ECONOMIC DIMENSIONS
OF PERSONALIZED AND
PRECISION MEDICINE

National
Bureau of

Economic Edited by Ernst R. Berndt,
Researeh Dana P. Goldman, and John W. Rowe

. W 4
. o
W



Economic Dimensions
of Personalized and
Precision Medicine



National Bureau of
Economic Research

Conference Report



Economic Dimensions
of Personalized and
Precision Medicine

Edited by Ernst R. Berndt, Dana P. Goldman,
and John W. Rowe

The University of Chicago Press

Chicago and London



The University of Chicago Press, Chicago 60637

The University of Chicago Press, Ltd., London

© 2019 by the National Bureau of Economic Research

All rights reserved. No part of this book may be used or reproduced

in any manner whatsoever without written permission, except in the
case of brief quotations in critical articles and reviews. For more
information, contact the University of Chicago Press, 1427 E. 60th St.,
Chicago, IL 60637.

Published 2019

Printed in the United States of America

28 27 26 25 24 23 22 21 20 19 12345

ISBN-13: 978-0-226-61106-8 (cloth)
ISBN-13: 978-0-226-61123-5 (e-book)
DOI: https://doi.org/10.7208/chicago/9780226611235.001.0001

Library of Congress Cataloging-in-Publication Data

Names: Berndt, Ernst R., editor. | Goldman, Dana P. (Dana Paul),
1966— editor. | Rowe, John (Professor of Health Policy), editor.

Title: Economic dimensions of personalized and precision medicine /
Ernst R. Berndt, Dana Goldman, and John Rowe, editors.

Otbher titles: National Bureau of Economic Research conference report.

Description: Chicago ; London : The University of Chicago Press,
2019. |
Series: National Bureau of Economic Research conference report |
Includes bibliographical references and index.

Identifiers: LCCN 2018037553 | ISBN 9780226611068 (cloth : alk.
paper) |
ISBN 9780226611235 (ebook)

Subjects: LCSH: Pharmacogenetics. | Personalized medicine—
Economic aspects— United States.

Classification: LCC RM301.3.G45 E265 2019 | DDC 615.7—dc23

LC record available at https://lccn.loc.gov/2018037553

This paper meets the requirements of ANSI/NISO Z39.48-1992
(Permanence of Paper).

DOI: 10.7208/chicago/9780226611235.003.0010



National Bureau of Economic Research

Officers

Karen N. Horn, chair Kelly Horak, controller and assistant

John Lipsky, vice chair corporate secretary

James M. Poterba, president and chief’ Alterra Milone, corporate secretary
executive officer Denis Healy, assistant corporate secretary

Robert Mednick, treasurer

Directors at Large

Peter C. Aldrich Diana Farrell Michael H. Moskow
Elizabeth E. Bailey Jacob A. Frenkel Alicia H. Munnell
John H. Biggs Robert S. Hamada Robert T. Parry

John S. Clarkeson Peter Blair Henry James M. Poterba
Kathleen B. Cooper Karen N. Horn John S. Reed

Charles H. Dallara Lisa Jordan Marina v. N. Whitman
George C. Eads John Lipsky Martin B. Zimmerman
Jessica P. Einhorn Laurence H. Meyer

Mohamed El-Erian Karen Mills

Directors by University Appointment

Timothy Bresnahan, Stanford George Mailath, Pennsylvania
Pierre-André Chiappori, Columbia Marjorie B. McElroy, Duke

Alan V. Deardorff, Michigan Joel Mokyr, Northwestern

Edward Foster, Minnesota Cecilia Rouse, Princeton

John P. Gould, Chicago Richard L. Schmalensee, Massachusetts
Mark Grinblatt, California, Los Angeles Institute of Technology

Bruce Hansen, Wisconsin—Madison Ingo Walter, New York

Benjamin Hermalin, California, Berkeley David B. Yoftie, Harvard

Samuel Kortum, Yale

Directors by Appointment of Other Organizations

Jean-Paul Chavas, Agricultural and Applied Robert Mednick, American Institute of

Economics Association Certified Public Accountants

Martin J. Gruber, American Finance Peter L. Rousseau, American Economic
Association Association

Philip Hoffman, Economic History Gregor W. Smith, Canadian Economics
Association Association

Arthur Kennickell, American Statistical William Spriggs, American Federation
Association of Labor and Congress of Industrial

Jack Kleinhenz, National Association for Organizations
Business Economics Bart van Ark, The Conference Board

Directors Emeriti

George Akerlof Franklin Fisher John J. Siegfried
Jagdish Bhagwati Saul H. Hymans Craig Swan
Don R. Conlan Rudolph A. Oswald

Ray C. Fair Andrew Postlewaite



Relation of the Directors to the
Work and Publications of the

National Bureau of Economic Research

1. The object of the NBER is to ascertain and present to the economics profession, and to the
public more generally, important economic facts and their interpretation in a scientific manner
without policy recommendations. The Board of Directors is charged with the responsibility of
ensuring that the work of the NBER is carried on in strict conformity with this object.

2. The President shall establish an internal review process to ensure that book manuscripts pro-
posed for publication DO NOT contain policy recommendations. This shall apply both to the
proceedings of conferences and to manuscripts by a single author or by one or more co-authors
but shall not apply to authors of comments at NBER conferences who are not NBER affiliates.

3. No book manuscript reporting research shall be published by the NBER until the President
has sent to each member of the Board a notice that a manuscript is recommended for publica-
tion and that in the President’s opinion it is suitable for publication in accordance with the above
principles of the NBER. Such notification will include a table of contents and an abstract or
summary of the manuscript’s content, a list of contributors if applicable, and a response form
for use by Directors who desire a copy of the manuscript for review. Each manuscript shall
contain a summary drawing attention to the nature and treatment of the problem studied and
the main conclusions reached.

4. No volume shall be published until forty-five days have elapsed from the above notification
of intention to publish it. During this period a copy shall be sent to any Director requesting
it, and if any Director objects to publication on the grounds that the manuscript contains
policy recommendations, the objection will be presented to the author(s) or editor(s). In case
of dispute, all members of the Board shall be notified, and the President shall appoint an ad
hoc committee of the Board to decide the matter; thirty days additional shall be granted for
this purpose.

5. The President shall present annually to the Board a report describing the internal manu-
script review process, any objections made by Directors before publication or by anyone after
publication, any disputes about such matters, and how they were handled.

6. Publications of the NBER issued for informational purposes concerning the work of the
Bureau, or issued to inform the public of the activities at the Bureau, including but not limited
to the NBER Digest and Reporter, shall be consistent with the object stated in paragraph 1.
They shall contain a specific disclaimer noting that they have not passed through the review
procedures required in this resolution. The Executive Committee of the Board is charged with
the review of all such publications from time to time.

7. NBER working papers and manuscripts distributed on the Bureau’s web site are not deemed
to be publications for the purpose of this resolution, but they shall be consistent with the object
stated in paragraph 1. Working papers shall contain a specific disclaimer noting that they have
not passed through the review procedures required in this resolution. The NBER’s web site
shall contain a similar disclaimer. The President shall establish an internal review process to
ensure that the working papers and the web site do not contain policy recommendations, and
shall report annually to the Board on this process and any concerns raised in connection with it.

8. Unless otherwise determined by the Board or exempted by the terms of paragraphs 6
and 7, a copy of this resolution shall be printed in each NBER publication as described in
paragraph 2 above.



Contents

Acknowledgment

Introduction

X

1

Ernst R. Berndt, Dana P. Goldman, and John W. Rowe

The Economic Value and Pricing of
Personalized Medicine
Tomas J. Philipson

Therapeutic Translation of Genomic Science:
Opportunities and Limitations of GWAS
Manuel Hermosilla and Jorge Lemus

The Value of Pharmacogenomic Information
John A. Graves, Zilu Zhou, Shawn Garbett,
and Josh F. Peterson

The Information Pharms Race and Competitive
Dynamics of Precision Medicine: Insights from
Game Theory

Ernst R. Berndt and Mark R. Trusheim

Characterizing the Drug Development Pipeline
for Precision Medicines

Amitabh Chandra, Craig Garthwaite,

and Ariel Dora Stern

Cost Sharing in Insurance Coverage for
Precision Medicine
Mark V. Pauly

21

53

87

115

159

vii



viii

Contents

10.

11.

Measuring the Potential Health Impact of
Personalized Medicine: Evidence from Multiple
Sclerosis Treatments

Kristopher J. Hult

Physicians’ Financial Incentives to
Personalize Medicine

David H. Howard, Jason Hockenberry,
and Guy David

Economic Dimensions of Personalized and
Precision Medicine in Asia: Evidence from
Breast Cancer Treatment in Taiwan
Jui-fen Rachel Lu, Karen Eggleston,

and Joseph Tung-Chieh Chang

The Value of Cytochrome P450 2C19
Pharmacogenomic Information for Patients
Receiving Clopidogrel Therapy Following a Major
Cardiovascular Event: Evidence from Geisinger
Rebecca A. Pulk, Jove Graham,

Frank R. Lichtenberg, Daniel Maeng,

Marc S. Williams, and Eric Wright

Orphan Drug Designations as Valuable
Intangible Assets for IPO Investors in
Pharma-Biotech Companies

Philippe Gorry and Diego Useche

Contributors
Author Index
Subject Index

185

217

237

273

305

335
339
345



Acknowledgment

We wish to extend our gratitude to the organizations that helped make this
book possible. The initial concept for this work grew out of a workshop
on the clinical and social dimensions of precision medicine that was orga-
nized by the Columbia University Precision Medicine program. This book
was developed as a part of the Economics of Precision and Personalized
Medicine conference, hosted by the National Bureau of Economic Research
(NBER) and organized by the editors of this volume.

The conference convened leading researchers in health economics, medi-
cine, and health policy to explore economic issues related to the increasing
capacity to develop PPM. The event took the form of two sessions, both
picturesque in setting: a preconference at the Columbia University Ital-
ian Academy in New York City in September 2016, followed by a two-day
research workshop at Shutters on the Beach Hotel in Santa Monica, CA,
in September 2017. We would like to acknowledge and thank the attend-
ees for their participation and insight, the NBER conference staff for their
competent management of the logistics, and the organizations that spon-
sored the event, including the University of Southern California Leonard D.
Schaeffer Center for Health Policy & Economics, the Columbia University
Precision Medicine program, and NBER.

ix






— 10
The Value of Cytochrome P450
2C19 Pharmacogenomic
Information for Patients Receiving
Clopidogrel Therapy Following a
Major Cardiovascular Event
Evidence from Geisinger

Rebecca A. Pulk, Jove Graham, Frank R. Lichtenberg,
Daniel Maeng, Marc S. Williams, and Eric Wright

10.1 Introduction

Pharmacogenomics has the potential to improve clinical outcomes by
optimizing the selection of medications to maximize benefit and minimize
risk for an individual patient. This subset of precision medicine could
decrease medical expenditure by increasing the clinical effectiveness of
commonly prescribed medications while minimizing adverse drug events
(Snyder et al. 2014; Schildcrout et al. 2012). The potential clinical utility of
pharmacogenomics can be observed by the steady increase in the number
of practice guidelines published to direct the use of medications based on
genetic markers (Pharmacogenomics Knowledgebase, various; Canadian
Pharmacogenomics Network for Drug Safety, various).

One of the most popular applications of pharmacogenomic information
surrounds the use of genotype-guided antiplatelet therapy (Mathias et al.
2017; Luzum et al. 2017; Cavalari 2015). Antiplatelet agents are commonly
used to prevent platelet adhesion and secondary occlusive events following
an acute coronary syndrome event including myocardial infarction (MI)
or percutaneous coronary intervention (PCI) (Sabouret and Taiel-Sartral
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of the National Bureau of Economic Research. Daniel Maeng is an assistant professor in the
department of epidemiology and health services research at Geisinger. Marc S. Williams is
director of the Genomic Medicine Institute at Geisinger Health System. Eric Wright is a pro-
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2014). Following MI and PCI, medical management consists of a combina-
tion of aspirin (an irreversible inhibitor of platelets), and a P2Y 12 inhibitor
(currently approved agents include clopidogrel, ticagrelor, prasugrel, and
cangrelor, IV only; Levine et al. [2016]).

Clopidogrel is a prodrug that is activated in the body through the meta-
bolic enzyme cytochrome P450 2C19 (CYP2C19). Genetic variation within
CYP2C1I9, the gene that encodes CYP2C19, is common within the general
population; available estimates of variants leading to loss of enzyme function
within a Caucasian population are between 12 and 14 percent (Scott et al.
2013). Patients carrying variants that decrease the function of CYP2C19 are
less able to transform clopidogrel to its active metabolite and are at a greater
risk of thrombosis, while those carrying variants that increase function receive
a higher than expected dose of clopidogrel and are at risk for bleeding events
(Swen et al. 2011). Clinical guidelines exist to guide the utilization of clopi-
dogrel in the presence of pharmacogenomic information, but routine use in
clinical care is limited, due in part to time to receive testing results, reimburse-
ment challenges, and implementation lag (Jang et al. 2012). Other P2Y12
inhibitors are not dependent upon CYP2C19 for activation, and biological
activity is not influenced by CYP2C19 genetic variations that affect enzyme
activity. However, clopidogrel remains a highly utilized agent due to its “first
inclass” status and earlier generic availability (May 2012 in the United States).

Available evidence suggests that the conversion of clopidogrel to its active
form is necessary to reduce subsequent thrombotic events. Several studies
have sought to associate genomic makeup with clinical endpoints. A meta-
analysis of sixteen cohort studies including 7,035 patients with at least one
loss of function (LOF) allele for CYP2C19 and 13,750 with normal enzyme
function (NF), found that patients who carry at least one LOF allele for
the CYP2C19 gene are more likely to experience cardiac death (OR 2.18,
95 percent CI 1.37-3.47), stent thrombosis (OR of 2.41, 95 percent CI 1.76-
3.30), or experience a subsequent MI (OR 1.42, 95 percent CI 1.12-1.81) in
the first twelve months of therapy due to insufficient formation of the active
metabolite of clopidogrel (Zabalza et al. 2012). In a stratified a priori anal-
ysis, the OR for composite adverse outcomes was more pronounced in the
Asian population with LOF than Western populations with LOF (OR 1.89
vs. 1.28), suggesting a less pronounced effect among a Western (Caucasian)
population. A second systematic review and meta-analysis published by
Zabalza and colleagues included thirteen studies and over 16,000 individuals
evaluating both LOF (CYP2C19*2) and gain of function (CYP2C19*17)on
the incidence of cardiovascular outcomes and major bleeding risk (Notaran-
gelo, Bontardelli, and Merlini 2013). Despite noting a significant increase
in stent thrombosis (HR 2.24, 95 percent CI 1.52-3.30) among LOF allele
carriers, there was no significant increased risk of cardiovascular events with
LOF alleles (HR 1.23, 95 percent CI 0.97-1.55). Additional work has sug-
gested that CYP2C19 LOF genotype is responsible for as little as 12 percent
of a patient’s clinical response to clopidogrel (Borse et al. 2017).
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Though second generation antiplatelet therapies carry a higher acquisi-
tion cost, it is believed that, for patients carrying a LOF changein CYP2C19,
this increased front-end cost of the therapeutic is offset by lower rates of
follow-on occlusive events.

Many papers testing models of the cost effectiveness of CYP2C19-guided
antiplatelet therapy have been published, and reactively genotyping patients
following PCI is suggested to have a positive economic impact by prevent-
ing bleeding and occlusive events (Johnson et al. 2015; Jiang and You 2017;
Mayo Clinic 2013). A large clinical trial evaluating outcomes with CYP2C19
genotype-guided antiplatelet therapy after PCI is ongoing (University of
Florida, various). Data from pragmatic and observational studies and smaller
trials support improved outcomes with genotyping after PCI and use of alter-
native antiplatelet therapy in patients with a CYP2CI9 genotype associated
with reduced clopidogrel effectiveness. One observational cohort trial focused
on the demonstration of the potential benefit of CYP2CI9 genotypingin the
selection of P2Y 12 inhibitor is underway at the University of Florida (Deneer
2013); it is designed as an implementation-effectiveness trial measuring both
the ability to genotype patients within forty-eight hours of heart catherization,
as well as the clinical outcomes of patients following genotype-guided P2Y 12
selection. A prospective cost-effectiveness trial of genotype-guided treatment
with antiplatelet drug selection is being conducted in Europe and is examin-
ing clinical, safety, and economic outcomes (Carey et al. 2016).

There are many limitations to the available clinical data linking CYP2C19
genotype to patient outcomes associated with clopidogrel treatment. Much
of the research supporting the clinical benefit of CYP2CI9 genotyping in
antiplatelet selection has utilized data from clinical trials from which patients
with high medical complexity, advanced age, previous cardiovascular disease,
or serious comorbidities have been excluded. In addition, although economic
models exist, data on the actual impact of CYP2C19 testing on the costs of
care in a real-world environment are lacking (Johnson et al. 2015). Addition-
ally, though current clinical guidelines specify that any patient carryinga LOF
change within CYP2C19 be considered for alternative antiplatelet therapy,
the evidence for this shift in treatment is much stronger for those with two
LOF alleles (Pharmacogenomics Knowledgebase, various; Scott et al. 2013).

Geisinger has made significant investments in the MyCode Community
Health Initiative, which links longitudinal electronic health record data
with collected biobank samples to support initiatives aimed at leveraging
genomic and phenotypic information (Dewey, Murray, et al. 2016). The
MyCode project currently has over 190,000 patients who have consented to
participate, with approximately 1,000 additional patients consenting each
week. Consent allows broad research use, re-contact, and return of medi-
cally actionable results. Whole exome sequencing (WES), high-density geno-
typing and HLA-typing for MyCode participants is done in partnership
with Regeneron Pharmaceuticals, Inc., (the DiscovEHR cohort) (Haggerty
et al. 2017). Sequencing has been completed and quality controlled for over
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92,000 MyCode participants. Projects focusing on discovery and optimiza-
tion of outcomes affected by genetic information are underway to capital-
ize on the growing reservoir of information. The MyCode 90,000 cohort is
noted to have an average age of 55.4 years and an average Charlson Comor-
bidity Index of 3.4. This cohort is 60.54 percent female, and 97.57 percent
self-identified as Caucasian (Abul-Husn et al. 2016; Dewey, Gusarova, et al.
2016; Centers for Disease Control and Prevention 2015).

Whole exome sequencing is a genomic sequencing technology that focuses
on the information contained in the 1-1.5 percent of human DNA that codes
for proteins, with inclusion of some of the gene regulatory regions (promot-
ers and enhancers). This technology, while very powerful for detecting single
nucleotide variants and small insertions and deletions (indels), is limited in its
ability to detect larger copy number variants and areas of the exome that have
repetitive motifs. It does not capture variation for the remainder of the genome
outside of these target regions. An exome done as part of a research project or
for a diagnostic indication has the potential to yield pharmacogenomic (PGx)
data “for free.” To date, it has been difficult to directly extract actionable PGx
information from WES data, thus literature assessing the cost effectiveness of
WES in directing pharmacotherapy is unavailable. However, recent advances
in bioinformatics enable extraction of PGx variants from Geisinger’s WES
data, allowing for real-world studies to assess the impact of variants on selected
health outcomes. These advances could potentially be implemented in a clini-
cal environment, allowing for both clinical- and cost-effectiveness estimates.

Despite Geisinger’s embrace of genomic research, to date PGx-guided
medication selection has not been implemented within our health care sys-
tem, and monitoring of platelet aggregation is also not routinely performed.

The aim of our analysis is to determine whether clinical endpoints (e.g.,
recurrent M1), health care utilization (e.g., hospitalizations, emergency vis-
its), or medical costs of care differ among patients with varying CYP2C19
genotype status prescribed clopidogrel following an acute hospitalization for
index MI or PCI within a nine-year window (January 1, 2007-December 31,
2015) within an integrated health delivery system.

10.2 Methods

We conducted a retrospective cohort study using electronic health infor-
mation combined with administrative claims of incident users of clopidogrel
therapy from January 1,2007-December 31, 2015, who have also consented
to the MyCode Community Health Initiative and had completed WES. Our
goal was to compare clinical and economic outcomes following initial clopi-
dogrel usage among CYP2C19 variant populations.

10.2.1 Setting

Geisinger is one of the nation’s largest health delivery systems and serves
forty-four counties in central, south-central, and northeast Pennsylvania, as
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well as six counties in southern New Jersey. The clinic’s patient population
is very stable: census data indicate that except for two counties, the out-
migration rate is less than 1 percent per year.

Geisinger has benefited from an early investment in electronic health rec-
ords. Geisinger is one of the country’s “most wired” health care systems,
with an electronic health record (EHR) in all outpatient clinics, patient por-
tal, and other digital means of delivering care. Geisinger began implementa-
tion of the Epic Corporation (Verona, WI) EHR in 1996. To date, our EHR
database contains information on more than four million patients, with over
600,000 unique patients having encounters in the health system each year.
Information from the electronic health record and medical/pharmacy claims
are stored in data warehouses accessible to both the clinical and research
enterprises. The Epic EHR is now fully implemented and integrated across
all Geisinger ambulatory and inpatient sites of care. Participants in the Dis-
covEHR cohort have a median of twelve years of electronic health record
data.

Asnoted, Geisinger has invested in the MyCode Community Health Ini-
tiative centered around a repository of blood DNA and genomic analysis
through WES and the DiscovEHR cohort. The WES results are electroni-
cally stored and used for query for research purposes and clinical confir-
mation under protocol. Using the Pharmacogenomics Clinical Annotation
Tool or PharmCAT developed from a bioinformatics collaborative, we have
the capacity to extract pharmacogenomic gene variants from the WES cap-
ture regions, interpret the variant alleles, and generate a report listing these
genetic variations for each patient.

10.2.2 Data Sources

All available patient data during the study window were extracted, includ-
ing EHR, medical claims from our health plan (Geisinger Health Plan
[GHP]), and GHP prescription claims. For this study, we used PharmCAT
to retrieve LOF variations of CYP2C19 among the MyCode Community
Health Initiative participants with WES results.

Clinical Information

Clinical data were extracted from Geisinger’s clinical data warehouse,
the Clinical Decision Intelligence System (CDIS). This database combines
patient information from multiple sources: electronic medical records,
patient registries, inpatient billing, outpatient billing, and GHP claims
data. Standardized Geisinger value sets were utilized to sort the EHR data
to ensure capture of patients with specific conditions. These value sets are
comprised of inquiry codes based on ICD-9 and ICD-10 codes, diagnosis
groups, and Current Procedural Terminology (CPT) codes, and have been
internally validated to reliably capture all Geisinger patients with a given
condition through utilization of CDIS. Demographic information for this
population can be found in table 10.1.
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Population Selection

Patient-participants from the Geisinger MyCode Community Health
Initiative with a validated WES were evaluated for inclusion in this anal-
ysis (90,000 cohort, N = 92,455 patients). (See figure 10.1.) This study was
reviewed and approved by the Geisinger Institutional Review Board (IRB),
along with additional approval from the MyCode Governing Board. The
study period of January 1, 2007-December 31, 2015, was chosen to maxi-
mize the availability of electronic health-record information within the
inpatient setting, as well as to allow for one year of clinical and claims data
following the index event.

We queried the MyCode 90,000 cohort for any mention of a myocardial
infarction (MI) or percutaneous coronary intervention (PCI) as defined by
Geisinger value sets—as these events are associated with the utilization of

Patients within MyCode® Population with Quality Controlled
WES
N = 92,455
T
Selection of patients with conditions of interest

¥

MyCode® Population with MI/PCI during observation period
N=11,615

I
Identification of patients meeting inclusion criteria

v

MyCode® Population with MI/PCI associated with IP stay +
P2Y12 Inhibitor during 10 y observation period
N =3,010

I
Identification of patients using clopidogrel

v

MyCode® Population with first MI/PCI during observation 1

window associated with IP stay + clopidogrel
N = 2,595

T

Identification of clopidogrel patients with GHP coverage

v

MyCode® Population with first MI/PCI during observation
window associated with IP stay + clopidogrel with GHP
coverage during Index event
N = 1,093

Fig. 10.1 Population selection
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clopidogrel. From this population of 11,615 patients, we further refined our
inclusion criteria to include only patients who had a documented MI/PCI on
their active problem list during an inpatient hospitalization within a Geis-
inger facility and were prescribed a P2Y 12 inhibitor (clopidogrel, ticagrelor,
or prasugrel) at the time of discharge (N = 3,010). The first-ever occurrence
of an MI/PCI during our study period was defined as the index date for
this evaluation. Patients whose index event was associated with clopido-
grel (through discharge medication order or for the subgroup of patients
with GHP coverage, verified use by administrative prescription claims) were
defined as our clopidogrel cohort for this study (N = 2,595). As Geisinger as
a health system does not perform pharmacogenomic screening, it is assumed
that patients within this cohort were not stratified to specific antiplatelet
agents based on their CYP2CI19 genotype.

The goal of our analysis was to evaluate the rate and timing of clinical
adverse events of interest, utilization costs in the clopidogrel patient popula-
tion in the twelve months following their qualifying index event, and stratify-
ing by the presence or absence of low-function CYP2C19 variants. For each
patient, the medical record was queried using Geisinger value sets for the
presence or absence of the following events within twelve months of index:
subsequent PCI, subsequent MI, coronary artery bypass grafting (CABG),
stroke, cerebrovascular accident, other revascularization procedures, major
bleeding events, and death by any cause. All dates were collected (shifted
+/— ten days to de-identify) and used in subsequent time-to-event analysis.
We also examined the frequency of emergency room visits and inpatient
hospitalizations within the twelve months following the defined index
event.

Financial and Prescription Refill Information

Approximately 42 percent of patients within the clopidogrel cohort were
insured by GHP at the time of their index event. Patient-level medical costs
were also acquired from GHP administrative claims among a cohort of
1,093 patients with GHP coverage before and after index event. For patients
with prescription coverage and a paid prescription claim within thirty days
of their index, all prescription claims for the 365 days following index were
extracted and analyzed. All collected medical and prescription claims gath-
ered for this population underwent the same patient-specific date shift uti-
lized in the clinical event blinding. To determine the impact of CYP2C19
variants on cost of care, total medical cost of care for the twelve months after
the index event was compared to the total medical cost of care for the twelve
months leading up to the index event. For patients within the clopidogrel
cohort who had GHP coverage at the time of their index event (N = 1,093),
the total medical cost of care for the twelve months after the index event was
compared with the total medical cost of care for the twelve months leading
up to the index event.
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Genetic Information

CYP2C19 status was assigned utilizing bioinformatic methods to extract
PGx information from research-generated whole exome sequences. Variants
of CYP2CI9 included in this analysis include *2, *3, *4, *5, *6, *7, *§; all
of these are associated with decreased enzyme activity (Swen et al. 2011).
Prevalence of PGx variants of interest can be found in table 10.1. Due to
the low frequency of the CYP2C19 poor metabolizer phenotype (patients
with two loss of function alleles) and comparable event distributions across
CYP2C19 groups, analyses were conducted grouping patients both by LOF
variant count (0, 1, 2) as well as by normal function (NF)/loss of function
(LOF) bifurcation. (See table 10.2.)

10.2.3 Statistical Analysis

Clinical Utilization

Clinical utilization events in the twelve months following index date—
specifically subsequent MI, subsequent PCI, CABG, revasculariza-
tion, stroke, bleed, emergency department (ED) visits, and inpatient
hospitalizations—were examined in three ways. First, chi-squared tests were
used to compare the percentages of patients with versus without each event
as a function of CYP2C19 metabolizer status, history of MI, history of
PCI, previous clopidogrel exposure, age at index event (grouped by deciles),
and Charlson Comorbidity Index (CCI). Next, the number of those events
per patient during the twelve months following index date were compared
between patients with and without CYP2C19 function, using a zero-inflated
Poisson model. These models were run with and without adjusting for CCI
(categorized as 0-5, 6-10, 11-15 or >15). Finally, survival analysis was
used to compare time-to-first event for each category of event, stratified by
CYP2C19 status. All-cause mortality in the twelve months following index
date was also compared between patients with and without CYP2C19 func-
tion using a logistic regression model, unadjusted and adjusting for CCI.

Medication Adherence

Of the 2,595 patients within the clopidogrel cohort, we identified 931
patients who had pharmacy benefit coverage and pharmacy claims within
thirty days of their index event. For this population, we examined adjudi-
cated prescription claims to identify paid claims for clopidogrel, prasugrel,
and ticagrelor. For each P2Y 12 inhibitor, medication adherence was calcu-
lated using the proportion of days covered (PDC) (Bristol-Myers Squibb
2017). Using the pharmacy claim dates when prescriptions were filled and
the days’ supply of medication obtained on each of those dates, we deter-
mined whether a patient was “covered” (i.e., supplied) with medication on
each day of the period of interest, from which we calculated the percentage
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of covered days (PDC). The PDC was calculated for the twelve months
following index date, or until death, or until disenrollment from the insur-
ance plan, whichever occurred first. A combined therapeutic class PDC was
derived by combining the individual clopidogrel, prasugrel, and ticagrelor
PDCs.

We used a logistic regression model to compare the risk of each clinical
follow-on event described above (e.g., subsequent MI, ED visit) as a func-
tion of CYP2C19 status, PDC adherence, and the interaction between the
two, to test whether adherence had a different impact on clinical utilization
for patients with CYP2C19 LOF or if CYP2CI9 LOF impacted adherence.

Total Medical Costs

We also used a difference-in-difference method to compare changes in
total medical costs before and after index date between the patients with
CYP2C19 LOF and NF. Total cost of care was defined as total GHP medi-
cal “allowed” amounts (i.e., the sum of all GHP’s payments to providers
for the care covered under the patients” medical benefits) plus all patient
out-of-pocket expenses such as copays, deductibles, and coinsurance. Total
costs were summed for the twelve months before and twelve months after
index, and the estimated difference-in-differences for the two groups were
obtained via a generalized linear model with log link and gamma distribu-
tion, adjusting for CCI and PDC adherence.

Sensitivity Analysis

Finally, we performed sensitivity analyses to aid in the interpretation of
results. First, we used chi-squared tests to examine whether the patients
with CYP2C19 LOF were either more or less likely than those with NF to
have a prior instance of MI or PCI, or prior utilization of a P2Y12 inhibi-
tor (clopidogrel, prasugrel, or ticagrelor) more than seven days prior to the
index date. A seven-day cutoff was used to eliminate events that triggered
the inpatient hospitalization associated with the index event (e.g., MI upon
presentation to ED, PCI for this MI performed within seven days during
same IP hospitalization.). Second, we flagged patients if there was any docu-
mentation of proton pump inhibitor (PPI) use within the medical record
during the twelve months after the index event,! and used logistic regres-
sion to test for relationships between PPI use and the presence or absence
of subsequent follow-on clinical events, and the interaction of this factor
with CYP2C19 LOF and adherence. Third, we repeated the analysis of the
effect of CYP2CI19 LOF status on the presence or absence of clinical events
in patients with a CCI between 0 and 5. Finally, we analyzed the effect of

1. Proton pump inhibitors are known inhibitors of the CYP2C19 enzyme and can override
the effects of a normal CYP2C19 genotype, making a patient unable to activate clopidogrel
(Zhu et al. 2011).
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CYP2C19 LOF variant count on the presence or absence of clinical events
in patients with CYP2C19 LOF.

10.3 Results

10.3.1 Clopidogrel Use within Geisinger

A total of 3,010 patients were identified with an MI/PCI event and associ-
ated initiation of a P2Y'12 inhibitor during an inpatient hospitalization from
January 1,2007, through December 31, 2015. Clopidogrel was ordered as the
P2Y 12 inhibitor for 2,408 patients (80.0 percent), prasugrel for 529 patients
(17.6 percent), and ticagrelor for 73 patients (2.4 percent). (See table 10.1.) Of
the 213 GHP patients with claims data who were indicated as having a pra-
sugrel or ticagrelor prescription associated with their index event, we found
that 159 (74.65 percent) of them utilized clopidogrel as a P2Y12 inhibitor
during the twelve months following index per claims records. A breakdown
of the prescribing of P2Y12 inhibitors over time denotes less clopidogrel
use following introduction of prasugrel (July 2009) followed by tigagrelor
(July 2011) in the United States market, but continued high prevalent use of
clopidogrel through 2016 (figure 10.2). For the most recent full year avail-
able (2016), the utilization mix was 66.83 percent clopidogrel, 14.32 percent
prasugrel, and 18.84 percent ticagrelor as the ordered drug at discharge.

10.3.2 Clopidogrel Cohort Definition

We defined our clopidogrel population as anyone whose index event was
associated with a clopidogrel order (N = 2,408), or whose prescription claims

120
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Fig. 10.2 P2Y12 use over time; P2Y12 medication mix during study period
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Table 10.3 Binary outcomes by CYP2C19 status
CYP2CI9 CYP2C19 Odds 95% CI
NF eventrate =~ LOF eventrate  p-value ratio of OR
MI (%) 280 (15.42) 110 (14.10) 0.39 0.90 0.71-1.14
PCI (%) 442 (24.35) 177 (22.69) 0.36 0.91 0.75-1.13
Stroke (%) 38 (2.09) 15(1.92) 0.78 0.92 0.50-1.68
CABG (%) 158 (8.71) 52(6.67) 0.08 0.75 0.54-1.04
Bleed (%) 115 (6.34) 48 (6.15) 0.86 0.97 0.68-1.37
Death (%) 87 (4.79) 46 (5.90) 0.24 1.24 0.86-1.80
Ml/stroke/death (%) 354 (19.50) 144 (18.46) 0.54 0.93 0.75-1.16
ED visits (%) 522 (28.76) 217 (27.82) 0.63 0.95 0.79-1.15
1P visits (%) 553 (30.47) 225 (28.85) 0.41 0.93 0.77-1.11

information indicated that clopidogrel was used as a P2Y 12 inhibitor in the
twelve months following index (N = 159). The clopidogrel cohort had an
average index age of 64.2 years and average Charlson Comorbidity Index
of 6.6. This cohort was 66.27 percent male, and 99.46 percent self-identified
as Caucasian. (See table 10.1.)

CYP2C19 Function within the Clopidogrel Cohort

For patients within the clopidogrel cohort (N = 2,595), 1,815 (69.9 per-
cent) did not carry the LOF marker for CYP2C19, 713 (27.5 percent) car-
ried a single copy of a mutation associated with CYP2C19 LOF, and 67
(2.6 percent) carried two copies of a LOF mutation. Patients with no LOF
markers were categorized as CYP2C19 normal function (NF) for this anal-
ysis. (See table 10.2.)

10.3.3 Outcome Analysis

In our unadjusted analysis, CYP2C19 LOF was not a statistically signifi-
cant predictor of the presence or absence of any follow-on events or utili-
zation outcome examined in the twelve-month period following the index
event (see table 10.3).

CYP2C19 LOF was not found to be a statistically significant predictor
of the aggregate count of any adverse or outcome events during the twelve
months following index event (see table 10.4).

CYP2C19 LOF was not found to be a statistically significant predictor
of the aggregate count of any adverse or outcome events during the twelve
months following index event when the model was adjusted for CCI group
(see table 10.5).

Neither CYP2C19 LOF, P2Y12 inhibitor PDC, nor the interaction of
these factors had statistically significant effects on the presence or absence
of follow-on events in the twelve-month period following the index event
(see table 10.6).

We did identify CCI grouping to be significant in predicting all follow-on
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Table 10.6 Binomial regression—PDC, CYP2C19 LOF, and the interaction of these
factors on adverse outcomes in the twelve months post index event

When examining only patients with

When examining only patients CYP2CI19 NF (expect high PDC
witha PDC > 0.8 patients to have better outcomes)
CYP2CI9 PDC >=0.8
LOF versus versus PDC < 0.8 95% CI
NF OR p-value 95% CI odds ratio p-value of OR
MI 1.03 0.90 0.62-1.73 0.70 0.10 0.45-1.08
PCI 1.03 0.89 0.68-1.57 0.76 0.13 0.52-1.09
Stroke 3.45 0.18 0.57-20.82 0.17 0.03 0.03-0.81
Death 1.95 0.13 0.83-4.59 0.89 0.81 0.36-2.21
CVAgg 1.16 0.54 0.72-1.89 0.63 0.03 0.41-0.95

adverse events examined (see table 10.7). Age was also found to be a sta-
tistically significant predictor of MI, stroke, or death from any cause, but
not of PCI or the aggregate CV outcome. Since age is included in the CCI
score, and CCI was the most significant variable in the presence or absence
of follow-on events, we chose to adjust only for CCI.

10.3.4 All-Cause Mortality Analysis

CYP2C19 LOF was not found to be a statistically significant predictor of
death during the twelve months following index event (OR: 1.245, 95 percent
CI: 0.862-1.798). (See table 10.3.) However, when stratified by CCI group-
ings, mortality was found to be significantly higher among patients with
CYP2C19 LOF and a CCI between 0—5 (mortality rate in LOF: 3.79 percent,
OR:2.3152, 95 percent CI: 1.062-5.048). (See table 10.8.)

10.3.5 Time to Event Analysis

CYP2C19 metabolic status was not found to influence the time to occur-
rence for any adverse or utilization event analyzed (MI p-value = 0.2712;
PCI p-value = 0.3382; stroke p-value = 0.337; death p-value = 0.2413). (See
figure 10.3.)

10.3.6 Financial Results

Total allowed claim amounts for patients within the clopidogrel cohort
were higher in the 365-day period following index event compared to the
allowed claims for 365 days leading up to the index event regardless of
CYP2C19 status (average twelve-month cost increase = $7,395; table 10.9).
CYP2C19 LOF was not a significant predictor of the pre- versus postindex
change in total allowed claim amounts when the model was adjusted for CCI
group and clopidogrel PDC (difference-in-difference: $613; 95 percent, CI
-$2,039—83,264; table 10.10).
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Table 10.8 Mortality analysis by CCI grouping

CYP2CI9NF CYP2CI19 LOF

No. N=1,815 N =780
patients (%) (%) OR  p-value 95% CI
CCI0-5 1,120 13(1.67) 13(3.79) 2315 0.035  1.062-5.048
CCI6-10 1,016 46 (6.01) 20 (5.71) 0.949 0.848  0.552-1.629
CCI11-15 311 27 (11.44) 11 (14.67) 1.330 0459  0.625-2.831
CCI 15+ 48 1(2.78) 2(16.67) 5996 0.127  0.574-85.385
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Fig. 10.3 Time to event curves
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Fig. 10.3 (cont.)

10.3.7 Sensitivity Analysis

CYP2C19 metabolic status was not found to be a statistically significant
predictor of prior MI/PCI events or prior clopidogrel use. For patients who
had no previous mention of an MI or PCI, CYP2C19 LOF status was not
found to be associated with the age at which index event occurred, CCI, or
patient sex. The presence or absence of subsequent follow-on events was
not found to be influenced by the clinical factors of patient sex or smoking
history. (See table 10.11.)
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Table 10.9 Unadjusted financial analyses among patients with GHP coverage during first event

Entire cohort CYP2C19NF CYP2C19 LOF

(N=1,093) (N=1779) (N=314) p-value
%) ) ) (NF vs. LOF)?

Average allowed claim total 12

months prior to index event 21,064 21,542 19,873 0.280
Average allowed claims total for

30 days following index event 11,695 11,428 12,358 0.258
Average allowed claim total 12

months following index event 28,459 28,916 27,326 0.468

2 P-value is based on linear comparison of log-transformed dollar values (obtained via GLM with log
link and gamma distribution).

Table 10.10 Adjusted financial analyses—clopidogrel cohort with GHP coverage
CYP2CI9 NF CYP2CI19 LOF
(normal (poor or
metabolizer; intermediate; Difference-
N =779) N =314) in-difference 95% CI
Preindex (8) 19,285 17,775 613 -2,039—3,264
Postindex (§) 24,985 24,088

Note: Year, CCI groupings: 0-5, 6-10, >10, and total PDC where available.

Table 10.11 Binary analyses—prior MI/PCI or clopidogrel by clinical feature
Male sex Hx of CClabove5 Ageover60 CYP2CI9
versus smoking versus versus LOF
female versus never below 5 under 60 versus NF
Prior M1 OR 0.738 0.862 2.685 1.024 0.90
p-value  0.006 0.138 <0.0001 0.825 0.39
95%CI  0.60-0.92 0.709-1.049 2.154-3.345 0.831-1.261 0.71-1.14
Prior PCI OR 0.862 0.898 1.662 1.166 0.91
p-value 0.138 0.261 <0.0001 0.127 0.36
95%CI  0.709-1.049 0.744-1.084 1.365-2.023  0.957-1.420 0.75-1.13
Prior clopidogrel OR 0.979 0.819 2.460 1.046 0.92
p-value  0.810 0.018 <0.0001 0.616 0.78

95%CI  0.822-1.166  0.695-0.966 2.063-2.934  0.878-1.245 0.5-1.68

In a regression model incorporating CYP2C19 LOF, PPI use, and the
interaction of these factors, patients with documented PPI use during clopi-
dogrel therapy were significantly more likely to experience an adverse out-
come within the twelve months following their index event. (See table 10.12.)

In the 1,120 patients with a CCI between 0 and 5, CYP2C19 LOF status
was associated with a decrease risk of MI in the twelve months postin-
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Table 10.12 Binomial regression—PPI and CYP2C19 LOF on adverse outcomes in the twelve
months postindex event
When examining only patients with
When examining only patients CYP2C19 NF(expect PPI patients
with a PPI exposure to have worse outcomes)
CYP2CI9 PPI yes
LOFvs. NFOR  p-value 95% CI vs.no OR  p-value 95% CI
MI 0.876 0.366 0.657-1.167 2.661 <0.0001  2.001-3.523
PCI 0.971 0.819 0.754-1.251 1.600 <0.0001  1.285-1.993
Stroke 1.042 0.909 0.521-2.084 1.925 0.063 0.965-3.84
Death 1.063 0.786 0.683-1.656 2.885 <0.0001  1.750-4.756
Ml/stroke/death 0.894 0.401 0.687-1.162 2.710 <0.0001  2.102-3.492
Table 10.13 Binary outcomes by CYP2C19 status in patients with CCI between
0and5
CYP2CI9NF CYP2CI19 LOF Odds 95% CI
event rate (%) event rate (%) p-value ratio of OR
MI 81(10.42) 22 (6.41) 0.032 0.615  0.361-0.961
PCI 175 (22.52) 64 (18.66) 0.146 0.789  0.573-1.086
Stroke 8(1.03) 2(0.58) 0.470 0.564  0.119-2.669
CABG 39 (5.02) 16 (4.66) 0.800 0.926  0.510-1.681
Ml/stroke/death 96 (12.36) 33(9.62) 0.188 0.755  0.497-1.147
Table 10.14 Binary outcomes by CYP2C19 LOF variant count
CYP2CI91LOF CYP2CI92LOF
variant variants
N=713 N=67 Odds 95% CI
event rate (%) event rate (%) p-value  ratio of OR
MI 97 (13.60) 13 (19.40) 0.192 1.529  0.804-2.906
PCI 165(23.14) 12(17.91) 0.328  0.725 0.379-1.386
Stroke 14 (1.96) 1(01.49) 0.788  0.757  0.098-5.844
CABG 50 (7.01) 2(2.99) 0.207  0.408 0.097-1.715
DEATH 42 (5.89) 4(5.97) 0.979 1.014  0.352-2.921
Ml/stroke/death 130 (18.23) 14 (20.90) 0.591 1.185  0.638-2.200

dex, but was not found to be a predictor of other follow-on events. (See
table 10.13; MI OR:0.615, CI: 0.361-0.961.)

In the 780 patients with CYP2C19 LOF, LOF variant count was not found
to be a predictor of follow-on events. (See table 10.14.)

10.4 Discussion

Our analysis of a real-world cohort of Geisinger patients treated with
clopidogrel following an index MI/PCI event over nine years showed that
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patients with CYP2C19 LOF generally fared no worse than those without
these genetic variants. This finding was consistent when looking at the count
of follow-on adverse events or the time to the first instance of these events,
in adjusted and unadjusted models.

These results are unexpected. The clopidogrel package insert has a black
box warning stating that the effectiveness of clopidogrel is dependent upon
functional CYP2C19, and that patients who carry two copies of LOF muta-
tions should not receive this medication (P& T Community 2003). Addition-
ally, the CPIC guidelines for clopidogrel dosing in patients with CYP2C19
LOF recommend that an alternative P2Y12 inhibitor be used in the con-
text of dual antiplatelet therapy following acute coronary syndrome for
any patients who carry either at least one copy of a CYP2C19 LOF variant
(Scott et al. 2013).

We believe our findings point out the importance of factors beyond
CYP2C19 LOF in real-world patient response to clopidogrel. Despite in
vitro evidence of the paramount influence of CYP2CI9 in the conversion
of clopidogrel to its active metabolite, CYP2C19 genetic status has been
shown to explain only 12 percent of the interpatient variability in the clinical
response to clopidogrel (Zhu et al. 2011). Patient age and complexity, addi-
tional genetic markers, stent selection, medication adherence, and concomi-
tant medication use are all known to affect clopidogrel efficacy. Although
most of our analysis compared patients with normal function CYP2CI19 to
those that carried any loss of function change, we also analyzed the influ-
ence of CYP2CI9 LOF variant count on clinical outcomes, and did not
find it to be statistically significant. As expected from previously conducted
population studies, only 2 percent of patients carried two LOF variants for
CYP2CI19(classified as poor metabolizers). These patients would be expected
to be most impacted if clopidogrel is used; a larger sample of patients with
two LOF variants would be needed to adequately power an analysis of poor
metabolizers. Therefore, no conclusions can be drawn from this study about
the impact of poor metabolizer status on the outcomes of interest.

Genetic variants beyond those associated with CYP2C19 LOF have been
shown to play a role in clopidogrel clinical efficacy. The CYP2C19 *17 allele,
acommon gain of function mutation, is associated with increased enzymatic
function. Since the genetic change associated for the *17 allele lies outside
of the WES capture region in the MyCode population, we were unable
to identify patients who carried CYP2C19 gain of function. This limita-
tion confounds the assignment of intermediate metabolizers, as compound
heterozygotes (i.e., *17/*2) are expected to have enzymatic function similar
to that of normal metabolizers. Interestingly, among the three pooled stud-
ies that evaluated gain of function (CYP2CI9*17), which included 6,584
patients, those with the gain of function allele had a lower risk of cardio-
vascular outcomes (HR 0.75, 95% CI: 0.66-0.87), but a higher risk of major
bleeding among 7,660 patients (HR 1.26, 95% CI: 1.05-1.50). Hence, despite
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amechanism suggesting little clinical effect with LOF allele and higher func-
tion among gain of function (GOF) allele status, questions remain concern-
ing the overall impact that LOF or GOF has on clinical endpoints within
large Western population cohorts. Further, little is known about how these
allele variants affect costs of care or utilization patterns in a real-world
setting. Genetic changes within the 4 BC gene coding for a P-glycoprotein
intestinal transporter have also been shown to affect clopidogrel, but were
not considered in this analysis.

We attempted to measure clopidogrel adherence by calculating the pro-
portion of days covered (PDC) for all patients with Geisinger Health Plan
(GHP) coverage and paid prescription claims during the 365 days following
index. Unfortunately, this information was available for only 931 patients.
Of these patients, over 62 percent had a clopidogrel PDC above 80 percent,
a common standard for good adherence. This number is in line with other
population-based studies of medication-taking behavior; given the demo-
graphic alignment between the GHP population with PDC data and the
overall clopidogrel cohort metrics (table 10.1) we believe that the population
for which PDC was calculated was representative of the patients within our
system (Khalili et al. 2016; Siller-Matula et al. 2009).

Use of clopidogrel at the same time as a proton pump inhibitor (PPI) is
known to decrease clopidogrel response through the inhibition of CYP2C19
enzymatic function by the PPI (Momary and Dorsch 2010). Clinical studies
examining the effect of this drug interaction have shown increased rates of
platelet aggregation, as well as higher rates of adverse cardiovascular events
(Siller-Matula et al. 2009). Patients who have been identified as CYP2C19
normal metabolizers could be expected to experience a decrease in enzy-
matic function with use of a PPI, dropping their enzymatic function to that
of an intermediate metabolizer. Likewise, patients who have been identified
as CYP2C19 intermediate metabolizers taking a PPI could be expected to
experience a decrease in enzymatic function to that of a poor metabolizer.
Fifty-three percent of patients within our clopidogrel cohort had EHR
documentation of PPI administration during clopidogrel treatment in the
twelve months following their index event. Since PPIs inhibit CYP2C19,
only patients with functional CYP2CI19 activity would be affected by the
interaction; we may underestimate the impact of genetic CYP2CI19 LOF
on clinical outcomes. Due to the over-the-counter availability of PPIs since
2003, we expect our definition of patients exposed to PPIs to be an under-
representation of the patients prone to diminished clopidogrel effectiveness
(Momary and Dorsch 2010; Siller-Matula et al. 2009).

Clopidogrel was first approved and marketed within the United States
in March 2003. As our observation period did not begin until January 1,
2007, and electronic medical records were not fully deployed within the
inpatient setting throughout the Geisinger system until this time, it is pos-
sible that patients with previous MI/PCI events and clopidogrel exposure
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were included in our clopidogrel population. In our sensitivity analysis, we
queried the medical record of each patient for the presence or absence of M1/
PClI events or previous mention of clopidogrel prior to the study index date.
One potential explanation of the nonsignificance of CYP2(C219 status on
clinical outcomes would be selection of clopidogrel for patients who had a
history of preferential response to this agent following a prior MI/PCI event,
resulting in those with NF surviving longer or with less disease following
a prior event treated with clopidogrel. However, we found no evidence of
this “survivorship advantage”: presence or absence of prior MI, prior PCI,
prior clopidogrel use, prior prasugrel use, or prior ticagrelor use was not
correlated with CYP2C19 functional status. Although this analysis is limited
incomplete data on prior events, this analysis suggests that our findings are
unlikely to be due to an underlying nonrandom NF/LOF distribution result-
ing in selection bias from a theoretical “survivorship benefit.”

Two published meta-analyses of the impact of CYP2CI9 genotype on
clinical outcomes in patients taking clopidogrel presented conflicting con-
clusions of the importance of CYP2CI9 LOF (Zabalza et al. 2012; Nota-
rangelo, Bontardelli, and Merlini 2013). A closer examination of published
studies associating CYP2C19 LOF with clinical cardiovascular outcome,
grouped by study size, shows that the only pooled analyses with < 500
patients per study had significantly higher cardiovascular outcomes among
LOF allele carriers. Our findings of CYP2C19 LOF not being a statistically
significant predictor of follow-on clinical events is therefore in line with pre-
vious reports of large populations.

10.4.1 Continued Importance of Clopidogrel

Though practice trends within Geisinger and across the United States have
shown a shift toward P2Y12 inhibitors that are not affected by CYP2CI9
LOF (prasugrel and ticagrelor), we expect clopidogrel to remain the P2Y12
selected in dual antiplatelet regimens for a significant proportion of patients.
Due to reduced frequency of bleeding effects, clopidogrel is still a good
option for patients with high risk of bleeding. Though generic availability of
prasugrel is expected by the end of 2018, clopidogrel is expected to remain
the lowest price P2Y12 inhibitor. A 2017 year-to-date analysis of P2Y 12
prescribing in patients hospitalized for an MI/PCI shows that clopidogrel is
still the P2Y12 inhibitor of record in 66 percent of index events. An exami-
nation of prescription claims records for the subset of this cohort with cov-
erage through Geisinger Health Plan revealed that 75 percent of patients
prescribed a next generation P2Y12 inhibitor proceeded to fill clopidogrel
during the twelve months following their index event.

10.4.2 What Our Results Mean to the Practice of Genomic-Guided
P2Y 12 Inhibitor Selection

CYP2C19 testing to guide antiplatelet selection following an MI/PCI is
the most commonly ordered and applied pharmacogenomic test within the
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United States (Momary and Dorsch 2010). Much effort and expense has
been invested in genotype-guided antiplatelet therapy, yet our results indi-
cate that in a real-world setting, pharmacogenomic testing would not have
improved clinical outcomes. Though guidelines for clopidogrel selection
when pharmacogenomic information is available have been established, our
results suggest that CYP2CI9 testing for all patients initiating clopidogrel
therapy following an MI/PCI event would have incurred additional costs
and not have improved clinical outcomes.

Our results suggest that there may be a place for CYP2CI9 testing for
P2Y12 inhibitor selection in patients with a lower Charlson Comorbidity
Index. When we repeat the binary analysis for all outcomes in the low CCI
group (CCI = 0-5), the only findings that are statistically significant are
death and MI within twelve months of index. Though this binary analysis
was conducted post hoc, these findings are intriguing. While we are unable
to fully explain this observation at this time, we hypothesize that those with
CYP2C19 LOF are suffering from more severe occlusion due to inadequate
platelet inhibition, leading to death and not a survivable MI1. We also believe
that while there may be a true clinical effect of CYP2C19 LOF, this effect on
clinical outcomes is overpowered by stronger effects of clinical factors such
as CCI and PPI use. Why this is more differentially seen in the lower CCI
grouping is yet unknown, or perhaps a random effect. Additional evaluation
of these lower comorbid patients is warranted.

If we assume that switching a CYP2CI9 LOF patient from clopidogrel
to an alternative P2Y12 agent reduces his or her twelve-month mortal-
ity rate from 3.79 percent to 1.67 percent (what is seen in patients with
CYP2C19 NF on clopidogrel), we would estimate that seven lives could
have been saved by testing the 1,120 low CCI patients in this study popu-
lation. Since the cost of one CYP2C19 test is approximately $100, the
estimated cost incurred by single-gene testing for this population would be
$112,000. If we assume that genome-guided antiplatelet selection in low-
comorbidity patients is indeed lifesaving, the cost incurred from genetic
testing per life saved would be $16,000. As both prasugrel and ticagrelor
are more costly than generic clopidogrel, the total cost-of-care impact of
a genome-guided antiplatelet selection strategy would be higher than this
figure.

Unfortunately, a true mortality estimate for patients on next generation
P2Y12 inhibitors is not available from this data set. Since almost three-
fourths of patients with a prasugrel or ticagrelor prescription at index event
within the GHP population we observe proceed to utilize clopidogrel as
the P2Y 12 inhibitor component of antiplatelet therapy, we are unable to
calculate a true twelve-month mortality rate for low CCI patients receiv-
ing these medications. Consequently, further exploration of the utility of
genome-guided antiplatelet selection in patients with low CCI is needed,
particularly if pharmacogenomic information can be captured during other
genomic analysis.
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10.4.3 Financial Considerations of CYP2C19 Testing

Though genomic testing for CYP2C19 can be used to validate the use of
clopidogrel therapy after stent placement, it is acknowledged that identifica-
tion of LOF in this enzyme might shift patients from the relatively inexpen-
sive, generically available treatment (clopidogrel) to more expensive P2Y 12
inhibitors such as prasugrel and ticagrelor.

Despite the fact that CYP2C19 pharmacogenomic testing is reimbursable
by many payers, including the Center for Medicare Services, when ordered
in conjunction with clopidogrel initiation, only a very small percentage of
patients receiving clopidogrel are genotyped. Direct reimbursement for
CYP2C19 testing is only available when conducted in an outpatient setting,
and inpatient testing is only reimbursable through diagnosis-related group
(DRG) billing, which lumps all payments for a particular diagnosis/proce-
dure into one payment.

Given the current payment landscape for pharmacogenomic testing, ini-
tiation of antiplatelet therapy with a next generation P2Y12 inhibitor at
discharge with subsequent pharmacogenomic testing only for patients with
low comorbidity in the outpatient setting (to guide potential de-escalation
to clopidogrel) may allow for improved patient outcomes while maximizing
the investment in pharmacogenomic testing.

10.4.4 Implications for Precision Medicine

Our results highlight the inherent complexity of precision medicine. Small
percentages of patients will fall in the most extreme phenotype classifica-
tions. In the real world, patient factors such as medication compliance and
use of interfering medications can override the influence of genetic-based
effects on medical outcomes. Our inability to capture reliable measures of
these patient-specific factors will limit our ability to detect genetically medi-
ated effects in pragmatic trials.

Though research initiatives, such as the All of Us Research Program,
propose to link clinical and genetic information for a very large cohort, it is
important to note the exponential decrease in cohort size that occurs upon
stratification to address a particular research question.

Our experience also highlights the need to invest in multigene testing
whenever clinically feasible. As the costs of next-generation sequencing
and genomic array testing rapidly decrease, the differential in price between
single-gene and panel testing is closing. Panel pharmacogenomic testing
has the potential to provide a patient with a number of clinically action-
able results that will not change over the course of his or her lifetime. When
pharmacogenomic information is indicated (e.g., for evaluating CYP2C19
genotype), complete pharmacogenomic panel testing may be more cost
effective than single-gene testing.

Additionally, we suggest revisiting the use of pharmacogenomic infor-
mation generated in a research setting within patient care to further our
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understanding of the genetic influence on medical outcomes. This would be
particularly important for research-generated results for which the accuracy/
validity of pharmacogenomic findings can be estimated. The prevailing pol-
icy interpretation is that CLIA-validated confirmation is required before
this information is used to inform medication selection. However, resource
constraints may preclude confirmatory testing of pharmacogenomic vari-
ants that have been identified in a large number of patients, creating the
potential for individuals to be denied the benefits of this information and/
or to experience avoidable medication-related harms.

Strengths of our analysis include:

« This s the first report of a large, single-system patient cohort with inte-
grated clinical, economic, and pharmacogenomic information.

e Our findings are based on a real-world population wherein all patients
with a qualifying event and P2Y 12 inhibitor prescription were included
in the analysis.

e Pharmacogenomic testing and other assessments of platelet reactivity
were not in use during the time frame of interest, eliminating knowledge
of genetic status as a confounder of the results.

Limitations of our analysis include:

e There were only a small number of individuals who carried two loss of
function variants for CYP2C19 (classified as poor metabolizers). These
patients would be expected to be most impacted if clopidogrel is used.
Combining the intermediate and poor metabolizers may have obscured
a signal from the poor metabolizers. Therefore, no conclusions can be
drawn from this study about the impact of poor metabolizer status on
the outcomes of interest.

« As this retrospective analysis was conducted utilizing previously col-
lected patient information in a real-world health care setting, we were
unable to account for factors that could affect the outcomes of patients
prescribed clopidogrel, including any concomitant use of proton pump
inhibitors, which are known to interfere with the function of CYP2CI19.

e We were only able to extract all-cause mortality, so we could not isolate
deaths that occurred in our study population that were due to cardio-
vascular causes.

e Our EHR data did not enable us to measure a commonly utilized
marker of “stent occlusion” as a factor of CYP2C19 LOF.

 Financial analysis was performed on medical costs only (medication
costs not included).

10.5 Conclusions

Universal CYP2CI9 pharmacogenomic testing to inform P2Y12 selec-
tion following an MI/PCI index event within the Geisinger patient popula-
tion studied would not have led to improved clinical outcomes, decreased
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health care utilization, or lower total medical cost. These results counter
prevailing movements to test for CYP2CI9 function among all candidates
for clopidogrel therapy, suggesting no value in the indiscriminate CYP2C19
variant testing in this population. Use of clopidogrel is still a viable option
in patients post-MI/PCI, although caution should be taken in applying these
findings in more diverse (and Eastern) populations.

We have identified several potential explanations for why our conclusions
are at odds with much of the published literature. First and foremost, we
acknowledge that patients in our cohort are older, with a higher degree of
medical complexity than patients enrolled in previous studies. Additional
genetic markers, stent selection, medication adherence, and concomitant
medication use are all known to affect clopidogrel efficacy and may have
influenced our findings.

Despite these limitations, availability of CYP2C19 genotype at the time of
an MI/PCI provides an opportunity to apply precision medicine. Our results
suggest that while use of these results in patients with less medical complex-
ity may decrease all-cause one-year mortality, further study is needed. Addi-
tionally, awareness of complete loss of CYP2CI19 enzyme function could
direct therapy selection in accordance with the clopidogrel package insert.
Increasing availability of preemptive pharmacogenomic testing and WES
may provide CYP2C19 genotype information at a nominal cost.
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