagnosis of HCM
and received both
targeted HCM testing
and WGS in this
analysis.

The specific panel ordered was
determined by the clinician.

Whole Genome Sequencing: Draft Report

Page D-19




WA - Health Technology Assessment April 4, 2024
Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
respectively, of the Hospital N analyzed = 41
Anxiety and Depression Scale.
Cohen et al. 22 different units |People (largely children) with 1,083 affected patients |Range 1 to 55 Males: 595 NR 584 of the 958 patients had a negative
(2022)2 (inpatientand  |suspected genetic disease from 960 families, with a |years (54.9) genetic testing history either through
outpatient) within |ranging from congenital total of 2,957 sequenced Females: 488 ES, WGS, or panel testing. All patients
Genomic a children’s anomalies to more subtle individuals collectively; (45.1) received exome sequencing, either
Answers for hospital network |neurological and of the 1,083, 125 had previously or through referral to the
Kids (GA4K)  |drawing referrals |neurobehavioral clinical known diagnosis so research study. Those with negative
from multiple presentations later in childhood. |were not considered for WES results received short-read
Midwest states; DY analyses, leaving WGS, with a subset of trios also
most came from 958 patients receiving short-read WGS on the MGl
clinical genetics platform, and some early phase
(47.7%) and N analyzed = 958 singleton participants receiving 10x-
neurology units linked read WGS. Lastly, long-read
(22.9%); 5.2% WGS on the Pacific Biosciences
came from NICU platform was used for participants
and we have without a diagnosis after short-read
excluded these WGS.
patients from our
analyses.
D'Gamaetal. |4 pediatric Infants younger than 12 months |N screened: 147 Median age at Male: 20 (50)  |White: 63 (63)  |Patients may have received, EEG,
(2023)3 centers with with new-onset epilepsy or N eligible: 120 seizure onset: 128 |Female: 20 (50) |Asian: 18 (18)  [MRI before study participation.
tertiary-level complex febrile seizures without |N consented: 109 days (IQR 46 to Black: 6 (6) No specific testing was required pre-
Gene- subspecialty a known acquired or genetic N analyzed: 100 (all 192) Middle Eastern: 3 |enroliment, but patients received site-
shortening Time |services that are |cause. settings) (all settings) (3) specific standard of care clinical
of Evaluation in {members of the N analyzed outpatient  [Age at WGS result: Multiple races: 8 |testing including CMA, karyotype,

Paediatric
epilepsy
Services (Gene-
STEPS)

International
Precision Child
Health
Partnership.
Eligible
participants were
identified from
these centers,
but not from any
specific unit or
clinic within these
centers; 60%

Simple febrile seizures, acute
provoked seizures, known
acquired cause for epilepsy
(e.g., stroke) or known genetic
cause.

settings only: 40

N analyzed = 40

172 days (91 to
250)
(all settings)

(8)
Other; 2 (2)
(all settings)

gene panel and/or Fragile X testing.

Gene panel: 22 (55%)

CMA: 29 (73%)

Karyotype: 1 (3%)

Fragile X testing: 1 (3%)

No previous or concurrent genetic
testing: 4 (10%)

(Does not equal 40 as some
participants had more than 1 test)
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Population; Race/Ethnicity

Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing

were referred

from inpatient

settings and 40%

were referred

from outpatient

settings. We only

extracted data for

the portion

referred from

outpatient

settings for use in

this review.
Dias et al. Families were  |Patients with moderate or 74 trios enrolled Median: 15 years  [Male: 41 (55) [NR All patients had prior negative CMA
(2024)48 referred from severe ID, noncontributory CMA (range 6 to 43) Female: 33 (45) and FMR1 testing.

Australian and FMR1 molecular testing N analyzed = 74

hospitals to the  |were included.

New South

Wales Health Individuals with autism spectrum

Pathology disorder or prior WES were

Randwick excluded.

Genomics and

Victorian Clinical

Genetics

Services

laboratories.
Elliott et al. Tertiary care Individuals age 19 years or 531 children (patients  |Mean (SD): 8.0 Male: 285 (54) |European: 48.5% |Previous standard of care genetic
(2022)22 centers providing [younger for whom there was  |and affected siblings)  |years (4.9) Female: 246  |South Asian: investigations including CMA,
Elliott et al. academic clinical [high suspicion of an underlying |from 500 families; WES (46) 16.2% appropriate single-gene or available
(2018)22 care to the monogenic disorder that had not |performed in 415 East Asian: panel testing, and TIDE first tier

province. The  |been established through families and WGS in 85 15.8% biochemical testing for intellectual
CAUSES Genomic conventional genetic testing,  |families. Middle Eastern:  |disability, all of which did not identify

Consultation condition exhibits genetic 4.3% any genetic causes.

Service is a heterogeneity, family history N analyzed = 500 First Nations:

clinical team suggests Mendelian single-gene 4.1%

composed of disorder. Both parents were

medical required to enroll.

geneticists, a

pediatric
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Author (Year)

Setting

Population;
Exclusion criteria

Number of patients

Age

Sex, N (%)

Race/Ethnicity
N (%)

Previous or concurrent testing

subspecialist,
molecular
geneticist, and
genetic
counselors who
review referrals.

Exclusion criteria included both
parents not available; conditions
that are likely to be infectious,
toxic, or have other nongenetic
cause; multifactorial, related to
teratogenic exposure, well-
delineated chromosomal
disorder was identified,
Mendelian condition is
suspected with limited genetic
heterogeneity for which a
targeted (and probably more
cost-effective) single-gene test
or gene panel is available,
disease is likely to be caused by
mutation of a novel human
disease gene.

Ewans et al.
(2022)2

Genetics units in
New South
Wales Australia

Individuals with undiagnosed
suspected Mendelian disorders.
Those who remained
undiagnosed after having WES
(+/- possible other genetic tests
prior to the WES) were then
recruited for WGS.

91 individuals from 64
families recruited:;

59 individuals from 38
families did not have
diagnostic findings by
previous WES so were
eligible

N analyzed = 59

Mean (SD): 22
years (NR)

49% were pediatric
age

Male: 38 (64)
Female: 21 (36)

NR

All had prior WES and remained
undiagnosed. Some had CMA or
targeted gene panels, but specifics
were not reported.

Gilissen et al.
(2014)32
De Ligt et al.
(2012)104

NR

Patients with severe intellectual
disability (1Q<50) who had
negative results on diagnostic
CMaAs, single gene and
metabolic screening tests, and
WES. Individuals in this study
included a subset of individuals
from a previous studies looking
at trio WES in a larger cohort.

1,489 individuals with
severe ID who had CMA
-> subset of 100
individuals for trio WES -
> subset of 50
individuals for WGS

N analyzed = 1,489

N (%)

<10 years: 26 (52)
10 to0 20 years: 8
(16)

>20 years: 16 (32)

Male: 26 (52)
Female: 24 (48)

NR

All patients had negative CMA and trio
WES before receiving trio WGS.

Grether et al.
(2022)x

Single center;
details NR

Inclusion criteria for the initial
cohort: developmental delay and
onset of epilepsy younger than

63 in initial cohort
(mostly sporadic index
cases; 5 had affected

Median age of
seizures onset 9
months (range 1

Females: 9 (45)
Males: 11 (55)

NR

All'had prior CMA or WES testing.
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Papuc et al. 4.5 years; pharmacoresistance |siblings); 20 patients month to 4 years 3
(2019)1020 to antiepileptic drugs; EEG from initial cohort without [months) for current
without persistent spike wave  |diagnosis or strong cohort
focus; no malformations in MRI; |candidate genes
unknown etiology after clinical  |received WGS Mean age of
evaluation including metabolic  |from 19 families patients in current
screening. study not provided
N Analyzed = 63 in this publication,
but larger
companion study
reported median
age at last
investigation of
index patients was
7 years (range 6
monts to 38 years)
Harding etal. |Ocular genetics |Consecutive patients with 50 consecutive patients |13 (range 1 month [Male: 20 (40)  |White — British:  |A single patient had CMA prior to this
(2022)12 service at microphthalmia, anophthalmia, |from 44 families; 45 to 64 years) Female: 30 (60) {19 (38) study but went on to have more
Moorsfield Eye  |and coloboma (MAC) referred to |patients from 39 families Asian: 10 (20)  |genetic testing during this study
Hospital between |the ocular genetics service. had genetic testing White (other evaluation. No other patients reported
2017-2020. Study defined criteria for what background): 7 |to have had previous genetic testing.
constitutes microphthalmia vs. [N analyzed = 45 (14)
anophthalmia; patients classified African (Black): 1 |Patients received individualized
as either syndromic (34%) or 2) evaluations to characterize their
nonsyndromic (66%) based on Unknown: 13 phenotype: detailed clinical evaluation
whether systemic/extraocular (26) including full history, orthoptic
features were present. assessment, refraction, best-corrected
visual acuity, or Cardiff cards
No exclusion criteria defined. (preverbal children); clinical evaluation
included investigation of other ocular
and nonocular features; slit lamp and
fundus exams; orbital ultrasound;
electrophysiology; MRI of brain and
orbits.
Hayeems et al. |Division of Children prospectively seenin {201 children N (%) Male: 54 (53.5) |NR CMA was done initially, with some
(2017)42 Clinical and the Division of Clinical and approached; 101 <12 months: 26 Female: 47 varying time delay before WGS was
Stavropoulos et |Metabolic Metabolic Genetics at Hospital ~|children were included; 8{(25.7) (46.5) completed. All 101 patients received
al. (2016)101 Genetics at for Sick Children over a 9-month |diagnosed on CMA,; WGS, but diagnostic yield was only
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Costainetal.  |Hospital for Sick |period who met criteria for WGS diagnostic yield |1 to 5 years: 37 reported for the 93 who did not receive
(2018)102 Children having CMA (children with 2 or  |reported in 93 (36.6) diagnosis based on CMA testing..
more structural malformations, 6 to 10 years: 15
The Hospital for major or minor, or unexplained |N analyzed = 101 (14.9)
Sick Children developmental delay/intellectual >10 years: 23
(SickKids) disability with or without (22.8)
Genome Clinic additional clinical features. Both
Project parents needed to be available
for testing and be fluent in
English.
Only cases for whom post-CMA
or WGS clinical follow-up
occurred at SickKids were
included.
Helmanetal. |Affected All patients had abnormal white |90 eligible; 71 families  [Range 3 to 26 Male: 47 (61)  |Ethnicities varied |NR
(2020)2 individuals were |matter identified by received WES (77 years Female: 30 (39) |and included
referred to the  |neurcimaging, suggestive of individuals); 41 unsolved (WES cohort,  |individuals of
Myelin MDBP for leukodystrophy. Symptoms after WES received from companion |mixed and
Disorders unsolved leuko- |onset ranged from birth to age  |WGS article, northern
Bioregistry encephalopathy |19 years. Vanderver, European
Project (MDBP) |of presumed N analyzed = 71 201640) descent, as well
genetic etiology; |Families that obtained access to as African
unclear who WES at other facilities or DNA American,
referred patients |quality for all members of the Arabian, African,
to the registry |trio did not meet stringency Asian, and Latin
criteria were excluded. American origin.
Details NR.
Kang et al. Participants seen |Clinically diagnosed hereditary |87 total including family |Range from 18to  |Male: 51 (58)  |Assumed All patients received routine repeat
(2018)0 ina cerebellar ataxia with at least at |members, 80 patients, 3 |37 years Female: 36 (41) |ancestry based |expansion disorder testing (i.e., SCA1,
neurogenetics  |least 1 genetic analysis done.  |analyzed by WGS from the last SCA2, SCA3, SCAB, SCA7, SCA12,
clinic within a names of the SCA17, Friedreich’s ataxia). Some of
tertiary medical |Acquired causes of hereditary [N analyzed = 35 patients: those who were not solved on routine
center ataxia had been excluded Anglo-Celtic testing were offered additional testing,
following appropriate ancestry: 71 which was the focus of this analysis
investigations. (88.8) (see Table D-1 for details).
Italian: 3 (3.8)
Other: 6 (7.5)
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Lindstrand et al. |A clinical Children and adults with First-line WGS: 100 Age range: 3 Male NR Some individuals had no prior genetic
(2022)20 genetics diagnosis or a strong clinical Second-line WGS: months to 62 years |First-line WGS: testing (first-line WGS cohort) and
departmentata |suspicion of intellectual Cohort: 129 (total cohort) 67 (67) some had prior testing; most
university disability. CMA/FMRI: 421 Median age, years |Second-line commonly, CMA and FMR1 testing
affiliated hospital (range) WGS: 84 (65) and were negative (Second-line WGS
Specific exclusion criteria were |N analyzed = 650 First-line WGS: 6 ( |[CMA/FMR1: cohort).
NR. 0to 38) 292 (69)
Second-line WGS;:
7 (010 39)
CMA/FMR1 6 (0 to
62)
Lionel et al. Unrelated Patients without a molecular 103 enrolled Year of birth ranged |Male: 52 (50.5) |European Supportive investigations such as
(2018)42 patients from genetic diagnosis were eligible from 1996 to 2014; |Female: 51 ancestry: 63 chemistry tests (blood and
pediatric to participate in this study if they |N analyzed = 103 median year of birth |(49.5) (61.2) urine), enzymatic studies, muscle

specialty clinics
at the Hospital for
Sick Children;
purposefully
recruited from
clinics other than
the genetics
Clinics

met the following criteria:

(1) They were being followed in
a subspecialty outpatient clinic.
(2) Their disease was well
characterized clinically and was
known to be genetically
heterogeneous.

(3) The standard of care at the
time of recruitment was to
request genetic testing to assist
in diagnosis and disease
management.

(4) Clinical genetic testing was
to involve examination of
multiple genes.

(5) The existing multigene
testing had incomplete
sensitivity.

(6) Both parents were available
for testing and, because of the
complexity, fluent in English.

was 2006.
Enrollment took
place 2013-2015 so
participants were
~age 11to 18 years

biopsies, and medical

imaging were done, but unclear
whether they occurred prior to or
concurrent with t study.

SOC testing individually tailored
included karyotype, PCR for triplet
repeat expansion, multiplex ligation-
dependent probe amplification,
chromosome breakage studies, X
chromosome inactivation studies,
FISH, and clinical WES. However,
unclear whether these tests were done
prior to or concurrent with WGS.
Allindividuals had targeted gene
sequencing. A significant minority
(43%) were also tested with CMA. The
first 70 participants had both WES and
WGS.
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Excluded if they did not meet
the inclusion criteria listed
above.
Lowther etal.  |Autism spectrum {1,612 deeply phenotyped 1,612 families (6,448 NR Male: 1,406 NR Prior genetic testing included CMA
(2023)44 disorder cohort  |families as part of the Simons  |individuals including (87.2) and WES.
obtained froma |Simplex Collection; affected patients, parents, and Female: 206
research patients, both parents, and an  |siblings) (12.8)
resource (Simons|unaffected sibling were included
Foundation for  |in family quartets. All patients  |N analyzed = 1,612
Autism Research |had autism spectrum disorder.
Initiative); overall | The Autism Diagnostic
study was done |Observation Schedule (ADOS)
as partof a and the Autism Diagnostic
research Interview-Revised (ADI-R) were
collaboration of 4 |used to confirm the ASD
major university |diagnosis. Patients also had
medical centers |detailed evaluations of
intellectual/cognitive functioning,
adaptive behavior,
physical/dysmorphic features,
developmental milestones,
medical comorbidities, and
family history. All families had
CMA, WES, and WGS data
available for reprocessing.
No exclusion criteria was
specifically reported.
McLean etal. |Single academic |Retrospective analysis of 99 patients seen in Mean age in years: [Male: 42 (42) NR NR
(2023)18 teaching hospital |consecutive new adult patients |clinic; 50 (NR) Female: 57 (58)
multidisciplinary |referred to and attended 81 patients underwent  |Age range 23 to 84
neurogenomics  |neurogenomics clinic with a genetic testing; 76 years
clinic; the clinic  |range of 45 different clinical patients underwent

comprised both
neurologists and
clinical
geneticists

diagnoses.

No exclusion criteria was
specifically reported.

diagnostic genetic
testing (excludes 5 who
underwent predictive
testing)

N analyzed = 76

Whole Genome Sequencing: Draft Report

Page D-26




WA - Health Technology Assessment April 4, 2024
Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Ostrander et al. |Patients followed |Patients born between 2004 and |14 patients received Between O toage [Male: 5(35.7) [NR Electroencephalograms, imaging, and
(2018)22 in an outpatient {2016 who were seenin a WGS with panel-based |16 years when Female: 9 laboratory studies, but specifics were
pediatric pediatric neurology clinicand  |analysis; 3 who diagnosis was (64.3) NR. The description of cost analyses
neurology clinic  |were confirmed to have early  |{remained unsolved finally determined also mention karyotyping and gene
through the infantile epileptic received whole genome testing, and the abstract suggests all
University of encephalopathy based on analysis. patients had prior genetic testing.
Utah history and EEG findings and for
whom no underlying diagnosis |N analyzed = 14
was identified despite extensive
prior testing.
Excluded patients with an inborn
error of metabolism, an
established genetic diagnosis,
or a structural brain abnormality.
Palmeretal.  |Genetics Children who attended the 32 in cohort Aand 15in |Cohort A mean age:|Male: 14 (46.7) INR All'had prior metabolic, infecton,
(2021) epilepsy clinic of |Genetic Epilepsy Clinic of cohort B 46.6 months Female: 16 chromosomal investigations, MRI, and
Palmeretal. |a tertiary hospital |Sydney Children’s Hospital, Cohort B mean age:|(53.3) EEG. Those who remained
(2018)103 Randwick, between January N analyzed = 32 NR undiagnosed were then provided

2017 and January 2018. All had
onset of seizures prior to age 18
months and met the 2010
International League Against
Epilepsy (ILAE) definition of
epileptic encephalopathy,
namely (1) drug-resistant
epilepsy for a minimum of 6
months, (2) seizure onset
accompanied by adverse effect
on development, and (3) at least
one EEG that was significantly
abnormal with diffusely poorly
organized background and
marked bihemispheric
epileptogenic activity.

Clinical inclusion criteria were
broadened to include children
with (1) drug-resistant epilepsy

second tier testing (second tier
neurometabolic, genetic tests,
additional neuroimaging, special
diagnostic consultations).

Patients from cohort A received CMA,
single gene testing, and additional
genetic testing (methylation studies,
screening for repeat expansions) as
indicated clinically. Those who
remained undiagnosed had trio WES.

Patients from cohort B had similar
first-line genetic tests as Cohort A plus
NGS-based multigene panel testing
focused on previously reported
epileptic encephalopathy genes (n =
71 genes); they did not receive WES
testing.
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing

(ongoing seizures despite trial of
2 anticonvulsants) for a
minimum of 6 months, (2) effect
on development: stagnation or
regression, and (3) childhood
onset of seizures (<5 years of
age) to reflect the updated 2017
ILAE definition of DEE.

Individuals were excluded if they
had a clear genetic or other
etiologic diagnosis previously
established on first-tier testing, a
major structural/focal anomaly
on neuroimaging, vascular
stroke, head injury, infection, or
ischemia. Subtle or generalized
features on neuroimaging such
as enlarged CSF spaces,
nonspecific hyperintense lesions
of 1 to 2 mm, or anatomical
variants of normal structures
such as the corpus callosum,
cavum vergae, cisterna magna,
or vascular variants did not
preclude inclusion. Individuals
were excluded if the primary
neurologist or clinical geneticist
was not in agreement with the
enrollment of family in study, or
if the patient was already
entered into another research
genetic study, or if both parents
were not available for trio
testing.
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
Rehm et al. Deidentified 1.5 million sequencing tests with |1,512,306 total NR NR White/European: |None
(2023)%0 summary data  |an inconclusive result with at  |diagnostic tests were 436,267 (56.6)
from diagnostic |least 1 VUS from 19 clinical collected; this number Hispanic: 75,879
testing collected |laboratories; age and sex of the |refers to tests, not (9.8%)
from 19 clinical  |study population NR; clinical unique patients Black/African
laboratories in  |reasons for testing NR. MGPs tests: 1,463,812 American: 61,061
U,S, and Canada (96.8%) (7.9)
over a 2-year Inconclusive cases without a ES tests: 42,165 (2.8%) Asian: 31,067
period VUS were not included in the  |GS tests: 6,329 (0.4%) (4.0)
inconclusive rates. Excluded Ashkenazi
somatic, carrier, population N analyzed = 1,512,306 Jewish: 15,074
screening, familial variant, (2.0
genotyping, or any testing that American Indian:;
does not report VUS. Single 7,718 (1.0)
gene test data were collected Middle Eastern:
but excluded from the analysis 1,932 (0.3)
given that these tests are often Mixed/Other:
performed as follow-up to carrier 80,399 (10.4)
screening and not offered as a Not provided:
diagnostic test. For panels: 61,114 (7.9)

excluded “exome slice” type of
analyses where analysis may
reflex to a wider examination of
genes or is customized from
entire genome by ordering
provider. For genome and
exome: excluded panel testing
performed on a exome/genome
backbone for lab workflow only if
reporting is restricted to the
panel. For primary data
collection: excluded “positive”
cases where a diagnosis was
identified but additional VUS
were also reported.

Excluded cases where a VUS
was included in the
genome/exome report only
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
because it was previously
reported by a panel test.
Schiluter etal.  |Patients of all Adults and pediatric patients 126 patients enrolled Median: 10.3 years |Female: 50 (40) [NR All the patients were initially studied by
(2022)38 ages, children  |with clinical and MRI patterns  |and analyzed by WES  |Range 1 monthto  [Male: 76 (60) WES.
and adults, with |consistent with a genetic white |16 WES-negative 74 years
undiagnosed matter disorder (GWMD). A patients analyzed by
genetic white molecular diagnosis could not  [WGS
matter disorders |be established by the referring
(GWMD) despite |physicians with SOC clinical N analyzed = 126
extensive testing.
standard of care
paraclinical Patients with perinatal or
studies were vascular complications or
recruited in a suggestion of an autoimmune
collaborative process were excluded.
study at the
Bellvitge
Biomedical
Research
Institute and
neurology units
of tertiary
Spanish hospitals
Soden et al. With 1 exception, |Children with NDDs enrolled into 155 families with Age at enroliment. |NR NR NR
(2014)4 enrollmentinto  |a biorepository and analyzed by |heterogeneous clinical |{83.8 months (range

the biorepository
was from
subspeciality
clinics at a single,
urban children’s
hospital

WGS or WES for diagnostic
evaluation. Referring physicians
were encouraged to nominate
families in cases with multiple
affected children,
consanguineous unions where
both biologic parents were

conditions were enrolled
to the biorepository;

100 families had 119
children with NDDs
analyzed in the study;
85 families with 103
affected children

1 t0 252 months)

Whole Genome Sequencing: Draft Report

Page D-30




WA - Health Technology Assessment April 4, 2024
Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
available, infants receiving followed in ambulatory
intensive care, or children with  |clinics received standard
progressive NDD. WES; 6 ambulatory
patients received WGS
Patients were excluded when  |after negative WES; 15
the phenotype was suggestive |families with infants in
of genetic diseases not NICUs or PICUs
detectable by NGS, such as received rapid WGS
triplet repeat disorders or when |after negative WES (not
standard cytogenetic testing or  |eligible for inclusion in
CMA had not been obtained.  |this review)
N analyzed = 85
Splinter etal. |7 clinical sites  |Patients with an undiagnosed  |357 patients sequenced |Pediatric Males: 279 (46) |White: 456 (75.9) |Participants received a
(2018)28 with 2 condition despite thorough from among 601 patients |participants Females: 321 |Asian: 38 (6.3) |multidisciplinary clinical evaluation that
sequencing evaluation by a health care evaluated from 1,519 |(n=350): 8 (5) (53) Black or African  |in addition to directed clinical testing,
Undiagnosed  |cores, a provider. Among adult and that were referred Adult participants  |Other: 1 (<1)  |American: 31 including nonsequencing genomewide
Diseases metabolomics  |pediatric participants, neurologic (n=251): 45 (16) (5.2) assays (e.g., karyotype, CMA), WES,
Network (UDN) |core, and a symptoms are the most N analyzed = 357 Among 601 Multiracial: 23 |and WGS. Testing was directed by
central common primary symptom Among 601 evaluated in the |(3.8) clinicians at clinical centers and did
biorepository; the |category (44.6% and 48.9%, evaluated in the UDN, not all American Indian |not follow a set protocol. Patients
7 clinical sites  |respectively). UDN, not all received or Alaska Native: |underwent nonsequencing, genetic
are academic received sequencing 0(0) testings, WES, WGS, reanalysis of
medical centers sequencing Native Hawaiin or |prior testing or multiple combinations.
Pacific Islander: |If the patient had undergone previous
1(<1) WES prior to enrollment in the UDN,
Other: 52 (8.7)  |they underwent WGS through the
Hispanic or UDN.
Latino: 83 (13.8)
Among 601
evaluated in the
UDN, not all
received
sequencing
Van der Sanden [Department of ~ |Consecutive index patients with |150 eligible Median age: 9 Males: 101 (67) |[NR 105 of the 150 patients had additional
etal. (2023)2 |Human Genetics [neurodevelopmental delay of years, 6 months  |Females: 49 testing beyond WES including CMA
of the Radboud |suspected genetic origin. The [N analyzed = 150 (33) (n=63), FMR1 expansion (n=66), or
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Population; Race/Ethnicity
Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
University only inclusion criterion was that Age range: 1 year, other targeted gene-based testing
Medical Center |the clinical geneticist requested 10 months to 42 (n=25).
and Maastricht  |a genetic diagnostic test to years, 7 months
University identify the molecular defect
Medical Center; |underlying the patient’s
both tertiary phenotype. Patients with a
referral centers |clinically recognizable syndrome
(requiring genetic confirmation
by a molecular genetic test)
were not excluded from the
study.
Vanderver et al. |Patients inthe  |Patients with a white matter 200 referred; 84 eligible, |Median =: 1.4 years [Males: 14 (41) [NR Described in inclusion/exclusion
(2020)40 US were referred |disorder confirmed by an MRI |34 enrolled; 27 received |Interquartile range: |Females: 20 criteria for enrollment.
to the LeukoSEQ |performed no more than 2 immediate WGS plus  |0.7 to 2.7 years (59)
LeukoSEQ clinical trial at the |months prior to enrollment. No  |SOC; 18 received SOC
Clinical Trial Children’s evidence of an acquired cause |plus delayed WES.
Hospital of for the white matter Analysis reported is
Philadelphia; abnormalities (infection, trauma, |interim and did not
unclear who birth related injury). No include all who were

referred them to
the trial

preexisting diagnosis. Younger
than 18 years with both
biological parents available for
trio WGS.

Exclusion criteria included
acquired disorders, such as
infection, ADEM, multiple
sclerosis, vasculitis, or toxic
leukoencephalopathies. Patients
who had previous genetic
testing, including WES, WGS, or
iterative panel testing of more
than 20 cumulative genes.Those
with no third-party payer
insurance who were unable to
receive standard of care tests
and therapeutic treatment.
Candidates who have already

randomized.

N analyzed = 32
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Author (Year) |Setting Exclusion criteria Number of patients Age Sex, N (%) N (%) Previous or concurrent testing
received a definitive etiological
diagnosis.

Abbreviations: ADEM = acute disseminated encephalomyelitis; ADI-R = Autism Diagnostic Interview-Revised; ADOS = The Autism Diagnostic Observation Schedule; AI/AN =
American Indian and Alaska Native; ASD = Autism Spectrum Disorders; BRIDGES = Bringing Research Innovations in Diagnosis of Genetic Diseases in Singapore; CMA =
chromosomal microarray; CNV = Copy Number Variant; CSER = Clinical Sequencing Exploratory Research; DCM = dilated cardiomyopathy; DEE = developmental epileptic
encephalopathy; DY = diagnostic yield; EEG = electroencephalogram; ES = exome sequencing; FISH = fluorescence in situ hybridization; FMRI = functional MRI; GA4K =
Genomic Answers for Kids; Gene-STEPS = Gene-shortening Time of Evaluation in Pediatric Epilepsy Services; GS = genome sequencing; GWMD = genetic white matter
disorders; HCM = hypertrophic cardiomyopathy; HPO = Human Phenotype Ontology; ID = intellectual disability; ILAE = International League Against Epilepsy; IQR =
interquartile range; MAC = microphthalmia, anophthalmia and coloboma; MDBP = Myelin Disorders Bioregistry; MGI = Medical Genome Initiative; MSA = multiple system
atrophy; N = number; NDD = neurodevelopmental disorders; NGS = next-generation sequencing; NHGRI = National Human Genome Research Institute; NICU = neonatal
intensive care unit; NR = not reported; NYC = New York City; PCR = polymerase chain reaction; PICU = pediatric intensive care unit; SickKids = The Hospital for Sick Children;
SOC = standard of care; SUREKids = Singapore Undiagnosed Diseases Research Program for Kids; UDN = Undiagnosed Disease Network; VUS = variant of unknown

significance; WES = whole exome sequencing; WGS = whole genome sequencing.
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Table D-3.

Diagnostic yield and clinical utility outcomes

Author (Year)

Risk of
bias

WGS diagnosis
definition

Diagnostic Yield from WGS

Diagnostic yield from comparator

Clinical utility

Abul-Husn et
al. (2023)32
Bonini et al.
(2023)%6

NYCKidSeq

Some
risk of
bias

Diagnosed cases were
those with a “positive”
or “likely” positive result.
“Positive” if: (1) variants
classified as pathogenic
or likely pathogenic
(P/LP), (2) variants in
genes associated with a
condition consistent
with the patient’s
primary phenotype
and/or family history,
and (3) variants in allele
states consistent with
the inheritance pattern
of the associated
condition.

“Likely positive” was:
variants in genes
associated with a
condition partially
consistent with
phenotype; VUS in
genes associated with a
condition consistent
with the primary
phenotype, mosaic
results, results with
discordant variant
interpretations including
atleast 1 P/LP
interpretation, and other
cases.

Number diagnosed with WGS: 106
Number tested with WGS: 642
WGS diagnostic yield: 17%

Timing of WGS: variable

Number diagnosed with comparator: 52
Number tested with comparator: 642
Comparator diagnostic yield: 8%

Comparator = 1 of 3 targeted gene panels
condcuted on an exome platform

NR

Alfares et al.
(2018)4

High risk
of bias

NR

Number diagnosed with WGS: 10
Number tested with WGS: 108
WGS diagnostic yield: 9%

Number diagnosed with comparator: 3
Number tested with WES comparator: 108
Comparator diagnostic yield: 3%

NR
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
Timing of WGS: Late WGS-Only patients who | Comparator = WES reanalysis
were not able to receive a molecular diagnosis
through previous testing that included some Note: WES reanalysis identified 3 of the 10
genetic testing were enrolled/analyzed. “positive” variants identified by WGS.
Note: Crude diagnostic yeild for WGS was
20/118 (17%); however, the authors excluded
10 positive WGS cases that could have been
diagnosed with WES reanalysis and reported
a diagnostic yeild of 10/108 (9%) for purposes
of their analysis.
Alvarez-Mora High risk | A positive diagnosis Number diagnosed with WGS: 1 Number diagnosed with comparator: 30 NR
etal. (2022)2 | of bias was based on the Number tested with WGS: 12 Number tested with comparator: 87
identification of a WGS diagnostic yield: 8% (incremental yield) | Comparator diagnostic yield: 34%
pathogenic genetic
variant. Timing of WGS: Late WGS-Only patients who | Comparator = WES; only those with negative
were not able to receive a molecular diagnosis | WES received WGS.
through previous testing that included some
genetic testing were enrolled/analyzed.
Bhatia et al. High risk | P/LP variants were Number diagnosed with WGS: 8 Number diagnosed with comparator: 65 Survey of geneticist or
(2021) of bias detected in Mendelian Number tested with WGS: 24 Number tested with comparator: 172 subspecialist who was
Bylstra et al disease genes that WGS diagnostic yield: 33% Comparator diagnostic yield: 38% informed of the patient’s
(2019)24 matched the described - , . molecular diagnosis (n =
Jamuar et al. phenotype of the Timing of Vt\)/lGS' Late.WGS-OTIy ;)Iat|zpts th.) Comparator = WES 62)
(2016)% patient. were not a e to receive a molecular diagnosis Positive molecular
SUREKids through previous testing that indluded some Criteria or method of selection to which grou diagnosis changed
o enetic testing were enrolled/analyzed. . group gne 9
within g g y (WES vs. WGS) not provided. genetic counseling for
HIVE 0,
BRIDGES Note: All of the 8 WGS diagnoses came from famlly. 100% :
program Patients had change in

trio testing; neither of the 2 singleton tests
produced a diagnosis: Trio: 8/22 (36.4%);
Singleton: 0/2 (0%).

treatment or
management; 27%
Change in diagnostic
strategy: 81%

Time to diagnosis (after
onset of symptoms):
Mean: 7.6 years
Median: 5 years
Comparator: NR
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
Bick et al. Some NR Number diagnosed with WGS including Number diagnosed with comparator: 3 In 6 of 8 (65%) cases,
(2017)45 risk of reanalysis: 8 Number tested with comparator: 22 the WGS result impacted
bias Number tested with WGS including reanalysis: | Comparator diagnostic yield: 14 medical management
22 and surveillance; all
WGS diagnostic yield:36 Comparator = Initial WGS analysis cases with known
diagnosis provided
Timing of WGS: Re-analysis and Late WGS- reproductive
Only patients who were not able to receive a consequences for the
molecular diagnosis through previous testing parents
that included some genetic testing were
enrolled/analyzed.
Bogdanova- High risk | Definition not specified | Number diagnosed with WGS: 1 Number diagnosed with comparator: 4 Testing led to diagnosis
Mihaylova et of bias explicitly. Pathogenic Number tested with WGS: 5 Number tested with comparator: 20 in 6 other similarly
al. (2020) variants were WGS diagnostic yield: 20% Comparator diagnostic yield: 20% affected family members
considered, and VUS following confirmatory
were discussed by the | Timing of WGS; Late WGS-Only patients who | Comparator = WES carrier testing.
team. It was unclear were not able to receive a molecular diagnosis
whether likely through previous testing that included some
pathogenic variants genetic testing were enrolled/analyzed.
were considered
diagnostic and whether
ACMG criteria were
used.
Bowling et al. Highrisk | A diagnosis was Number diagnosed with WGS: 60 Number diagnosed with comparator: 40 NR
(2017)t of bias determined based on Number tested with WGS: 244 Number tested with comparator: 127
Hiatt et al identification of a WGS diagnostic yield: 25% Comparator diagnostic yield: 31
(2018)% pathogenic or likely
pathogenic variant. This | Timing of WGS: Late WGS-Only patients who | Comparator = WES (and CMA if not already
CSER included pathogenic or | were not able to receive a molecular diagnosis | done clinically)
consortium likely pathogenic through previous testing that included some
SNV/indels and P/LP genetic testing were enrolled/analyzed.
CNVs but did not
include VUS.
Brockman et Some Sequencing results Number diagnosed with WGS: 16 Number diagnosed with comparator: 18 14 of 24 (58%) WGS
al. (2021)8 risk of were categorized as a Number tested with WGS: 99 Number tested with comparator: 99 molecular diagnoses
bias molecular diagnosis if WGS diagnostic yield: 16% Comparator diagnostic yield: 18% (including the 8 that

they met all of the

weren't full or partial
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
following criteria; (1) Note: 16 received full or partial diagnoses; Comparator = SOC genetic testing (included diagnoses) explained
variant(s) classified as another 8 patients had findings that could be methods such as karyotyping, chromosomal current clinical features
pathogenic or likely related but relevance to phenotype was less microarray analysis, single-gene analysis, and | or a subset of features
pathogenic, (2) variants | clear and so was not considered diagnostic. multigene panels) without additional
in genes with known workup—12 were related
disease association, Timing of WGS: Early WGS-Only patients who to the primary indication;
and (3) variants in allele | had not yet received genetic testing in attempt 2 were related to
states consistent with to establish a molecular diagnosis were nonprimary phenotypes.
the inheritance pattern | enrolled/analyzed. Of the remaining 10
of the associated WGS molecular
disorder. Molecular Note: Authors noted that WGS detected all diagnoses with unclear
diagnoses were further | diagnostic variants reported by SOC, implying clinical relevance,
categorized as full, that WGS is sufficiently sensitive to replace referring providers
partial diagnosis or SOC genetic testing. recommended additional
uncertain depending on workup for 6 cases,
how much of the patient including
phenotype was felt to electromyography,
be explained by the hearing evaluation, and
molecular diagnosis. iron studies.
Chan et al. Some Diagnostic yield was Number diagnosed with WGS: 4 Number diagnosed with comparator: 13 Authors state that early
(2021)2 risk of defined to include Number tested with WGS: 9 Number tested with comparator: 31 identification of
bias individuals with WGS diagnostic yield: 44% Comparator diagnostic yield: 42% syndromic
characteristic clinical Timi ) . oculocutaneous albinism
- iming of WGS: Cannot determine _ . o
phenotype receiving Comparator = Targeted gene panelsin a and coordinating the
molecular diagnosis Note: Diagnostic yield was based on families, different sample apprloprlgtel
(greater than or equal to not individuals/patients multidisciplinary care
2 pathogenic or likely ' Note: Diagnostic yield was based on families, team is critical to
pathogenic variants in a not individuals/patients. minimize morbidity and
gene linked with mortality but specific
oculocutaneous changes in clinical
albinism or greater than management were not
or equal to 1 definite or reported.
likely pathogenic variant
in GPR143 for ocular
albinism).
Cirino et al. Some A diagnosis, or positive | Number diagnosed with WGS: 13 Number diagnosed with comparator: 13 Physicians offered
(2017)% risk of results, was determined | Number tested with WGS: 41 Number tested with comparator: 41 referral or additional
bias WGS diagnostic yield: 32% Comparator diagnostic yield: 32% diagnostic test:
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
Christensen et based on the 5(12%)
al (2018) identification of a P/LP. | Timing of WGS: Variable Comparator = Targeted hypertrophic Referrals for
Machini et al. cardiomyopathy gene panel preconception genetic
(2019)8 counseling: 1 (3%)
Cancer geneticist
MedSeq referral: 1 (3%)(declined
Project by patient)
Additional tests ordered
(abdominal ultrasound):
1(3%)
Cohen et al. High risk | A diagnosis was Number diagnosed with WGS: 91 Exome Sequencing NR
(2022)23 of bias determined based on Number tested with WGS: 662 Number diagnosed with comparator: 107
the identification of a WGS diagnostic yield:14% Number tested with comparator: 499
Genomic P/LP variant. Comparator diagnostic yield: 21%
Answers for Timing of WGS: Variable
Kids (GA4K) Clinical Exome Sequencing
Number diagnosed with comparator: 64
Number tested with comparator: 536
Comparator diagnostic yield: 12%
Comparator = short-read WES; authors refer to
one as “exome sequencing” and the other as
“clinical exome sequencing,” but the difference
between them is not described.
D'Gamaetal. | Some Infants with P/LP Number diagnosed with first-line, rapid WGS: | Number diagnosed with comparator: 8 WGS results (diagnostic,
(2023)3 risk of variants in genes 12 Number tested with comparator: 36 VUS, secondary findings)
bias consistent with Number tested with first-line, rapid WGS: 40 Comparator diagnostic yield: 22% influenced changes to
Gene- phenotypes and modes | WGS diagnostic yield: 30% medical care, further
shortening of inheritance were Timi A Comparator = Site-specific previous or evaluation, or referral of
Time of considered to have a iming of WGS: Variable concurrent standard of care testing includin at-risk relatives as
9 g
Evalqatign in diagnostic result. Or Note: 4 of the 40 outpatient patients did not CMA, karyotype, gene panel and/or Fragile X foIIows_ in 19/4_0 (48%) of
aediatric presence of a VUS that . . . testing outpatient patients.

. - receive any testing prior to or concurrent to .
epilepsy the clinical team WGS testing o 12/40 (30%) patients
Services considered clinically ' with diagnostic WGS
(Gene-STEPS) diagnostic. o 8/36 (22%) of patients

with diagnostic non-GS
comparator testing
(this is a subset of the
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
12/40 (30%) who had
diagnostic GS testing)
o 7/28 (25%) of patients
with nondiagnostic
WGS
Dias et al. Some A diagnosis was Number diagnosed with WGS: 9 Number diagnosed with WES comparator; 42 NR
(2024)46 risk of determined based on Number tested with WGS: 32 Number tested with WES comparator: 74
bias the identification of a WGS diagnostic yield: 28% (incremental yield) | Comparator diagnostic yield: 57%
P/LP variant.
Timing of WGS: Late WGS-Only patients who | Comparator = WES, those with negative results
were not able to receive a molecular diagnosis | went on to have WGS.
through previous testing that included some
genetic testing were enrolled/analyzed. Number diagnosed with WES reanalysis: 50
Number tested with WES comparator: 74
The incremental yield compared to WES Comparator diagnostic yield: 68%
reanalysis was 3%.
Elliott et al. High risk | Diagnosis determined Number diagnosed with WGS: 44 Number diagnosed with comparator: 217 NR
(2022)22 of bias after consideration of Number tested with WGS: 85 Number tested with comparator; 415
Elliott et al. the molecular results in | WGS diagnostic yield: 52% Comparator diagnostic yield: 52%
(2018) the context of clinician's
deep phenotyping. A Timing of WGS: Late WGS-Only patients who | Comparator = Trio WES
CAUSES variant that could not be | were not able to receive a molecular diagnosis

classified or was
classified as VUS could
be considered as
diagnostic by the study
team based on
phenotype. Individuals
with variants judged to
be definitely or probably
causal of phenotype
were considered to
have been diagnosed
with a genetic disease.
Genomic results were
reviewed by the
multidisciplinary study

through previous testing that included some
genetic testing were enrolled/analyzed.

Note: Numbers reported above are famies, not
individuals/patients. Within 85 families that
received WGS, 46 individuals from 44 families
received a diagnosis.

Note: Numbers reported above are families, not
individuals/patients.
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Author (Year)

Risk of
bias

WGS diagnosis
definition

Diagnostic Yield from WGS

Diagnostic yield from comparator

Clinical utility

team in context of the
variant classifications
and phenotype and
team assigned a
diagnostic category by
consensus.

Ewans et al.
(2022)2

High risk
of bias

Variants classified using
ACMG guidelines and
validated by Sanger
sequencing, including
family segregation, and
reported if P/LP.

Number diagnosed with WGS: 23
Number tested with WGS: 59
WGS diagnostic yield: 39%

Timing of WGS: Late WGS-Only patients who
were not able to receive a molecular diagnosis
through previous testing that included some
genetic testing were enrolled/analyzed.

Number diagnosed with comparator: 11
Number tested with comparator: 59
Comparator diagnostic yield: 19%

Comparator = Reanalysis of previous WES
conducted 2 years prior

NR

Gilissen et al.
(2014)32

High risk
of bias

Studied conducted prior
to existence of ACMG
guidelines. Classified
findings as mutations in
known ID gene
considered relevant for
ID phenotype if
mutation was disruptive
or predicted to be
pathogenic; mutations
in genes not previously
associated with ID
classified as possibly
relevant when mutation
was disruptive or
predicted pathogenic
and mutated gene
showed functional link
and scored positive for
at least 2 of 4 additional
parameters. For
patients with mutations
in known or candidate
ID genes, a phenotypic

Number diagnosed with WGS: 21
Number tested with WGS: 50
WGS diagnostic yield: 42% (incremental yield)

Timing of WGS: Late WGS-Only patients who
were not able to receive a molecular diagnosis
through previous testing that included some
genetic testing were enrolled/analyzed.

Number diagnosed with CMA comparator: 179
Number tested with CMA comparator: 1,489
Comparator diagnostic yield: 12%

Number diagnosed with trio WES comparator:
27

Number tested with trio WES comparator: 100
Comparator diagnostic yield: 27%

Comparator = Trio WES, CMA; only those with
negative testing received WGS

NR
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
comparison was made
with patients reported in
literature.
Grether et al. Some Criteria not reported. Number diagnosed with WGS: 4 Number diagnosed with comparator: 26 NR
(2022) risk of The 4 variants identified | Number tested with WGS: 20 Number tested with comparator: 63
Papuc et al. bias as diagnostic by WGS WGS diagnostic yield: 20% (incremental yield) | Comparator diagnostic yield: 41%
(2019)1%0 were P/LP in known
epilepsy or Timing of WGS: Late WGS-Only patients who | Comparator = Trio WES or CMA,; only those
developmental delay were not able to receive a molecular diagnosis | with negative WES and CMA results received
genes. through previous testing that included some WGS
genetic testing were enrolled/analyzed.
Harding et al. High risk | Unclear if specific Number diagnosed with WGS: 7 Number diagnosed with comparator: 7 Patients with a molecular
(2022)12 of bias definition or guideline Number tested with WGS: 21 Number tested with comparator: 24 diagnosis were directed
applied to determine WGS diagnostic yield: 33% Comparator diagnostic yield: 29% to appropriate specialists
diagnosis based on for investigation and
WGS. Interpretation of | Timing of WGS: Cannot determine Comparator = CMA, single gene tests, WES- management of
pathogenecity appears based ocular panels. Criteria for selection of ocular/systemic features
to be based on previous comparator genetic tests for each patient was where genotype-
reports of variants not reported but presumably selection was phenotype correlation
based on searches in tailored to individual needs. were known. No
public databases or on additional details
prediction tools for reported.
novel variants.
Hayeems etal. | Highrisk | P/LP and VUS were Number diagnosed with WGS: 22 Number diagnosed with comparator: 8 Mean number of care
(2017)42 of bias deemed diagnostic by Number tested with WGS: 93 Number tested with comparator: 101 activities prompted by
Stavropoulos both assessment team | WGS diagnostic yield: 24% Comparator diagnostic yield: 8% genetic testing per
etal. (2016)1% and referring clinician to patient;
Costain et al. verify related to the Timing of WGS: Late WGS-Only patients who | Comparator = CMA Nondiagnostic CMA =
(2018)102 phenotype. were not able to receive a molecular diagnosis 0.56
through previous testing that included some WGS = 0.62
The Hospital genetic testing were enrolled/analyzed. Difference not
for Sick statistically significant.
Children Note: All 101 participants received WGS but
(SickKids) authors only reported the diagnostic yield of Mean number of lab tets
Genome Clinic the 93 participants who did not get a diagnosis tests were significantly
Project on CMA. The yeild reported above does not greater following CMA.
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
include those diagnosed with by CMA and Mean number of
WGS. specialist or allied health
visits was significantly
greater following WGS.
No medication
prescriptions/alterations
and no cascade family
genetic testing outside of
parental testing were
observed post CMA or
WGS reporting.
Mean number of activites
averted based on
physician interveiw:
Nondiagnostic WGS = 6
activities
Diagnostic WGS =5
activities
Helman et al. Highrisk | P/LP variants, or VUS Number diagnosed with WGS: 14 Number diagnosed with comparator: 25 NR
(2020)z of bias considered clinically Number tested with WGS: 41 Number tested with comparator: 71
resolved following WGS diagnostic yield: 34% (incremental yield) | Comparator diagnostic yield: 35%
Myelin multidisciplinary review.
Disorders Timing of WGS: Late WGS-Only patients who | Comparator = WES; only those not diagnosed
Bioregistry were not able to receive a molecular diagnosis | by WES received WGS
Project through previous testing that included some
(MDBP) genetic testing were enrolled/analyzed.
Kang et al. High risk | A diagnosis was Number diagnosed with WGS: 1 Number diagnosed with comparator: 11 NR
(2018)0 of bias determined based on Number tested with WGS: 3 Number tested with comparator: 32
the identification of a WGS diagnostic yield: 33% Comparator diagnostic yield: 34%
pathogenic or likely
pathogenic variant on Timing of WGS: Late WGS-Only patients who | Comparator = NGS multigene panels and more
WGS. were not able to receive a molecular diagnosis | comprehensive repeat expansion testing
through previous testing that included some (SCA8, SCA31, SCA36, DRPLA) completed
genetic testing were enrolled/analyzed.
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
after negative triplet repeat expansion testing;
only undiagnosed received WGS
Lindstrand et High risk | Based on the Overall Number diagnosed with comparator: 47 NR
al. (2022)2 of bias identification of variants | Number diagnosed with WGS: 69 Number tested with comparator: 421
scored as ACMG/AMP | Number tested with WGS: 229 Comparator diagnostic yield: 11%
class 4 and 5 (P/LP). WGS diagnostic yield: 30%
Class 3 variants (VUS) Comparator = CMA/FMR1 testing
that in combination with | First-line WGS:
inheritance pattern and | Number diagnosed with WGS: 35
clinical phenotype of the | Number tested with WGS: 200
patient (ID/NDD) WGS diagnostic yield: 35%
rendered a strong
suspicion of Second-line WGS:
pathogenicity were Number diagnosed with WGS: 24
considered as clinically | Number tested with WGS: 129
relevant findings but WGS diagnostic yield: 26%
were not part of the
reported overall Timing of WGS: Variable
diagnostic yield.
Note: Diagnostic yield in first-line WGS cohort
was significantly higher, P<0.001, compared
to CMA/FMR1 cohort
Lionel et al. Some Candidate pathogenic Number diagnosed with WGS: 42 Number diagnosed with comparator: 25 NR
(2018)% risk of variants deemed Number tested with WGS: 103 Number tested with comparator; 103
bias relevant to the primary | WGS diagnostic yield: 41% (P=0.01 vs. Comparator diagnostic yield: 24%
phenotype according to | conventional testing)
establish laboratory Comparator = Conventional genetic testing
reporting criteria were Timing of WGS: Early WGS-Only patients who | including targeted gene sequencing based on
discussed with the had not yet received genetic testing in attempt | phenotype in all participants, CMA in 43% of
referring clinician and to establish a molecular diagnosis were participants, and WES in 68% of participants.
designated as enrolled/analyzed.
diagnostic by Note: 70 participants had both WES and WGS.
consensus. For these 70, diagnostic yield of WES was
26/70 (37%) and diagnostic yield of WGS was
35/70 (50%)
Lowther et al. Some All variants that passed | Number diagnosed with WGS: 126 Number diagnosed with CMA comparator: 71 NR
(2023)44 risk of a manual variant Number tested with WGS: 1,612 Number tested with comparator: 1612
bias classification were Comparator diagnostic yield: 4.4%
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Author (Year)

Risk of
bias

WGS diagnosis
definition

Diagnostic Yield from WGS

Diagnostic yield from comparator

Clinical utility

assessed by a variant
review panel that
included board-certified
clinical geneticists as
well as population
geneticists with
expertise in variant
identification and
interpretation. Variants
were evaluated for a
gene-phenotype
association on an
individual-specific basis
and then evaluated for
variant classification. Al
variants classified as
pathogenic or likely
pathogenic in a gene
robustly associated with
the individual’s
phenotype (e.g., the
indication for testing)
were considered a
molecular diagnosis.

WGS diagnostic yield: 7.8% (95% CI, 6.5 to
9.1)

Timing of WGS: variable
Note: The incremental and sequential

diagnostic yields of adding WGS to CMA and
WES was 0.4%.

Number diagnosed with WES comparator; 119
Number tested with comparator: 1612
Comparator diagnostic yield: 7.4%

Comparator = CMA and WES data previously
sequenced but reanalyzed using the WGS
analysis platform and a new method for
identifying CNVs from exome data

McLean et al.
(2023)18

High risk
of bias

Not explicitly stated, the
diagnoses that were
made were based on
P/LP variants.

Number diagnosed with WGS: 1
Number tested with WGS: 9
WGS diagnostic yield: 11%

Timing of WGS: Variable

Note: 4 of 9 had WGS as the 1st test, 5 of 9
had WGS as the 2nd or 3rd test.

Number diagnosed with comparator: 23
Number tested with comparator: 67
Comparator diagnostic yield: 34%

Comparator = Testing varied by patient and
included single gene testing, single variant
testing, CMA, various panels, PCR-based tests
for repeat disorders, and WGS with restricted
analysis.

1 patient with WGS
diagnosis had incidental
finding related to a
cancer predisposition
gene.

Among diagnosed
participants (including
those diagnosed by
WGS or other tests) with
records available:
Received diagnostic
clarity and
prognostication: 7 of 19
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Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
Management changes
related to diagnosis: 5 of
19
Made informed
reproductive descisions:
11 of 24
Ostrander et High risk | P/LP variant(s) based Number diagnosed with WGS: 3 Number diagnosed with comparator: 11 NR
al. (2018)2 of bias on ACMG criteria. Also | Number tested with WGS: 3 Number tested with comparator: 14
included likely WGS diagnostic yield: 100% Comparator diagnostic yield: 79%
diagnostic variants
related to novel genes. | Timing of WGS: Late WGS-Only patients who | Comparator = targeted gene panel of 223 early
were not able to receive a molecular diagnosis | infantile epileptic encephalopathy candidate
through previous testing that included some genes conducted on a WGS platform
genetic testing were enrolled/analyzed.
Note: 1 of the 11 patients who had a more
Note: 2 of 3 diagnoses were bsaed on “likely panel-related analysis of the whole genome
diagnostic” variants. One is a novel structural | data was reported to have been identified by a
mutation and the other was a variantin a de novo search for structural variants predicted
novel gene. to disrupt genes that have been previously
implicated in Early infantile epileptic
encephalopathy. It is not clear if those genes
are the 223 that were previously identified.
Palmer et al. High risk | Variants classified as Overall WGS (cohort A and B) SOC testing only (cohort A) Among 19 participants
(2021)5 of bias P/LP were confirmed Number diagnosed with WGS: 19 Number diagnosed with comparator: 2 diagnosed via WGS:
Palmer et al. with independent Number tested with WGS: 30 Number tested with comparator: 32 Guidance on health
(2018)103 bidirectional Sanger WGS diagnostic yield: 63% Comparator diagnostic yield: 6% surveillance and drug

sequencing before
issuance of a diagnostic
report.

Negative previous SOC testing and trio WES
followed by WGS (cohort A)

Number diagnosed with WGS: 8

Number tested with WGS: 15

WGS diagnostic yield: 53% (incremental yield)

Negative previous SOC testing plus NGS-
based MGP followed by WGS (cohort B):
Number diagnosed with WGS: 11
Number tested with WGS: 15

WGS diagnostic yield: 73%

SOC testing plus trio WES (cohort A)
Number diagnosed with comparator: 16
Number tested with comparator: 32
Comparator diagnostic yield: 50%

Comparator cohort A = SOC testing including
imaging, blood, urine, and spinal fluid tests,
EEG, single gene testing, WES; if WES
negative, then received WGS

SOC testing plus multigene panel (cohort B)

selection: 2

End of diagnostic
odyssey:13

Effect of diagnosis on
management:

Family closure: 17
Improved government
funding (Australia): 1
Access to support
groups/ information: 7
Reproductive counseling:
8
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Risk of | WGS diagnosis
Author (Year) | bias definition Diagnostic Yield from WGS Diagnostic yield from comparator Clinical utility
Number diagnosed with comparator: NR
Timing of WGS: Late WGS-Only patients who | Number tested with comparator: NR
were not able to receive a molecular diagnosis
through previous testing that included some Comparator cohort B = SOC testing including
genetic testing were enrolled/analyzed. imaging, blood, urine, and spinal fluid tests,
EEG, NGS-based multigene panel; if negative,
then received WGS.
Schluteretal. | Some Diagnosis determined Number diagnosed with WGS: 5 Number diagnosed with comparator: 86 Improved clinical
(2022)38 risk of based on the Number tested with WGS: 16 Number tested with comparator: 126 management: 29
bias identification of a P/LP | WGS diagnostic yield: 31% Comparator diagnostic yield: 68% Consideration of a
variant. Patients with a specific treatment option
VUS but compatible Timing of WGS: Late WGS-Only patients who | Comparator = Trio WES for the disease: 22
segregation studies and | were not able to receive a molecular diagnosis
specific clinical and MRI | through previous testing that included some Note: The original diagnostic yield of WES was | These findings were not
findings highly genetic testing were enrolled/analyzed. 741126 (59%), which increased to 86/126 (68%) | specific to WGS and
suggestive for a given after a subsequent WES reanalysis 12 to 24 included diagnoses also
disease, were also months later. made by WES.
considered diagnosed.
Soden et al. High risk | NR Number diagnosed with WGS: 1 Number diagnosed with comparator: 33 NR
(2014)34 of bias Number tested with WGS: 6 Number tested with comparator: 85
WGS diagnostic yield: 17% Comparator diagnostic yield: 39%
Timing of WGS: Late WGS-Only patients who | Comparator = WES, participants only received
were not able to receive a molecular diagnosis | WGS after negative WES
through previous testing that included some
genetic testing were enrolled/analyzed. Note: DY reported per family, not individual.
Note: DY reported per family, not individual.
Splinter et al. High risk | Variant prioritization to Number diagnosed with WGS: 32 Number diagnosed with comparator: 55 Among all 132 diagnoses
(2018)8 of bias classify each variant Number tested with WGS: 165 Number tested with comparator; 194 (not only WGS-based
into pathogenicity WGS diagnostic yield: 19% (partial Comparator diagnostic yield: 28% diagnoses):
Undiagnosed groupings so as to incremental yield) Recommendation
Diseases identify those that are Comparator = WES regarding a change in
Network (UDN) deleterious and match Timing of WGS: Variable therapy: 28

the patient's clinical
presentation. Variants
confirmed by Sanger
sequencing.

Note: 17 of the 32 patients (53%) had
undergone exome sequencing before referral.

Change in care other
than therapy: 49

Whole Genome Sequencing: Draft Report

Page D-46




WA - Health Technology Assessment

April 4, 2024

Author (Year)

Risk of
bias

WGS diagnosis
definition

Diagnostic Yield from WGS

Diagnostic yield from comparator

Clinical utility

Variant specific genetic
counseling but no
change in care: 48

van der
Sanden et al.
(2023)4

Low risk
of bias

Diagnosis based on
guidelines from the
Association for Clinical
Genetic Science, the
Dutch Society of
Clinical Genetic
Laboratory Specialist
and European
Guidelines for
Constitutional
Cytogenomic analysis.
A conclusive diagnosis
obtained if a pathogenic
(or likely pathogenic)
variant in a disease
gene associated with
the patient’s phenotype
was detected. Possible
diagnosis obtained if
VUS identified in a
previously established
disease gene that could
explain the patient’s
phenotype, or, a
pathogenic variant(s) in
a candidate disease-
gene(s) was identified
with a potential
relationship to (part of)
the patient’s phenotype.

Number diagnosed with WGS: 45
Number tested with WGS: 150
WGS diagnostic yield: 30%

Timing of WGS: Varied
Note: In addition to confirmed diagnosis; 35

patients (23.3%) received a possible
diagnosis.

Number diagnosed with comparator: 43
Number tested with comparator: 150
Comparator diagnostic yield: 29%

Comparator = WES and additional standard of
care testing, which could include CMA, single
gene testing, repeat expansion testing, or other
genetic tests at the discretion of the clinician.

NR

Vanderver et
al. (2020)2
LeukoSEQ
Clinical Trial

Some
risk of
bias

NR

Number diagnosed with immediate WGS plus
SOC: 5

Number tested with immediate WGS plus
SOC: 9

WGS diagnostic yield: 56%

Number diagnosed with SOC; 5
Number tested with SOC: 23
Comparator diagnostic yield: 22%

5/23 received a diagnosis from SOC only,

Reported that
participants receved
diagnoses that would
warrant specific follow up
and changes in
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WGS diagnosis
definition

Diagnostic Yield from WGS

Diagnostic yield from comparator

Clinical utility

Note: All diagnoses were made with WGS, not
SOC testing.

Timing of WGS: Early-Only patients who had
not yet received genetic testing in attempt to
establish a molecular diagnosis were
enrolled/analyzed.

14 of the 18 who remained undiagnosed after
SOC testing received a diagnosis from WGS for
a cumulative DY of 83%.

Comparator = SOC defined as routine clinical
testing employed for disorders of expected
genetic origin, including radiologic, enzymatic,
biochemical analyte, chromosomal, targeted, or
gene panel testing (including mitochondrial
genome testing); those undiagnosed after 4
months received WGS.

management, details of
actual changes in
management not
reported.

Abbreviations: ACMG/AMP = American College of Medical Genetics/Association for Molecular Pathology; BRIDGES = Bringing Research Innovations in Diagnosis of Genetic
Diseases in Singapore; CMA = chromosomal microarray; CNV = Copy Number Variant; DY = diagnostic yield; EEG = electroencephalogram; GA4K = Genomic Answers for
Kids; Gene-STEPS = Gene-shortening Time of Evaluation in Pediatric Epilepsy Services; ID = intellectual disability; MDBP = Myelin Disorders Bioregistry; NDD =
neurodevelopmental disorders; NGS = next-generation sequencing; NR = not reported; P/LP = pathogenic or likely pathogenic; SickKids = The Hospital for Sick Children; SNV =
single nucleotide variant; SOC = standard of care; SUREKids = Singapore Undiagnosed Diseases Research Program for Kids; UDN = Undiagnosed Disease Network; VUS =
variant of unknown significance; WES = whole exome sequencing; WGS = whole genome sequencing.
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Table D-4. Health related outcomes

Author (Year)

Health outcomes

Splinter et al. (2018)2

Undiagnosed Diseases Network (UDN)

ROB: High risk of bias

Of the 28 patients with a recommendation for change in therapy:
Observed positive treatment effect: 8 patients.

Unclear or negative effect: 6 patients

Therapy not initiated: 4 patients

Outcome could not be determined:10 patients

Abbreviations: ROB = risk of bias

Table D-5  Secondary findings and safety related outcomes

Author (Year)

Secondary findings

Safety

Abul-Husn et al. (2023)33
Bonini et al. (2023)%

NYCKidSeq

503/643 opted in for receiving ACMG secondary findings (v2.0 list of 59 genes)
13/503 (2.6%) with pathogenic or likely pathogenic variant in 1 or more of the 59 genes designated
as secondary findings

NR

Bick et al. (2017)

Evaluated incidental findings, which were defined as variant identified in patient that published
literature identified as causing a Mendelian disorder unrelated to the patient's current phenotype.
Families could indicate what, if any, types of incidental findings would be reported back to them
(i.e., none, untreatable childhood disorders, treatable adulthood disorders, untreatable adulthood
disorders, carrier of disorder). 2 of 21 families requested no incidental findings. The rest chose
variety of combinations of types of incidental findings:

1 for only untreatable childhood disorders

2 for only treatable adulthood disorders

2 for carrier status and treatable adulthood disorders

2 for carrier status, treatable adulthood disorders, and untreatable childhood disorders

1 for untreatable childhood disorders and untreatable adulthood disorders

11 for carrier status, untreatable childhood disorders, untreatable adulthood disorders, and
treatable adulthood disorders

41 different incidental findings were identified, 40 of which were carrier status for recessive
condition and 1 in a dominant disorder

NR

Bowling et al. (2017)%
Hiatt et al. (2018)%

CSER consortium

Found genetic variation unrelated to DD/ID (i.e. secondary findings) in 8.7% of parents. Of
parents, 1.5% were found to harbor a pathogenic/likely pathogenic variant related to a self-
reported secondary condition. Also examined 56 genes identified by the ACMG as potentially

NR
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Secondary findings Safety
Author (Year)
harboring actionable secondary findings, revealing pathogenic/ likely pathogenic variants in 12
parents (2.0%), a rate similar to that observed in other cohorts.
Brockman et al. (2021)48 87 of the 99 participants that received WGS consented to receive secondary findings but no NR
returnable secondary findings were identified in the patients who received WGS testing.
Cirino et al. (2017)% 84 secondary finding variants were identified in 41 patients (mean = 2.05 per person, range 0 to NR
Christensen et al. (2018)Z 6). There were 5 monogenic secondary findings from WGS and 79 carrier variants identified.
Machini et al. (2019)2 Note: This was based on an approach that was deliberately broader than ACMG, taking into
account all possible genetic results with any clinical significance. None of the secondary findings
MedSeq Project reported in the MedSeq Project were in genes on the ACMG list.
D'Gama et al. (2023)3 Among the outpatient study population, secondary findings were reported for 2/40 patients. NR

Gene-shortening Time of Evaluation in
Paediatric epilepsy Services (Gene-
STEPS)

LP variant in gene for Calvarial Doughnut Lesions with Bone Fragility with or without
spondylometaphyseal dysplasia

P variant in gene for hemophilia A

Elliott et al. (2022)22
Elliott et al. (2018)%

CAUSES

Incidental findings in 21 parents who opted for return of these results. 8 were pharmacogenomic
variants and 7 were cancer predisposition genes. Single individuals had incidental findings in
G6PD, LDLR, or APOB.

Safety ROB: High risk of bias

4 of 217 (1.9%) families
diagnosed via WES or WGS
had diagnosis rescinded

Hayeems et al. (2017)2
Stavropoulos et al. (2016)10t
Costain et al. (2018)102

The Hospital for Sick Children
(SickKids) Genome Clinic Project

ACMG secondary findings were evaluated using 56 gene list.

26% opted out of receiving secondary findings related to medically actionable adult-onset
disorders. 7 individuals had positive secondary findings, 3 of whom also had diagnostic variants for
their primary phenotype.

NR

Rehm et al. (2023)%0

NA

Safety ROB: High risk of bias

Inconclusive due to VUS, N (%)
Exome: 9,528/42,165 (22.6)
Genome:1,405/6,329 (22.2)
MGP: 477,617/1,463,812
(32.6)

ES/GS Trio: 5,365/28,324
(18.9)

ES/GS < Trio: 5,568/20,170
(27.6)
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Author (Year)
ES/GS vs. MGP: P< .0001
Exome vs. Genome P NS
Trio vs. < Trio P<0.0001
Schluter et al. (2022)38 Incidental findings were reported in 2 patients: a pathogenic variant in MYBPC3 gene and in NR
SMADZ3 genes. In both cases, cardiologic follow-up will ensue with cranial magnetic resonance
angiography and orthopedic controls in the second case.

Abbreviations: ACMG = American College of Medical Genetics; CSER = Clinical Sequencing Exploratory Research; DD = developmental delay; ES = exome sequencing; Gene-
STEPS = Gene-shortening Time of Evaluation in Pediatric Epilepsy Services; GS = genome sequencing; ID = intellectual disability; LP = likely pathogenic; MGP = multigene
panel; NA = not applicable; NR = not reported; P = pathogenic; ROB = risk of bias; SickKids = The Hospital for Sick Children; VUS = variant of unknown significance; WES =

whole exome sequencing; WGS = whole genome sequencing.
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Hiatt et al. (2018)%

CSER consortium

enrolled in the Clinical Sequencing Exploratory Research (CSER)
project at HudsonAlpha. The second reanalysis included an
additional 123 affected patients, increasing the cohort to 494
affected individuals.

Table D-6. Re-Analysis related outcomes
Author (Year) Description of reanalysis procedures Describe findings related to reanalysis
Bick et al. (2017)45 | Routine yearly follow-up was offered at which time clinical By subsequent reanalysis, an additional 5 cases received diagnosis for increased DY of
information was updated and genome was reevaluated. 8/22 (36%).
Bowling et al. Sought to systematically reanalyze WES/WGS data from patients In the 12-month reanalysis, among all 44 variants originally found to be VUSs, 5 (11.3%)
(2017)21 with developmental delay and/or intellectual disability (DD/ID) were upgraded to likely pathogenic or pathogenic. Of the 211 families who originally

received a negative result, pathogenic/likely pathogenic variation was identified for 10
(4.7%) through reanalysis.

Cirino et al. (2017)%3

Christensen et al.
(2018)2

Machini et al.
(2019)8

MedSeq Project

During time of initial analysis (2013 to 2015), significant changes in
genome interpretation pipeline occurred (i.e., changes included
updated versions of HGMD; expansion of the medical exome gene
list; updates in ESP, Alamut, and dbSNP; and the addition of and
ongoing updates to ClinVar). Using an updated pipeline,
reanalyzed the variant cell format (vcf) files of all MedSeq genomes
between August and September 2015 (mean period lapsed
between initial and repeat analysis: 13 months, range 6 to 23
months).

50 cardiomyopathy genomes were reanalyzed for new causes of cardiomyopathy.

2 cases received updates with variants in ALPK3 (MIM:617608), a more recently
discovered cause of cardiomyopathy (one bi-allelic variant explaining disease and 1
variant that was heterozygous and therefore inconclusive in the absence of a variant on
the second allele).

Elliott et al. (2022)22
Elliott et al. (2018)%

CAUSES

Reanalysis was planned at regular intervals, but could also be
requested by referring physician, study team, or family. Routine
reanalysis done similarly to primary analysis, but main focus was to
find variants in which ACMG classification changed, variants were
in genes with new disease association, or variants the genomic
analyst felt might alter the diagnostic category previously assigned
by the study team. New variants were considered if there was new
clinical information on the patient or new expanded phenotype for a
gene identified. Updated results then disclosed by same protocol
as primary analysis.

4 (1.9%) of the 215 families initially diagnosed as having a genetic condition associated
with a definitely or probably disease-causing genomic variant, our multidisciplinary
research team reinterpreted the genomic results as uncertain or uninformative as a
result of additional information on the individual, gene, or variant that became available
during the period of follow-up.

49 (17.2%) of the 285 families in whom study team initially considered the genomic
results to be either uninformative or uncertain, a genetic condition was diagnosed during
follow-up when the associated variant was reinterpreted as probably or definitely disease
causing.

27 families initially interpreted as uninformative or uncertain were subsequently
diagnosed with a genetic disease, and the associated genomic variants were
reinterpreted as definitely or probably disease-causing on the basis of new publications
that described genetic disorders that were unrecognized at the time of initial analysis.

9 individuals had clinical reassessment by the referring physician after learning of the
genomic test result that led to the diagnosis of a genetic condition and reinterpretation of
the variant as probably or definitely disease-causing.

Whole Genome Sequencing: Draft Report

Page D-52




WA - Health Technology Assessment

April 4, 2024

Author (Year)

Description of reanalysis procedures

Describe findings related to reanalysis

7 individuals were due to improvement in the bioinformatics pipeline identified a variant
on routine reanalysis that had not been flagged initially but was interpreted as probably
or definitely causal for a genetic disease in the individual by study team.

5 individuals were diagnosed as having a genetic disease that had recently been listed

in OMIM when definitely or probably causal variants were identified on routine genomic
data reanalysis.

1 individual, a genetic disorder was diagnosed after routine reanalysis identified a variant
in a locus that had recently been reported to be associated with a broader phenotype
than initially recognized.

Hayeems et al.
(2017)%2
Stavropoulos et al.
(2016)101

Costain et al.
(2018)102

The Hospital for

WGS variant calls were re-annotated in February 2017. Molecular
and clinical geneticists examined variant files and prioritized
clinically relevant nuclear DNA variants. Updated phenotype data
was extracted from the medical record. Candidate variants were
classified according to ACMG guidelines, discussed with referring
clinician, and designated as diagnostic by consensus. Variants
were then confirmed by Sanger in a CLIA lab and parents
evaluated by targeted testing.

Diagnostic yeild was 7 of 64 (10.9%) in previously undiagnosed cases.

5 cases were classified as pathogenic or likely pathogenic.

2 cases were classified as variants of unknown significance but clinicians felt were
probable contributors to patient's phenotype.

0 diagnoses were made in interval period between original WGS analysis and
reanalysis.

0 diagnoses made by systematic reanalysis of existing CMA data.

7 new diagnoses increased cumulative DY of WGS to 41%.

Undiagnosed
Diseases Network
(UDN)

Sick Children

(SickKids) Genome

Clinic Project

McLean et al. NR 1 patient had reanalysis of a restricted analysis WGS test; no one had reanalysis of a full
(2023)18 WGS test.

Splinter et al. Reanalysis of previously sequenced exome or genomes was Of the 48 patients, 11 (23%) received a diagnosis after reanalysis of their previously
(2018)8 conducted, but the specific numbers and details were NR. obtained sequencing data and another 30 (63%) underwent repeat sequencing through

the UDN. Of the 234 patients who had not previously undergone exome sequencing, 84
(36%) received a diagnosis.

Abbreviations: ACMG = American College of Medical Genetics; CLIA = Clinical Laboratory Improvement Amendments; CMA = chromosomal microarray; CSER= Clinical
Sequencing Exploratory Research; DD = developmental delay; DY = diagnostic yield; HGMD = Human Gene Mutation Database; ID = intellectual disability; NR = not reported;
SickKids = The Hospital for Sick Children; UDN = Undiagnosed Disease Network; VUS = variant of unknown significance; WES = whole exome sequencing; WGS = whole

genome sequencing.
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Table D-7. Characteristics of Studies Reporting Cost Outcomes
Year/Unit of Currency
Study design Perspective
Author Time Horizon Description of testing Description of costs included
(Year) Sponsor Study Population Discount rate strategies evaluated Description of Benefit and/or Utility Measures Used
Lavelle Modeled cost- | This study estimated 2019/USD 7 strategies evaluated: Base case
etal. effectiveness | findings for 2 (1) SOC only, described | Only costs of testing were considered based on CMS
(2022)3 hypothetical cohorts; Payor as single gene tests, reimbursement rates or from applying cost-to-charge ratios to list
Personalized | the cohort of critically ill gene panels, or other prices from major U.S. testing labs.
Medicine infants was not eligible | 10 years (base case) laboratory tests SOC only resulting in diagnosis: $2,154 (range $1,077 to $6,462)
Coalition for this review. The Lifetime (sensitivity (2) First-line WES SOC only with no diagnosis: $6,566 (range $3,283 to $19,698)
eligible cohort included | analysis) (3) SOC followed by WES: $8,112 (range $6,720 to $10,560)
children younger than WES WGS: $10,450 (range $7,008 to $14,304)
18 years who were not (4) First line WGS Reanalysis cost: $310 (range NR)
critically ill but with (5) SOC followed by Sensitivity Analyses considered lifetime health care costs based on
undiagnosed suspected WGS spending from 2017 MEPS.
genetic conditions and (6) WES followed by Normal: $137,903 (range $80,333 to $195,473)
baseline moderate WGS Mild disability: $400,766 (range $380,897 to $467,447)
disability. (7) SOC followed by Moderate disability: $493,181 (range $458,683 to $525,079)
WES followed by WGS Severe disability: $557,871 (range $435,329 to $601,611)
Al WES and WGS were | Base case
standard not rapid and Only costs of testing were considered based on CMS
assumed trio testing. reimbursement rates or from applying cost-to-charge ratios to list
prices from major U.S. testing labs.
SOC only resulting in diagnosis: $2,154 (range $1,077 to $6,462)
SOC only with no diagnosis: $6,566 (range $3,283 to $19,698)
WES: $8,112 (range $6,720 to $10,560)
WGS: $10,450 (range $7,008 to $14,304)
Reanalysis cost: $310 (range NR)
Sensitivity Analyses considered lifetime health care costs based on
spending from 2017 MEPS.
Normal: $137,903 (range $80,333 to $195,473)
Mild disability: $400,766 (range $380,897 to $467,447)
Moderate disability: $493,181 (range $458,683 to $525,079)
Severe disability: $557,871 (range $435,329 to $601,611)
Incertiet | Modeled cost- | Hypothetical population | 2020/USD (1) SOC Costs sourced from Medicare Clinical Laboratory Fee Schedule,
al. effectiveness | of noncritically ill Payor (2) WGS published microcosting studies, and publicly available pricing from
(2021)52 children younger than 15 years (3) SOC followed by reference laboratories.
[llumina 18 years atthe timeof | NR WGS
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Year/Unit of Currency

suspected genetic
disease. This includes
patients with multiple
congenital anomalies,
epilepsy, intellectual
disability,
developmental delay,
and other nonspecific
presentations. The
study also includes
modeling of a
hypothetical population
of critically ill infants
(out of scope for this
review).

genetic tests (e.g., single
gene panels, multigene
panels, CMA, and
karyotype, but not WES)
and accompanying
nongenetic diagnostic
investigations (e.g.,
medical appointments,
pathology, and imaging).

Study design Perspective
Author Time Horizon Description of testing Description of costs included
(Year) Sponsor Study Population Discount rate strategies evaluated Description of Benefit and/or Utility Measures Used
presentation for medical “Standard of care” refers | Annualized costs of standard diagnostic care: $825.45 ($622.29 to
genetics workup for to standard diagnostic $1,056.87)

One-time up-front costs of standard diagnostic care: $3,877.53
($1,992.43 to $6,379.73)

Cost of WGS: $5,500

One-time up-front cost of standard diagnostic care not replaced by
WGS: $1,783.66

Cost of WGS assumed to included labor, supplies, bioinformatics,
equipment, and confirmatory testing and trio testing.

Clinical outcomes: Proportion of patients diagnosed by any genetic
test in a diagnostic pathway; proportion of patients with a change in
clinical management following diagnosis; and duration of the
diagnostic trajectory

Economic outcomes: Total diagnostic costs per patient; cost per
diagnosis; incremental cost-effectiveness ratio relative to standard
additional diagnosis (diagnostic

costs model, per-patient cost)

Abbreviations: CMA = chromosomal microarray; CMS = Centers for Medicare & Medicare Services; MEPS = Medical Expenditure Panel Survey; NR = not reported; SOC =
standard of care; U.S. = United States; USD = U.S. dollars; WES = whole exome sequencing; WGS = whole genome sequencing.
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Table D-8. Findings of Studies Reporting Cost Outcomes
Author Risk of | Cost per diagnosis Cost per additional Cost-utility or | Sensitivity Analysis Reanalysis
(Year) bias diagnosis cost-
effectiveness
Lavelle etal. | Some Strategy cost/diagnosis GS: $27,349 per Not Lifetime analyses Among those
(2022)2t concerns | rate/mean cost per diagnosis additional diagnosis considered in | Compared to SOC only: who remain
(1) SOC: $5,728/19%/ $30,147 | compared to SOC only | base case GS: undiagnosed at
$490,047/QALY gained (least optimistic estimate) | 12 months, GS
(2) WES: $8,322/28% /$29,721 | Strategies that were $119,705/QALY gained (most optimistic estimate) | reanalysis cost

(3) SOC/WES: $8,909/28%
/831,818

strongly dominated (i.e.,
less effective and more
costly than an

Strategies that were strongly dominated (i.e., less
effective and more costly than an alternative

$30,078 per
additional
diagnosis as

alternative strategy) strategy) compared to ES
(4) WGS: $10,651/37% SOC/WES SOC/WES with reanalysis
1$28,786 SOC/WGS SOC/WGS
WES/WGS WES/WGS ES reanalysis
(5) SOC/WGS: $10,793/37% SOC/WES/WGS SOC/WES/WGS cost $14,227 per
1$29,170 additional
Strategy that was Strategy that was weakly dominated (i.e., less diagnosis as
(6) WES/WGS: $15,837/37% weakly dominated (i.e., effective and less cost-effective) compared to
1$42,803 less effective and less WES SOC only
cost-effective)
(7) SOC/WES/WGS: WES: $28,822 per One-way sensitivity analyses
$16,424/37% /$44,389 additional diagnosis Reducing cost of GS by 33% reduced incremental
compared to SOC only cost per diagnosis to $8,230.
Increasing the cost of SOC only without a
diagnosis to $19,700 resulted in ES being cost
saving relative to SOC only.
Varying life expectancy and lifetime costs
estimates generally did not influence resullts.
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Author Risk of | Cost per diagnosis Cost per additional Cost-utility or | Sensitivity Analysis Reanalysis
(Year) bias diagnosis cost-

effectiveness

Incertietal. | Some Cost per patient WGS vs. SOC: Duration of The most impactful parameters in sensitivity were | NR
(2022)52 concerns | SOC: $7,355 ($5,166 to $9,988) | Dominates (WGS has the diagnostic | costs of standard care, duration of the diagnostic
WGS: $7,284 ($7,284 to $7,284) | more diagnoses and trajectory, trajectory, and time horizon. Lowering the costs of
SOC followed by WGS: $12,030 | lower costs relative to years standard care (by 30%) or reducing the duration of
($9,631 to $14,704) SOC) SOC: 4.18 the diagnostic trajectory (by 30%) would result in
SOC followed by WGS | (3.08t0 5.17) | standard care having a lower cost per patient, and

Cost per diagnosis vs. SOC: $24,178 per WGS 0.17 WGS would have a lower cost per diagnosis (with
SOC: $43,834 ($19,359 to additional diagnosis (0.16t0 0.17) | 30% reduction in cost of standard care, cost per
$90,168) SOC followed | diagnosis was $32,875 for SOC and $19,262 for
WGS: $21,281 ($12,454 to by WGS: 4.28 | WGS; with 30% reduction in trajectory, cost per
$37,291) (3.17t05.30) | diagnosis was $34,091 for SOC and $19,124 for
SOC followed by WGS: $35,580 WGS).
(15,935-70,226) Change in

clinical
Based on the following modeled management,
DY %
SOC: 19% (9% to 33%) SOC: 10 (5to0
WGS: 37% (20% to 58%) 18)
SOC followed by WGS: 38% WGS: 19 (10
(18% to 63%) to 32)

SOC followed

by WGS: 20

(9to 34)

Cost-

effectiveness

per clinical

outcomes: NR

Abbreviations: DY= diagnostic yield; ES = exome sequencing; GS = genome sequencing; NR = not reported; QALY = quality-adjusted life year; SOC= standard of care; WES =
whole exome sequencing; WGS = whole genome sequencing.
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Appendix E. Excluded Articles

List of Exclusion Codes

X1: Ineligible population X7: Ineligible language or time period
X2: Ineligible intervention X8: Ineligible country

X3: Ineligible comparator X9: Not relevant

X4: Ineligible outcomes X10: Other

X5: Ineligible setting (in patient) X11: Duplicate

X6: Ineligible study design
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X3.
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Code: X3.
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PMID: 30858458. Exclusion Code: X9.
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11.

12.
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14.
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Table F-1.  Risk-of-Bias Ratings Part 1
Was the study  |Was participant  |Could the way in which |For RCTs, was the method of For non-randomized
population inclusion/exclusio |participants were randomization and allocation comparative studies, is
described in n criteria selected introduce concealment adequate and were baseline |the comparison group
Author (Year) Study design |adequate detail? |appropriate? bias? characteristics similar among groups?  |appropriate?
Abul Husn et al. (2023)%¢ |Single group PN PY Unclear NA NA
Bonini et al. (2023)38 historical or
Odgis et al. (2021)10 concurrent
Sebastin et al. (2023)1% |comparison
Alfares et al. (2018) Single group  |PY PY PN NA NA
historical or
concurrent
comparison
Alvarez-Mora et al. Diagnostic N Unclear Y NA NA
(2022)24 odyssey path
Bhatia et al. (2021)2 Separate PN PY Unclear NA Unclear
Bylstra et al. (2019)% cohorts
Jamuar et al. (2016)%
Bick et al. (2017)4 Single group PN PY Y NA NA
historical or
concurrent
comparison
Bogdanova-Mihaylova et |Separate PY PY PN NA NA
al. (2021)3 cohorts
Bowling et al. (2017)31  |Separate PY PY Y NA PN
Hiatt et al. (2018)% cohorts
Brockman et al. (2021)48 |Randomized  |Y Y PN Y NA
controlled trial
Chan et al. (2021)3 Separate PY PY PY NA Unclear
cohorts
Cirino (2017)% Single group  [PY PY PY NA NA
Christensen et al. (2018)¥Z|historical or
Machini et al. (2019)% concurrent
comparison
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Was the study
population
described in

Was participant
inclusion/exclusio
n criteria

Could the way in which
participants were
selected introduce

For RCTs, was the method of
randomization and allocation
concealment adequate and were baseline

For non-randomized
comparative studies, is
the comparison group

Author (Year) Study design _|adequate detail? |appropriate? bias? characteristics similar among groups? |appropriate?

Cohen et al. (2022)2 Single group PN Unclear Y NA NA
historical or
concurrent
comparison

D'Gama et al. (2023)3  |Single group  |Y Y PY NA NA
historical or
concurrent
comparison

Dias et al. (2024) Diagnostic PY PY Unclear NA NA
odyssey path

Elliott et al. (2022)22 Separate PY PY Y NA Y

and (2018) cohorts

Ewans et al. (2022)2! Single group PN Unclear Unclear NA NA
historical or
concurrent
comparison

Gilissen et al. (2014)32  |Diagnostic PY Unclear Unclear NA NA

de Ligt et al. (2012)104 odyssey path

Grether et al. (2023)3Z Diagnostic PN PY PY NA NA

Papuc et al. (2019)1% odyssey path

Harding et al. (2022)19 Separate PY PY PN NA Unclear
cohorts

Hayeems et al. (2017)42  |Diagnostic PN PY PY NA NA

Costain et al. (2018)122  |odyssey path

Stavropoulos et al.

(2016)101

Helman et al. (2020)2 Diagnostic N PY PY NA NA
odyssey path

Kang et al. (2019)2 Separate PY PY PN NA PY
cohorts

Lindstrand et al. (2022)2 |Separate PN Unclear PY NA Unclear
cohorts

Lionel et al. (2018)42 Single group  [PY PY PY NA NA
historical or
concurrent
comparison
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Was the study
population
described in

Was participant
inclusion/exclusio
n criteria

Could the way in which
participants were
selected introduce

For RCTs, was the method of
randomization and allocation
concealment adequate and were baseline

For non-randomized
comparative studies, is
the comparison group

Author (Year) Study design _|adequate detail? |appropriate? bias? characteristics similar among groups? |appropriate?

Lowther et al. (2023)*4  |Single group  |Y Y Unclear NA NA
historical or
concurrent
comparison

McLean et al. (2023)18  |Separate PN Unclear Y NA NA
cohorts

Ostrander et al. (2018)2 |Diagnostic PY PY Y NA NA
odyssey path

Palmer et al. (2021)2and |Diagnostic N PY PY NA NA

(2018)108 odyssey path

Rehm et al. (2023)2 Single group N Unclear Unclear NA NA
historical or
concurrent
comparison

Schiliter et al. (2022)%¢  |Diagnostic PY PY Y NA NA
odyssey path

Soden et al. (2014)3 Diagnostic PN PY Y NA NA
odyssey path

Splinter et al. (2018)2 Diagnostic N PN Y NA NA
odyssey path

van der Sanden et al. Single group  |Y Y PN NA NA

(2023)« historical or
concurrent
comparison

Vanderver et al. (2020)2 |Randomized |Y Y PY Baseline characteristics not reported by NA
controlled trial group.

Abbreviations: N = no; NA = not applicable; NR = not reported; PN = probably no; PY = probably yes; Y = yes.
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Table F-2.  Risk-of-Bias Ratings Part 2
For nonrandomized comparative studies,
does the analysis control for important Was the test and/or testing|Were there important deviations
baseline differences between groups or  |strategy described in from the intended tests or testing (Were outcome
Author (Year) other known confounders? adequate detail? strategies used? assessors blinded?
Abul Husn et al. (2023)2 NA Y PN NA
Bonini et al. (2023)38
Odgis et al. (2021)105
Sebastin et al. (2023)16
Alfares et al. (2018)4 NA PN Y NA
Alvarez-Mora et al. (2022)2 NA N Unclear NA
Bhatia et al. (2021)2 NR PY Unclear N
Bylstra et al. (2019)+
Jamuar et al. (2016)%
Bick et al. (2017)% NA PY PN NA
Bogdanova-Mihaylova et al. (2021)33 NA N Unclear NA
Bowling et al. (2017)3! PN PY Y NA
Hiatt et al. (2018)%6
Brockman et al. (2021)48 NA Y Unclear NR
Chan et al. (2021)32 Unclear PY Unclear NA
Cirino et al. (2017)42 NA Y N NA
Christensen et al. (2018)”
Machini et al. (2019)%
Cohen et al. (2022)2 NA N Unclear NA
D'Gama et al. (2023)32 NA PY Unclear NA
Dias et al. (2024)46 NA PY Unclear NA
Elliott et al. (2022)22 PN PY Unclear PN
and (2018)%
Ewans et al. (2022)2! NA N Unclear NA
Gilissen et al. (2014)32 NA Y Unclear NA
de Ligt et al. (2012)104
Grether et al. (2023)Z NA Y Unclear NA
Papuc et al. (2019)1%
Harding et al. (2022)19 N N Unclear NA
Hayeems et al. (2017)42 NA PY PY NA
Costain et al. (2018)102
Stavropoulos et al. (2016)12
Helman et al. (2020)2 NA PN Unclear NA
Kang et al. (2019)0 N PY Unclear NA
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For nonrandomized comparative studies,
does the analysis control for important
baseline differences between groups or

Was the test and/or testing
strategy described in

Were there important deviations
from the intended tests or testing

Were outcome

Author (Year) other known confounders? adequate detail? strategies used? assessors blinded?
Lindstrand et al. (2022)2 N PY Unclear NA
Lionel et al. (2018)42 NA PY PY NA
Lowther et al. (2023)44 NA PY PN NA
McLean et al. (2023)18 NA N Unclear NA
Ostrander et al. (2018)2 NA PY Unclear NA
Palmer et al. (2021)25 and (2018)103 NA PN Unclear PN
Rehm et al. (2023)% NA N PY Unclear
Schlliter et al. (2022)3¢ NA PY PN NA
Soden et al. (2014)3 NA PN Unclear NA
Splinter et al. (2018)2 NA N Unclear Unclear
van der Sanden et al. (2023)< NA Y PN NA
Vanderver et al. (2020)2 NA PY PN Y

Abbreviations: N = no; NA = not applicable; NR = not reported; PN = probably no; PY = probably yes; Y = yes.
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Table F-3. Risk-of-Bias Ratings Part 3

For health outcomes and

For clinical utility measures and |Were clinical utility analyses, are the measures Were health outcomes
analyses, are the measures and |outcomes data available for |and statistical methods used |data available for at least
statistical methods used valid |at least 80% of participants |valid and appropriate (and 80% of participants that
and appropriate (and similarly |that were enrolled without  |similarly applied among were enrolled? Any
applied among groups for any evidence of differential |groups for comparative evidence of differential

Author (Year) comparative studies)? attrition? studies)? attrition?

Abul Husn et al. (2023)32 Unclear PY NA NA

Bonini et al. (2023)%

Odgis et al. (2021)195

Sebastin et al. (2023)106

Alfares et al. (2018)4 Y Y NA NA

Alvarez-Mora et al. (2022)% PY PY NR NR

Bhatia et al. (2021)2 PN PY NR NR

Bylstra et al. (2019)4

Jamuar et al. (2016)%

Bick et al. (2017)4 Y Y PN PN

Bogdanova-Mihaylova et al. (2021)3 N PY NA NA

Bowling et al. (2017)3! PY Y NA NA

Hiatt et al. (2018)%

Brockman et al. (2021)48 Y Y NR NR

Chan et al. (2021)22 PY PY NA NA

Cirino et al. (2017)42 Y Y NA NA

Christensen et al. (2018)%Z

Machini et al. (2019)%8

Cohen et al. (2022)2 Unclear Unclear NA NA

D'Gama et al. (2023)32 Unclear PY NA NA

Dias et al. (2024)4 PY PY NA NA

Elliott et al. (2022)2 Y Y NA NA

and (2018)2

Ewans et al. (2022)2 PY PY NA NA

Gilissen et al. (2014)32 PY N NA NA

de Ligt et al. (2012)104

Grether et al. (2023)3! Y Y NA NA

Papuc et al. (2019)1%

Harding et al. (2022):2 PN PY NA NA
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For health outcomes and

For clinical utility measures and |Were clinical utility analyses, are the measures Were health outcomes
analyses, are the measures and |outcomes data available for |and statistical methods used |data available for at least
statistical methods used valid |at least 80% of participants |valid and appropriate (and 80% of participants that
and appropriate (and similarly |that were enrolled without  |similarly applied among were enrolled? Any
applied among groups for any evidence of differential |groups for comparative evidence of differential

Author (Year) comparative studies)? attrition? studies)? attrition?

Hayeems et al. (2017)42 PY Y NA NA

Costain et al. (2018)102

Stavropoulos et al. (2016)12

Helman et al. (2020)2 PY PY NA NA

Kang et al. (2019)2 N PY NA NA

Lindstrand et al. (2022)2 Y Y NA NA

Lionel et al. (2018)42 Y Y NA NA

Lowther et al. (2023)44 PY PY NA NA

McLean et al. (2023)18 PN N NA NA

Ostrander et al. (2018)2 PN Y NA NA

Palmer et al. (2021)2 and (2018)103 PN PY NA NA

Rehm et al. (2023)20 NA NA NA NA

Schlliter et al. (2022)3 PY Y NA NA

Soden et al. (2014)34 PY PY NA NA

Splinter et al. (2018)28 PN Unclear N N

van der Sanden et al. (2023)< Y Y NR NR

Vanderver et al. (2020)4 PY Y NA NA

Abbreviations: N =no; NA = not applicable; NR = not reported; PN = probably no; PY = probably yes; Y = yes.
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Table F-4. Risk-of-Bias Ratings Part 4
For nonhealth outcomes and
analyses, are the measures Were nonhealth outcomes |For harm/safety outcomes and Were safety outcomes
and statistical methods used |data available for at least |analyses, are the measures and data available for at least
valid and appropriate (and 80% of participants that statistical methods used valid and  |80% of participants that
similarly applied among were enrolled? Any appropriate (and similarly applied  |(were enrolled? Any
groups for comparative evidence of differential among groups for comparative evidence of differential

Author (Year) studies)? attrition? studies)? attrition?

Abul Husn et al. (2023)32 NA NA NA NA

Bonini et al. (2023)%

Odgis et al. (2021)195

Sebastin et al. (2023)106

Alfares et al. (2018)4 NA NA NA NA

Alvarez-Mora et al. (2022)% NA NA NA NA

Bhatia et al. (2021)2 NA NA NA NA

Bylstra et al. (2019)4

Jamuar et al. (2016)%

Bick et al. (2017)4 NA NA NA NA

Bogdanova-Mihaylova et al. (2021)3 NA NA NA NA

Bowling et al. (2017)3! NA NA NA NA

Hiatt et al. (2018)%

Brockman et al. (2021)48 NA NA NA NA

Chan et al. (2021)22 NA NA NA NA

Cirino et al. (2017)42 NA NA NA NA

Christensen et al. (2018)%Z

Machini et al. (2019)%8

Cohen et al. (2022)22 NA NA NA NA

D'Gama et al. (2023)32 NA NA NA NA

Dias et al. (2024)4 NA NA NA NA

Elliott et al. (2022)2 NA NA PY PY

and (2018)2

Ewans et al. (2022)2 NA NA NA NA

Gilissen et al. (2014)32 NA NA NA NA

de Ligt et al. (2012)104

Grether et al. (2023)3! NA NA NA NA

Papuc et al. (2019)1%

Harding et al. (2022):2 NA NA NA NA
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For nonhealth outcomes and
analyses, are the measures
and statistical methods used
valid and appropriate (and
similarly applied among

Were nonhealth outcomes
data available for at least
80% of participants that
were enrolled? Any

For harm/safety outcomes and
analyses, are the measures and
statistical methods used valid and
appropriate (and similarly applied

Were safety outcomes
data available for at least
80% of participants that
were enrolled? Any

groups for comparative evidence of differential among groups for comparative evidence of differential
Author (Year) studies)? attrition? studies)? attrition?
Hayeems et al. (2017)42 NA NA NA NA
Costain et al. (2018)102
Stavropoulos et al. (2016)12
Helman et al. (2020)2 NA NA NA NA
Kang et al. (2019)2 NA NA NA NA
Lindstrand et al. (2022)2 NA NA NA NA
Lionel et al. (2018)42 NA NA NA NA
Lowther et al. (2023)44 NA NA NA NA
McLean et al. (2023):8 NA NA NA NA
Ostrander et al. (2018)2 NA NA NA NA
Palmer et al. (2021)2 and (2018)103 NA NA NA NA
Rehm et al. (2023)% NA NA Unclear PY
Schlliter et al. (2022)3 NA NA NA NA
Soden et al. (2014)3 NA NA NA NA
Splinter et al. (2018)28 NA NA NA NA
van der Sanden et al. (2023)4 NA NA NA NA
Vanderver et al. (2020)2 NA NA NA NA

Abbreviations: N =no; NA= not applicable; NR= not reported; PY = probably yes.
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Table F-5. Risk of Bias Assessment Overall Ratings
Health Nonhealth Comments
Clinical utility overalljoutcomes Safety outcomes |outcomes overall

Author (Year) rating overall rating |overall rating rating

Abul Husn et al. (2023)32 Some risk of bias NA NA NA Detailed phenotype and prior testing on enrolled

Bonini (2023)3¢ participants NR; unclear if recruited a consecutive

Odgis et al. (2021)105 sample. Definition of positive included “likely

Sebastin et al. (2023)106 positive”; and discrepancies between the 2 testing
modalities were noted.

Alfares et al. (2018) 4 High risk of bias NA NA NA Excluded 36 patients from their sample because
WGS results were incomplete or required further
testing and excluded another 10 cases for not
having historical raw WES data for comparison.

Alvarez-Mora et al. (2022)2 High risk of bias NA NA NA Insufficient detail regarding population
characteristics, testing procedures, and participant
flow through testing.

Bhatia et al. (2021)2 High risk of bias NA NA NA Unclear how authors determined which participants

Bylstra et al. (2019)% received WGS vs. WES; no comparison of baseline

Jamuar et al. (2016)% characteristics between these groups at baseline;
measurement of changes in management based on
retrospective clinician survey; not masked to test
received.

Bick et al. (2017)4 Some risk of bias NA NA NA Highly selected group of patients who went through
considerable review process to be selected for
WGS.

Bogdanova-Mihaylova (2021)33 High risk of bias NA NA NA No comments.

Bowling et al. (2017)3! High risk of bias NA NA NA The study started offering WES but then switched to

Hiatt et al. (2018)% WGS. Diagnostic yield was higher with WES, but it
is possible that the first enrolled patients were better
candidates for WES than those enrolled later. Also,
the diagnostic yield numbers include the first
reanalysis, so the intervention is really WGS + WGS
reanalysis.

Brockman et al. (2021)48 Some risk of bias NA NA NA Does not appear that outcome assessors for

clinically relevant/impact on management were
masked; at least 1 participant was excluded post-
randomization.

Whole Genome Sequencing

: Draft Evidence Report

F-11



WA - Health Technology Assessment April 4, 2024
Health Nonhealth Comments
Clinical utility overalljoutcomes Safety outcomes |outcomes overall

Author (Year) rating overall rating |overall rating rating

Chan et al. (2021)32 Some risk of bias NA NA NA Participants received testing based on the date on
which they enrolled; those enrolled before
September 2018 received WGS and those enrolled
after that time received the targeted gene panel.
However, it is unclear whether these 2 groups
differed on important baseline characteristics, so
some risk of bias is present.

Cirino et al. (2017)% Some risk of bias NA NA NA This was an RCT but only reported results on the 1

Christensen et al. (2018)” arm that received WGS, so was assessed as a

Machini et al. (2019)%8 single arm study.

Cohen et al. (2022)2 High risk of bias NA NA NA Lack of detail regarding patient characteristics and
criteria for inclusion in the analysis; testing strategy
not described in adequate detail, unclear participant
flow through testing.

D'Gama et al. (2023)3 Some risk of bias NA NA NA No comments.

Dias et al. (2024)4 Some risk of bias NA NA NA Unclear whether used a consecutive or random
sample.

Elliott et al. (2022)22 High risk of bias NA High risk of bias  |[NA Those chosen for WGS were selected for their

Elliott et al. (2018)22 specific phenotype; no information about differences
in characteristics between those who received WES
vs. WGS.

Ewans et al. (2022)2 High risk of bias NA NA NA Does not report whether study patients were
consecutively recruited or a random sample; no
information about prior testing of enrolled
participants; very little information about how/where
WGS was performed.

Gilissen et al. (2014)32 High risk of bias High risk of bias High risk of bias This analysis was heavily focused on identifying de

de Ligt et al. (2012)104 novo variants and was conducted in a research lab.
Unclear how the subset of participants who received
WES and WGS were selected.

Grether et al. (2023)Z Some risk of bias NA NA NA Very little information about participant selection and

characteristics.
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Author (Year)

Clinical utility overall
rating

Health
outcomes
overall rating

Safety outcomes
overall rating

Nonhealth
outcomes overall
rating

Comments

Harding et al. (2022)19

High risk of bias

NA

NA

NA

Authors did not report how clinicians selected the
various testing strategies that define the cohorts
being compared. Authors used various sources for
determining a molecular diagnosis, but it's not clear
if these were applied consistently across the cohort
and whether the sources are widely used in clinical
practice.

Hayeems et al. (2017)%2
Costain et al. (2018)102
Stavropoulos et al. (2016)10!

High risk of bias

NA

NA

NA

Very little detail about participants. Testing strategy
was not well described and overall diagnostic yield
of WGS was not reported (just those who had
negative CMA). Also, 6 patients ended up having
WES and not WGS.

Helman et al. (2020)Z

High risk of bias

NA

NA

NA

Methods and subjects are poorly described.

Kang et al. (2019)%

High risk of bias

NA

NA

NA

Authors do not report criteria for determining which
testing strategy was used (WGS vs. additional
targeted testing). There is no description of
differences in characteristics between these groups.
There is no accounting for this issue in the analysis.

Lindstrand et al. (2022)2

High risk of bias

NA

NA

NA

Retrospectively conducted; unclear whether
consecutive or random sample; no information
about rationale for selection into the 3 cohorts that
used different testing strategies.

Lionel (2018)2

Some risk of bias

NA

NA

NA

Unclear whether consecutive patients were
analyzed; unclear what timing of WGS was with
respect to SOC testing.

Lowther et al. (2023)*

Some risk of bias

NA

NA

NA

This was a cohort of families enrolled in a research
study of autism and it was not clear how families
were recruited into that study, or what were the
years of recruitment or years the testing was done
(CMA, WES, WGS). It was unclear if the testing was
clinical or research. It was a research reanalysis of
existing data, so may not replicate DY of clinically
ordered testing.

McLean et al. (2023)8

High risk of bias

NA

NA

NA

Very little detail on participant characteristics and
inclusion criteria; unclear details about testing
strategy.
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Author (Year)

Clinical utility overall
rating

Health
outcomes
overall rating

Safety outcomes
overall rating

Nonhealth
outcomes overall
rating

Comments

Ostrander et al. (2018)2

High risk of bias

NA

NA

NA

Unclear whether this was a consecutive or random
selection of patients; prior testing not described; this
was a highly selected cohort of individuals who were
likely to have a genetic diagnosis; authors used a
research WGS.

Palmer et al. (2021)2
Palmer et al. (2018)103

High risk of bias

NA

NA

NA

Lack of demographic detail for participants (e.g.,
mean age); retrospective analysis without clear
participant flow with respect to tests received,;
results reflect end of a diagnostic pathway and not a
comparison of different pathway strategies.

Rehm et al. (2023)%

NA

NA

High risk of bias

NA

Heterogeneity in testing methods across the 19
different clinical labs; no information on testing
methods; no information about study populations;
unclear criteria for determining VUS across the labs.

Schliter et al. (2022)8

Some risk of bias

NA

NA

NA

It was a carefully selected cohort of patients with
phenotypes likely to be genetic; testing was
described in adequate detail.

Soden et al. (2014)%

High risk of bias

NA

NA

NA

Methods were not well described.

Splinter et al. (2018)2

High risk of bias

High risk of bias

NA

NA

Did not provide sufficient testing details to determine
flow of participants through testing strategies to
allow for comparison; unclear whether assessment
of outcomes after diagnosis were blinded and there
was no assessment of patients without a diagnosis.

van der Sanden et al. (2023)<

Low risk of bias

NA

NA

NA

Prospectively enrolled consecutive participants,
randomized siblings when there was more than 1
affected sibling; complete reporting of comparator
testing strategy.

Vanderver et al. (2020)22

Some risk of bias

NA

NA

NA

The study population used in this analysis is from 1
arm of an RCT. 1 arm received WGS with no
comparator (not included) and the other arm
received WGS after standard of care. Highly
selected population with high likelihood of genetic
diagnosis.

Abbreviations: CMA = chromosomal microarray; N = no; NA = not applicable; NR= not reported; RCT = randomized controlled trial; SOC = standard of care; VUS = variance
of unknown significance; WES = whole exome sequencing; WGS = whole genome sequencing.
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Table F-6.  Risk of Bias for Studies Reporting Cost Part 1
Was the study Were the perspective of |Were variable estimates  |If estimates came from a|Was uncertainty handled |Was incremental analysis
objective presented |the analysis (societal, |used in the analysis from |subgroup analysis, were|by: (i) statistical analysis |performed between
in a clear, specific, |third-party payer,and |the best available source [the groups prespecified [to address random events; |alternatives for resources
and measurable  |so on) and reasons for |(i.e., Randomized Control |at the beginning of the |(ii) sensitivity analysis to |and costs?
manner? its selection stated? Trial-Best, Expert Opinion- [study? cover a range of
Author (Year) Worst)? assumptions?
Incertietal.52  |Yes Yes Cannot determine NA Yes Yes
Lavelle etal2® |Yes Yes Cannot determine NA Yes Yes
Abbreviations: NA = not applicable.
Table F-7.  Risk of Bias for Studies Reporting Cost Part 2
Was the Did the analytic horizon allow time  |Was the measurement of |Was the primary outcome Were the health outcomes
methodology for for all relevant and important costs appropriate and the [measure(s) for the economic  |measures/scales valid and
data abstraction outcomes? Were benefits and costs |methodology for the evaluation clearly stated and [reliable? If previously tested valid
(including value that went beyond 1 year discounted |estimation of quantities |were the major short term, long |and reliable measures were not
health states and (3% to 5%) and justification given for |and unit costs clearly term and negative outcomes  |available, was justification given
other benefits) the discount rate? described? included? for the measures/scales used?
Author (Year) |stated?
Incertietal.2  |Yes Yes Yes Yes Cannot determine
Lavelle etal.3! |No Yes Yes Yes Yes
Table F-8. Risk of Bias for Studies Reporting Cost Part 3
Were the economic model (including |Were the choice of Did the author(s) Were the Was there a Overall rating
structure), study methods and economic model, main explicitly discuss conclusions/recommen |statement
analysis, and the components of the  |assumptions, and direction and dations of the study disclosing the
numerator and denominator displayed |[limitations of the study  [magnitude of justified and based on  [source of
in a clear transparent manner? stated and justified? potential biases? the study results? funding for the
Author (Year) study?
Incerti et al.22 |Cannot determine Yes Yes Cannot determine Yes Some concerns
Lavelle etals! |Yes Yes Yes Yes Yes Some concerns
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