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Evaluating the resource implications of different service
delivery models for offering additional genomic findings
Martin Vu, MPH1,2, Koen Degeling, PhD1,2, Melissa Martyn, PhD3,4,5, Elly Lynch, GradDipGenetCouns3,4,6, Belinda Chong, PhD3,6,
Clara Gaff, PhD3,4,5 and Maarten J. IJzerman, PhD1,2,7✉

PURPOSE: To evaluate the resource implications of different delivery models for the provision of additional findings (AF) in
genomics from a health-care purchaser perspective.
METHODS: Data from the Additional Findings study were used to develop and validate a discrete event simulation model that
represented the pathway of delivering AF. Resource implications were estimated by microcosting the consultations, sample
verifications, bioinformatics, curation, and multidisciplinary case review meetings. A proof-of-concept model was used to generate
costing, and then the simulation model was varied to assess the impact of an automated analysis pipeline, use of telehealth
consultation, full automation with electronic decision support, and prioritizing case review for cases with pathogenic variants.
RESULTS: For the proof-of-concept delivery model, the average total cost to report AF was US$430 per patient irrespective of result
pathogenicity (95% confidence interval [CI] US$375–US$489). However, the cost of per AF diagnosis was US$4349 (95% CI US
$3794–US$4953). Alternative approaches to genetic counseling (telehealth, decision support materials) and to multidisciplinary
case review (pathogenic AF cases only) lowered the total per patient cost of AF analysis and reporting by 41–51%.
CONCLUSION: Resources required to provide AF can be reduced substantially by implementing alternative approaches to
counseling and multidisciplinary case review.
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INTRODUCTION
Given the rising prominence of genomic sequencing in health
care, there has been extensive debate among medical and
research communities, patients, and service providers about
the policies and practices regarding additional findings (AF) in
medical genetics. AF analysis refers to the deliberate and
intentional search for clinically significant variants unrelated to
the primary reason for genomic sequencing but that may have
improved patient outcomes through earlier identification and
management.1–3 Although the term “secondary” findings is also
used in the genomics literature, here the term “AF” is adopted
consistent with patient preferences.2 A need for clear guidance
for the management of AF in the United States led to the initial
2013 American College of Medical Genetics and Genomics
(ACMG) recommendations that called for the identification of
pathogenic variants from a defined minimum list of genes
performed and returned to all patients having genomic sequen-
cing.4 In response to criticism concerning the different uses of
genomic sequencing, mixed experiences in facilitating and
supporting informed decision making, and the lack of strong
evidence to support both the predictive value impact of AF, the
ACMG recommendations have undergone numerous revisions.5–9

However, unlike the United States, most countries do not have
national policies supporting return of AF in clinical practice and
have not benefitted from a long learning process from routine
implementation.10,11

A challenge regarding the routine provision of AF is that the
economic consequences of AF for health systems are still largely
unknown.12 Economic evaluations for detecting variants from the

ACMG recommended gene list have focused on only a subset of
genes from the ACMG list or on targeted, high risk populations.12

Though reporting AF is likely cost-effective for certain patient
population groups, substantial additional data on the benefits,
risks, and cost of analysis and return of AF are required to formally
evaluate the economic impact of offering AF to patients when
genomic sequencing is used in clinical practice, and appraise the
“value for money” of AF to decision makers.13–15 In doing so,
considerations should be given to the possibilities to act
preventively or intervene based on AF, while also recognizing
potential harms for both the patient and health-care system from
overdiagnosis and overutilization of health-care resources to
manage these findings.16–18

Should national policies support the provision of AF testing,
evidence is needed to guide how this should be achieved while
accounting for the financial impact of the service.19,20 While
laboratories in the United States have adopted a model whereby
genetic counseling and analysis related to AF occur alongside
diagnostic testing, a range of alternative approaches to counsel,
curate, and disclose AF can be taken.3 Without clear guidance,
provision of AF has not been adopted consistently in clinical
care by laboratories in other countries, and those laboratories
that are actively returning these findings to patients have
inconsistent practices.10,18,21 For policy makers and service
providers developing protocols for delivery of AF, a major source
of concern has been a lack of available evidence regarding the
capital and labor health-care resources required for AF.5,6,8,21

Different service designs have different resource implications, and
accordingly determine the cost to provide AF to patients and the
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overall feasibility of the service from a provider perspective.
Investigating several separate models for service delivery of AF is
required to provide the necessary information for implementing
an effective service tailored to patients’ preferences while
minimizing organizational burden and reducing costs. These
studies are needed to inform future policy deliberations on the
cost-effectiveness of AF.
To understand the workflow for delivering AF to patients after

completion of primary diagnostic testing, this study aimed to
estimate the resource implications of different service delivery
models through a microcosting analysis. In achieving this
objective, data were collected from an AF “proof-of-concept”
service whereby patients were offered reanalysis of their exome
sequencing (ES) data after completion of primary diagnostic
testing. Data were used to populate a discrete event simulation
(DES) representing alternative service designs considered rele-
vant by involved stakeholders.

MATERIALS AND METHODS
Additional Findings study and data collection
This study was part of the Melbourne Genomics Health Alliance program
and received Human Research Ethics Committee approval (13/MH/326). All
participants from the Additional Findings study provided written informed
consent prior to the current study. Those who proceeded with reanalysis of
the data for AF also provided clinical consent.
The Additional Findings study was conducted to evaluate a novel two-

step model of care based on a traditional predictive genetic testing service.
A “proof-of-concept” AF service was established and tested with people
who had completed primary diagnostic testing using ES with analysis
limited to genes based on the patient’s clinical condition.3 Inclusion criteria
for the Additional Findings study were adults aged 18 years or older who
had already received results of their clinical diagnostic exome test and had
participated in an overarching study evaluating clinical genomic testing at
participating tertiary-level hospital in Melbourne, Victoria, Australia. If
patients agreed to AF analysis, reanalysis of the patient’s stored data were
conducted at the Victorian Clinical Genetics Service (VCGS) with analysis
restricted to variants within a predetermined list of 58 genes associated
with clinically actionable, adult-onset conditions. This list was similar to the
ACMG SF v2.0 genes list with a few exceptions for genes and conditions
typically occurring in children.22 Further details of study recruitment and
the selection of the AF genes list have been described elsewhere.3 Data
pertaining to management during patient involvement in the study were
extracted including detailed data on resources utilized, dates and duration
of clinical activities, and outcome of AF analysis.

AF service provision workflow in the Additional Findings Study
Figure 1 shows a flowchart representing the AF service provision pathway
that was used for the Additional Findings Study, which will be referred to
as the proof-of-concept delivery model.
This delivery model is broadly divided into five clinical stages: consent

process, variant curation, multidisciplinary case review, reporting, and
disclosure. The consent process consisted of a pretest genetic counseling
appointment whereby patients explored the options of accepting or
declining AF with a genetic counselor. If patients decided to proceed with
AF and gave (clinical) consent, stored clinical genomic data were extracted
for reanalysis. Variant curation first involved a sample identification check
performed by a medical scientist for all genomic data where diagnostic
sequencing had been performed at an external laboratory to ensure
retrieved genomic data correctly belonged to the patient. Participant
genomic data were then passed through a bioinformatic pipeline analysis,
and from that point a medical scientist manually curated identified variants
to assess available evidence in determining pathogenicity classification of
a particular variant. The initial variant classifications were discussed at a
multidisciplinary case review meeting and consisted of a quorum of a
genetic counselor, clinical geneticist, medical specialist, senior medical
scientist, and three medical scientists. Members of the multidisciplinary
case review meeting agreed which variants should undergo full curation
and/or made recommendations of variants for curation for individual
patient cases if further curation of (additional) variants and a second
review meeting were requested. Pathogenic or likely pathogenic variants
were considered as an AF result. In reporting, when an AF was identified, a

confirmatory testing on a second sample was conducted as per laboratory
protocol for predictive genetic testing. A clinical test report was prepared
by a medical scientist for all patients before approval by a senior medical
scientist test and release to the requesting practitioner. Disclosure of AF to
patients was done in person by a genetic counselor and/or clinical
geneticist with review by other medical specialists as required. If no AF was
identified, the negative result was returned to patients by a genetic
counselor, typically over the phone.

Alternative AF delivery models
In exploring opportunities to enhance service access and efficiency of
delivering AF, three hypothetical alternative delivery models were defined
based on input from clinical and laboratory experts including clinical
geneticists, genetic counselors, medical scientists, and health services
researchers. Alternative AF delivery models were suggested to enhance
the operational workflow for AF reporting based on the experiences of
stakeholders taking into account how these changes could improve the
financial cost of an AF service. Discussion to define alternative models was
an interactive process until consensus was reached. In particular, changes
were made to the proof-of-concept delivery model, and labeled as the (1)
In-person model, (2) Telehealth model, and (3) Automated model.
Proposed changes to the proof-of-concept delivery model, which result
in the alternative delivery models, are summarized in Fig. 1 and separate
graphical illustrations outlining the workflow of each alternative delivery
model are presented in the Supplementary Figs. S1–S3.

In-person model. The In-person model was defined to test the resource
implications of alternative variant curation procedures, as they arose from
experiences with the proof-of-concept AF service. As such, this delivery
model was designed to reflect laboratory operations more consistent with
screening tests including streamlining variant detection and adjusting case
priority for multidisciplinary review. Therefore, the following changes were
tested and compared with the proof-of-concept delivery model: removal of
the sample identification check, automation of the bioinformatic pipeline
analysis and curation (with a manual check of automated curation)
to reduce involvement from medical scientists, multidisciplinary case
review meetings to only review likely or likely pathogenic AF variants,
and removal of any further curation and multidisciplinary case review
meetings.

Telehealth model. The Telehealth model was proposed to replace
in-person genetic counseling appointments for AF. The purpose of this
delivery change was to address barriers to service access. The
Telehealth model retained the same changes to laboratory operations
as the in-person model, but genetic counseling appointments during
consent and disclosure were via telehealth. However, disclosure of
pathogenic AF remained as an in-person appointment with a genetic
counselor and clinical geneticist. Taking into account that genetic
counseling appointments through telecommunication technologies are
on average shorter than an in-person appointment,23 we adjusted the
duration of this clinical activity pre- and post-test (only for patients
without AF) by applying multiplicative scale factor from reported
literature to the data.

Automated model. The Automated model assumed an alternative
approach to informing patients about the option of AF and supporting
them to make decisions, such as decision support materials. In this model,
disclosure of AF results uses electronic communication platforms (e.g.,
emails or online website portal).24 This delivery model, like the Telehealth
model, targeted changes to consent and disclosure, but considered
alternative communication strategies to ease the burden on clinical
services to support consultations about AF. It was assumed that 90% of
people using this model would make use of decision support materials to
make a decision about receiving AF. It was assumed that 10% would
require assistance from a genetic counselor to make a decision about AF
analysis. In-person post-test genetic counseling was required if an AF was
identified, but patients without AF received their results electronically, with
the assumption that post-test genetic counseling was also made available
to 10% of patients without AF to discuss results further.

Micro-costing analysis
The resource implications of the different delivery models were estimated
by performing a microcosting analysis using the Additional Findings
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study data. The micro-costing analysis was a direct enumeration of resources
consumed for simulated patients in the simulation (see next section) and the
unit cost to consume resources following bottom-up costing methodologies.
This included analysis of the amount and type of staff involved and the
amount of time they spent on a particular task, as well as the important
events and the timing between these events. The health-care purchaser
perspective was adopted for the micro-costing analysis to estimate the cost
arising from the service, and hence only direct medical costs related to the

provision of AF were included (i.e., cost of consumables to analyze AF and
cost of health-care labor relevant to clinical activities needed to curate and
discuss AF). Out-of-pocket expenses, travel costs for patients and/or families,
overhead costs, and other related costs were not considered. Unit costs of
consumables and health-care labor were acquired from testing laboratories
and state government and are listed in Table 1.25,26 All costs were expressed
in 2020 dollars (USD) and an exchange rate of $1 USD= $0.69 AUD was
applied in our study (7 January 2020).
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Fig. 1 Additional findings (AF) delivery model structure. The proof-of-concept delivery model flowchart represents the clnical processes
involved to analyze and return AF to patients. Several proposed changes were made to the proof-of-concept delivery model in order to
estimate the cost of alternative AF delivery models. AF additional findings.
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Discrete event simulation
To investigate the resource impact of AF, all four delivery models were
implemented in a DES constructed using the simmer package in R.27 DES
is an advanced simulation modeling technique in operational and health
services research for simulating individual patient pathways in a system.28

This modeling methodology can be used to evaluate and optimize existing
and hypothetical processes, and therefore provides an efficient and ethical
approach to evaluating several service designs. In our study, data from the
Additional Findings study was used to define and simulate a patient
population that are having AF reported according to a specific delivery
model to understand the extent of resource consumption, and how this
translates into a financial cost for the service. Competing access for
resources was not considered in this simulation, and therefore there were
no capacity limitations to resources in the simulation. This study was
developed in alignment with good research practices in health-care DES
modeling.28 For detailed information, please see Supplementary Materials
and Methods.
A full list of attributes and input parameters is available in Supplemen-

tary Table S1. Duration of clinical activities and time-to-event parameters
were modeled in the simulation by examining four parametric distribution
types appropriate for modeling durations and time-to-events: Weibull,
Weibull Mixture, Gamma, and Log-Normal.29 These were fitted on the data
through maximum likelihood estimation using the fitdistrplus and
mixtools packages in R.30,31 The best-fitting distribution was selected
according to goodness-of-fit based on visual inspection of density plots,
quantile–quantile plots and percentile–percentile plots. In case visual
inspection did not identify a clear best-fitting distribution, quantitative
measures from the Akaike information criterion and Bayesian information
criterion were additionally considered (see Supplementary Table S2 for
details). For input parameters where multimodality was present, a Weibull
mixture distribution was chosen. If no patient-level data was available for
clinical activities, a Weibull distribution was estimated following the
method of moments based on an assumed mean and standard deviation
obtained from expert opinions. This simulation was validated through
regular meetings with relevant experts to discuss credibility and
plausibility of simulation structure and outputs. In terms of internal
validity, accuracy of mean estimates of the probability distributions for
duration of activities and time-to-event parameters were compared with
the original data.
Probabilistic analysis assessed the uncertainty in the simulated out-

comes arising from the uncertainty in the input parameters. For
parameters informed by individual patient data from the Additional
Findings study, a bootstrapping approach was used to obtain correlated
sets of input parameters.32 Where no individual patient data were
available, parametric distributions reflected uncertainty and provided in
Supplementary Table S1. The probabilistic analysis was performed by
evaluating the simulation for 5000 different sets of input parameters,
simulating 10,000 patients per service design in each evaluation.
Outcomes of the probabilistic analysis were summarized by their mean
and corresponding 95% confidence interval (CI).

RESULTS
The results of the proof-of-concept delivery model showed that
the average time spent on curating and reporting AF overall
was 240minutes per patient (95% CI: 207–275) (Table 2).

Manual curation took the most time to perform, consuming an
average time of 85 minutes per patient, which was 35% of the
average total time to report AF to patients. For patients who
ultimately were reported as having AF, the average time was 280
minutes per patient (95% CI: 246–317). This was longer than
patients where no AF was reported at an estimated average time
of 239minutes per patient (95% CI: 210–271). These differences
were due to additional time spent on reviewing patient cases with
AF, and longer post-test genetic counseling appointments for
patients with AF compared with patients without AF. Otherwise,
the average time of all other clinical activities was similar.
The average total cost to test for providing AF was $430 per

patient (95% CI $375–$489) (Table 2). The majority of this cost was
attributable to activities within the variant curation and amounted
to $190 (44%) of the average total cost in the proof-of-concept
delivery model. This was then followed by the cost of reporting
($109; 25%) and case review ($60; 14%). Comparing between
subgroups, the average total cost for patients with AF was $1001
per patient (95% CI $946–$1058), which was more expensive than
patients without AF at an average total cost of $367 per patient
(95% CI $333–$403). Factors contributing to this variation in cost
included additional confirmatory tests and patient case reviews
with a clinical geneticist required for patients with AF as well as
longer post-test genetic counseling appointments as opposed to
patients without, as stated above. These activities predominately
occurred within the multidisciplinary case review and disclosure
stages of the proof-of-concept delivery model, as different tasks
are required to examine and return a clinically actionable finding
to patients compared with cases where no pathogenic variants
were identified.
The AF proof-of-concept service identified AF in 8 of 81 (10%) of

patients analyzed. Accordingly, the average total cost to the
health-care purchaser for identifying one patient with AF was
$4349 (95% CI $3794–$4953) (Table 2).
Comparing the simulation results of all delivery models, the

Automated model was the most efficient service model with an
average total cost of $210 per patient (95% CI $169–$258), which
cost 51% less than the proof-of-concept model (Table 3). This was
followed by the Telehealth model at $236 per patient (95% CI
$195–$285) resulting in a 45% cost reduction compared with the
proof-of-concept model. Finally, the average total cost of the In-
person model was $253 per patient (95% CI $212–$301) and was
41% less costly than the proof-of-concept model. Cost improve-
ments were driven by automated bioinformatic and curation
analysis, and reduced labor time owing from utilizing other modes
of communications such as telehealth, online communications,
and decision support materials rather than in-person appointments
and from prioritizing case reviews to patients with AF only (Fig. 2).
These changes are evident across all clinical stages in the AF
service provision except for reporting as the process to report AF to
patients was consistent across all alternative AF delivery models.

Table 1. Cost input parameters to microcosting analysis.

Cost Reference

Sample identification check (cost per sample) $505.20 Existing data

Bioinformatic analysis (cost per sample) $64.95 Existing data

Confirmatory test (cost per sample) $144.34 Existing data

Clinical geneticist (hourly cost) $93.49 Medical Practitioners Award26

Genetic counselor (hourly cost) $64.80 Victorian Public Health Sector Enterprise Agreement25

Laboratory manager (hourly cost) $83.36 Victorian Public Health Sector Enterprise Agreement25

Medical scientist (hourly cost) $61.75 Victorian Public Health Sector Enterprise Agreement25

Medical specialist (hourly cost) $93.49 Medical Practitioners Award26
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Patients with AF remained more expensive than patients without
AF in all alternative hypothetical models.

DISCUSSION
This study investigated the resource implications of reporting AF
according to several delivery models through a simulation model
developed based on data from the Additional Findings study. The
results demonstrated that the estimated average total cost to
identify a single patient with a clinically significant AF was $4349.
Automating bioinformatic and curation pipeline analysis and
altering approaches to how patients are clinically reviewed and
counseled can make the AF genetic service more financially
feasible. In particular, alternatives to in-person consultations and

multidisciplinary case review meetings and in-person post-test
genetic counseling appointments for only cases with pathogenic
AF contributed to reducing service cost.
The health economic impact of genomic sequencing as a

diagnostic test has been previously examined across multiple
clinical indications.33–35 Far fewer studies have reported whether
or not the additional benefits of screening additional genetic
information outweigh the harms and costs to assess genes on a
defined list of genes.20,36 The real-world experience of AF analysis
has focused on several practical issues for laboratories and clinical
services who have adopted or in the progress of adopting AF
reporting.7,15,21 These challenges include time-intensive clinical
activities arising from the interpretation of pathogenicity of
individual variants coupled with complex logistical system

Table 2. Mean estimated outcomes for the proof-of-concept delivery model.

No AF identified AF identified Total

Time per patient,
minutes (%)

Average cost
per
patient, $ (%)

Time per patient,
minutes (%)

Average cost
per
patient, $ (%)

Time per patient,
minutes (%)

Average cost
per
patient, $ (%)

Consent process

Pretest genetic counseling 40 (17) 43 (12) 40 (14) 43 (4) 40 (17) 43 (10)

Total 40 (17) 43 (12) 40 (14) 43 (4) 40 (17) 43 (10)

Variant curation

Sample identification
checka

37 (10) 37 (4) 37 (9)

Bioinformatic analysisa 65 (18) 65 (6) 65 (15)

Manual curation 85 (36) 87 (24) 85 (30) 87 (9) 85 (35) 87 (20)

Total 85 (36) 190 (52) 85 (30) 190 (19) 85 (35) 190 (44)

Multidisciplinary case review

Multidisciplinary case
review meeting

38 (16) 47 (13) 38 (13) 47 (5) 35 (14) 47 (11)

Further curation of
(additional) variants

9 (4) 9 (2) 9 (3) 9 (1) 9 (4) 9 (2)

Second multidisciplinary
case review meeting

4 (2) 5 (1) 4 (1) 5 (0) 4 (2) 5 (1)

Total 50 (21) 60 (16) 50 (18) 60 (6) 47 (20) 60 (14)

Reporting

Confirmatory testa 505 (50) 50 (12)

AF report preparation 30 (13) 31 (8) 30 (11) 31 (3) 30 (13) 31 (7)

AF report signoff 20 (8) 28 (8) 20 (7) 28 (3) 20 (8) 28 (6)

Total 50 (21) 59 (16) 50 (18) 564 (56) 50 (21) 109 (25)

Disclosure

Review with clinical
geneticist

20 (7) 53 (5) 2 (1) 5 (1)

Post-test genetic
counseling

14 (6) 15 (4) 35 (13) 92 (9) 16 (7) 23 (5)

Total 14 (6) 15 (4) 55 (20) 145 (14) 18 (8) 28 (7)

Average total time per
patient, minutes (95% CI)

239 (210–271) 280 (246–317) 240 (207–275)

Average total cost per
patient, $ (95% CI)

367 (333–403) 1001 (946–1058) 430 (375–489)

Average total cost of AF
diagnosis, $ (95% CI)

4349 (3794–4953)

Estimates are subjected to rounding errors.
AF additional findings, CI confidence interval.
aHands-on time was not recorded in the simulation modeling as the costs for these clinical activities were based on cost per case.
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restraints and increased workloads that may interfere with tests
for primary diagnostics. Genetic counseling for AF can also be
difficult because of the emphasis on risk management and
prevention of conditions for which patients may have no
experiential understanding, as opposed to a clinical diagnosis of
an apparent condition. This distinction should be adequately
expressed to patients engaged with the AF service. These practical
issues for laboratories and clinical services contribute to a financial

cost and influence the adoption of AF into clinical practice.5 More
specifically, the cost of opportunistic screening may limit access to
the service, depending on whether those costs are reimbursed or
patients must pay out-of-pocket.
In an effort to minimize the cost of analysis, our results suggest

design of new clinical services for the identification of AF should
consider automating the bioinformatic and curation analysis, and
implementing multidisciplinary case review and disclosure proce-
dures conditional on whether an AF is identified following curation.
Offering AF within a single institution was also less costly than
reanalyzing genomic data that have been stored externally, which
also mandates assessment of legal and ethical risks surrounding
issues of sharing and reanalysis of clinical data.37 Where AF analysis
does not occur concurrently with diagnostic testing, the source of
the data to be reanalyzed is therefore an important consideration.
This should align with national and regional legislation and cultural
norms with regard to data sharing, but jurisdictional health
systems, infrastructures, and expertise may affect the overall
cost.5,11 Furthermore, adapting counseling to include the options
of telehealth and electronic communications during pre-test
counseling and post-test counseling for patients where no AF
was found will reduce the cost. By understanding critical areas
within the service design that drive the cost of AF and addressing
these concerns through service design, these solutions provide a
health service perspective into optimal resource utilization and
reporting strategies, as well as reducing uncertainty around the
resources needed to operate such a service.
Other considerations for service design of AF include potential

psychosocial impact associated with receiving additional genetic
information on patients and/or family members.6,38,39 Patient
preferences regarding telehealth and decision support materials
should also be taken into account. Previous research has indicated
that these modes of communications are acceptable in ensuring
and supporting patient choice while maintaining a high satisfac-
tion from patients.24,40 Though more research is needed to
validate the acceptability of alternative counseling schemes for AF,
especially for communication through emails or online website
portals, these platforms do offer opportunities for wider access of
the AF genetic service. Practical restraints should also be
examined especially for an automated pipeline as the quality of
the pipeline will depend on data availability for variant penetrance
and significance. The cost of diagnosing or identifying a single

Table 3. Average total cost of alternative delivery models for AF.

Average total cost
per patient, $
(95% CI)

% Difference compared
with proof-of-
concept model

Proof-of-concept model

No AF
identified

367 (333–403)

AF identified 1002 (945–1,058)

Total 430 (375–489)

Internal model

No AF
identified

182 (176–187) −50.4

AF identified 895 (853–937) −10.7

Total 253 (212–301) −41.2

Telehealth model

No AF
identified

165 (161–168) −55.1

AF identified 883 (841–926) −11.9

Total 236 (195–285) −45.1

Automated model

No AF
identified

139 (136–143) −62.1

AF identified 855 (813–897) −14.7

Total 210 (169–258) −51.1

AF additional findings, CI confidence interval.
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patient with AF will also be influenced by the prevalence of
pathogenic variants of conditions implicated in the gene list
within a population, and a higher prevalence is likely to result in
greater costs due to greater workload on the service.41 Finally,
focus here was on reanalysis of data from ES. Genome sequencing
(GS) is increasingly used and provide more data than ES; however,
it is unlikely that the number of extra AF identified using GS would
be significantly higher than ES in the near future. The analysis for
both would be performed on the same defined list of genes, and
most of the additional data from GS test is not currently
interpretable with respect to human disease.
There are certain limitations to this study. Firstly, the micro-

costing estimated the cost of the service delivery models in its
prototyped form and does not include startup expenses to train
and prepare the workforce to offer AF to patients or to setup
automated pipelines. The analysis also did not incorporate costs of
genomic sequencing and genomic data storage as these costs do
not arise specifically in relation to the analysis of AF but rather are
borne from primary diagnostic sequencing. Secondly, we did not
measure the long-term consequences or assess health-care
utilization following disclosure of AF result. This information
would have provided a better understanding of the downstream
health-care expenditure from clinically actionable AF, but previous
studies in the United States have suggested that the observed
cost of medical action a year after results was returned was
modest at an average cost of $128.42 This suggests that in the
short-term, offering analysis for AF does not adversely affect
health-care spending on the relatively low number of patients
where AF were found, but the implications of AF on future clinical
management need to be examined. Such studies should also
include patient health outcomes for a better understanding of the
value of AF to the health system. Lastly, this simulation made
several assumptions pertaining to parameters of key inputs when
patient-level data were not available, and assumed a complete
uptake of AF analysis by those who engaged with the service.
Clinical and laboratory experts were directly consulted to define
the parameters based on their experiences in clinical genetics and
the proof-of-concept AF service. More studies with real-world data
are needed to validate our findings and to cost the concurrent
model of AF analysis, where AF testing occurs together with
diagnostic testing, currently applied by some laboratories around
the world. The advantage of our DES model is that it provided a
tool for decision makers to appraise the most effective use of
health-care resources by experimenting with alternative simula-
tion scenarios that would not otherwise be possible.

Conclusion
Implementing AF in routine care requires further investigation of
optimal service delivery models. This study used a dynamic
modeling framework to compare three alternative delivery models
to a proof-of-concept model used in the Additional Findings
study. In the proof-of-concept model, the average total cost to
report AF in patients was $430 per patient, resulting in an average
cost to diagnose a single patient with AF of $4349. The analysis
of alternative delivery models demonstrates that the cost of
the service can be reduced by 40–51% by implementing an
automated pipeline for AF, giving precedence to clinically
significant variants in multidisciplinary case reviews and reporting,
and adopting telehealth and other evidence-based communica-
tion platforms. This information can assist in the development of
future AF policies and service designs and ease the burden for
service providers as they manage AF in their own clinical practice.

DATA AVAILABILITY
All model inputs used in this study are described or included in this article and the
electronic supplementary information.

Received: 26 July 2020; Revised: 20 October 2020; Accepted: 21
October 2020;
Published online: 20 November 2020

REFERENCES
1. Dorschner, M. O. et al. Actionable, pathogenic incidental findings in 1,000

participants’ exomes. Am. J. Hum. Genet. 93, 631–640 (2013).
2. Tan, N. et al. Is “incidental finding” the best term?: a study of patients’ preferences.

Genet. Med. 19, 176–181 (2017).
3. Martyn, M. et al. A novel approach to offering additional genomic findings—a

protocol to test a two‐step approach in the healthcare system. J. Genet. Couns.
28, 388–397 (2019).

4. Green, R. C. et al. ACMG recommendations for reporting of incidental findings in
clinical exome and genome sequencing. Genet. Med. 15, 565–574 (2013).

5. Mackley, M. P. & Capps, B. Expect the unexpected: screening for secondary
findings in clinical genomics research. Br. Med. Bull. 122, 109–122 (2017).

6. Burke, W. et al. Recommendations for returning genomic incidental findings? We
need to talk! Genet. Med. 15, 854–859 (2013).

7. Mackley, M. P., Fletcher, B., Parker, M., Watkins, H. & Ormondroyd, E. Stakeholder
views on secondary findings in whole-genome and whole-exome sequencing: a
systematic review of quantitative and qualitative studies. Genet. Med. 19, 283–
293 (2017).

8. Allyse, M. & Michie, M. Not-so-incidental findings: the ACMG recommendations
on the reporting of incidental findings in clinical whole genome and whole
exome sequencing. Trends Biotechnol. 31, 439–441 (2013).

9. Wolf, S. M. The continuing evolution of ethical standards for genomic
sequencing in clinical care: restoring patient choice. J. Law. Med. Ethics. 45, 333–
340 (2017).

10. Vears, D. F., Sénécal, K. & Borry, P. Reporting practices for unsolicited and sec-
ondary findings from next-generation sequencing technologies: perspectives of
laboratory personnel. Hum. Mutat. 38, 905–911 (2017).

11. Thorogood, A., Dalpé, G. & Knoppers, B. M. Return of individual genomic research
results: are laws and policies keeping step? Eur. J. Hum. Genet. 27, 535–546
(2019).

12. Douglas, M. P., Ladabaum, U., Pletcher, M. J., Marshall, D. A. & Phillips, K. A.
Economic evidence on identifying clinically actionable findings with whole-
genome sequencing: a scoping review. Genet. Med. 2, 111–116 (2016).

13. Deverka, P. A. & Dreyfus, J. C. Clinical integration of next generation
sequencing: coverage and reimbursement challenges. J. Law Med. Ethics. 42, 22–41
(2014).

14. Christensen, K. D., Dukhovny, D., Siebert, U. & Green, R. C. Assessing the costs and
cost-effectiveness of genomic sequencing. J. Pers. Med. 5, 470–486 (2015).

15. Bennette, C. S., Gallego, C. J., Burke, W., Jarvik, G. P. & Veenstra, D. L. The cost-
effectiveness of returning incidental findings from next-generation genomic
sequencing. Genet. Med. 17, 587–595 (2015).

16. Wright, C. F. et al. Policy challenges of clinical genome sequencing. Br. Med. J.
347, f6845 (2013).

17. Katz, A. E. et al. Management of secondary genomic findings. Am. J. Hum. Genet.
107, 3–14 (2020).

18. Gourna, E. G., Armstrong, N. & Wallace, S. E. Compare and contrast: a cross-
national study across UK, USA and Greek experts regarding return of inci-
dental findings from clinical sequencing. Eur. J. Hum. Genet. 24, 344–349
(2016).

19. Pujol, P. et al. Guidelines for reporting secondary findings of genome sequencing
in cancer genes: the SFMPP recommendations. Eur. J. Hum. Genet. 26, 1732–1742
(2018).

20. European Society of Human Genetics. Opportunistic genomic screening.
Recommendations of the European Society of Human Genetics. https://www.
eshg.org/fileadmin/eshg/consultations/DRAFT_Opportunistic_Genomic_
Screeening_20.4.2020_for_ESHG__Membership_and_Expert_Consultation.pdf
(2020).

21. Ackerman, S. L. & Koenig, B. A. Understanding variations in secondary findings
reporting practices across U.S. genome sequencing laboratories. AJOB Empir.
Bioeth. 9, 48–57 (2018).

22. Kalia, S. S. et al. Recommendations for reporting of secondary findings in clinical
exome and genome sequencing, 2016 update (ACMG SF v2.0): a policy statement
of the American College of Medical Genetics and Genomics. Genet. Med. 19, 249–
255 (2017).

23. Tutty, E. et al. Evaluation of telephone genetic counselling to facilitate germline
BRCA1/2 testing in women with high-grade serous ovarian cancer. Eur. J. Hum.
Genet. 27, 1186–96 (2019).

24. Shickh, S. et al. Evaluation of a decision aid for incidental genomic results, the
Genomics ADvISER: protocol for a mixed methods randomised controlled trial.
BMJ Open 8, e021876 (2018).

M. Vu et al.

612

Genetics in Medicine (2021) 23:606 – 613

https://www.eshg.org/fileadmin/eshg/consultations/DRAFT_Opportunistic_Genomic_Screeening_20.4.2020_for_ESHG__Membership_and_Expert_Consultation.pdf
https://www.eshg.org/fileadmin/eshg/consultations/DRAFT_Opportunistic_Genomic_Screeening_20.4.2020_for_ESHG__Membership_and_Expert_Consultation.pdf
https://www.eshg.org/fileadmin/eshg/consultations/DRAFT_Opportunistic_Genomic_Screeening_20.4.2020_for_ESHG__Membership_and_Expert_Consultation.pdf


25. AMA Victoria. AMA Victoria - Victorian Public Health Sector - Doctors in Training
Enterprise Agreement 2018-2021 (2018). http://vhia.com.au/docs/default-
document-library/bul-2258-attachment-a.pdf?sfvrsn=2. Accessed 10 Sep 2019.

26. Fair Work Ombudsman. Medical practitioners award 2020 (2019). http://awardviewer.
fwo.gov.au/award/show/MA000031. Accessed 10 Sep 2019.

27. Ucar, I., Smeets, B. & Azcorra, A. simmer: Discrete-Event Simulation for R. J. Stat.
Softw. 90, 1–30 (2019).

28. Karnon, J. et al. Modeling using discrete event simulation: a report of the ISPOR-
SMDM modeling good research practices task force-4. Value Health 15, 821–827
(2012).

29. Ishak, K. J., Kreif, N., Benedict, A. & Muszbek, N. Overview of parametric survival
analysis for health-economic applications. Pharmacoeconomics 31, 663–675 (2013).

30. Benaglia, T., Chauveau, D., Hunter, D. & Young, D. Mixtools: an R package for
analyzing finite mixture models. J. Stat. Softw. 32, 1–29 (2009).

31. Delignette-Muller, M. & Dutang, C. Fitdistrplus: an R package for fitting distribu-
tions. J. Stat. Softw. 64, 1–34 (2015).

32. Degeling, K., Ijzerman, M. J., Koopman, M. & Koffijberg, H. Accounting for para-
meter uncertainty in the definition of parametric distributions used to describe
individual patient variation in health economic models. BMC Med. Res. Methodol.
17, 170 (2017).

33. Stark, Z. et al. Does genomic sequencing early in the diagnostic trajectory make a
difference? A follow-up study of clinical outcomes and cost-effectiveness. Genet.
Med. 21, 173–180 (2019).

34. Stark, Z. et al. Prospective comparison of the cost-effectiveness of clinical whole-
exome sequencing with that of usual care overwhelmingly supports early use
and reimbursement. Genet. Med. 19, 867–874 (2017).

35. Catchpool, M. et al. A cost-effectiveness model of genetic testing and periodical
clinical screening for the evaluation of families with dilated cardiomyopathy.
Genet. Med. 21, 2815–2822 (2019).

36. Brothers, K. B., Vassy, J. L. & Green, R. C. Reconciling opportunistic and population
screening in clinical genomics. Mayo Clin. Proc. 94, 103–109 (2019).

37. Dove, E. S. et al. Genomic cloud computing: legal and ethical points to consider.
Eur. J. Hum. Genet. 23, 1271–1278 (2015).

38. Botkin Jeffrey, R. et al. Points to consider: ethical, legal, and psychosocial
implications of genetic testing in children and adolescents. Am. J. Hum. Genet. 97,
6–21 (2015).

39. Roche, M. I. & Berg, J. S. Incidental findings with genomic testing: implications for
genetic counseling practice. Curr. Genet. Med. Rep. 3, 166–176 (2015).

40. Hilgart, J. S., Hayward, J. A., Coles, B. & Iredale, R. Telegenetics: a systematic review
of telemedicine in genetics services. Genet. Med. 14, 765–776 (2012).

41. Ding, L.-E., Burnett, L. & Chesher, D. The impact of reporting incidental findings
from exome and whole-genome sequencing: predicted frequencies based on
modeling. Genet. Med. 17, 197–204 (2015).

42. Hart, M. R. et al. Secondary findings from clinical genomic sequencing:
prevalence, patient perspectives, family history assessment, and health-care costs
from a multisite study. Genet. Med. 21, 1100–1110 (2019).

ACKNOWLEDGEMENTS
The authors thank all collaborators on the Melbourne Genomics Health Alliance
Additional Findings Study. This study was funded by the State Government of
Victoria (Department of Health and Human Services) and the ten member
organizations of the Melbourne Genomics Health Alliance.

AUTHOR CONTRIBUTIONS
Conceptualization: M.V., K.D., M.M., E.L., B.C., C.G., M.I.J.; Data curation: M.M., E.L., B.C.,
C.G.; Formal analysis: M.V., K.D.; Funding acquisition: C.G., M.I.J.; Methodology: M.V.,
K.D., M.I.J.; Software: M.V., K.D.; Supervision: K.D., M.M., C.G., M.I.J.; Visualization: M.V.;
Writing – original draft: M.V.; Writing – reviewing & editing: M.V., K.D., M.M., E.L., B.C.,
C.G., M.I.J.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS DECLARATION
This study was part of the Melbourne Genomics Health Alliance program and
received Human Research Ethics Committee approval (13/MH/326). All participants
from the Additional Findings Study provided written informed consent prior to the
current study. Those that proceeded with reanalysis of the data for AF also provided
clinical consent.

ADDITIONAL INFORMATION
The online version of this article (https://doi.org/10.1038/s41436-020-01030-8)
contains supplementary material, which is available to authorized users.

Correspondence and requests for materials should be addressed to M.J.I.

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

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

M. Vu et al.

613

Genetics in Medicine (2021) 23:606 – 613

http://vhia.com.au/docs/default-document-library/bul-2258-attachment-a.pdf?sfvrsn=2
http://vhia.com.au/docs/default-document-library/bul-2258-attachment-a.pdf?sfvrsn=2
http://awardviewer.fwo.gov.au/award/show/MA000031
http://awardviewer.fwo.gov.au/award/show/MA000031
https://doi.org/10.1038/s41436-020-01030-8
http://www.nature.com/reprints
http://www.nature.com/reprints

	Evaluating the resource implications of different service delivery models for offering additional genomic findings
	INTRODUCTION
	MATERIALS AND METHODS
	Additional Findings study and data collection
	AF service provision workflow in the Additional Findings Study
	Alternative AF delivery models
	In-person model
	Telehealth model
	Automated model

	Micro-costing analysis
	Discrete event simulation

	RESULTS
	DISCUSSION
	Conclusion

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics Declaration
	ADDITIONAL INFORMATION




