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Aim: To assess multi-gene assay (MGA) effects on chemotherapy use, toxicities, recurrences, and costs in
estrogen receptor-positive early breast cancer. Methods: Meta-analysis performed using data from public
databases. Results: Studies included 12,202 women. Relative to no testing, chemotherapy use was higher
with 12-gene and 70-gene and lower with PAM50 (commercial) and 21-gene MGAs. Overall, 1643 dis-
tant recurrences occurred with no testing, declining by 231 (21-gene), 121 (70-gene), 54 (12-gene) and
94 (PAM50); only the 21-gene assay resulted in no risk of increasing the number of distant recurrences.
Relative to ‘no testing’, total cost of care declined only with 21-gene MGA. Conclusion: MGAs differ in
chemotherapy use and related outcomes for women with estrogen receptor-positive early breast cancer.
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The conventional approach to selecting adjuvant chemotherapy for women with estrogen receptor-positive (ER+)
early stage breast cancer is to consider tumor size (pT1-pT3, >0.5 cm), nodal status (pNO or pN1mi) and results
of a multi-gene assay (MGA) [1,21. Decisions guided by MGAs may potentially spare some patients from the toxic
effects that are associated with chemotherapy (e.g., secondary cancers, neurotoxicity and cardiotoxicity) [3-7], while
also identifying patients who are most likely to benefit from chemotherapy (i.e., those who are at high risk of
distant recurrence). For example, when considering the results from MGAs, low scores could result in a lower rate
of chemotherapy use, while high scores could result in higher rate of chemotherapy use.

The most recent (2018) NCCN Guidelines® recognize several MGAs for consideration of adjuvant systemic
chemotherapy, including the 21-gene Recurrence Score® test (Oncotype DX Breast Recurrence Score®, Genomic
Health, Inc., CA, USA), the 70-gene signature using microarray technology (MammaPrint®, Agendia, CA, USA),
the commercial PAMS50 risk of recurrence (ROR; Prosigna®, NanoString Technologies, Inc., WA, USA) and
the 12-gene molecular score (EndoPredict®, Myriad Genetics, UT, USA) [21. All four assays have been validated
in studies that satisfy Simon Category B study quality for prognosis-only assays (8. Additionally, the results of
a retrospective analysis of the National Surgical Adjuvant Breast and Bowel Project (NASBP) B-20 randomized
trial also found that high 21-gene Recurrence Score results predicted benefit of the addition of chemotherapy to
endocrine therapy on the rate of distant recurrence [9], satisfying Simon Category B study quality for a predictive
assay, and the 21-gene assay is recognized as predictive of recurrence risk in the NCCN guidelines in node-negative
breast cancer [2]. The most recent NCCN Guidelines also strongly consider use of the 21-gene test in node-negative,
hormone receptor-positive, HER2-negative disease [21. The randomized, controlled Microarray In Node negative
Disease may Avoid ChemoTherapy (MINDACT) trial of the 70-gene assay revealed different rates in distant
recurrence when women were stratified by clinical risk and genomic risk [10].

Comparative differences across MGAs on chemotherapy utilization and effects on risks of toxicities, medical
resource use or costs have not been systematically studied. The primary aim of this study was to summarize the Future 3
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Figure 1. Study design.
ER: Estrogen receptor; ISPOR-SMDM: International Society for Pharmacoeconomics and Outcomes Research-Society for Medical Decision
Making; MGAs: Multi-gene assay.

available literature on use of chemotherapy by MGA (21-gene, 70-gene, 12-gene and PAM50 [commercial]) results
score (low, intermediate or high) based on a systematic review and meta-analysis to assess the proportions of women
experiencing distant recurrence and on chemotherapy-related toxicity and adverse events and costs.

Methods

The study was a cost—effectiveness analysis, using decision-theoretical principles, from the perspective of a third-
party US payer. We applied the principles described by the joint International Society for Pharmacoeconomics
and Outcomes Research and Society for Medical Decision Making (ISPOR-SMDM) Task Force guidelines for
Modeling Good Research Practices (11}, and the Second Panel on Cost—Effectiveness in Health and Medicine [12].
The overall study design is shown in Figure 1.

We summarized effects of MGAs on distant recurrence as reported from randomized trials and registries,
and commonly cited in other assessments. The incidence of acute care visits (emergency department visits and
hospitalizations) and secondary cancer following chemotherapy were based on reports of registries and records of
a large regional US health plan (Humana, KY, USA). Costs of chemotherapy regimens and supportive care were
based on 2018 published price indices [13]. Past prices, when applicable, were brought into current US dollars
(2018), using Personal Health Care Expenditure deflator developed by the Centers for Medicare and Medicaid
Services [14].

Multi-gene assays

Four MGAs were used in the analysis: the 70-gene signature test, PAM50 (commercial) ROR, the 12-gene molecular
score and the 21-gene Recurrence Score test. Interpretation of results for ROR in patient with node-negative status,
per the instructions for the individual MGAs, are as follows: 21-gene Recurrence Score result: low risk (<18),
intermediate risk (18-30) and high risk (>31); 70-gene score result: low risk and high risk; PAM50 ROR result:
low risk (0-40), intermediate risk (41-60) and high risk (61-100) and 12-gene result: low risk (<3.3287) and
high risk (>3.3287) 2,151
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Multi-gene assay effects in ER+ early breast cancer

Effects of MGA testing on chemotherapy use

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for
undertaking a systematic review of published literature on use of chemotherapy, stratified by MGA result (e.g., a
score of low, intermediate or high risk; or a score of low or high risk) [16]. The PICO criteria, search terms and
strategy are detailed in Supplementary Table 1. We assessed study quality according to the methods set out in the
Cochrane Handbook for Systematic Reviews of Interventions, and the Cochrane tool for assessing risk of bias [17].
We graded each study for low, high or unclear bias, per Cochrane’s definitions.

Studies of the effects of MGA testing on chemotherapy use were summarized using meta-analysis regression,
adjusting for study differences by study year, academic setting, country, tumor size and grade. A systematic
computerized search of electronic databases including PubMed, Embase, Google Scholar and Cochrane Library up
to May 2018 was carried out. The search used the following keywords: ‘12-gene’; 21-gene’; 70-gene’; ‘breast cancer’;
‘clinical utility’; ‘decision impact’; ‘EndoPredict’; ‘EPClin’; ‘MammaPrint’; ‘Oncotype’; PAM50’; ‘Recurrence
Score’; ‘Prosigna’; and ‘ROR’. We searched each citation using the Web of Science Core Collection to identify other
studies that may be eligible for inclusion.

Eligible studies had to meet the following inclusion criteria: conducted in patients with early stage breast cancer;
met at least one of the following filters: ‘clinical study’; ‘clinical trial’; ‘clinical trial: Phase IV’; ‘comparative study’;
‘controlled clinical trial’; ‘evaluation study’; ‘meta-analysis’; ‘observational study’; ‘randomized controlled trial’; had
chemotherapy use data based on actual patients and not hypothetical case studies; had data on the proportion of
actual patients who would be recommended to have chemotherapy prior to MGA testing and on recommended
or actual use of chemotherapy after MGA testing and articles were written in English. We excluded studies that
compared current use of chemotherapy after testing with historical patterns of chemotherapy published in the
literature.

All investigators had access to the research literature and to the data-extraction report form. Data extraction
was carried out independently by one investigator (] Hornberger) and verified by another (M Turner). Discordant
cases were reviewed and resolved (L Hochheiser). The extracted data fields include first author’s name, year of
publication, years of data collection, country, setting (academic, community, both), design (single-arm pre/post,
2-arm concurrent), number of patients, age (mean or median), MGA used and mean tumor size. We also extracted
information on the proportion of patients by nodal status (node negative, micrometastases), tumor size <2 cm,
tumor grade (I, IT, III), ER+, PR+, MGA risk status (low, intermediate or high; and low or high), and recommended
chemotherapy without (or before) and with (or after) MGA testing and stratified by risk category. Patients with
node-positive status were excluded from the analyses.

Relative reduction in distant recurrence

The relative reduction of distant recurrence with chemotherapy was stratified by risk group for each MGA. We used
data published on the relative reduction of 10-year distant recurrence when feasible. This approach was possible for
results of the 12-gene, PAM50 and 21-gene tests. The relative reduction for results of the 70-gene test was available
for only the past 5 years, and we extrapolated with an exponential hazard rate to 10 years.

The relative reduction of distant recurrence with chemotherapy by 21-gene Recurrence Score risk group was
based on Paik ez al. (9). The reduction was 0% if low risk, 36% if intermediate risk and 79% if high risk. The Early
Breast Cancer Trialists’ Collaborative Group (EBCTCG) meta-analysis provided commonly cited rates for distant
recurrence that were used in assessment of the 12-gene and PAM50 ROR scores [18]. The relative reduction was
set to 30% for all risk groups [19]. For the 70-gene test, we utilized published results from the MINDACT trial,
which provided 5-year rate of distant metastasis-free survival (DMES) for patients who had discordant clinical risk
as assessed by Adjuvant! Online (www.adjuvantonline.com) and genomic risk by 70-gene signature score and were
subsequently randomized to receive chemotherapy or no chemotherapy, based on the results of either clinical or
genomic risk [10). In MINDACT, the relative risk of chemotherapy on 5-year DMEFS for clinical high risk and
the 70-gene score low-risk result was 0.69 (95% CI: 0.39-1.21; p = 0.193). The relative risk of chemotherapy on
5-year DMES for clinical low risk and 70-gene score high-risk result was 1.09 (95% CI: 0.54-2.19; p = 0.815) [10].
Evidence on the rate of chemotherapy if clinical and 70-gene risk results were both high or were both low was not
reported. In the absence of evidence for the effect of chemotherapy in concordant cases, we generalized the effect of
the discordant patients to the respective 70-gene signature score risk result. In other words, we assume 0% benefit
of chemotherapy if the 70-gene score result indicated low risk and 31% benefit if it indicated high risk (‘31%’
calculated as the inverse 0.69 relative risk reduction x 100).
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Rate of acute care visits following adjuvant chemotherapy

There are many available adjuvant chemotherapy regimens; however, our analysis included the following based
on the availability of utilization and adverse event data from Ruddy ez 4/, in which records of 8621 women with
early stage breast cancer from the OptumLabs Data Warehouse (OLDW) were used to assess hospitalizations
and emergency department visits over 2 years in patients receiving four contemporary adjuvant chemotherapy
regimens between 2008 and 2014 [20): doxorubicin + cyclophosphamide; doxorubicin + cyclophosphamide,
followed or preceded by docetaxel or paclitaxel; doxorubicin + cyclophosphamide, concurrent with docetaxel
or paclitaxel; docetaxel + cyclophosphamide (TC); dose-dense doxorubicin + cyclophosphamide + paclitaxel;
and cyclophosphamide, methotrexate, with 5-flourauracil. The OLDW contains more than 100 million privately
insured and Medicare Advantage enrollees throughout the US, medical claims for professionals and facility claims
for individuals enrolled in the medical health plans. The study involved analysis of pre-existing, de-identified data
that underwent approval by the Mayo Clinic Institutional Review Board. We additionally explored the published
literature for the most contemporary reports by large US health plans on use of these regimens and regimen-specific
incidence of toxicities and secondary cancers.

To determine the rate of acute care visits following adjuvant chemotherapy, from Ruddy ez a/. we extracted the
average rates and ranges for sensitivity analyses (95% Cls) of acute care visits per 100 patients adjusted by age,
race, region, surgery type, year of chemotherapy start and number of chronic conditions. Data from the OLDW
found 55% of patients received docetaxel 4 cyclophosphamide, 35% received doxorubicin + cyclophosphamide
followed or preceded by docetaxel or paclitaxel, 7% received doxorubicin + cyclophosphamide concurrent with
docetaxel or paclitaxtel and 4% received doxorubicin + cyclophosphamide (Supplementary Table 2). The model
utilized an average rate of 43% for emergency department visits and 23% for hospitalizations within 24 months of
chemotherapy initiation (Supplementary Table 3).

Rate of secondary cancers following adjuvant chemotherapy

Rosenstock ez al. accessed records of 92,110 women with early breast cancer from the SEER—Medicare and the Texas
Cancer Registry—Medicare linked databases [21]. We extracted their estimates of 8-year cumulative incidence of acute
myelogenous leukemia (AML) and myelodysplastic syndrome (MDS). From the SEER database, the incidence of
AML/MDS at 8 years was 1.13% with docetaxel + cyclophosphamide, compared with 3.14% with doxorubicin 4
cyclophosphamide, 2.39% with doxorubicin + cyclophosphamide followed or preceded by docetaxel or paclitaxel
and 2.39% with doxorubicin + cyclophosphamide concurrent with docetaxel or paclitaxel. The average 8-year
incidence was 1.73% when we applied the distribution of chemotherapy use from OLDW; the rate without
chemotherapy was 1.56%.

Costs

Unit cost of each drug was based on national fee schedules [13]. Use and unit costs of anti-emetics and supportive
growth factors were based on data from large regional health plan [221. The cost of acute care visits was estimated
to be US$1180 without chemotherapy and US$5447 with chemotherapy, for a net difference of US$4267 [23-
26). The average net 8-year incidence of AML/MDS resulting from chemotherapy for early stage breast cancer
was 1 in 590 who receive chemotherapy, and the associated direct medical cost is US$40,000 for MDS and
US$227,287 for AML [27,28]. Cost of distant recurrence included traditional chemotherapy for relapsed disease
based on SEER-Medicare costs [19], the additional cost of using CDK4 /6 inhibitors (28] and cost of terminal phase
case care [29-33].

Analysis

Descriptive statistics were produced on all variables extracted from the published studies of the effect of MGAs
on the proportion of patients recommended/assigned chemotherapy. See Supplementary Material for details on
meta-analyses conducted to assess the change in use of chemotherapy based on test and risk class.

The effects of MGA on chemotherapy use were added to an existing decision-analytical framework of the
effect over 25 years of MGA guided-treatment decisions on a cohort of patients’ incidence of distant recurrence,
chemotherapy toxicities, secondary cancers and on direct medical costs [22]. The cumulative incidence of distant
recurrence was estimated using state-transition modeling, accounting for censoring due to death from any cause. The
cumulative incidence of secondary cancers was estimated using a separate state-transition model, also accounting
for censoring due to death. The rate of acute care visits in the first 2 years due to chemotherapy was based on
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frequency methods. The primary end point of the analysis included proportion of chemotherapy use with MGA.
Secondary end points included distant recurrence, the number of patients with chemotherapy related acute care
visits, the rate of secondary cancers, and care related to chemotherapy, acute care visits and disease progression.
Assumptions for base case values, range, distributions and all data sources are shown in Table 1. Outcomes and
costs are computed for a 2 million-member US health plan. Sensitivity analysis (deterministic and multivariable
probabilistic) were performed. Bayesian 95% Cls were estimated for the effect of MGAs on avoidance of distant
recurrence relative to no testing. All future costs and outcomes were discounted at a fixed annual rate of 3% [11].
Meta-analysis of studies of MGA use were conducted using StatalC 15.2 (STATACORP, LLC, TX, USA). The
decision-analytical model was constructed in Microsoft® Excel® 2016 MSO, using proprietary Visual Basic for
Applications routines for sensitivity analyses.

Results

Meta-analysis of decision impact

The electronic literature searches identified a total of 43 papers. Twelve papers were omitted because they lacked
sufficient information about chemotherapy use stratified by risk group. We extracted detailed information from the
final 31 papers (Figure 2; Supplementary Table 4). Studies included 12,202 women with recurrence score results
using the 21-gene (n = 10,501, 86% [25 studies]), 70-gene (n = 960, 8% [2 studies]), PAM50 (n = 592, 5% [3
studies]) and 12-gene (n = 149, 1% [1 study]) assays. The mean cohort age was 55.7 years (standard deviation [SD]
4.7 years). Across all studies, tumor size was <2 cm in 68% (SD 13%) of women, and tumor was grade I in 22%
(SD 10%) of women and grade II in 59% (SD 10%) of women. 84% of tumors (SD 7%) were PR+.

Proportion of chemotherapy use with MGA

Chemotherapy use using just clinicopathological features without MGA testing was 39.9% (n = 6,374; 95% CI:
39.5-40.4%) for low-risk women, 44.5% (n = 3,987; 95% CI: 44.0-45.1%) for intermediate-risk women and
50.0% (n = 1,841; 95% CI: 49.3-50.6%) for high-risk women (Figure 3A). Among all MGAs, chemotherapy use
with MGA testing declined for patients identified as low risk and increased for patients identified as high risk.
For two MGAs (12-gene and 70-gene assays), women were nearly evenly distributed between low and high risk
(Figure 3B); fewer women were identified as high risk by the results of either the PAMS50 or 21-gene assays. Unlike
the results of the 12-gene and 70-gene assays, the PAMS50 and 21-gene assays also include an intermediate risk
group; use of chemotherapy was 40—45% among women in the intermediate-risk group.

Relative to no testing, significantly higher chemotherapy use was shown for patients who utilized the 70-gene
assay (ratio 1.05; 95% CI: 1.01-1.11), no significant effect on chemotherapy use was shown for patients who
utilized the 12-gene assay (ratio 0.94; 95% CI: 0.84-1.10) (Figure 3C) and a statistically significant reduction in
chemotherapy use was shown for patients who utilized the PAM50 (ratio 0.88; 95% CI: 0.84-0.93) and 21-gene
(ratio 0.76; 95% ClI: 0.76-0.78) assays.

Distant recurrence

We show by MGA the rates of acute care use and distant recurrence, and the costs for chemotherapy use,
management of distant recurrence, MGA testing, chemotherapy-related acute care and secondary cancers (Table 2).
For a 2 million-member plan, no MGA testing results in 43% use of chemotherapy in 14,275 incident women,
with an expected 1643 distant recurrences over 25 years. Chemotherapy-related acute care events with no MGA
testing are expected in 5245 women (hospitalizations: 1836; emergency department visits: 3409). 484 secondary
cancers are expected from chemotherapy.

Distant recurrences show a decline with use of MGAs, sparing 54 women tested with the 12-gene assay (the
lowest effect) to 231 women tested with 21-gene assay (the highest effect). In all, 1643 distant recurrences occurred
with no testing. The number of distant recurrences relative to no testing avoided was 231 (95% CI: 80-663) with
the 21-gene assay, 121 (95% CI: -180-585) with the 70-gene assay, 54 (95% CI: -294-480) with the 12-gene
assay and 94 (95% CI: -198-610) with the PAM50 (commercial) assay. The 21-gene assay was the only MGA
in which 100% of simulations reduced the number of distant recurrences relative to no testing (Supplementary
Figure 1). The effect of MGAs on number of women experiencing chemotherapy-related acute care events and
secondary cancers directly correlated with the effect on chemotherapy use. Hence, these events increased with use
of the 70-gene assay, were unchanged with use of the 12-gene assay and decreased with use of the PAM50 and
21-gene assays.
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Table 1. Base-case covariates: mean, range, distribution and data sources.

Parameter Base-case value Range Distribution Data source(s) Ref.
Low High

Population size 2,000,000 878,728 4,552,033 LogNormal Assumption

Incidence of pNO, ER+, HER2—ESBC (per 52 48 55 Normal American Cancer Society, [34,35]

100,000 women) Howlader

Growth rate of population 0.70% 0.30% 1.00% Normal The World Bank [36]

Costs

Chemotherapy drugs, adjuvant Us$4297 US$3958 US$4666 LogNormal Fee schedules®

Supportive care, adjuvant US$10,986 US$10,119 US$11,928 LogNormal Fee schedules’

Chemotherapy administration, adjuvant US$1159 Us$1067 US$1258 LogNormal Fee schedules’

Hospitalizations US$22,000 US$18,663 US$25,933 LogNormal Blumen, Rashid, Hurvitz, [23,26]
Wong

Emergency department visits US$800 US$679 US$943 LogNormal Blumen, Rashid, Hurwitz, [23,26]
Wong

AML US$227,287 US$163,570 US$315,824 LogNormal Irish, Pan [27,28]

Myelodysplastic syndrome US$46,000 US$39,023 US$54,224 LogNormal Irish, Pan [27,28]

Chemotherapy drugs after recurrence — US$60,000 US$55,263 US$65,143 LogNormal Howard [37]

CDK4/6i

Chemotherapy drugs after recurrence - US$56,333 US$54,510 US$58,217 LogNormal Chandler [19]

non-CDK4/6i

Terminal phase care, breast-cancer US$80,000 US$73,684 US$86,858 LogNormal Chastek, Chandler [19,29]

specific mortality

Terminal phase care, non-breast-cancer US$10,000 US$9210 US$10,857 LogNormal Chastek [29]

specific mortality

Probability of breast-cancer specific 0.9 0.86 0.95 Kim, Ren, Tsuji, Zeichner [30,31,32,33]
mortality after recurrence

Ratio of acute care visits, chemotherapy 0.22 0.21 0.22 Beta Enright [38]
vs no chemotherapy

Incidence of events

— Hospitalizations, with chemotherapy 0.23 0.2 0.27 LogNormal Ruddy [20]
— Emergency department visits, with 0.43 0.42 0.44 LogNormal Ruddy [20]
chemotherapy
— AML, no chemotherapy 0.59 0.49 0.67 Normal Rosenstock [21]
Myelodysplastic syndrome, no 1.56 1.36 1.72 Normal Rosenstock [21]
chemotherapy

Relative risk if chemotherapy

— AML 1.35 1.24 1.46 LogNormal Rosenstock [21]
— Myelodysplastic syndrome 1.72 1.58 1.87 LogNormal Rosenstock [21]
Probability of recurrence if no chemotherapy (10 year)

21-gene Recurrence Score

— Low risk 7% 5% 9% Beta Paik [9]
— Intermediate risk 1% 9% 13% Beta Paik [9]
— High risk 30% 28% 32% Beta Paik [9]
PAMS50 (commercial) ROR

— Low 7% 5% 9% Beta EBCTCG [18]
— Intermediate risk 5% 3% 7% Beta EBCTCG [18]
— High risk 30% 28% 32% Beta EBCTCG [18]
12-gene risk score

— Low risk 7% 5% 9% Beta EBCTCG [18]
— High risk 15% 13% 17% Beta EBCTCG [18]

TRedbook (WAC/AWP), CMS fee schedule (ASP), VAFSS, NADAC.

ASP: Average sales price; AML: Acute myelogenous leukemia; AWP: Average wholesale price; CMS: Centers for Medicare & Medicaid Services; EBCTCG: Early Breast Cancer Trialists’
Collaborative Group; ER+: Estrogen receptor-positive; ESBC: Early stage breast cancer; HER2-: Human epidermal growth factor receptor-negative; NADAC: National Average Drug
Acquisition Cost; pNO: No regional lymph node metastasis identified histologically; ROR: Risk of recurrence; VAFSS: Veterans Affairs Federal Supply Schedule Service; WAC: Wholesale
average cost.
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Table 1. Base-case covariates: mean, range, distribution and data sources (cont.).

Parameter Base-case value Range Distribution Data source(s) Ref.
Low High

70-gene signature risk score

— Low risk 7% 5% 9% Beta Cardoso [10]

— High risk 14% 12% 16% Beta Cardoso [10]

Relative ROR (chemotherapy vs no chemotherapy)

21-gene recurrence score

— Low risk -0.31 -0.36 -0.27 Normal Paik [9]
— Intermediate risk 0.39 0.34 0.43 Normal Paik [9]
— High risk 0.74 0.69 0.78 Normal Paik [9]
PAMS50 (commercial) ROR

— Low risk 0.3 0.25 0.34 Normal EBCTCG [18]
— Intermediate risk 0.3 0.25 0.34 Normal EBCTCG [18]
— High risk 0.3 0.25 0.34 Normal EBCTCG [18]

12-gene risk score

— Low risk 0.3 0.25 0.34 Normal EBCTCG [18]
— High risk 0.3 0.25 0.34 Normal EBCTCG [18]
70-gene signature risk score

— Low risk 0 -0.05 0.04 Normal Cardoso [10]
— High risk 0.31 0.26 0.35 Normal Cardoso [10]
Fixed annual time discount rate 3% 0% 5% Uniform Caro [11]

TRedbook (WAC/AWP), CMS fee schedule (ASP), VAFSS, NADAC.

ASP: Average sales price; AML: Acute myelogenous leukemia; AWP: Average wholesale price; CMS: Centers for Medicare & Medicaid Services; EBCTCG: Early Breast Cancer Trialists’
Collaborative Group; ER+: Estrogen receptor-positive; ESBC: Early stage breast cancer; HER2-: Human epidermal growth factor receptor-negative; NADAC: National Average Drug
Acquisition Cost; pNO: No regional lymph node metastasis identified histologically; ROR: Risk of recurrence; VAFSS: Veterans Affairs Federal Supply Schedule Service; WAC: Wholesale
average cost.

Costs

The Medicare average sale price for all elements of doxorubicin 4 cyclophosphamide concurrent with docetaxel
or paclitaxel was $3967, compared with $1799 for doxorubicin + cyclophosphamide, $1976 for doxorubicin +
cyclophosphamide followed or preceded by docetaxel or paclitaxel and $2553 for docetaxel + cyclophosphamide
(Supplementary Table 5). The average across all regimens was $7708. Intravenous administration cost was $1103,
and cost of supportive products was $9731. Summing across all cost categories, the Medicare average cost of
chemotherapy was $22,979, increasing to an average of $26,081 for non-Medicare combined costs.

The total cost of care with no MGA testing was $482.9M (average of $33,827 per woman), with 64% of costs
related to management of disease recurrence (Table 2). Chemotherapy drugs, administration and supportive care
accounted for 21% of costs.

Utilization of results from all MGAs except the 21-gene assay resulted in increased costs compared with no
MGA testing, as shown in Table 2 and in Figure 4. The primary reasons for the observed increased costs is likely
associated with the modest effects of utilization of results of the 12-gene, 70-gene and PAMS50 assays on reducing
chemotherapy use and recurrences. The net savings for 21-gene testing compared with no testing was $18.8M
(81321 per woman), whereas utilization of results of the 12-gene and 70-gene assays increased cost by more than
$40M and by more than $10M with use of the PAM50 assay.

Cost-effectiveness

When there exist multiple comparators, guidelines recommend the use of the cost—effectiveness plan (Figure 5),
which reflects the set of potentially cost-effective strategies that dominate all other strategies directly [12]. In this
analysis, the efficient frontier is defined by the line between no MGA testing and the 21-gene assay. Above the
efficient frontier, all other comparators are dominated by either no MGA testing OR the 21-gene assay. The 21-gene
assay is the only MGA, relative to no testing and all other MGAs, that simultaneously is cost-saving and reduces
distant recurrences (i.e., referred to as ‘dominant’ to no MGA testing and to all alternative MGAs).
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Search terms

MammaPrint®, 70-gene,
<Recurrence score, 21-gene,
Oncotype>, <EndoPredict, EPCIin, Decision impact, Clinical utility Breast cancer
12-gene>, <Prosigna, PAM50>

n=15941 n = 87,205 n = 354,422

Filters (to retrieve only studies, exclude reviews, case report):

— Clinical study; clinical trial; clinical trial, Phase IV; comparative study;
controlled clinical trial; evaluation studies; meta-analysis;
observational study; randomized controlled trial

Combined

n=169

Review abstracts

— Inclusion — ER + ESBC

— Exclusion — no data shown

— Use citations and meta-analysis to find additional papers

Extract data

n==67

Insufficient data or meta-analysis

n=24

Reported chemotherapy
change before and after MGA

n=43

No information stratified by risk group

n=12

Reported chemotherapy
change before and after,
stratified by risk group

n=31

|
1 1 l |

12-gene assay 70-gene assay PAMS0 (commercial) 21-gene assay
. assay )
n =1 study n = 2 studies . n = 25 studies
n = 3 studies

Figure 2. Systematic literature search.
CT: Chemotherapy; EP: EndoPredict; ER+: Estrogen receptor-positive; ESBC: Early stage breast cancer; MGA: Multi-gene assay; MMP:
MammaPrint; ROR: Risk of recurrence; RS: Recurrence Score.

Sensitivity analysis

Deterministic sensitivity analysis showed that the total cost of care was most sensitive to estimates of the cost of MGA
testing, the probability of recurrence and the effect of chemotherapy on reducing ROR (Supplementary Figure 2).
With increased utilization of the 21-gene test, the proportion of patients receiving chemotherapy are reduced, and
more savings accrue. The analyses also were highly sensitive to the cost of treatment for recurrences, cost of supportive
care (Supplementary Table 6) and proportion of women tested whose insurance is commercial (Supplementary
Table 7). By contrast, the distribution of type of chemotherapy and cost of chemotherapy administration were
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Table 2. Base case results: adjusted incidence rates.

Chemotherapy use
Number of patients

— Patient with recurrence
— Hospitalization

— Emergency department
— AML

— Myelodysplastic
syndrome

Cost (USD)

— MGA test

— Recurrence
Chemotherapy-related

— Chemotherapy
regimen’

— Hospitalization
— Emergency department
— AML

— Myelodysplastic
syndrome

Total cost

No testing
43%

1643
1836
3409
122
363

$310,996,430

$101,260,408

$40,394,736
$2,727,416

$17,160,647
$10,347,874

$482,887,510

Difference relative to no testing

— Chemotherapy use

— Patients with
recurrence

— Total costs

12-gene assay

42%

1589
1805
3351
121
360

$55,286,359
$300,829,022

TIncludes chemotherapy drugs, administration and supportive care drugs.
AML: Acute myelogenous leukemia; MGA: Multi-gene assay; USD: United States dollar.

Difference in total costs compared with no testing

70-gene assay

46%

1540
1903
3534
123
368

$55,286,359
$291,580,009

21-gene assay

33%

1412
1579
2931
118
343

$55,286,359
$267,254,154

PAMS50 (commercial) assay
38%

1549
1702
3160
120
106

$44,237,652
$293,230,449

$98,425,117 $107,336,033 $77,970,514 $89,109,159
$39,705,419 $41,871,844 $34,732,489 $37,440,520
$2,680,873 $2,827,148 $2,345,106 $2,527,950
$17,098,138 $17,294,594 $16,647,184 $16,892,753
$10,280,237 $10,492,811 $9,792,284 $10,058,001
$524,305,166 $526,688,797 $464,028,091 $493,496,484
1% +3% -10% 5%
-54% -103% -231% -94%
+%41,417,655 +%43,801,287 -$18,859,420 +%$10,608,974
40—

2 204

o
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Figure 4. Difference in total costs between no testing and MGA testing, by MGA test. Costs include costs of MGA
testing, chemotherapy drug and administration, supportive care, chemotherapy-related acute care visits and
secondary cancers and distant recurrences.

MGA: Multi-gene assay; USD: United States dollar.
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TEfficient frontier: the set of potentially cost-effective strategies that dominate all other strategies directly. The
21-gene test is the only MGA relative to no testing and all other MGAs that simultaneously is cost-saving and reduces
distant recurrences (i.e., dominant to no testing and to all alternative MGA:s).

fDominant: cost-saving relative to no testing and reduces the number of distant recurrences.

ICER: Incremental cost-effectiveness ratio; MGA: Multi-gene assay; USD: United States dollar.

relatively noninfluential factors (Supplementary Table 8). Multivariable probabilistic sensitivity analysis revealed
that only the 21-gene excluded the potential to increase rate of distant recurrence and excluded the potential to
increase total costs (Supplementary Figure 1).

Discussion

This study represents a comparative effectiveness analysis (combining evidence from multiple primary and secondary
sources of clinical, epidemiology and economic data) of four MGAs to assist women with node-negative, ER+ early
stage breast cancer deciding on use of chemotherapy. The end points of the analysis include outcomes salient to the
patient’s decision-making, such as risk of distant recurrence, hospitalization and emergency room visits for toxicities
and secondary cancer. We also examined the overall direct medical costs to a hypothetical 2 million-member health
plan. The effect of an MGA on chemotherapy use was based on 31 observational studies performed in diverse
settings that satisfied minimum inclusion criteria to draw causal inferences stratified by risk category.
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While three of the MGAs demonstrated an increased use of chemotherapy relative to no testing, use of the
21-gene Recurrence Score demonstrated a decrease in chemotherapy utilization. Because the use of chemotherapy
is so strongly associated with hospitalizations and emergency department visits in the first 2 years and secondary
cancers over at least 8 years, chemotherapy reductions associated with utilization of results of 21-gene testing
also reduced the incidence of these events. Based on analysis of the NSABP B-20 trial 9], which established the
21-gene Recurrence Score result as predictive of chemotherapy benefit [9], use of the Recurrence Score would likely
resulted in fewer distant recurrences within 10 years of testing. From the perspective of total direct medical costs
relative to no testing, three of the MGAs increased costs from $10.6M (PAM50 ROR assay) to $43.8M (70-gene
assay) among a health plan with annual enrollment of 2 million members. By contrast, utilization of the 21-gene
Recurrence Score result reduced total direct medical costs by $18.9M. In other words, the assay more accurately
determines who does not benefit from chemotherapy; hence, physicians and patients can have more confidence in
avoiding chemotherapy — as revealed in the change in clinical management studies — and in who will benefit from
chemotherapy, which leads to fewer distant recurrences. The extensive sensitivity analyses reveal these findings were
robust over a wide range of model inputs.

The current study comparing multiple MGAs with no testing includes three design features that bear noting.
First, comparisons for the current analyses were based on a meta-analysis of studies that included actual women
who underwent MGA testing (whereas many comparative effectiveness analyses are based on hypothetical patients).
We excluded women who were not tested with an MGA based on choices made by the physician about whether to
test, such as age, comorbidities or the patient/physician already having decided on use or nonuse of chemotherapy.
Other comparative effectiveness studies have included this subset in their analyses [39-41], which may have resulted
in mis-estimation of the effects of MGA testing on chemotherapy use because of selection bias. It is argued here that
the effects of MGA testing must be assessed in women who receive the test, compared with appropriate controls,
also referred to as a counterfactual [42,43]. Pre- and post-assessment of decision making is an accepted approach
for evaluation of the impact of an intervention when randomization is neither feasible nor the norm [44]. We
also introduced an approach to set a common baseline for use of chemotherapy across MGAs using multivariable
regression, controlling for baseline characteristics, such as patient age, year of testing, tumor size, PR status and
tumor grade. Relative changes in chemotherapy use by MGA were then computed to obtain unbiased estimates of
the amount of chemotherapy utilized by MGA. Other sources of bias were explored as recommended by Hernan
et al., to derive the most compelling inferences from observational databases [42). Third, our drug-cost analyses
included various fee schedules from commercial and government databases and accounted for the proportion of
women who would be insured by each.

Results of the current study should be interpreted with caution considering the following limitations. First, studies
varied in the quality of variable reporting, a not-uncommon challenge of extracting data from peer-review literature.
Second, to estimate effect size, we excluded studies that failed to report baseline and change in use of chemotherapy
by risk category. Historical controls were not used due to the significant baseline variations between studies, which
would have yielded biased estimates, and the descriptive-only nature of noncomparative studies. Lastly, the effects
on quality of life associated with use of chemotherapy were omitted that may not lead to hospitalizations. We also
omitted extrapolating the effects of secondary cancers and distant recurrence on overall survival, and on quality of
life. Finally, we omitted the ‘financial toxicity’ effects to women for out-of-pocket expenditures for chemotherapy
and management of toxicities, which may exceed 5-10% of annual income [45,46] and the implications on women’s
labor-force participation [47,48]. The consequent bias of omitting these outcomes would likely be to underestimate
the impact of the cost of the MGA including the costs of the non-21-gene MGAs.

The recently reported Trial Assigning Individualized Options for Treatment, or TAILORx, demonstrated that
most women (70% or more) do not benefit from chemotherapy when using the 21-gene Recurrence Score test
to guide treatment decisions [49], suggesting that even more patients may be able to avoid adjuvant chemotherapy
without adversely effecting outcomes. Based on the results of TAILORx, the 21-gene test has been incorporated into
the NCCN guidelines as the preferred test [2] and in the American Joint Committee on Cancer Staging pathological
prognostic staging table [2,50]. As such, the results of the current analysis may represent an underestimate of the
contemporary effect of the 21-gene test on chemotherapy use and associated cost-savings since the analysis was
based on studies that were carried out pre-TAILORx. Further, following the publication of the TAILORx results,
it is feasible that physicians and/or women who have been ambivalent about MGA testing in the past may gain
increased confidence in testing, with the possibility that the use of chemotherapy may be reduced for women
identified as having a low-risk and increase for women identified as having a high-risk 21-gene Recurrence Score
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result. Additional research will be important to document the impact of TAILORx results on adoption and use of
chemotherapy.

Conclusion

In this simulation, rates of chemotherapy de-escalation were shown to differ by type of MGA utilized. The four
MGA s affected rates of chemotherapy use differently, with subsequent differences in clinical outcomes and estimated
healthcare utilization, demonstrating that the choice of test used carries implications for both the individual patient
and for society.

Summary points

e The use of risk of recurrence score results from multi-gene assays (MGAs; 21-gene, 70-gene-12-gene and PAM50
[commercial] assays) on the impact on chemotherapy utilization in patients with estrogen receptor-positive early
breast cancer was investigated.

e A meta-analysis using data from published clinical trials and publicly available databases of actual patients was
performed.

e Overall, results from 12,202 patients were included in the analysis, the majority of whom (86.1%) utilized the
21-gene assay to determine recurrence risk.

e Overall, utilization of chemotherapy was statistically significantly higher in patients who used the 70-gene assay,
not significantly changed in patients who used the 12-gene assay, and statistically significantly reduced in
patients who used the PAM50 and 21-gene assays, compared with no testing.

e Distant recurrences showed a decline with use of all MGAs, with the greatest decline in patients who utilized the
21-gene assay, followed by the 70-gene, PAM50 and 12-gene assays.

e Because of its predictive validation, only the 21-gene assay had a confidence interval that excluded the potential
to increase rate of distant recurrence.

e The effect of MGAs on the number of women who experienced chemotherapy-related acute care events and
secondary cancers directly correlated with the effect on chemotherapy use (events increased with use of the
70-gene assay, were unchanged with use of the 12-gene assay and decreased with use of the PAM50 and 21-gene
assays).

e Relative to no testing, total cost of care declined only with use of the 21-gene assay.

e In all, rates of chemotherapy de-escalation differ by type of MGA utilized and overall, reduced chemotherapy use
was associated with avoidance of chemotherapy-related toxicities and secondary cancers, and substantial cost
savings to health systems.

Supplementary data
To view the supplementary data that accompany this paperplease visit the journal website at: www.futuremedicine.com/doi/full/
10.2217/cer-2018-0137
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