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Abstract
Genomic research is driving discovery for future population benefit. Limited evidence exists on immediate patient and health 
system impacts of research participation. This study uses real-world data and quasi-experimental matching to examine early-
stage cost and health impacts of research-based genomic sequencing. British Columbia’s Personalized OncoGenomics (POG) 
single-arm program applies whole genome and transcriptome analysis (WGTA) to characterize genomic landscapes in advanced 
cancers. Our cohort includes POG patients enrolled between 2014 and 2015 and 1:1 genetic algorithm–matched usual care 
controls. We undertake a cost consequence analysis and estimate 1-year effects of WGTA on patient management, patient 
survival, and health system costs reported in 2015 Canadian dollars. WGTA costs are imputed and forecast using system of 
equations modeling. We use Kaplan-Meier survival analysis to explore survival differences and inverse probability of censor-
ing weighted linear regression to estimate mean 1-year survival times and costs. Non-parametric bootstrapping simulates 
sampling distributions and enables scenario analysis, revealing drivers of incremental costs, survival, and net monetary benefit 
for assumed willingness to pay thresholds. We identified 230 POG patients and 230 matched controls for cohort inclusion. 
The mean period cost of research-funded WGTA was $26,211 (SD: $14,191). Sequencing costs declined rapidly, with WGTA 
forecasts hitting $13,741 in 2021. The incremental healthcare system effect (non-research expenditures) was $5203 (95% CI: 
75, 10,424) compared to usual care. No overall survival differences were observed, but outcome heterogeneity was present. 
POG patients receiving WGTA-informed treatment experienced incremental survival gains of 2.49 months (95% CI: 1.32, 3.64). 
Future cost consequences became favorable as WGTA cost drivers declined and WGTA-informed treatment rates improved to 
60%. Our study demonstrates the ability of real-world data to support evaluations of only-in-research health technologies. We 
identify situations where precision oncology research initiatives may produce survival benefit at a cost that is within healthcare 
systems’ willingness to pay. This economic evidence informs the early-stage healthcare impacts of precision oncology research.
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Introduction

Comprehensive sequencing initiatives are shifting our 
understanding of which genetic factors drive cancer 
growth and response to treatment. The aim of these pro-
grams is to generate a breadth of genomic data to facili-
tate research and discovery (Genomics England 2017; 
Investigators 2019; Stark et al. 2019). While designed to 
benefit future patients, these initiatives can provide imme-
diate impact for those undergoing sequencing and their 
families. Sequencing results may indicate likely response, 
resistance, or toxicity to a targeted treatment, leading to a 
change in clinical management (Laskin et al. 2015; Wong 
et al. 2020). Results may also reveal germline findings that 
enable targeted cancer risk reduction in susceptible family 
members. Analyses of non-randomized trial data signal 
the potential for genomic sequencing to improve clini-
cal outcomes through altered management (Zimmer et al. 
2019; Tuxen et al. 2019; Bertucci et al. 2021). Owing to 
limited scope and duration of existing study endpoints and 
infrequent inclusion of counterfactuals, the downstream 
effects of comprehensive genomic sequencing for research 
participants and healthcare systems are poorly understood 
(Schwarze et al. 2018; Stark et al. 2019).

When considering resource allocation for emerging 
genomic technologies, healthcare decision-makers require 
evidence of the expected upfront costs and downstream 
consequences of sequencing (Barna et al. 2018; Faulkner 
et al. 2012). Clinical uptake of sequence data, resultant 
patient health, and downstream healthcare expenditures 
will collectively affect systems’ readiness and willingness 
for adoption (Vellekoop et al. 2021). Real-world adminis-
trative data presents an opportunity to quantify the impacts 
of genomic sequence data on patient-level and health sys-
tem outcomes. The systematic capture of healthcare uti-
lization can identify when cancer management diverges 
from standard care as a result of sequencing, and support 
evaluation of subsequent cost and health effects. Detailed 
histology information recorded by cancer registries can 
enable stratified analyses across patient subgroups likely 
to experience differential effectiveness and costs. Studies 
are beginning to draw on real-world data to evaluate the 
survival impacts and cost-effectiveness of multi-gene pan-
els for treatment assignment (Presley et al. 2018; Steuten 
et al. 2018). None have evaluated the real-world economic 
impacts of research-based whole genome sequencing or 
whole transcriptome analysis.

To begin building outcomes and cost evidence for 
research-based comprehensive genomic sequencing, we 
draw on real-world data and describe the early-stage cost 
consequences of a Canadian precision oncology research 
initiative, the British Columbia (BC) Personalized 

OncoGenomics (POG) Program (NCT02155621). This 
single-arm study applies whole genome and transcriptome 
analysis (WGTA) to characterize and interpret genomic 
landscapes in advanced cancers (Laskin et  al. 2015; 
Pleasance et al. 2020). Generated sequence data may also 
inform clinical decision-making and treatment for partici-
pating patients, which we hypothesize will affect individ-
ual health outcomes and health system resource utilization.

Our study uses BC population-based administrative data 
combined with quasi-experimental matching to identify a 
usual care counterfactual for POG’s single-arm application 
of WGTA (Weymann et al. 2020). We apply cost conse-
quence analysis using weighted regression analysis and 
non-parametric bootstrapping to estimate the downstream 
effects of WGTA versus usual care on patient management, 
survival, and health system costs in the year following 
enrollment. To understand differential impacts on costs and 
benefits across patient subgroups, we undertake stratified 
analysis. Scenario analysis drawing on observed heteroge-
neity identifies potentially modifiable or avoidable factors 
likely to drive future cost consequences of WGTA.

In contrast to cost-effectiveness analysis, which seeks 
to inform reimbursement decisions and summarizes com-
parisons across technologies using a single metric, cost 
consequence analysis produces disaggregated estimates 
of patient and health system outcomes for stakeholders to 
simultaneously consider (Drummond et al. 2015; Mauskopf 
et al. 1998). Generated evidence highlights the real-world 
implications of genomic research participation, accounting 
for health system dynamics. These dynamics are critical for 
healthcare decision-makers to understand when consider-
ing implementation and for informing early market assess-
ments (IJzerman et al. 2017; Van Harten and Retèl 2016). 
Disaggregated estimates can also be used by stakeholders 
for determining research investment, by clinical research-
ers in refining indications for future trial designs, and by 
patients and publics in setting their expectations for preci-
sion medicine.

Materials and methods

Study design

Our retrospective cohort comprised adult patients with can-
cers of varying primary sites who participated in the second 
phase of the POG Program between July 2014 and Decem-
ber 2015 and genetic algorithm-matched usual care controls 
(Weymann et al. 2020). POG inclusion criteria are (i) meta-
static disease considered incurable by the oncologist, (ii) 
good performance status, and (iii) life expectancy greater 
than 6 months (NCT02155621). We excluded 60 patients 
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whose oncologist consented them to POG but who either 
withdrew, were lost to follow-up, or were classified as ineli-
gible by POG Program coordinators verifying fulfillment 
of enrolment criteria (21% of patients). Usual care controls 
were eligible for matching after receiving systemic therapy 
treatment for advanced stage disease, as indicated by BC 
Cancer systemic therapy protocol codes (British Columbia 
Cancer 2018. Chemotherapy Protocols). To ensure sufficient 
overlap across groups, we excluded patients diagnosed with 
stage 0, benign, non-invasive, or in situ cancers, and patients 
whose performance status indicated they were completely 
disabled at diagnosis (0.01% of patients). After matching, we 
conducted a cost consequence analysis. Primary endpoints 
included 1-year survival and healthcare costs measured from 
a healthcare payer perspective.

Data sources and derived variables

We based our analysis on de-identified linked administrative 
datasets provided by Population Data BC and the BC Cancer 
Registry (BC Cancer & BC Ministry of Health n.d.). Data 
sources, presented in Fig. 1, were selected to support match-
ing analysis, measure patient survival, and enable cost esti-
mation from the healthcare payer perspective. We measure 
all healthcare expenditures incurred by British Columbian 
taxpayers, including hospitalizations, physician services, 
cancer care, and outpatient prescription drugs (Allin 2008). 

To determine our eligible study cohort and inform matching, 
we obtained data for adult patients diagnosed with cancer in 
BC, identifying eligible control patients from the BC Cancer 
Registry, a population-based provincial cancer registry that 
records demographic, disease, and mortality information for 
all cancer diagnoses in BC. We identified POG patients from 
the BC Cancer Outcomes and Surveillance Integration Sys-
tem (OaSIS) POG Module Database.

Mean costs of applying POG-initiated WGTA and mean 
costs of each component of WGTA were estimated in a 
previous study using data from Canada’s Michael Smith 
Genome Sciences Centre at BC Cancer (Weymann et al. 
2017). To estimate WGTA costs in each month of the study 
period, we drew on a system of equations model that deter-
mined whole genome and transcriptome sequencing, bio-
informatics, and other WGTA costs over time (reported in 
the Supplemental Material). This model specified a differ-
ent regression equation for estimating the pattern that each 
cost component follows over time. Total WGTA costs were 
equal to the sum of the monthly cost component estimates. 
We assumed that WGTA-related costs incurred by POG 
patients who experienced biopsy failure, for which pathol-
ogy assessed tumor content was below 40%, incurred only 
costs of initial biopsy and sample processing.

To assess treatment history and estimate systemic 
therapy costs, we obtained prescription records for drugs 
dispensed by BC Cancer pharmacies. In BC, all approved 

Precision oncology trial data

2

Real-world cancer control data

BC Cancer registry database
Demographic and  disease information at 
primary diagnosis, mortality

CAIS scheduling database
Records of scheduled appointments for 
consultations with oncologists and 
ambulatory care services delivered at BC 
Cancer sites

BC Cancer pharmacy database
Dispensing records for chemotherapy, hormonal 
therapy, targeted therapy and toxicity-reducing drugs 
covered by BC Cancer Provincial Systemic Therapy 
Program

BC Cancer documents
Records of documents (reports, progress notes, etc.) 

diagnostic procedures conducted in ambulatory care

Surgery database
Cancer-specific surgical 
procedures

Radiation & brachytherapy 
database
Radiation therapy treatment 
information

1

BC Cancer OASIS POG module database
Records for patients who consent to POG including 
patient characteristics, treatment history, biopsy and 
report dates and results (incl. biopsy failure, clinically 
informative or actionable findings, availability and 
accessibility of WGTA-informed therapies)

INTERNAL LINKAGE
AND MATCHING

WGTA pricing data

3

EXTERNAL LINKAGE

Broader provincial healthcare 
system data

Discharge abstracts database
Cost and utilization data on acute 
care and day surgeries

Medical services plan payment information file
Cost of fee for service physician services and 
diagnostic tests

Pharmanet database
Cost and utilization data on publicly and 
privately paid outpatient prescription drugs

4

COST
IMPUTATION

BC Cancer Genome Sciences 
Centre WGTA cost estimates
Aggregate estimates of monthly 
costs of whole-genome and 
transcriptome sequencing, 
bioinformatics and other WGTA 
cost components

Fig. 1  Summary of data sources
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systemic therapy treatments administered in regional can-
cer centers, community hospitals, or taken at home are 
dispensed by BC Cancer pharmacies. Records capture 
systemic therapy type, date of administration, BC Cancer 
protocol code, and billed drug costs for publicly funded 
systemic therapy drugs. To determine the number of lines 
of systemic therapy received by each patient prior to the 
index date, we applied an automated algorithm validated 
for use in administrative prescription drug data (Weymann 
et al. 2019). This algorithm classified lines of therapy on 
the basis of repeating drug dispensation patterns. Algo-
rithm development considered a range of parameter val-
ues for the following three variables when classifying new 
lines of therapy: repeating drug names (1–20), repeating 
protocol codes (1–20), and the number of days elapsed 
between prescriptions (1–120). Optimal parameter values 
were determined based on estimated mean squared error, 
correlation coefficients, and non-parametric hypothesis 
test statistics. In this study, we employed the best perform-
ing algorithm which classified new lines of therapy when 
new drug names and/or protocol codes appeared more than 
38 days after a patient’s previous dispensation.

We used the BC Cancer Radiation and Brachytherapy 
database and Cancer Agency Information System (CAIS) to 
identify radiotherapy treatments (including the total number 
of fractions), medical appointments, and tests received by 
the cohort. Records contained the date of the service pro-
vided and codes generally describing the type, nature, and 
location of the service. Given that BC Cancer care services 
are not delivered on a fee-for-service basis, we obtained 
corresponding unit costs from published fees for similar 
services, literature sources, and/or expert opinion (detailed 
in the Supplemental Material) (BC Medical Services Com-
mission 2017).

To measure broader provincial healthcare system utiliza-
tion, we drew on hospital services data from the Discharge 
Abstract Database, which tracks inpatient admissions and 
discharges from all hospitals in BC. We determined hospi-
talization cost by multiplying the resource intensity weight 
of each hospital stay by the BC government’s estimated cost 
per standard hospital stay (formerly, cost per weighted case). 
We obtained Medical Services Plan data, which recorded 
information on provider type, service type, and cost of ser-
vice for all fee-for-service physician visits in BC. Informa-
tion on outpatient prescription drug purchases reimbursed 
by the provincial public drug program came from BC Phar-
maNet, a province-wide system that captures all prescription 
drugs dispensed outside of BC’s acute care hospitals.

Matching analysis

Our detailed matching methods were described previ-
ously (Weymann et  al. 2020). Briefly, we used genetic 

algorithm-based matching to match cases (POG patients) 
and controls (usual care patients) at the index date, date of 
POG biopsy (Diamond and Sekhon 2013). This method 
matches patients on a generalized weighted Mahalanobis 
distance metric rather than a difference in parametrically 
estimated propensity scores. We 1:1 matched cases and con-
trols based on baseline covariates and a propensity score 
estimated using logistic regression. The inclusion of a pro-
pensity score is not necessary during genetic matching, but it 
is recommended to provide reasonable starting values for the 
genetic evolutionary search algorithm (Diamond and Sekhon 
2013). When matching, we allowed for ties and replacement.

Biopsy date indicates the beginning of WGTA and, simi-
lar to past studies comparing groups who did not experience 
the same index date (de Oliveira et al. 2016; Jarosek et al. 
2015; Walker et al. 2013), was randomly assigned for each 
control based on (1) the distribution of time between first 
treatment for advanced stage disease and POG biopsy for 
POG patients who had received advanced systemic therapy 
(n = 152, 66%) and (2) the distribution of month and year of 
biopsies for POG patients who had not yet received advanced 
systemic therapy (n = 78, 34%). Control patients had to be 
alive, diagnosed with cancer, and treated for advanced stage 
disease prior to their assigned pseudo-biopsy date to be eli-
gible for the study (Weymann et al. 2020). To explore the 
sensitivity of our survival results to our method of index 
date assignment, we used multiple imputation involving 
predictive mean matching, as detailed in the Supplemental 
Material. This approach introduced additional uncertainty, 
as indicated by higher standard errors around point esti-
mates, but we found no substantive changes in estimated 
overall survival probabilities, mean survival times, or sta-
tistical hypothesis test results. Our conclusions across POG 
and usual care patients remained unchanged. To calculate 
propensity scores, we used logistic regression models esti-
mating each patient’s probability of participating in POG, 
as reported in a prior study (Weymann et al. 2020). Baseline 
covariates included patient demographics, clinical character-
istics, and treatment histories at the index date.

Baseline covariates affecting the probability of enroll-
ing in POG and subsequent outcomes are likely to vary 
across tumor subgroups. To further account for this varia-
tion beyond inclusion of interaction terms, we stratified our 
matching analysis for patients diagnosed with breast cancer 
and those diagnosed with other cancers owing to known dif-
ferences in disease trajectories, availability of treatments, 
and observed sample sizes. Among other cancers, we con-
sidered interaction terms between primary cancer site and 
baseline covariates to allow for heterogeneity. We matched 
breast cancer patients based on the index date (biopsy date), 
age, rurality, year of diagnosis, grade at initial diagnosis, 
cancer stage at initial diagnosis, and number of lines of 
systemic therapy treatment received prior to index date. 

526 Journal of Community Genetics (2022) 13:523–538



1 3

Matches for patients with other cancers also considered sex, 
primary cancer site, and performance status at initial diagno-
sis. Matching covariates were selected based on data avail-
ability as well as known and hypothesized correlations with 
the probability of enrolling in POG, healthcare costs, and 
survival. To account for the potentially informative nature 
of missing data, our matching analysis considered missing 
categories alongside measured covariates.

We selected matches to maximize the balance of baseline 
covariates, quadratic terms, and relevant interaction terms 
across cases and controls. Quadratic terms were considered 
for all continuous variables, and potentially relevant inter-
action terms were determined in consultation with clinician 
co-authors, who advised that the effects of clinical charac-
teristics and treatment histories, such as stage at diagno-
sis and number of lines of prior systemic therapy received, 
were most likely to vary according to primary tumor site. We 
compared balance across matched and unmatched cohorts 
using standardized mean differences, variance ratios, quan-
tile-quantile plots, bootstrapped Kolmogorov-Smirnov tests 
in continuous variables, and paired t tests in binary variables 
for a fixed sample size (Kolmogorov 1933; Smirnov 1939).

Cost consequence analysis

After matching, we examined the downstream patient man-
agement, in terms of uptake of genomic information for 
informing patient care, survival, and health system costs 
of POG’s approach versus usual care in the year follow-
ing patients’ index date. All analyses accounted for weights 
related to matching with ties and replacement to avoid 
false imprecision. Given that POG enrollment was ongoing 
throughout the period, patients may not have had 1 year of 
follow-up prior to the study end date, December 2015. We 
adjusted for outcome censoring arising from this incomplete 
follow-up data in all survival and cost analyses. We con-
ducted analyses in R and Stata (RC 2014; StataCorp 2017). 
We identified statistical significance using a threshold of 
p < 0.05.

Survival analysis

To assess survival differences across POG and usual care 
patients, we estimated Kaplan-Meier survival functions and 
used log rank tests. One-year survival rates were inferred 
based on estimated survival functions. As in previous real-
world health technology assessment studies (Khor et al. 
2014), we measured patient-level 1-year survival times and 
used inverse probability of censoring weighting analysis to 
account for censoring (Willan et al., 2005; Lin 2003; Bang 
and Tsiatis 2000). We estimated inverse probability weights 
for each 1-month time interval using Kaplan-Meier product 
limit estimates of the probability of censoring (Kaplan and 

Meier 1958). This multiple time-point approach to inverse 
probability weighting reduces estimation bias by enabling 
patients to factor into outcome estimates for observed 
months and recreating the sample population expected in 
the absence of censoring.

Inverse probability weighting assumes coarsening is at 
random beyond the specified censoring mechanism. Sensi-
tivity analysis involving covariate-adjusted Cox proportional 
hazards models predicting the probability of censoring, 
reported in Supplemental Table 3, did not substantially alter 
outcome estimates or conclusions, shown in Supplemental 
Table 4. Weighted linear regression generated mean 1-year 
survival time estimates and calculated differences across 
patient groups. To ensure associated variance estimation 
reflected the two-step process of weight and outcome esti-
mation as well as allowed for non-normality, we applied 
non-parametric bootstrapping to simulate sampling distri-
butions. Reported confidence intervals are bias-corrected 
(Efron 1987).

To explore heterogeneity in overall survival patterns, we 
stratified our survival analysis according to whether POG 
patients experienced biopsy failure or received a treatment 
change based on their WGTA results. Both events may mod-
ify the effect of precision oncology research participation on 
downstream outcomes. The POG Program classified WGTA 
information as clinically actionable if a target or risk factor 
was found with the potential to affect the patient’s treatment 
plan or if the results yielded additional information beyond 
what was already known from prior genetic tests (Laskin 
et al. 2015). A multi-disciplinary tumor board reviewed 
WGTA results and prioritized clinically actionable altera-
tions and corresponding treatment options. Patients who 
received at least one of the possible WGTA-informed treat-
ments suggested by the tumor board were considered to be 
on a genomics-informed treatment plan. To assess effect 
modification for the three most common primary cancer 
types observed within-cohort, we also stratified our survival 
analysis.

Cost analysis

We estimated patient-level 1-year healthcare costs from the 
healthcare payer perspective and reported all costs in 2015 
Canadian dollars. Given the time horizon, we did not dis-
count costs or effects. Using the previously generated inverse 
probability of censoring weights, we also used weighted 
linear regression to generate mean 1-year cost estimates 
and calculate differences (Willan et al., 2005). Monthly 
cost analysis is reported on in Supplemental Fig. 2. Non-
parametric bootstrapping simulated corresponding sampling 
distributions, and we pursued stratified analysis according to 
POG patient trajectories and primary tumor sites.
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Scenario analyses

Scenario analysis was used to determine the impact of 
future changes in the pipeline for comprehensive genomic 
sequencing and clinical uptake of sequence data on cost 
consequences. Scenarios were based on both observed and 
predicted changes in the POG Program and cost trajec-
tory for WGTA (Weymann et al. 2017) and were evaluated 
through oversampling in bootstrapped simulation. Key met-
rics included incremental costs, survival, and net monetary 
benefit (NMB) for willingness to pay (WTP) thresholds of 
$100,000 and $150,000 per life-years gained (LYG). These 
metrics were estimated in each of 1000 bootstrapped simu-
lations. Future costs of WGTA components were forecast 
using our system of equations model (shown in Fig. 2) and 
assumed a reduction in the rate at which expected other costs 
changed per month after January 2020 to allow for ineffi-
ciencies introduced by the COVID-19 pandemic. Co-authors 
with clinical, genetics, and genomic service administration 
expertise (JL, SJ, RR, HL, DR, KS, SS, SY, MM) reviewed 
the feasibility of forecast scenarios and credibility of WGTA 
cost estimates.

Our first scenario reflects the current state of the POG 
Program. We forecast 2021 WGTA costs and assume that 
15% of POG patients experienced biopsy failure and 30% 
receive WGTA-informed treatment. The second scenario 
reflects optimizations achievable in the next 5 years, using 
2025 WGTA cost forecasts and assuming 10% of POG 
patients experience biopsy failure and 45% receive WGTA-
informed treatment. The third scenario represents a best-case 

WGTA scenario and forecasts sequencing, bioinformatics 
analysis, and other WGTA cost drivers in 2030, assum-
ing biopsy failure is eliminated, and the rate of WGTA-
informed treatment reaches 60%. Our fourth scenario 
expands on the third by accounting for changes in the 
trajectory of usual care. In 2016, BC Cancer implemented 
a multi-gene panel for directing clinical management 
among patients diagnosed with specific advanced cancer 
types (BC Cancer 2016). We examine the incremental 
cost and NMB of replacing multi-gene panel testing with 
WGTA in eligible cancer types observed within the POG 
Program (gastrointestinal, lung, gynecological, hemato-
logic, and skin cancers), given a panel cost of $1200 per 
patient and a 5% increase in mean survival for usual care 
patients.

Results

From July 2014 to December 2015, 230 patients participated 
in the POG Program and 93,736 patients were identified as 
possible controls. Of these, 5224 control patients were eligi-
ble for matching. Genetic algorithm matching identified con-
trols for all POG patients, with 204 unique controls selected 
(nweighted = 230), and each repeat control matched at most 
three times (n = 4). Unadjusted for censoring, patients were 
observed over 272.67 person-years. After inverse probability 
of censoring weighting, this period was 460 person-years. 
After matching, there was no evidence of strong imbalance 

Fig. 2  WGTA cost trajectory 
forecast to 2030. WGS & RNA-
seq: whole genome sequencing 
and transcriptome sequenc-
ing; WGTA: whole genome 
and transcriptome analysis. 
Dynamic forecasts were pro-
duced based on the structural 
equation model estimated by 
three-stage least squares
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or significant differences in baseline characteristics across 
POG patients and usual care controls (p > 0.05). Detailed 
balance statistics are previously published (Weymann et al. 
2020).

Table  1 summarizes baseline characteristics in the 
matched cohort. The most common primary cancer sites 
involved gastrointestinal cancers (30 to 31%), breast cancer 
(21%), and lung cancer (11 to 12%). In the month prior to 
the index date, average healthcare costs ranged from $2356 
per POG patient (SE: $283) to $2811 per usual care patient 
(SE: $311). On average, patients were followed for 0.59 year 
prior to death or censoring. During follow-up, 63% of POG 
patients and 62% of usual care patients were right-censored, 

with 1-year cost and survival outcomes measured until the 
end of December 2015.

Among POG patients, 21% (n = 48) provided biopsy 
samples containing insufficient tumor content for reliable 
WGTA. This rate of biopsy failure varied across primary 
tumor sites, ranging from 32% in gastrointestinal cancers 
to 28% in lung cancer, 10% in breast cancer, and 15% in 
other cancers (χ2 = 11.23, p value = 0.001). While the 
remaining 79% (n  =  182) of POG patients underwent 
WGTA, not all experienced a treatment change based on 
their results. During the study period, 82% (n = 146) of 
POG patients who underwent WGTA received a clinically 
actionable finding, 15% (n = 35) of POG patients received 

Table 1  Baseline study 
characteristics

All costs are in 2015 Canadian dollars. Means are reported for continuous variables. Bootstrapped standard 
errors are reported for estimated mean healthcare costs. Cell sizes less than 5 are suppressed in accordance 
with data sharing agreements
SD standard deviation, SE standard error, REC recurrent, UNK stage unknown, NCR no classification rec-
ommended
*Differences were statistically significantly different at p < 0.05 (bootstrapped Kolmogorov-Smirnov tests 
or paired t tests)
~ Differences were statistically significantly different at p < 0.10 (bootstrapped Kolmogorov-Smirnov tests 
or paired t tests)
°Standardized differences are > |0.10|
φ Variance ratio of < 0.50 or > 2.00

Characteristics Sample statistic, mean (SD) or N (%)

Usual care POG patients

Overall (nweighted = 230) Overall (n = 230)

Sex, female 143 (62.2) 141 (61.3)
Age at index 56.5 (11.4) 56.2 (12.8)
Rurality

  Urban 184 (80.0) 182 (79.1)
  Rural 35° (15.2) 36 (15.7)
  Mixed 9 (3.9) 10 (4.3)
  LHA missing < 5 < 5

Primary cancer site
  Gastrointestinal 71 (30.9) 69 (30.0)
  Breast 49 (21.3) 49 (21.3)
  Lung 26 (11.3) 28 (12.2)
  Pancreas 20 (8.7) 20 (8.7)
  Other 64 (27.8) 64 (27.8)

Year of diagnosis 2012.2 (3.6) 2012.0 (4.4)
Stage at diagnosis

  Stage I 21 (9.1) 21 (9.1)
  Stage II 17 (7.4) 15 (6.5)
  Stage III 13 (5.7) 13 (5.7)
  Stage IV 42 (18.3) 45 (19.6)
  REC, UNK, NCR 137 (59.6) 136 (59.1)

Number of lines prior to index date 1.7 (1.1)* 1.6 (1.2)
Healthcare costs in a month prior to index $2811 (SE: $311) $2356 (SE: $283)
Healthcare costs in a year prior to index $23,994 (SE: $1772) $20,824 (SE: $1624)
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WGTA-informed treatment, and remaining patients did not, 
owing to a number of factors previously reported in Wey-
mann et al. (2020). Common reasons other than no action-
able findings included no targeted treatments available or 
accessible to patients (n = 11, 6%), currently responding to 
a non-targeted treatment option (n = 24, 12%) or declining 
health status (n = 31, 16%). Rates of WGTA-informed treat-
ment ranged from 10% in gastrointestinal cancers to 16% in 
breast cancer and 17% in lung and other cancers, although 
differences were not statistically significant (χ2 = 1.81, p 
value = 0.61). WGTA-informed treatments were accessed 
through off-label or experimental use of drugs either in clini-
cal trials, restricted in funding, or not publicly funded (29%), 
and as standard therapies (71%). Average turnaround time 
from date of biopsy to WGTA report date among sequenced 
patients was significantly shorter for WGTA-informed than 
for non-informed POG patients (ΔxTAT  = 14.22 days; 95% 
CI: 3.16, 25.29).

Costs

Table 2 describes the average costs and survival times for 
POG and usual care patients. On average during the study 
period, the application of WGTA cost $26,211 per patient 
(SD: 14,191). WGTA costs were driven by whole genome 
sequencing and transcriptome sequencing (mean: $12,277; 

SD: 6858), bioinformatics analysis (mean: $4034; SD: 
2221), and other WGTA cost components (mean: $9901; 
SD: 5219) including biopsy and sample processing where 
required beyond standard care surgical procedures, valida-
tion through panel sequencing, verification experiments 
and/or confirmatory testing, PET scans, and fixed program 
costs for staff salaries, equipment, and platform upgrades. 
Changes in the WGTA cost trajectory depicted in Fig. 2 
demonstrate that while sequencing costs are likely to con-
tinue declining rapidly in the future, certain cost compo-
nents, such as bioinformatics analysis, remain relatively 
stable. Actual expenses measured beyond the model devel-
opment period, from January 2016 to March 2018, highlight 
the high level of uncertainty involved when extrapolating 
costs. While sequencing and bioinformatics cost forecasts 
performed reasonably, rapid declines in other WGTA cost 
components were not well predicted. These unforeseen cost 
reductions reflect changes in the POG pipeline, including 
terminating panel sequencing, reducing the use of PET 
scans, and shifting to routine maintenance of automated bio-
informatics tools. Subsequent initiation of parallel precision 
oncology research initiatives provided further opportunity 
for efficiency gains at the Genome Sciences Centre conduct-
ing WGTA (e.g., NCT02869802; Malkin et al. 2020).

We also estimated that mean healthcare costs were $5203 
(95% CI: 75, 10,424) higher for POG patients than for usual 

Table 2  Average costs and survival outcomes over 1 year

Other healthcare costs include outpatient prescription drugs (PharmaNet), BC Cancer radiation therapy, medical appointments, and diagnostic 
testing; other WGTA costs include biopsy and sample processing, validation, PET scans, and fixed program costs. All costs are in 2015 Cana-
dian dollars
SE standard error (bootstrapped), SD standard deviation, POG Personalized OncoGenomics, WGTA  whole genome and transcriptome analysis, 
WGS and RNA-seq whole genome sequencing and transcriptome sequencing
*A difference compared to usual care was statistically significant at p < 0.05
~ A difference compared to usual care was statistically significant at p < 0.10

Outcome measure Sample statistic, mean (SE)

Usual care POG

Overall 
(nweighted = 230)

Overall (n = 230) WGTA-informed 
(n = 35)

Non-informed 
(n = 147)

Biopsy failure (n = 48)

Survival time 
(months)

8.16 (0.36) 8.13 (0.34) 10.66* (0.46) 7.93 (0.46) 6.77~ (0.65)

Healthcare costs $23,206 (2119) $28,409~ (1825) $36,170* (4095) $24,803 (2001) $31,759~ (4134)
Systemic therapy $8890 (1223) $11,540 (1295) $16,457~ (3860) $10,430 (1596) $10,367 (2366)
Physician services $2528 (249) $3038 (216) $3554~ (468) $2616 (201) $3755~ (680)
Hospitalizations $9295 (1371) $10,308 (1235) $11,993 (2293) $8436 (1539) $14,086 (3126)
Other $2492 (247) $3523* (286) $4166* (603) $3320~ (361) $3550~ (559)
WGTA costs – $26,211 (SD: 14,191) $33,414 (SD: 5914) $33,131 (SD: 5056) $531 (assumed)
WGS and RNA-seq – $12,277 (SD: 6858) $16,215 (SD: 3045) $15,460 (SD: 2650) –
Bioinformatics – $4034 (SD: 2221) $5136 (SD: 895) $5128 (SD: 770) –
Other WGTA – $9901 (SD: 5219) $12,064 (SD: 2102) $12,543 (SD: 2026) $531 (assumed)
Total costs $23,206 (2119) $54,620* (2007) $69,584* (4157) $57,934* (2176) $32,290~ (4612)
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care patients (Table 2). These results indicate that inte-
grating WGTA information into clinical decision-making 
will have downstream resource utilization impacts beyond 
the upfront costs of sequencing. Subgroup analyses pre-
sented in Table 3 show that cost differences between POG 
and usual care patients were highest in patients with gas-
trointestinal cancers (Δxtotal cost, GI $10,979; 95% CI: 666, 
22,029) and lowest, albeit not statistically significant, in 
patients with lung cancer at −$2609 (95% CI: − 14,323, 
9206). Additional stratification within POG patients sig-
naled higher healthcare costs in those who experienced 
biopsy failure (Δxtotal cost, Bx fail = $8553; 95% CI: 768, 
18,883) or received WGTA-informed treatment (Δx

total cost, WGTA-informed = $12,964; 95% CI: 5597, 24,830) com-
pared to usual care, and no difference in those who under-
went WGTA and received no treatment change (Table 2).

Observed differences were driven by variation in ser-
vice utilization within POG patients. Compared to usual 
care patients, POG patients who received WGTA-informed 
treatment and those who experienced biopsy failure incurred 
weakly significantly higher physician service costs (Δx

physician cost, WGTA-informed = $1025; 95% CI: 43, 2148; Δ x
physician cost, Bx fail $1227; 95% CI: − 104, 2643) and higher 
other costs (Δxother cost, WGTA-informed  =  $1674; 95% CI: 
503, 3037; Δ xother cost, Bx fail $1058; 95% CI: − 69, 2325), 
including outpatient prescription drugs, radiation therapy, 
cancer-related medical appointments, and testing. The costs 
of WGTA-informed systemic therapy were also weakly 
significantly higher than usual care systemic therapy (Δx

ST cost, WGTA-informed = $7567; 95% CI: 1058, 16,873), suggest-
ing that targeted treatments informed by genomic sequence 
data were more costly than standard care.

Monthly cost analysis depicted in Supplemental Figs. 2A 
and 2B demonstrates that the majority of healthcare cost 
accrual occurred early in the study period for all patient 
groups. In the first month following the index date, POG 

patients incurred significantly higher costs than usual care 
patients (Δxmonth 1, total costs = $1828; 95% CI: $597, $3119), 
with few differences observed later in the period. Declining 
trends reflect the link between survival and cost accrual, 
with an increasing number of deaths occurring in this 
advanced cancer cohort over time. Higher survival rates in 
WGTA-informed patients drove higher costs in later months 
compared to other patient groups.

Survival

During the follow-up period, 59 deaths (26%) occurred in 
POG patients and 61 (26%) occurred in usual care patients. 
Estimated KM survival functions are presented in Fig. 3, and 
mean 1-year survival times are presented in Table 2. Across 
POG and usual care patients, there were no significant dif-
ferences in overall survival (χ2 = 0.00, p value = 0.966) or 
in mean 1-year survival ( xsurvival, POG = 8.13 months and 
xsurvival, usual = 8.16 months; p > 0.05). Estimated 1-year 
survival rates were 58.56% (95% CI: 47.98%, 67.72%) 
in POG patients and 59.73% (95% CI: 49.35%, 68.65%) 
in matched controls. Subgroup analysis according to pri-
mary tumor site suggested possible outcome heteroge-
neity, with the largest incremental 1-year survival gains 
observed in lung cancers (Δxsurvival, lung = 0.88 month; 95% 
CI: − 1.78, 3.39) and losses observed in breast cancers (Δx

survival, breast = − 0.83 month; 95% CI: − 2.90, 1.13), but no 
significant differences were detected (p > 0.05) (Table 3). 
Stratified overall survival functions presented in Supplemen-
tal Fig. 1 signaled similar non-significant variation across 
tumor sites.

Further stratification within POG patients signaled 
improved overall survival in POG patients who received 
WGTA-informed treatment and reduced survival in 
those who experienced biopsy failure (χ2  =  15.44, p 
value  =  0.002). POG patients who experienced biopsy 

Table 3  Subgroup analysis of mean healthcare costs and survival

All costs are in 2015 Canadian dollars
SE standard error, POG Personalized OncoGenomics
*A difference across POG and usual care patients was statistically significantly different at p < 0.05
~ A difference across POG and usual care patients was statistically significantly different at p < 0.10

Tumor subgroup Sample statistic, mean (SE)

Usual care POG (n = 230)

nusual, weighted Healthcare costs ($) Survival time (months) nPOG, weighted Healthcare costs ($) Survival time (months)

All patients 230 $23,206 (2119) 8.16 (0.36) 230 $28,409~ (1825) 8.13 (0.34)
Gastrointestinal 71 26,984 (4418) 8.36 (0.60) 69 37,963* (3368) 8.16 (0.61)
Breast 49 18,546 (2637) 8.98 (0.74) 49 21,388 (3776) 8.15 (0.76)
Lung 26 23,403 (4338) 6.12 (0.79) 28 20,794 (4242) 7.01 (1.02)
Other 84 21,572 (3755) 8.40 (0.63) 84 26,248 (3046) 8.48 (0.55)
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failure had a weakly significant incremental 1-year survival 
loss of 1.39 months (95% CI: − 2.89, − 0.01) compared to 
usual care patients. In contrast, POG patients who under-
went WGTA and received a genomics-informed treatment 
had a significant survival gain of 2.49 months (95% CI: 1.32, 
3.64) compared to usual care, and those who received no 
treatment change incurred no survival difference. Estimated 
1-year survival rates ranged from 72.79% (95% CI: 44.69%, 
88.23%) in POG patients who received WGTA-informed 
treatment to 61.26% (95% CI: 46.19%, 73.28%) in those 
who underwent WGTA but received no treatment change 
and to 44.34% (95% CI: 27.27%, 60.10%) in patients who 
experienced biopsy failure.

Scenario analysis

Table 4 describes the results of our scenario analyses explor-
ing how changes in observed patterns may affect the cost-
effectiveness of WGTA. In our first scenario reflecting the 
current state of the POG Program, we forecast WGTA costs 
reach $11,763 per patient and find incremental survival gains 
of 0.53 month (95% CI: − 0.41, 1.37) and incremental down-
stream healthcare costs of $6805 (95% CI: $1414, $12,375). 
Accounting for the additional costs of applying WGTA, 
probabilistic estimates revealed that 0–3% of the samples 
were cost-effective at either $100,000 or $150,000 per LYG. 
In our second scenario, reflecting short-term optimizations 
in WGTA costs, rates of biopsy failure, and WGTA-informed 
treatment, WGTA cost $7491 per patient and POG resulted 
in higher incremental survival gains and higher incremental 

healthcare costs than usual care, such that 7% and 37% of the 
samples were cost-effective at either $100,000 or $150,000 
per LYG, respectively. In our third scenario, forecasting that 
WGTA cost $4721 per patient and assuming biopsy fail-
ure is eliminated and the rate of WGTA-informed treatment 
reaches 60%, estimated incremental survival gains were 
1.67 month (95% CI: 0.81, 2.53) and incremental health-
care costs were $9502 (95% CI: $4301, $14,842). In this 
scenario, 47% of the samples were cost-effective at $100,000 
per LYG and 88% were cost-effective at $150,000 per LYG. 
Our fourth scenario assumes that usual patients diagnosed 
with gastrointestinal, lung, skin, hematologic, or gyneco-
logic cancers become eligible for a $1200 multi-gene panel. 
By introducing cost savings through avoiding multi-gene 
tests among WGTA recipients and increasing mean survival 
among usual care patients, we find that 25% of the samples 
were cost-effective at $100,000 per LYG and 65% were cost-
effective at $150,000 per LYG. This scenario analysis high-
lights the sensitivity of future cost-effectiveness to changes 
in the rates of WGTA-informed treatment, biopsy failure, 
WGTA cost drivers, and comparators.

Discussion

Our study is the first to estimate the downstream cost con-
sequences of research-based genomic sequencing versus 
usual care in oncology. We draw on real-world data and 
apply quasi-experimental matching to identify a well-
balanced usual care counterfactual for patients enrolled in 

Fig. 3  Kaplan-Meier survival 
estimates. Sub-graphs depict 
Kaplan-Meier survival func-
tions across usual care and 
POG patients, either pooled or 
stratified according to whether 
they experienced biopsy failure 
or a treatment change based on 
their WGTA results. Risk tables 
present the number of uncen-
sored patients at risk of death at 
the beginning of each interval 
across groups
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the single-arm POG research program. This counterfactual 
includes many patients who developed metastatic disease 
after their initial cancer diagnosis (82%), a patient group 
often ignored because population-based cancer registries 
only record initial staging information (Warren et al., 2015; 
Soysal et al. 2017). We find that in the absence of sequenc-
ing, patients with advanced cancer incurred an average of 
$23,306 per year (95% CI: 19,277, 27,650) in healthcare 
costs, predominantly driven by hospitalization and systemic 

therapy costs. Weighted regression estimated that over 
1 year, applying WGTA in a research setting yielded higher 
downstream healthcare costs of $5203 per patient (95% CI: 
75, 10,424) and no significant survival differences compared 
to usual care. These estimates suggest that the application 
of research-based comprehensive genomic sequencing in 
advanced cancer settings will have important downstream 
resource utilization implications that decision-makers need 
to consider before implementing into a learning healthcare 

Table 4  Results of scenario analysis

Other WGTA costs include biopsy and sample processing, validation, PET scans, and fixed program costs. All costs are in 2015 Canadian dol-
lars
POG Personalized OncoGenomics, LYG life-years gained, GI gastrointestinal, LU lung, SKN skin (including melanoma), HEM hematologic, 
GYN gynecologic, WGTA  whole genome and transcriptome analysis, WGS & RNA-seq whole genome sequencing and transcriptome sequencing
°Cost based on forecasted value for 2021 (scenario 1), 2025 (scenario 2), and 2030 (scenarios 3 and 4)

Observed Scenario 1 Scenario 2 Scenario 3 Scenario 4

Assumptions
  Rate of WGTA-

informed treat-
ment (%)

15 30 45 60

  Rate of biopsy 
failure (%)

21 15 10 0

  Total WGTA 
costs°

$26,211 $11,763 $7491 $4721

  WGS & RNA-seq° $12,277 $4970 $2214 $805
  Bioinformatics° $4034 $4094 $3465 $2814
  Other WGTA 

components°
$9901 $2699 $1812 $1102

  Primary cancers 
eligible for usual 
care multi-gene 
testing

– – – – GI, LU, SKN, HEM, 
GYN

  Cost of usual 
care multi-gene 
testing

– – – – $1200

  Increase in usual 
care survival 
with multi-gene 
testing (%)

– – – – 5

Estimates, mean (95% confidence interval)
  Incremental sur-

vival
− 0.03 month (− 0.95, 

0.99)
0.53 month (− 0.41, 

1.37)
1.08 month (0.28, 

1.98)
1.67 month (0.81, 

2.53)
1.26 month (0.38, 2.15)

  Incremental health-
care costs

$5203 ($75, $10,424) $6805 ($1414, 
$12,375)

$8380 ($2592, 
$13,090)

$9502 ($4301, 
$14,842)

$8839 ($3651, 
$14,153)

  Net monetary benefit at:
  $100,000 per LYG −$32,050 (−$40,887, 

−$23,373)
−$12,440 (−$20,163, 

−$4171)
−$6146 (−$13,896, 

$2825)
−$326 (−$8263, 

$7753)
−$3053 (−$11,323, 

$5243)
  $150,000 per LYG −$32,181 (−$44,666, 

$–20,465)
−$10,244 (−$21,119, 

$1415)
−$1635 (−$12,160, 

$9969)
$6622 (−$4580, 

$17,514)
$2200 (−$9395, 

$13,275)
Percent cost-effective at:

  $100,000 per LYG 
(%)

0 0.14 6.5 46.8 24.8

  $150,000 per LYG 
(%)

0 3.1 37.3 87.6 65.2

533Journal of Community Genetics (2022) 13:523–538



1 3

system. Our results contrast with cost reductions observed 
in prior studies examining multi-gene panels for treatment 
de-escalation in earlier-stage cancers or whole genome and 
whole exome sequencing for diagnosing rare childhood ill-
ness (Zambelli et al. 2020; McSorley et al. 2021; Mackay 
et al. 2020; Vrijenhoek et al. 2018). Additional research is 
needed to determine whether similar patterns in advanced 
cancers hold in other jurisdictions.

Subgroup analysis signaled a variation in cost and sur-
vival outcomes across tumor sites and according to clinical 
uptake of sequence data. Consistent with other applications 
of genomics in oncology, tumor content of POG patients’ 
biopsy samples was not always sufficient to support reliable 
sequencing and bioinformatics analyses (Damodaran et al. 
2015). Patients who experienced biopsy failure appeared 
to have relatively poor survival and incurred higher costs 
compared to usual care patients. These results may reflect 
prognostic differences among patients likely to experience 
biopsy failure, although past research remains inconclusive 
about which prognostic factors beyond organ biopsied cor-
relate with tumor content (Tacher et al. 2016; Sabir et al. 
2017). Patients with successful biopsies who later received 
a WGTA-informed treatment instead experienced improved 
survival, albeit at higher cost. Stratified analysis highlights 
an opportunity to improve the prognoses of patients experi-
encing biopsy failure through the identification of targetable 
aberrations and provision of genomics-informed treatment. 
Additional research is needed in verifying the reproducibil-
ity of these results.

Study findings broadly align with non-randomized evi-
dence signaling the potential efficacy of genomics-informed 
care, although randomized controlled trials have yet to 
detect significant health benefits (Zehir et al. 2017; Zimmer 
et al. 2019; Tourneau et al. 2015). Our results are promis-
ing, considering that the most accessible WGTA-informed 
treatment to patients during the study period was not always 
the preferred drug indicated by sequencing. These patients 
also had their WGTA results 2 weeks faster than patients 
who did not receive a WGTA-informed treatment, reflecting 
a variation in automated pipelines over time and whether 
automated reports identified immediately actionable thera-
peutic targets (Laskin et al. 2015; Tsang et al. 2019). Vari-
ation in incremental costs and survival reflects differences 
across patients more likely to experience biopsy failure or 
to receive a genomics-guided therapy. For example, patients 
with gastrointestinal cancers had the highest rate of biopsy 
failure and experienced the largest difference in downstream 
healthcare costs across POG and usual care. Such hetero-
geneity is to be expected in a tumor-agnostic setting and 
demonstrates that universal access to genomic sequencing 
is unlikely to yield equal benefit or costs for all indications 
(Murphy et al. 2021).

To understand the implications of future program changes 
on downstream costs, survival, and NMB, we conducted sce-
nario analysis using a novel application of non-parametric 
bootstrapping. In contrast to decision models that draw on 
multiple disparate literature sources to inform outcome 
projections, our approach takes advantage of the detailed 
individual-level data available and infers future outcomes 
based on observed heterogeneity. We found that the prob-
ability that comprehensive genomic sequencing yields 
overall survival benefits and is cost-effective compared to 
usual care is highly sensitive to changes in sequencing and 
bioinformatics costs as well as the generation and clinical 
uptake of sequence data. After forecasting that WGTA costs 
fall to $4721 per patient and assuming that biopsy failure 
is eliminated and the rate of WGTA-informed treatment 
falls to 60%, we found that 47% of the samples were cost-
effective at $100,000 per LYG and 88% were cost-effective 
at $150,000 per LYG. While these assumptions may seem 
optimistic, 82% of sequenced patients had clinically action-
able findings generated within-sample and an uptick in the 
number of trials for molecularly targeted therapeutics since 
the end of the study period may give rise to increasing rates 
of genomics-informed treatment. Further improvements in 
biopsy sampling and processing techniques, patient selec-
tion, and sequencing technology advances reducing tumor 
content thresholds may serve to minimize biopsy failure. 
These results will inform future program optimizations, 
trial designs, as well as provide stakeholders with evidence 
highlighting when the cost consequences of comprehensive 
precision oncology are likely to become favorable.

Our early-stage cost consequence estimates based on 
historical data from 2014 to 2015 necessarily involve con-
siderable uncertainty. Genomic sequencing technologies are 
evolving rapidly, as is the knowledge base for interpreting 
and integrating genomic data into clinical care (Goodwin 
et al. 2016; Zhao et al. 2019). Since the termination of our 
study period, many new biomarkers and corresponding tar-
geted treatments have emerged, potentially increasing the 
accessibility and efficacy of genomics-informed care (Col-
lins et al. 2017; Lee et al. 2018). Costs of WGTA-informed 
treatments dispensed in clinical trials or paid for out of 
pocket by patients are not captured in this study. Some of 
these therapies may now be publicly funded, and our results 
may underestimate current healthcare payer expenditures. 
Standard care in BC has also progressed, with multi-gene 
panels becoming accessible for certain advanced cancer 
indications, enabling the identification and treatment of bio-
markers originally only detectable through WGTA (Cancer 
2016). To ensure that stakeholders are able to recognize 
associated uncertainty, we generate disaggregated outcome 
estimates and highlight the sensitivity of our findings in sce-
nario analysis.
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Our study also involves a small sample size and rela-
tively short follow-up period, introducing right censoring 
and limiting the statistical precision of our effect esti-
mates. Further research powered to detect more detailed 
subgroup effects is needed to determine whether optimal 
genomic sequencing implementation involves targeting 
specific tumor sites or certain clinical contexts. While 
our time horizon enables characterization of immediate 
downstream impacts of research-based genomic sequenc-
ing for participants and health systems, more evidence on 
the long-term implications of generating sequence data 
over a larger cohort is warranted. For example, focusing 
on a 1-year time horizon may underestimate the effects of 
genomics-informed treatment if survival is substantially 
prolonged for these patients. Sequencing may also reveal 
germline findings that can identify hereditary cancer fami-
lies and lead to targeted risk reduction in susceptible fam-
ily members, resulting in additional downstream benefits. 
Re-biopsy and re-sequencing may become more common 
over time, introducing repeat costs as new information on 
potential therapeutic targets and resistance mechanisms 
are discovered and tumor evolution continues.

Another limitation of our study stems from our use of 
an observational rather than RCT study design. While 
non-randomized and single-arm studies are common in 
precision oncology (Rodon et al. 2019; Voest et al. 2020; 
Zimmer et al. 2019), quasi-experimental matching is a 
tool to identify counterfactuals and mitigate selection 
bias. Matching involves strict assumptions around ignor-
ability and balance, deviations from which can introduce 
bias into effect estimates (Rosenbaum and Rubin 1983; 
Rubin and Thomas 1996). We found that genetic algorithm 
matching achieved balance on entire distributions of all 
covariates of interest, including quadratic and interaction 
terms. Although these balance statistics support the valid-
ity of our conclusions, unobserved confounding remains a 
possibility in any observational study relying on routinely 
captured administrative data fields. For example, while 
POG inclusion required physician-assessed life expectancy 
to exceed 6 months, this information is not systematically 
recorded for usual care patients in BC Cancer’s administra-
tive data. We are unable to verify whether balance on this 
variable was achieved, potentially introducing upward bias 
into estimated survival for POG patients. Future observa-
tional studies would benefit from the development of vali-
dated algorithms designed to recognize prognostic factors 
and changes in patients’ disease trajectories. Linkage with 
additional data sources, such as prior laboratory testing 
and genetic test results, may enable more comprehensive 
covariate adjustment. The study index date, date of POG 
biopsy, was unobserved for control patients and is critical 
to measuring downstream cost consequences. While we 
employed a random date assignment technique similar to 

prior studies of groups who did not experience the same 
index date (de Oliveira et al. 2016; Jarosek et al. 2015; 
Walker et al. 2013), and explored an alternative multiple 
imputation-based date assignment in sensitivity analysis, 
additional research is needed in refining data assignment 
methods for matched cohort analysis.

Conclusion

Our study demonstrates the ability of real-world data to 
support evaluations of precision oncology research initia-
tives. Through quasi-experimental matching, we identi-
fied changes in patients’ clinical trajectory attributable 
to genomic sequencing and found evidence of higher 
downstream healthcare costs among research participants 
compared to usual care. The magnitude and significance 
of detected effects varied across patient subgroups, sup-
porting stakeholders’ need to consider outcome heteroge-
neity. Scenario analysis revealed that changes in rates of 
WGTA-informed treatment, biopsy failure, and the price 
of WGTA will have a large impact on the probability that 
population-wide sequencing in advanced cancers is cost-
effective compared to usual care. This evidence informs 
the early-stage economic value of precision oncology and 
will support future evaluations of only-in-research health 
technologies.
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