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Summary

As large-scale genomic screening becomes increasingly prevalent, understanding the influence of actionable results on healthcare utili-
zation is key to estimating the potential long-term clinical impact. The eMERGE network sequenced individuals for actionable genes in
multiple genetic conditions and returned results to individuals, providers, and the electronic health record. Differences in recommended
health services (laboratory, imaging, and procedural testing) delivered within 12 months of return were compared among individuals
with pathogenic or likely pathogenic (P/LP) findings to matched individuals with negative findings before and after return of results.
Of 16,218 adults, 477 unselected individuals were found to have a monogenic risk for arrhythmia (n = 95), breast cancer (n = 96), car-
diomyopathy (n = 95), colorectal cancer (n = 105), or familial hypercholesterolemia (n = 86). Individuals with P/LP results more
frequently received services after return (43.8%) compared to before return (25.6%) of results and compared to individuals with negative
findings (24.9%; p < 0.0001). The annual cost of qualifying healthcare services increased from an average of $162 before return to $343
after return of results among the P/LP group (p < 0.0001); differences in the negative group were non-significant. The mean difference-
in-differences was $149 (p < 0.0001), which describes the increased cost within the P/LP group corrected for cost changes in the negative
group. When stratified by individual conditions, significant cost differences were observed for arrhythmia, breast cancer, and cardiomy-
opathy. In conclusion, less than half of individuals received billed health services after monogenic return, which modestly increased
healthcare costs for payors in the year following return.

Introduction

Population genomic screening has a variable yet poten-
tially profound impact on routine clinical care such as
risk assessment, diagnosis, and therapeutic decision mak-
ing. Genomic screening more reliably identifies individ-
uals at monogenic high risk of disease compared to testing
based on family history alone' and identifies individuals
eligible for tailored preventive care according to widely
disseminated clinical guidelines.”® Over individuals’ life-
times, screening is projected to prevent or ameliorate can-
cers and cardiovascular disease to justify the initial invest-
ment in testing.” While genomic screening tests are
increasingly affordable and popular using direct-to-con-
sumer and health-system-based testing models, they are

not currently standard of care for primary prevention in
clinical practice nor are they reimbursable. One barrier to
adoption is the lack of data on the cost to manage these
risks and adherence to recommended follow up when
such screening is deployed within health systems.

To improve clinical outcomes after return of genomic
risk, patients at increased risk should receive genetic coun-
seling, education, and follow-up evaluations that may
consist of laboratory, imaging, or procedural screening
and diagnostic testing. The initial evaluations and follow
up may be considered process outcomes that mediate
changes in health. For example, hypertrophic cardiomyop-
athy risks may be evaluated with electrocardiography,
echocardiography, Holter monitor, or cardiac magnetic
resonance imaging (MRI) in order to assess the need for
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an implantable cardiac defibrillator designed to treat
potentially fatal ventricular arrhythmias. Utilization of
EHR data and analytic methods that isolate outcomes
attributable to return of results (RoR) provide a practical
approach.

This manuscript details the short-term impact of RoR in
a cohort of 16,218 adult individuals recruited from 10
health systems by the Electronic Medical Records and Ge-
nomics (eMERGE) network. The laboratory, imaging, and
procedural services delivered in the year following return
were assessed from administrative data. Among the
genetic results returned by eMERGE, outcomes for the
five most common conditions—arrhythmia (long QT
[MIM: PS192500]), breast cancer (BCa [MIM: 114480]),
cardiomyopathy (cardiomyopathy, familial hypertrophic
[MIM: PS115200, PS192600]), colorectal cancer (CRC
[MIM: PS120435]), and familial hypercholesterolemia
(FH [MIM: PS143890])—were analyzed. Frequency of
health care utilization as well as impact on costs incurred
by payors after return of genomic results were examined
to determine the impact of genomic sequencing and re-
turn on an unselected population.

Subjects and methods

Setting and population

The eMERGE consortium was established in 2007 and focuses on
translational research utilizing large-scale genome wide- and phe-
nome wide-association analyses.*'> The third phase of the
network, which was conducted from 2015 to 2019, consisted of
10 institutions that enrolled a large prospective cohort in order
to return results from a targeted next-generation sequencing
(NGS) panel. The “eMERGEseq” panel content was designed to
include genes with known actionability.'"'® While all individuals
received the same panel test and were required to have a longitu-
dinal care provider, sites varied in cohort enrollment ascertain-
ment (indications for enrollment), age (pediatric and adult), re-
turn method, ethnicity/race distributions, and management of
genetic risk. As described in Fossey et al.,'” seven of the sites
used genetic counselors to return P/LP variants, two sites addition-
ally used primary care providers or a clinical genomics team, and
two sites used only primary care physicians. Leppig et al.'® found
that participants utilized genetic counseling services when offered
(38.4% of the time) or embedded (42.8% of the time) in the return
process. Approximately 4.2% of the eMERGEIII cohort were found
to have pathogenic or likely pathogenic (P/LP) variants. To better
represent the general population, individuals from eMERGE sites
using specific enrollment ascertainments (e.g., selecting from pop-
ulations of individuals with cancer diagnosis or high cholesterol)
were excluded from the analyses presented in this paper. As we
focused on conditions with actionable findings in adults, individ-
uals <18 years of age at time of return were excluded; outcomes for
pediatric patients with P/LP variants are reported elsewhere.'’
Additionally, we excluded those who did not have any administra-
tive codes available or were missing the timing of the return of re-
sults to the electronic health record. All individuals in the cohort
that were included in the analysis had data indicating whether
they were male or female. For the analyses centered around breast
cancer, only individuals who were indicated as female in EHR re-

cords (57.6% of study population) were included. Due to small
sample size and lack of standard screening guidelines, males
were not included in breast cancer-related analyses. Variants of un-
known significance were returned by only a subset of sites, and
due to low sample sizes and pre-existing indication for
sequencing, they were excluded from analysis.

Outcome assessment

The eMERGE consortium used chart review to assess health care
utilization for those individuals with a positive P/LP result. How-
ever, this approach was impractical to assess the large population
of individuals with negative findings. Thus, we aimed to create a
high-throughput way to accurately capture the linkage of clinical
evaluation and interventions attributable to return of genetic re-
sults. This is a current gap in large-scale research studies and influ-
ences the ability to accurately attribute clinical outcomes to ge-
netic testing across large populations over time.® To this end we
created The High Throughput Assessment of Genomic outcomes
(HI-TAG; Table S1) knowledge base to assess outcomes based on
administrative data representing health care services billed to
payors. HI-TAG consists of current procedural knowledge
(CPT)*° codes that would be expected to be ordered after RoR for
five categories of heritable conditions: arrhythmia, female breast
cancer (BCa), cardiomyopathy, colorectal cancer (CRC), and famil-
ial hypercholesterolemia (FH). HI-TAG was focused on CPT codes
associated with procedures that would be ordered after return of
genomic results, and codes that were unrelated to this return
were not included. Details on creation and validation of the HI-
TAG knowledge base can be found in the supplemental methods
and Figure S1.

Assessment of costs

Costs, which were assigned to the individual clinical services based
on CPT, were obtained from a claims database consisting of de-
identified patient-level health data for 30 million employees, re-
tirees, and dependents of more than 250 medium and large em-
ployers and health plans in the United States (IBM Marketscan).”!
Only individuals covered under private insurance plans are
included in the database. The average of total gross payments to
a provider for a specific service for a given CPT code was linked
to HI-TAG for analysis. Codes and costs were examined one year
before and after return of results. All the codes included in our an-
alyses that contained participant data were found to have corre-
sponding cost data in the claims database.

Study design

We utilized the HI-TAG knowledge base to assess outcomes across
individuals with P/LP and negative results one year before and af-
ter return of results. Results are given for the health care service-
related codes included in the HI-TAG knowledge base (Table S1)
and CPT data collected through June of 2021. Any occurrence of
International Classification of Disease (ICD) codes with dates
were utilized to determine the length of time participants inter-
acted with the health care system.

Time zero for return of results was defined as the date reports
were uploaded to the EHR. We selected this date as it represented
the earliest date at which the provider could initiate changes to
clinical care based on the genetic results. All sites returned P/LP re-
sults to individuals using genetic counselors and provided the re-
ports to providers and the EHR. Negative reports were returned to
the provider, EHR and (for five sites) to individuals directly. Sites
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Figure 1. eMERGE cohort inclusion criteria

There were 16,218 adults in the eMERGE III cohort that had return
of result data, of which 970 had pathogenic or likely pathogenic
(P/LP) findings. After removing participants that had been
enrolled for specific conditions, had P/LP finding in other condi-
tions, did not have adequate code data (at least 1 CPT or ICD
code), or were missing return age, the individuals were 1:1
matched on age, sex, and enrollment site to individuals receiving
negative reports. The final analysis cohort consisted of 477 adults
in the P/LP and negative report category each.

encouraged individuals to contact the study genetic counselors if
there were questions, even when negative reports were returned.
We used the following four groups to generate analyses: (1) pre-
RoR with P/LP findings, (2) post-RoR with P/LP findings, (3) pre-
RoR with negative findings, and (4) post-RoR with negative find-
ings. The negative report group was 1:1 matched to the P/LP group
and controlled for age, sex, and enrollment site. The matching by
site aimed to control for site effects associated with different return
methods across the study. The analysis could not be stratified by
site due to insufficient sample size at many of the sites. To assess
differences in health care utilization, we conducted several com-
parisons. (1) We examined the number of individuals interacting
with the healthcare system in the P/LP and negative report groups
both before and after return of results. (2) We conducted a prespe-
cified subgroup analysis limiting the analysis dataset to those indi-
viduals within the recommended age ranges of testing based on
clinical findings (Table S2) for the P/LP group before and after re-
turn of results. (3) We examined the number of unique HI-TAG co-
des associated with each individual in the P/LP and negative report
group, both before and after return of results. (4) We conducted a
difference-in-difference analysis on both the frequencies of ser-
vices in the P/LP group (after and before RoR) compared to those
receiving negative reports and (5) we conducted a cost analysis dif-
ference using Marketscan data. Chi-square statistics and p values
are given for the analyses involving comparisons between the
number of unique individuals receiving services. Means, medians,
interquartile range (IQR), and p values based on Wilcoxon-Pratt
signed-rank test are given for the difference-in-difference analyses.

Ethical considerations

All procedures for the de-identified data analysis were followed in
accordance with the ethical standards of the institutional review
board. Outcomes and cost analysis were covered under Vanderbilt
University Medical Center IRB # 150209 and # 221360, respec-

tively. Informed consent for the eMERGE cohort was obtained
by each site prior to aggregating de-identified data.

Results

Study population

The eMERGE III cohort enrolled 25,068 participants
across 10 sites, of whom 16,218 had data indicating
they received a return of result in the EHR as an adult;
8,785 of these were females. Individuals who were under
18 years (n = 1,818) as well as those missing return date
were excluded. Of the 16,218 adult individuals, 970 had
P/LP findings and 882 had findings in at least one of the
49 actionable genes in the five conditions of interest. A
list of genes associated with each condition can be found
in Table S3. Individuals who were enrolled by sites with
condition-specific criteria (selected for one of the condi-
tions) and those without at least one ICD or CPT code
were also removed from analysis. 477 individuals were
included in the final analysis and were matched 1:1 to
an individual with a negative (no variant) report
(Figure 1). The final cohort included in the study was
distributed across six eMERGE sites: Cincinnati Chil-
dren’s Hospital Medical Center, Columbia, Geisinger,
Northwestern, Massachusetts General Brigham, and Van-
derbilt University Medical Center. The other four sites
could not be included due to age-specific enrollments
(pediatrics), cohorts specifically enrolled for a given con-
dition, and lack of CPT data. Demographics of the
included cohort are described in Table S4. The time inter-
val in years between return of results and last administra-
tive code (CPT or ICD; censored at one year) for the four
main analysis groups were as follows (mean, standard er-
ror): P/LP pre-RoR (0.99, =+0.003); P/LP post-RoR
(0.83, +=0.02); negative pre-RoR (0.99, =0.0001); nega-
tive post-RoR (0.87, +0.02). There was no significant dif-
ference in the time of follow-up post-RoR in the P/LP
compared to the negative group (p > 0.05). Table 1 shows
instances of CPT groupings and number of individuals in
the P/LP group before and after return of results in our
dataset.

Health care service utilization

We examined the number of unique individuals across the
cohort that obtained health care services. In the P/LP
group, 43.8% (n = 209) of individuals had at least one pre-
specified qualifying health care service across the study
period after return of results, while only 24.9% (n = 119)
of individuals received a qualifying health care service after
a negative result (p < 0.0002). Furthermore, 25.6% (n =
122) in the P/LP group had at least one service prior to re-
turn. When comparisons were stratified by condition, four
of the five conditions showed significant differences
(Figure 2) comparing individuals with P/LP versus those
with negative reports in the post-return period: arrhythmia
(p = 0.0002); BCa (p = 0.03), cardiomyopathy (p =
0.0002), CRC (p = 0.02), and FH (p > 0.05).
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Table 1. Frequency of healthcare services before and after return of results

# Instances # Individuals

Pre-RoR Post-RoR Pre-RoR Post-RoR
Arrhythmia
Electrocardiography 68 163 21 54
Cardiac MRI 3 4 2 2
Electrophysiology procedure 2 3 2 2
Stress ecg testing 2 17 1 8
Myocardial perfusion imaging 1 6 1 6
Breast cancer
Mammography 13 38 10 24
Repair & reconstruction 8 4 2 2
Diagnostic imaging 2 3 1 2
Surgical pathology 2 3 2 2
Ultrasound 2 7 2 6
MRI breast 1 11 1 9
Breast biopsy 0 6 0 6
Cardiomyopathy
Electrocardiogram 115 168 30 49
Transthoracic echocardiogram 30 44 19 32
Cardiac catheterization 6 7 5 4
Electrophysiology procedure 5 5 2 2
Therapeutic cardioversion 5 3 2 2
Transesophageal echocardiogram 4 3 1 2
CT angiography 4 3 4 2
Stress echocardiogram 3 3 2 2
Cardiac MRI 1 26 1 20
Implantable cardiac defibrillator 0 4 0 2
Stress ecg 0 15 0 7
Myocardial perfusion imaging 0 5 0 5
Colorectal cancer
Colonoscopy 8 43 6 24
FH
Lipid panel or components of lipid panel 59 70 41 40

Data are not shown for instances of CPT groupings where the post-RoR group counts were <3. RoR, return of results; CT, computed tomography; ECG, electro-
cardiogram; MRI, magnetic resonance imaging; FH, familial hypercholesterolemia.

A subgroup analysis examining qualifying health care
services within recommended testing age ranges was also
conducted. Results were similar to the analysis containing
all individuals with 29.0% (n = 1135) of individuals pre-RoR
P/LP; 46.4% (n = 184) post-RoR P/LP; and 26.7% (n = 106)
post-RoR negative group.

Frequency of individual’s health care utilization
The frequency of health care utilization per individual
post- and pre-RoR for those receiving P/LP reports

compared to negative reports was examined. Significantly
larger differences were found in the P/LP group compared
to negative group one year after return in three of the five
conditions (median [25% IQR, 75% IQR]; p value), i.e.,
arrhythmia (1 [0, 3.5]; p < 0.0001), BCa (O [0, 1]; p =
0.006), and cardiomyopathy (1 [-2, 3]; p = 0.02); a
marginally significant difference was found in CRC (O [0,
1]; p = 0.052); and no change was found in FH (0 [-1,
1]; p = 0.82) (Figure S2). IQRs of all the comparison groups
are shown in Table S5.
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Figure 2. Number of individuals receiving at least one healthcare service differs based on actionable genetic finding

More individuals received at least one qualifying health care service in the P/LP (dark blue) group after RoR compared with those with
negative reports (black) in four of the five conditions examined. Number of unique individuals shown in the pre-RoR period (P/LP) are
shown in light blue and (negative) gray. P/LP, pathogenic or likely pathogenic, RoR, return of results; FH, familial hypercholesterolemia;
*p < 0.05 when post-RoR P/LP and post-RoR negative reports are compared.

Impact of RoR on healthcare cost

The difference in cost after and before RoR was compared
in the P/LP and negative report groups (Figure 3). Mean
average (median [25% IQR, 75% IQR]) and p value are
given. Individuals receiving P/LP reports had a post-return
annual cost of $343.04 and those pre-return had a cost of
$162.32 on average; the difference of $180.72 (0 [0,
151.61]); p < 0.0001 was significant. However, individuals
receiving negative reports did not show a significant differ-
ence in spending post- and pre-return: $31.50 (0 [0, 0]);
p > 0.05. The difference in differences in P/LP compared
to the negative group was significant and showed an
average cost difference of $149.22 (0 [0, 262.32]);
p < 0.0001.

In stratified analyses, significant differences were
observed after P/LP reports were returned compared to
those receiving negative reports in arrhythmia ($288.14;
p < 0.0001), BCa ($65.28; p = 0.0013), and cardiomyopa-
thy ($241.95; p = 0.001), and a marginally significant dif-
ference was observed in CRC ($137.51; p = 0.059). No sig-
nificant difference was observed in FH (§1.31; p > 0.05).
Table S6 shows the median and IQR of the comparisons be-
tween all analysis groups.

Discussion

Within a large, sequenced cohort, less than half of adults
(43.8%) with a monogenic risk result received a qualifying
health service at an eMERGE site as determined by CPT co-
des within a year of return, which led to a modest increase
in average health care costs. Changes in health care ser-

vices were largely attributable to completing recommen-
ded follow-up testing of arrhythmia risks (electrocardio-
grams), hereditary breast cancer risks (mammograms and
breast magnetic resonance imaging), cardiomyopathy
(echocardiograms and cardiac magnetic resonance imag-
ing), and colorectal cancer (colonoscopy), whereas lipid
testing rates for familial hypercholesterolemia were similar
to the control populations. The mean increase in cost
attributable to return of P/LP results was $149 per individ-
ual; as expected, costs were highly skewed so that a small
number of individuals received higher cost care. Limiting
the analysis to age groups that would be expected to
receive services based on clinical guidelines slightly
increased the proportion (between 1.8% and 3.4%)
receiving those services. As the costs described here are
from the payor (health insurance) to the provider; there
may be additional out-of-pocket costs to individuals that
are not captured. Additionally, as HI-TAG focused on codes
associated with common procedures after the return of
genomic results, these findings do not capture all potential
healthcare services and costs associated with return, such
as additional office visits, referrals, or services that are
not routinely billed.

In addition to examining the pragmatic immediate ef-
fect of a large-scale return, the study was unique in devel-
opment and use of claims data to measure follow-up
testing and procedures for five conditions across multiple
health systems. Chart review requires significant time and
effort and cannot be conducted on public databases and
cross-institutional biobanks that contain abstracted, de-
identified data without full narrative text. HI-TAG or
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Figure 3.

Cost differences are observed after the return of arrhythmia, breast cancer, and cardiomyopathy genomic results

Difference in spending after return of results minus before return for individuals receiving P/LP findings (blue) and negative (black) find-
ings. There were significantly higher costs in three conditions (arrhythmia, p < 0.0001; breast cancer, p = 0.0013; and cardiomyopathy,
p = 0.001), and a marginally significant difference in colorectal cancer (p = 0.059). No significant difference was observed in FH
(p > 0.05). Box represents interquartile range (IQR), with whiskers representing variability outside the quartiles, and outliers represented
as dots. Data shown are limited to 5 to 95 percentiles of costs. IQR for colorectal cancer and FH are 0. FH, familial hypercholesterolemia;

*p < 0.05.

similar knowledge bases that compile standard codes and
administrative data for outcomes analysis close a gap in
current outcomes research. The ability to update and
evolve these knowledge bases to improve sensitivity and
predictive value is also needed as the field progresses.
While this study demonstrates the health services impact
of returning results across multiple US health systems,
other studies have documented the impact of returning
genomic results. The MyCode program implemented
within Geisinger reported that 70% of individuals
receiving P/LP CDC tier 1 results—hereditary breast and
ovarian cancer (HBOC), Lynch syndrome, and familial
hypercholesterolemia—received at least one recommen-
ded service after multiple years of follow up.?” The My-
Code program analyzed the cost consequences of return-
ing HBOC results to 59 of 50,726 participants and
found that total health care costs were not significantly
different between pre- and post-return periods after
HBOC disclosure.”® Finally, more specific investigation
of outcomes for the eMERGE cohort were previously pub-
lished, including breast cancer,”* familial hypercholester-
olemia,”® and arrhythmia®®; however, these analyses
used manually abstracted data and were not able to
compare the P/LP cohort to a matched cohort with nega-
tive reports.

In this study, approximately half of participants
receiving P/LP results did not receive a qualifying health

care service related to the monogenic risk at their site.
While we were not able to ascertain the reason for lack of
utilization, a number of explanations are possible. First, in-
dividuals may have received testing prior to the study
observation period for screening purposes or symptoms
and be considered still up to date after return; an example
would be an individual with identified Lynch syndrome
who had already been screened with a routine colonos-
copy. Secondly, individuals may have declined or deferred
additional testing due to health care access challenges or
increased out-of-pocket costs related to insurance
coverage. The study did not systematically obtain insur-
ance status of enrolled participants; however, the majority
were likely insured as they were required to have longitudi-
nal care at large academic or integrated healthcare institu-
tions. Lack of follow-up testing could also be due to preva-
lent disease in the individual. While individuals who were
enrolled for specific conditions were excluded from our
analysis, it is possible that some individuals had prevalent
disease. For these individuals, the return of genomics re-
sults may not have increased health care utilization and
may be an explanatory factor in the approximately 50%
of individuals with P/LP findings that did not receive addi-
tional care. Provider factors, such as knowledge of clinical
guidelines for genomic risks, could also have reduced
follow-up testing, although high-risk individuals received
genetic counseling with recommendations communicated
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to providers. Finally, individuals may have received care
elsewhere, and these services were not coded in the
eMERGE site’s EHR such as breast MRIs conducted at part-
ner screening facilities. For individuals with identified FH,
the lack of difference in costs or frequency of testing be-
tween affected individuals and control subjects may be
related to the routine and frequent measurement of lipid
panels at baseline such that return of FH did not prompt
more frequent measurement. Additionally, modest in-
crease in lipid testing frequency is unlikely to alter average
or median costs, since individual lipid tests are relatively
inexpensive.

There are several limitations to our study that should
be considered for future work. Approximately 14% of
the eMERGE cohort was made up of individuals typically
underrepresented in biomedical research. As health care
access and utilization may differ in those communities
due to trust, availability of care, and financial constraints,
more study cohort diversity is needed to understand the
full range of healthcare utilization after return of results.
Secondly, we selected de-identified CPT data to capture a
broad range of process outcomes that could be readily
collected and reconciled across healthcare institutions.
Though CPT-based measurement of process outcomes
shows reasonable sensitivity and positive predictive value
for most conditions and test types, validation with chart
review indicated discrepancies with both false positives
and false negatives. Low sensitivity was particularly
evident for echocardiograms and colonoscopies which
may reflect the varied locations those tests are obtained,
as billing data reported outside the EHR were not
captured by the study. Likewise, lower positive predictive
value for some of the tests, such as lipid studies, may
reflect the heterogeneous ways those tests are billed.
Future iterations of this process outcome assessment
method could add other structured data elements from
the EHR, such as presence of a laboratory or procedure
report to improve the fidelity of the test measurements.
The current phase of eMERGE is also surveying study par-
ticipants about receipt of healthcare services after return
of results, which could help improve understanding of
the gaps inherent in single-institution EHRs.?” We antic-
ipate expanding the knowledge base (HI-TAG) to support
measurement of additional genomic conditions and
applying it to biobank cohorts that feature return of re-
sults. While the study matched individuals with P/LP to
those with negative results by age, sex, and enrollment
site, there could be other clinical factors unrelated to
the return of results that explain the study findings
such as increased high-risk family history and social de-
terminants of health. As the de-identified databases uti-
lized for this study did not contain family history data,
future work could benefit from incorporating additional
clinical and family history covariates.

As genomic screening of unselected populations be-
comes more common through large-scale research studies
such as the All of Us Research Program”®?? and direct-to-

consumer testing,' understanding the impact of return of
actionable results is critical for determining success of
these initiatives. Further work should examine down-
stream costs of additional screening, the impact of
genomic risks on longer-term screening behavior, and
overall cost effectiveness of genomic screening, as was
recently reported for tier 1 conditions.” This study informs
other national and international efforts to collect out-
comes and informs the potential cost of screening immedi-
ately following return.

Data and code availability

The accession number for the genetic data reported in this
study are available on AnVIL and dbGaP: phs001616.v2.p2.
HI-TAG knowledge base is included as Table S1.
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Supplemental information can be found online at https://doi.org/
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Supplemental Materials and Methods

Supplemental Methods:

Chart review methods

During the study, process and clinical outcomes were abstracted after manual review of
individuals’ electronic health records. Manual review was limited to participants who received
P/LP results and was conducted at six and 12 months post return. Abstracted test types were
based on standard clinical guidelines for care after the return of results (RoR) of P/LP findings.
The network entered de-identified outcome data into REDCap projects housed at the
coordinating center. To ensure consistency across the network, abstraction guides were
developed by condition leads to assist coordinators in pulling and entering data. Training and
review of questions were discussed on workgroup calls and abstraction guides were updated

accordingly to assist with uniform data collection across all 10 sites.

High-throughput assessment

The HI-TAG knowledge base contains 321 unique CPT codes that were categorized into 73
code clusters (services) each representing a single type of test or procedure (#
clusters/condition): arrhythmia (18); BCa (18), cardiomyopathy (26), CRC (8), FH (3). The
knowledge base was generated by gathering lists of commonly utilized CPT codes for the five
conditions from site physician condition experts and online look up tools such as the American
Medical Association and American Academy of Professional Codes. CPT code sets were
manually grouped into categories based on similarity, and frequency counts were generated to
verify utilization within at least one center. The analyses presented in this paper include all

process outcome related CPT codes listed in HI-TAG unless otherwise noted.

Validation of HI-TAG

HI-TAG services were compared to manual chart review conducted during the study. In some
cases, multiple HI-TAG services were linked to one chart review variable as the CPT data were
more granular than the study assessments. CPT data were truncated to 12-month post return and
compared to results from chart review. To avoid underpowered comparisons, validation of HI-

TAG was conducted only on test types that exceeded 10 observations.

For events where there was disagreement between the HI-TAG method and the chart review, a
secondary chart review at three centers (Vanderbilt University Medical Center, Columbia, and
Northwestern) was conducted to adjudicate conflicting results. Analysis was conducted on a per

participant basis and positive predictive value (PPV) and sensitivity are reported along with 95%



confidence intervals for each group of CPTs based on the adjudicated reference standard (Figure
S1). Average sensitivity ranged from 0.55 to 0.84 [Arrhythmia (0.75); BCa (0.76), Cardiomyopathy
(0.84), CRC (0.55), FH (0.71)] and PPV ranged from 0.64 to 0.90 [Arrhythmia (0.87); BCa (0.81),
Cardiomyopathy (0.90), CRC (0.90), FH (0.64)].



Table S1. HI-TAG database. See accompanying excel document. First tab displays a summary
of services examined for each condition including counts of CPT code types included in a given
service and how many codes were considered primarily evaluation screening. Subsequent tabs
list the codes and descriptions for each condition and service.



Condition Guideline Recommended surveillance testing Adult age range
Arrhythmia AHA 2023 Electrocardiogram, rhythm surveillance (various) 40+
Cardiomyopathy AHA & ACC 40+
20202 Echocardiography (primary), Cardiac MRI
Familial
Hypercholesterolemia Various® Lipid profile, Lipoprotein (a) one time 18+
Hereditary Breast and
Ovarian Cancer (BCa) NCCN 2021* |Mammogram (with tomosynthesis), Breast MRI 25-75
Lynch Syndrome (CRC) NCCN 2021° |Colonoscopy every 1-2 years at age 25 25-75

Table S2. Post return guideline-based testing and age ranges. BCa: Breast Cancer, CRC:

Colorectal Cancer.




Arrhythmia Breast cancer Cardiomyopathy | Colorectal cancer | FH
Gene OMIM | Gene OMIM | Gene OMIM Gene OMIM | Gene OMIM
CACNA1A | 601011 | ATM 607585 | ACTC1 613424 | APC 611731 | APOB 107730
KCNE1 613695 | BRCA1 | 604370 | DSC2 125645 | BMPR1A | 174900 | APOE 617347
KCNE2 613693 | BRCA2 | 114480 | DSG2 612877 | JAK2 147796 | LDLR 605747
KCNH2 613688 | CHEK2 | 114480 | DSP 605676 | MLH1 609310 | PCSK9 | 607786
KCNQ1 607542 | JAK2 147796 | GLA 301500 | MSH2 120435
LMNA 150330 | PALB2 | 620442 | HFE 613609 | MSHG6 614350
RYR2 115000 | PTEN | 601728 | LMNA 115200 | MUTYH | 604933
SCN5A 603830 | TP53 191170 | MYBPC3 | 615396 | POLE 615083

MYH7 613426 | PTEN 158350

MYL2 608758 | SMAD4 | 174900

MYL3 608751 | STK11 175200

PKP2 602861 | PMS2 600259

PRKAG2 | 600858

TMEMA43 | 612048

TNNI3 613286

TNNT2 601494

TPM1 611878

Table S3. Gene and OMIM numbers associated with conditions examined. Individuals with P/LP

findings in the below genes were grouped by condition for analysis. FH: Familial

Hypercholesterolemia.




Arrhythmia BCa Cardiomyopathy CRC FH
Total 95 96 95 105 86
Female 55 96 58 66 54
Male 40 0 37 39 32
Age
<40 11 12 21 25 17
40-75 68 56 62 61 56
>75 16 12 12 19 13
Race & Ethnicity |P/LP  Neg (P/LP Neg [P/LP Neg P/LP Neg P/LP  Neg
White 93 84 86 86 84 81 101 94 81 78
Black 2 11 6 7 7 12 2 6 4 6
Asian 0 0 1 0 2 1 0 1 0 2
Other/unknown 0 0 3 3 2 1 2 4 1 0
Hispanic 0 2 5 3 4 2 3 7 1 2
Non-Hispanic 94 93 89 90 91 92 100 95 85 84
Unknown 1 0 2 3 0 1 2 3 0 0

Table S4. Participants with Pathogenic or Likely Pathogenic (P/LP) findings and those with no

P/LP variants (Neg: negative reports) stratified by demographics. BCa: breast cancer; CRC:

colorectal cancer; FH: familial hypercholesterolemia.



Condition P/LP Pre- | P/LP Post- Neg Pre- Neg Post- Difference in
RoR RoR RoR RoR difference
Arrhythmia 0(0, 1) 1(0, 3) 0(0, 2) 0(0, 1) 1(0, 3.5)
Breast Cancer 0(0,0) 0(0,1) 0 (0, 0) 0 (0, 0) 0(0,1)
Cardiomyopathy 0(0, 2 2 (0, 4) 0 (0, 0) 0 (0, 2) 1(-2,3)
Colorectal cancer 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0(0,1)
Familial 0(0,1) 0 (0, 1.8) 0(0,1) 0(0,1) 0(1,1)

hypercholesterolemia

Table S5. Frequency of health care tests or procedures over one year. Results are

presented stratified by condition comparing test counts over one year period prior to return of

results (Pre-RoR) and after return of results (Post-RoR) among the individuals receiving

pathogenic/likely pathogenic (P/LP) and those receiving negative (Neg) reports. A difference in

difference analysis compares the change in P/LP associated healthcare utilization over time to

the change associated with negative report return. Values are median rates with interquartile

range.




Condition P/LP Pre-RoR | P/LP Post-RoR | Neg Pre-RoR | Neg Post-RoR | Difference in
difference
Arrhythmia 0 (0, 25.9) 136.7 (0, 456.0) 0 (0, 156.2) 0 (0, 25.9) 0 (0, 456.0)
Breast Cancer 0(0,0) 0 (0, 186.1) 0(0,0) 0 (0, 0) 0 (0, 149.0)
Cardiomyopathy 0 (0, 303.8) 304.4 (0, 740.1) 0 (0, 0) 0 (0, 151.6) 182.7 (0, 691.4)
Colorectal cancer 0 (0, 0) 0 (0, 0) 0(0,0) 0(0,0) 0(0,4.1)
Familial 0 (0, 11.6) 0 (0, 18.7) 0 (0, 11.6) 0 (0, 11.6) 0 (0, 11.3)

hypercholesterolemia

Table S6. Cost differences between participants receiving P/LP and negative reports.

Results are presented stratified by condition comparing costs prior to return of results (Pre-RoR)

and after return of results (Post-RoR) among the individuals receiving pathogenic/likely

pathogenic (P/LP) and those receiving negative (Neg) reports. A difference in difference

analysis compares the change in P/LP report rates over time to the change in negative report

rates over time. Values are median rates per year with interquartile range and given in dollars.




A) 1.00

0.80
®
z 0.60 o
2
=
[}
c
L'
wy
0.40
0.20
0.00
Echo ECG Mammogram MRI Echo ECG Colonoscopy  Lipid profile Lipo A
L Arrhythmia ! BreastCancer | Cardiomyopathy | CRC ! FH
B) 1.00 + ® +
0.80 ® ® +
@ [
=]
s
>
£ o060
k=
-]
o
o
o
2
£ 040
-]
(-9
0.20
0.00
Echo ECG Mammogram MRI Echo ECG Colonoscopy Lipid profile Lipo A

L Arrhythmia — Breast Cancer L cardiomyopathy — ! CRC ‘ FH

Figure S1. Accuracy of utilizing CPT codes to assess outcomes compared to manual
chart review. A) Sensitivity and B) positive predictive value when comparing HI-TAG CPT
codes to manual abstraction for tests with >10 instances. Bars represent 95% confidence
intervals. CRC: Colorectal cancer; FH: familial hypercholesterolemia, ECG:

electrocardiogram, MRI: magnetic resonance imaging, Echo: Echocardiogram.
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Figure S2. Differences in frequency of health care utilization in participants before and
after return of results. When the change in services among participants with P/LP results were
compared to those without a variant, there were significantly higher rates in the P/LP group for
three (arrhythmia p < 0.0001, breast cancer p = 0.006, cardiomyopathy p = 0.038) a marginally
significant difference in colorectal cancer (p = 0.052) and a non-significant difference for FH (p >
0.05) at one year post return. Box represents interquartile range (IQR), with whiskers
representing varibility outside the quartiles, and outliers represented as dots. Data shown
limited to 5 to 95 percentiles of rates. IQR for colorectal cancer and FH are 0. FH: familial

hypercholesterolemia, * indicates p < 0.05.
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