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Notice of Opposition

Notice is hereby given that the following party opposes registration of the indicated application.

Opposer Information

Name

CardioDx, Inc.

Granted to Date
of previous ex-
tension

04/23/2014

Address

2500 Faber Place
Palo Alto, CA 94303
UNITED STATES

Attorney informa-
tion

Lisa Greenwald-Swire

Fish & Richardson, P.C.

PO Box 1022

Minneapolis, MN 55440-1022

UNITED STATES

tmdoctc@fr.com, TrademarkGroup-SV@fr.com Phone:650-839-5070
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Application No
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Date
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od Ends

Applicant

Cardiox Corporation
Suite 100

Columbus, OH 43220
UNITED STATES

Goods/Services Affected by Opposition

Class 010. First Use: 0 First Use In Commerce: 0

All goods and services in the class are opposed, namely: medical apparatus, appliances and instru-
ments, namely, cardiac flow detecton systems, hemodynamic monitoring systems, clinical fluorometry
systems, liver function assessment systems, and organ perfusion assessment systems

Grounds for Opposition

| Priority and likelihood of confusion

| Trademark Act section 2(d)
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U.S. Registration | 3604577 Application Date 03/28/2007

No.

Registration Date | 04/07/2009 Foreign Priority NONE
Date

Word Mark

CARDIODX
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Design Mark

CARDIODX

Description of
Mark

NONE

Goods/Services

Class 010. First use: First Use: 2009/02/25 First Use In Commerce: 2009/02/25

Medical apparatus and instruments, namely, test kits comprised of apparatus
forbiological sample collection and storage for medical laboratory use for cardi-
acand vascular prognostic and diagnostic testing

Class 044. First use: First Use: 2007/07/13 First Use In Commerce: 2007/07/13

Medical services, namely, cardiac and vascular, prognostic, and diagnostic test-
ing services

U.S. Application 85889778 Application Date 03/28/2013

No.

Registration Date | NONE Foreign Priority NONE
Date

Word Mark CARDIODX

Design Mark

Description of NONE
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Medical services, namely, cardiac and vascular, prognostic, and diagnostic test-
ing services
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
BEFORE THE TRADEMARK TRIAL AND APPEAL BOARD

In the matter of Application Serial No. 85/794,852
Filed on December 5, 2012

For the mark CARDIOX

Published in the Official Gazette on December 24, 2013

CARDIODX, INC.,
NOTICE OF OPPOSITION
Opposer,
V.

CARDIOX CORPORATION,

Applicant.

NOTICE OF OPPOSITION

Opposer CardioDx, Inc. believes that it will be damaged by registration of the mark
shown in the above-identified application and hereby opposes the same pursuant to the
provisions of 15 U.S.C. § 1063.

The grounds for opposition are as follows:

THE PARTIES

1. Opposer CardioDx, Inc. (“CardioDx” or “Opposer”) is a Delaware corporation
with a place of business at 2500 Faber Place, Palo Alto, CA 94303. CardioDx is a
cardiovascular genomic diagnostics company focused on coronary artery disease, cardiac
arrhythmia, and heart failure.

2. Upon information and belief, Applicant Cardiox Corporation (“Applicant”) is a

Delaware corporation with a place of business at 4100 Horizons Drive, Suite 100, Columbus,
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OH 43220 that allegedly intends to sell medical apparatuses, appliances, and instruments specific
to the cardiac field.
FACTUAL BACKGROUND

Opposer’s CARDIODX Mark

3. CardioDx was founded in 2004 and has been a pioneer in the field of
cardiovascular genomic diagnostics. CardioDx has been offering products and services rendered
under and in connection with the CARDIODX mark continuously since at least as early as 2007.

4. In addition to its common law rights in the CARDIODX trade name and
trademark, CardioDx owns Registration No. 3,604,577 for the mark CARDIODX for “medical
apparatus and instruments, namely, test kits comprised of apparatus for biological sample
collection and storage for medical laboratory use for cardiac and vascular prognostic and
diagnostic testing” in Class 10 and “medical services, namely, cardiac and vascular, prognostic,
and diagnostic testing services” in Class 44, which issued on April 7, 2009 on the Supplemental
Register, with a March 28, 2007 priority date. A copy of Registration No. 3,604,577 is attached
at Exhibit A.

5. CardioDx also owns Application Serial No. 85/889,778 for the mark CARDIODX
for “medical services, namely, cardiac and vascular, prognostic, and diagnostic testing services”
in Class 44, which was filed on March 28, 2013. Upon demonstrating that CardioDx had
acquired distinctiveness through its exclusive and continuous use of the CARDIODX mark for
more than six years, on April 8, 2014 the United States Patent and Trademark Office (“PTO”)
approved the CARDIODX mark for publication in the Official Gazette on the Principal Register.

A copy of the application particulars for Serial No. 85/889,778 is attached as Exhibit B.
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6. The CARDIODX mark has become distinctive of the products and services
through CardioDx’s substantially exclusive and continuous use of the mark in interstate
commerce since at least as early as July 13, 2007. As a result of CardioDx’s extensive and
continuous promotion and sales of products and services since 2007, as well as the high level of
recognition and success it has obtained, the CARDIODX mark has taken on a secondary
meaning in the minds of consumers as the source of quality products and services.

7. In August 2012, CardioDx’s Corus CAD product, which is branded under or in
connection with its CARDIODX mark, obtained Medicare Part B coverage from the regional
Medicare Administrative Contractor, or MAC, in California, making the test a covered benefit
for the estimated 48 million covered lives in the United States. CardioDx performs the Corus
CAD test under or in connection with its CARDIODX mark in its clinical laboratory, which has
been certified by the Clinical Laboratory Improvement Amendments of 1988, or CLIA, under
the regulations of the Centers for Medicare & Medicaid Services, or CMS, and also has been
accredited by the College of American Pathologists, or CAP. See Exhibit C.

8. Advertisements and articles for CardioDx and the products and services rendered
under and in connection with the CARDIODX mark have been featured in the following
publications in leading industry peer reviewed journals: American Heart Journal, American
Heart Association Circulation: Cardiovascular Genetics, Critical Pathways in Cardiology,
Journal of Cardiovascular Translational Research, Journal of the American College of
Cardiology, Annals of Internal Medicine, BMC Medical Genomics, PLoS ONE, PLoS Currents.
See Exhibit D.

0. In 2010, CardioDx was honored as a winner of the Wall Street Journal’s
prestigious Technology Innovation Awards and its Corus CAD technology was named one of
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Time Magazine’s Top Ten Medical Breakthroughs. In 2012, CardioDx was honored as one of
FierceMedicalDevices’ Fierce 15 most promising private companies, and was also named the
Gold Edison Award winner for science and medicine. See Exhibit E. In short, the CARDIODX
products have been recognized as breakthrough technology and are receiving such attention in
the cardiovascular field.

10.  CardioDx and the products and services rendered under and in connection with
the CARDIODX mark have been featured in unsolicited news stories, including: a Men'’s Fitness
article entitled, “6 Health Tests that Could Save Your Life,” and ABC Local KGO News
television report entitled, “Bay Area company develops new heart disease test.” See Exhibit F.

Applicant’s CARDIOX Mark

11.  On December 5, 2012, Applicant filed an intent-to-use application to register the
mark CARDIOX in connection with “medical apparatus, appliances and instruments, namely,
cardiac flow detection systems, hemodynamic monitoring systems, clinical fluorometry systems,
liver function assessment systems, and organ perfusion assessment systems” in class 10
(“Applicant’s Goods”), which was designated Application Serial No. 85/794,852 (the
“Application”).

12.  Applicant filed the Application based on an alleged intent to use and has not, to
CardioDx’s knowledge, filed an allegation of use in connection with the Application.

13.  The Application was published for opposition in the Official Gazette on
December 24, 2013. Thereafter, CardioDx sought and obtained an initial 30 day extension of
time to oppose the Application until February 22, 2014, and then a further 60 day extension of
time to oppose the Application until April 23, 2014. Consequently, this Notice of Opposition is
timely filed.
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GROUNDS FOR OPPOSITION

Priority and Likelihood of Confusion

14.  CardioDx has been using the CARDIODX mark in commerce since at least as
early as July 13, 2007, whereas Applicant’s priority is based on its December 5, 2012 intent-to-
use application filing date. Upon information and belief, Applicant has not yet used the
proposed CARDIOX mark in commerce. Opposer’s common law and statutory priority dates
precede the priority date of the Application and, upon information and belief, any priority date
on which Applicant may rely.

15.  Applicant allegedly intends to use the mark CARDIOX, which is near-identical to
CardioDx’s mark in that the primary element of both marks is the word portion “CARDIO,” and
Applicant’s mark uses the suffix “X” while Protestor’s mark uses the suffix “DX.” Applicant
and CardioDx both use an “X” in the suffix of their word marks, and the letter “D” is the only
missing suffix-element in Applicant’s mark. Finally, the marks sound nearly identical, which
increases the likelihood of consumer confusion.

16.  Applicant allegedly intends to use the CARDIOX mark on goods that are near
identical to those offered by CardioDx, that is, medical apparatus and instruments.

17.  On information and belief, both CardioDx and Applicant target the exact same
industries and potential customers, that is, medical professionals in the specific field of cardiac
health.

18.  CardioDx has continuously used its CARDIODX mark in commerce since its date
of first use in commerce on July 13, 2007. This is approximately seven and half years prior to

Applicant’s filing of its Section 1(b) application with the PTO.
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19. Consumers are likely to believe that CARDIOX medical apparatuses and
instruments for cardiac health originate from CardioDx or are somehow affiliated with CardioDx
and its CARDIODX mark. As such, Applicant’s CARDIOX mark so resembles CardioDx’s
previously used and registered CARDIODX trade name and mark, as to be likely, when used in
connection with Applicant’s Goods, to cause confusion, to cause mistake, or to deceive.
Purchasers and prospective purchasers are likely to mistakenly believe that the products
Applicant allegedly intends to sell under the CARDIOX designation are produced, sponsored,
endorsed, or approved by CardioDx, or are in some way affiliated, connected, or associated with
CardioDx, all to the detriment of CardioDx. Registration of Applicant’s mark, therefore, should
be refused under 15 U.S.C. §§ 1052(d) and 1063.

20.  Registration of Applicant’s proposed mark CARDIOX would be a further source
of damage to CardioDx because it would confer upon Applicant various statutory presumptions
to which it is not entitled in view of CardioDx’s prior adoption, use, and registration of its marks.

WHEREFORE, pursuant to Section 13 of the Lanham Act, 15 U.S.C. § 1063, Opposer
CardioDx respectfully requests that its Notice of Opposition be sustained and that the registration

of the mark shown in Application Serial No. 85/794,852 be refused.
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Please direct all correspondence with respect to this Opposition to Lisa Greenwald-Swire
at the address below. Please charge the Notice of Opposition fee to the Deposit Account of Fish

& Richardson P.C., Account No. 06-1050.

Respgctfully’Submijtted,
/ ) P Ao ] /‘!j C P / S/

N2
Date /(| I 72 D 72(' / 7 / : il
l 4 ' (’/k/smreenwafd-SWir’e ¢/
' “Kathy Tsai -
FISH & RICHARDSON P.C.
500 Arguello Street, Suite 500
Redwood City, CA 94063

Telephone: (650) 839-5070
Facsimile: (650) 839-5071

Attorneys for CardioDx, Inc.
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CERTIFICATE OF SERVICE

The undersigned herby certifies that a true and complete copy of the foregoing NOTICE

{

17 ¥ ) Nt < . o
OF OPPOSITION has been served this /4 = day of [Jy(] [ , 2014, by First Class U.S. Malil,

postage prepaid, upon Applicant Cardiox Corporation’s attorney of record at the following

address:

ROBERT J. MORGAN

PORTER, WRIGHT, MORRIS & ARTHUR, LLP
41 S HIGH ST STE 2900

COLUMBUS, OHIO 43215-6165

UNITED STATES )
N C IS

R
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
BEFORE THE TRADEMARK TRIAL AND APPEAL BOARD

In the matter of Application Serial No. 85/794,852
Filed on December 5, 2012

For the mark CARDIOX

Published in the Official Gazette on December 24, 2013

CARDIODX, INC.,
ITEMIZED LIST OF EXHIBITS TO
Opposer, NOTICE OF OPPOSITION
V.
CARDIOX CORPORATION,
Applicant.
Exhibit Letter Short Description
Exhibit A CARDIODX Registration Certificate
Exhibit B CARDIODX Application Particulars
Exhibit C Press Release re CardioDx’s Medicare Coverage
Exhibit D Advertisements and Journal Articles re CardioDx
Exhibit E CardioDx Awards
Exhibit F CardioDx News Articles
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Int, Cls.: 10 and 44

Prior U.S. Cls.: 26, 39, 44, 100, and 101
United States Patent and Trademark Office

Reg. No. 3,604,577
Registered Apr. 7, 2009

TRADEMARK
SERVICE MARK
SUPPLEMENTAL REGISTER

CARDIODX

CARDIODX, INC. (DELAWARE CORPORATION)
2500 FABER PLACE
PALO ALTO, CA 94303

FOR: MEDICAL APPARATUS AND INSTRU-
MENTS, NAMELY, TEST KITS COMPRISED OF
APPARATUS FOR BIOLOGICAL SAMPLE COLLEC-
TION AND STORAGE FOR MEDICAL LABORA-
TORY USE FOR CARDIAC AND VASCULAR
PROGNOSTIC AND DIAGNOSTIC TESTING, IN
CLASS 10 (U.S. CLS. 26, 39 AND 44).

FIRST USE 2-25-2009; IN COMMERCE 2-25-2009.

FOR: MEDICAL SERVICES, NAMELY, CARDIAC
AND VASCULAR, PROGNOSTIC, AND DIAGNOS-
TIC TESTING SERVICES, IN CLASS 44 (U.S. CLS. 100
AND 101).

FIRST USE 7-13-2007; IN COMMERCE 7-13-2007.

THE MARK CONSISTS OF STANDARD CHAR-
ACTERS WITHOUT CLAIM TO ANY PARTICULAR
FONT, STYLE, SIZE, OR COLOR.

SER. NO. 77-143,077, FILED P.R. 3-28-2007; AM. S.R.
3-2-2009.

ALICE BENMAMAN, EXAMINING ATTORNEY
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Trademark Status & Document Retrieval

STATUS DOCUMENTS

Generated on:

Back to Search

This page was generated by TSDR on 2014-04-16 16:31:13 EDT

Mark: CARDIODX

US Serial Number:
Register:

Mark Type:
Status:

Status Date:

Publication Date:

Mark Information

Mark Literal Elements:
Standard Character Claim:
Mark Drawing Type:

Acquired Distinctiveness Claim:

CARDIODX

85889778 Application Filing Date: Mar. 28, 2013
Principal

Service Mark

Application has been published for opposition. The opposition period begins on the date of publication.

Apr. 08, 2014
Apr. 08, 2014

CARDIODX
Yes. The mark consists of standard characters without claim to any particular font style, size, or color.
4 - STANDARD CHARACTER MARK

In whole

Related Properties Information

Claimed Ownership of US
Registrations:

Goods and Services

Note:

3604577

The following symbols indicate that the registrant/owner has amended the goods/services:
e Brackets [..] indicate deleted goods/services;
e Double parenthesis ((..)) identify any goods/services not claimed in a Section 15 affidavit of
o Asterisks *..* identify additional (new) wording in the goods/services.

For:

International Class(es):
Class Status:

Basis:

First Use:

Medical services, namely, cardiac and vascular, prognostic, and diagnostic testing services
044 - Primary Class U.S Class(es): 100, 101
ACTIVE

1(a)

Jul. 13, 2007 Use in Commerce: Jul. 13, 2007

Basis Information (Case Level)

Filed Use: Yes Currently Use: Yes Amended Use:
Filed ITU: No Currently ITU: No Amended ITU:
Filed 44D: No Currently 44D: No Amended 44D:
Filed 44E: No Currently 44E: No Amended 44E:
Filed 66A: No Currently 66A: No

Filed No Basis: No Currently No Basis: No

Current Owner(s) Information

Owner Name:

Owner Address:

Legal Entity Type:

CardioDX, Inc.

2500 Faber Place
Palo Alto, CALIFORNIA 94303
UNITED STATES

CORPORATION State or Country Where DELAWARE

Organized:

Attorney/Correspondence Information

Attorney of Record

Attorney Name:

1of2

Lisa Greenwald-Swire Docket Number: 24231-000300

http://tsdr.uspto.gov/#caseNumber=85889778&caseType=SERIAL NO...

No

No

No

No

4/16/2014 3:11 PM



Trademark Status & Document Retrieval

2 of 2

Attorney Primary Email tmdoctc@fr.com Attorney Email Authorized: Yes
Address:

Correspondent

Correspondent Name/Address: LISA GREENWALD-SWIRE
FISH & RICHARDSON P.C.
PO BOX 1022
MINNEAPOLIS, MINNESOTA 55440-1022
UNITED STATES

Phone: 650-839-5070 Fax: 877-769-7945
Correspondent e-mail: tmdoctc@fr.com Correspondent e-mail Yes
Authorized:

Domestic Representative - Not Found

Prosecution History

Date Description Proceeding Number
Apr. 08, 2014 OFFICIAL GAZETTE PUBLICATION CONFIRMATION E-MAILED

Apr. 08, 2014 PUBLISHED FOR OPPOSITION

Mar. 19, 2014 NOTIFICATION OF NOTICE OF PUBLICATION E-MAILED

Mar. 01, 2014 LAW OFFICE PUBLICATION REVIEW COMPLETED 68171
Mar. 01, 2014 ASSIGNED TO LIE 68171
Feb. 10, 2014 APPROVED FOR PUB - PRINCIPAL REGISTER

Jan. 18, 2014 TEAS/EMAIL CORRESPONDENCE ENTERED 88889
Jan. 17,2014 CORRESPONDENCE RECEIVED IN LAW OFFICE 88889
Jan. 17,2014 TEAS RESPONSE TO OFFICE ACTION RECEIVED

Jul. 19, 2013 NOTIFICATION OF NON-FINAL ACTION E-MAILED 6325
Jul. 19, 2013 NON-FINAL ACTION E-MAILED 6325
Jul. 19, 2013 NON-FINAL ACTION WRITTEN 77782
Jul. 09, 2013 ASSIGNED TO EXAMINER 77782
Apr. 04,2013 NEW APPLICATION OFFICE SUPPLIED DATA ENTERED IN TRAM

Apr. 01,2013 NEW APPLICATION ENTERED IN TRAM

TM Staff and Location Information

TM Staff Information
TM Attorney: YONTEF, DAVID ERIC Law Office Assigned: LAW OFFICE 118

File Location

Current Location: PUBLICATION AND ISSUE SECTION Date in Location: Mar. 01, 2014

Assignment Abstract Of Title Information - Click to Load

Proceedings - Click to Load

http://tsdr.uspto.gov/#caseNumber=85889778&caseType=SERIAL NO...

4/16/2014 3:11 PM
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CARDIO

CardioDx Announces Medicare Coverage for Corus CAD
Gene Expression Test for the Diagnosis of Obstructive Coronary Artery Disease

Coverage of Blood-Based Test Has Potential to Improve Quality of Care and
Lower Costs of Diagnosis of Obstructive Coronary Artery Disease Beyond Traditional Methods

PALO ALTO, Calif. — August 08, 2012 - CardioDx, Inc., a pioneer in the field of cardiovascular
genomic diagnostics, today announced that Palmetto GBA, a national contractor that administers
Medicare benefits, has established coverage for the company’s Corus® CAD gene expression test for
the evaluation of patients presenting with typical and atypical symptoms suggestive of coronary artery
disease. With this decision, the Corus CAD gene expression test is now a covered benefit for more
than 40 million Medicare enrollees in the U.S.

With a simple blood draw, Corus CAD can safely, accurately and conveniently help primary care
clinicians and cardiologists assess whether or not a stable non-diabetic patient’s symptoms are due to
obstructive coronary artery disease (CAD), enabling many patients to avoid unnecessary invasive
testing and exposure to imaging-related radiation risks or imaging agent intolerance. The test has been
clinically validated in multiple independent patient cohorts, including two prospective, multicenter U.S.
trials, PREDICT and COMPASS. Additionally, a retrospective, multicenter chart review study and the
prospective IMPACT trial at Vanderbilt University demonstrated that Corus CAD use yielded significant
and clinically relevant changes in patient management decisions in both primary care and cardiology
settings.

"While the Corus CAD test was recognized by TIME Magazine as a top 10 medical breakthrough in
2010, the year the PREDICT validation study was published, fulfilling Medicare reimbursement criteria
is now a major step forward," said Eric Topol, M.D., Principal Investigator of the PREDICT trial, Chief
Academic Officer at Scripps Health and Professor of Genomics at The Scripps Research Institute.
"Utilization of this gene expression test could lead to avoidance of a large number of unnecessary
cardiac catheterization procedures and scans involving radiation." Dr. Topol has no financial
relationship whatsoever with CardioDx.

Studies have shown that typical and atypical presentations of stable chest pain account for up to two
percent of outpatient office visits each year in the U.S., but as many as 62 percent of stable patients
who undergo elective invasive angiographic procedures are found to have no obstructive coronary
artery blockage, despite broad usage of prior noninvasive imaging. The authors of a 2010 New England
Journal of Medicine study of nearly 400,000 coronary angiography patients concluded that current
modalities used to identify patients for elective invasive angiography to diagnose obstructive coronary
artery disease have limitations, and that better methods are needed for patient risk stratification.

“Identifying those symptomatic patients without a coronary blockage who may be able to avoid imaging
or invasive testing is a significant problem for physicians, involving up to 10,000 patients daily in the
U.S.,” said David Levison, President and CEO of CardioDx. “By providing Medicare beneficiaries
access to Corus CAD, this coverage decision enables patients to avoid unnecessary procedures and
risks associated with cardiac imaging and elective invasive angiography, while helping payers address
an area of significant health care spend.”

LEN-120059 Rev.0



About Corus CAD

With a simple blood draw, Corus CAD can help primary care clinicians and cardiologists exclude
obstructive coronary artery disease as the cause of a stable non-diabetic patient's symptoms. It is the
first sex-specific test for obstructive coronary artery disease, accounting for critical biological
differences between men and women. The test is safe and does not expose patients to radiation risks
or imaging agent intolerance. Corus CAD is intended for use in stable patients presenting with typical
and atypical symptoms suggestive of obstructive coronary artery disease. Corus CAD is not intended
for use in patients who are diabetic, have been diagnosed with prior myocardial infarction (MI) or have
had a previous revascularization procedure, or are currently taking steroids, immunosuppressive
agents or chemotherapeutic agents.

The Corus CAD test measures the RNA levels of 23 genes. Because blood cell RNA levels are altered
when obstructive coronary artery disease is present, the Corus CAD score aids clinicians in assessing
whether an individual patient's symptoms may be due to obstructive coronary artery disease.

Corus CAD is commercially available through an innovative patient sample kit that includes everything
needed for blood collection and express delivery to the company’s CLIA-certified Palo Alto, Calif.
laboratory. Test results are delivered promptly to the clinician’s office. Corus CAD is currently available
in the United States.

Corus CAD has been recognized by The Wall Street Journal’'s Technology Innovation Awards, honored
as a Gold Edison Award recipient, and named one of TIME’s Top Ten Medical Breakthroughs.

For more information please visit http://www.cardiodx.com/media-Kkit/.

About CardioDx

CardioDx, Inc., a pioneer in the field of cardiovascular genomic diagnostics, is committed to developing
clinically validated tests that empower clinicians to better tailor care to each individual patient.
Strategically focused on coronary artery disease, cardiac arrhythmia and heart failure, CardioDx is
poised to expand patient access and improve healthcare quality and efficiency through the
commercialization of genomic technologies. For more information, please visit www.cardiodx.com.

HH#H

Media Contact:; Nicole Osmer
650.454.0504
nicole@nicoleosmer.com
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CARDIO
CardioDx Receives College of American Pathologists (CAP) Accreditation

- CAP Accreditation is Awarded to Clinical Laboratories Meeting the Highest Standards of Excellence in
Quality Laboratory Practices -

PALO ALTO, Calif. — May 9, 2013 — CardioDx, Inc., a pioneer in the field of cardiovascular genomic
diagnostics, today announced its onsite clinical laboratory has received accreditation from the College of
American Pathologists (CAP), which is awarded to facilities that meet the highest standards of excellence
in quality laboratory practices. This recognition adds to the certification of the clinical laboratory
previously received from the Centers for Medicare and Medicaid Services’ (CMS) Clinical Laboratory
Improvements Amendment (CLIA) and to the licensure issued by the New York State Department of
Health. CardioDx offers Corus® CAD, the only clinically validated gene expression blood test for
evaluating patients with signs and symptoms suggestive of obstructive coronary artery disease (CAD),
nationally through its accredited laboratory in Palo Alto, CA.

The CAP Laboratory Accreditation Program is an internationally recognized program and the only one of
its kind to utilize teams of practicing laboratory professionals as inspectors. During the accreditation
process, inspectors examine the clinical laboratory’s records and quality control procedures, as well as
the laboratory’s equipment, facilities, safety program and overall laboratory management to ensure it
meets CAP’s stringent requirements. The goal of the CAP program is to improve patient safety by
advancing the quality of pathology and laboratory services through education and rigorous standards,
which meet or exceed regulatory requirements. CMS has granted the CAP Laboratory Accreditation
Program deeming authority. The program is also recognized by the Joint Commission, and can be used
to meet many state certification requirements.

“CardioDx is proud to join an outstanding group of more than 7,300 laboratories worldwide that have
received CAP accreditation,” said David Levison, President and CEO of CardioDx. “This important
milestone reflects our commitment to providing the highest quality standards for our clinicians and their
patients.”

About Obstructive Coronary Artery Disease

Coronary artery disease is a very common heart condition in the United States. One in five deaths among
Americans is caused by CAD." CAD can cause a narrowing or blockage of the coronary arteries (vessels
to the heart that supply the heart with blood, oxygen, and nutrients), reducing blood flow to the heart
muscle. This narrowing or blockage in the coronary arteries is often referred to as obstructive CAD,
characterized by the presence of atherosclerosis or plaque.

About Corus CAD

With a simple blood draw, Corus CAD can safely, accurately and conveniently help primary care
clinicians and cardiologists assess whether or not a stable non-diabetic patient’'s symptoms are due to
obstructive coronary artery disease, enabling many patients to avoid unnecessary invasive procedures
and exposure to imaging-related radiation risks or imaging agent intolerance. The test has been clinically
validated in multiple independent patient cohorts, including two prospective, multicenter U.S. studies,


http://cardiodx.com/corus-cad/corus-cad-video
http://cardiodx.com/corus-cad/corus-cad-video
http://cardiodx.com/corus-cad/product-overview
http://cardiodx.com/clinician-resources/genomic-medicine-overview
http://cardiodx.com/for-patients/coronary-artery-disease

PREDICT and COMPASS. Additionally, a retrospective, multicenter chart review study and the
prospective IMPACT trial at Vanderbilt University demonstrated that Corus CAD use yields statistically
significant and clinically relevant changes in patient management decisions in both primary care and
cardiology settings. The test has been used commercially by clinicians in more than 38,000 patients and
is a covered benefit for more than 40 million Medicare enrollees in the U.S. Corus CAD is the only test
for CAD that is sex specific and accounts for key biological differences between men and women.

Corus CAD has also been recognized by The Wall Street Journal's Technology Innovation Awards,
honored as a Gold Edison Award recipient, and named one of TIME’s Top Ten Medical Breakthroughs.
CardioDx was recently honored as one of FierceMedicalDevices “Fierce 15” most promising privately
held medical device and diagnostic companies.

The Corus CAD test is intended for use in non-diabetic stable patients who present with typical or atypical
symptoms suggestive of CAD, with no known history of CAD, no prior myocardial infarction (MI) or
revascularization procedure, and who are not currently taking steroids, immunosuppressive agents or
chemotherapeutic agents.

About CardioDx

CardioDx, Inc., a pioneer in the field of cardiovascular genomic diagnostics, is committed to developing
clinically validated tests that empower clinicians to better tailor care to each individual patient.
Strategically focused on coronary artery disease, cardiac arrhythmia and heart failure, CardioDx is poised
to expand patient access and improve healthcare quality and efficiency through the commercialization of
genomic technologies. For more information, please visit www.cardiodx.com.

Forward-Looking Statements

This press release may contain forward-looking statements, including statements regarding the business
strategy of CardioDx, the safety and efficacy, adoption rate and size of the market for Corus CAD, and
beliefs regarding the need for and value of gene expression diagnostics. These statements relate to
future events and involve known and unknown risks, uncertainties and other factors that could cause
actual levels of activity, performance or achievement to differ materially from those expressed or implied
by these forward-looking statements. These statements reflect the views of CardioDx as of the date of
this press release with respect to future events and, except as required by law, it undertakes no obligation
to update or revise publicly any forward-looking statements, whether as a result of new information, future
events or otherwise after the date of this press release.

About the College of American Pathologists

As the leading organization for board-certified pathologists, the College of American Pathologists (CAP)
serves patients, pathologists, and the public by fostering and advocating excellence in the practice of
pathology and laboratory medicine worldwide. With more than 18,000 physician members, the CAP has
led as the gold standard in laboratory accreditation for 50 years with more than 7,300 CAP-accredited
laboratories in 50 countries. Find more information about the CAP at www.cap.org.

HiHt



For media inquiries in the U.S., please contact Wenli Chiu of Lazar Partners, +1-646-871-8492,
wchiu@lazarpartners.com.

' Lloyd-Jones D, Adams R, Carnethon M, et al. Heart Disease and Stroke Statistics--2009 Update: A Report From the American
Heart Association Statistics Committee and Stroke Statistics Subcommittee. Circulation. 2009;119:480-486.
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*¢* Enhancing patient care
through actionable, objective
cardiovascular genomic testing
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Corus™ CAD Intended Use

The Corus CAD test is a quantitative in vitro diagnostic test performed in a single laboratory, using the
gene expression profile of cells found in peripheral blood specimens to be used as an aid to identify
patients who are likely to have coronary artery stenosis of at least 50%. The test should be performed on
patients with a history of chest pain, with suspected anginal equivalent to chest pain, ar with a high risk
of coronary artery disease, but with no known prior myocardial infarction or revascularization procedures.
The test is not intended for patients with acute myocardial infarction, high risk unstable angina, systemic
infectious or systemic inflammatory conditions, diabetes, andlor who are currently taking steroids,
immunosuppressive agents, or chemotherapeutic agents.

The test is performed on a blood specimen obtained from the patient. The test incorporates the
expression levels of multiple genes using an algorithm with weighted functions to generate a guantitative
score. The results of the test should be used by clinicians in conjunction with other tests and clinical
information in their assessment of a patient's coronary artery disease.

The Corus CAD test is for prescription use only. The test is not intended to be used to screen for stenosis
among patients who are asymptomatic and not considered at high risk for coronary artery disease, to
predict or detect response to therapy, or to help select the optimal therapy for patients.

CardioDx®

2500 Faber Place
Palo Alto, CA 94303
www.cardiodx.com

Customer Service
service@cardiodx.com
P B66.941.4996

Reimbursement Operations
reimbursement@cardiodx.com

P 866.941.4995 CA R D | 0 D x

LEMN-090001 Rev.00 | Effective Date 08-Jun-2009

©2008 CardioDx, Inc. All rights reserved. CardioDx, the CardioDx logo, Corus and the Corus logo are
trademarks of CardioDx, Inc. All other trademarks or registered trademarks are the property of their
respective owners in the United States and other countries.




Now, there’s a blood test that
can help you confidently exclude
obstructive CAD, right in your office.

.

Corus® CAD is the only clinically
validated gene expression test
for coronary artery disease.

! L]
. °:
L) -
L)
0... .‘

CARDIODX
To learn more, visit www.cardiodx.com or call 866.941.4996

©2013 CardioDx, Inc., CardioDx®, the CardioDx logo, Corus® and the Corus logo
are registered trademarks of CardioDx, Inc., in the U.S. and other countries.
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Gene Expression Test By CardioDx

Corus™ CAD Clinician Summit:

Integrating genomic testing into real-world
patient management

Please join your colleagues

for an evening of discussion about Corus CAD
and its role in clinical practice.

when Monday November 16, 2009
6:00 — 8:00pm

"** where  Maggiano's Bella Boardroom
9101 International Dr # 2400
Orlando, FL 32819-8120

Janna Osborne
josborne@cardiodx.com
650.475.2725

Dinner and cocktails will be served.



expression insight

Corus™ CAD is the first and only clinically validated gene
expression test that objectively quantifies the likelihood of
obstructive coronary artery disease (CAD] in a stable chest
pain patient.

CardioDx® develops clinically validated genomic tests to aid in
assessing and tailoring care of individuals with cardiovascular
disease, including CAD, cardiac arrhythmias, and heart failure.
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CORUS &°

Gene Expression Test By CardioDx

Corus® CAD is a convenient blood test to
help your healthcare provider assess if
you may have a blockage in your heart.

Now available in this office e Ask your healthcare provider if Corus CAD may be right for you

Your healthcare provider may not need o

to go deeper than your blood to know | what’s happening.




CARDIODX

Is a proud supporter of the 2012 Go Red For Women Movement

.
gt o |
e

Your healthcare provider may not need to go deeper than your
blood to know what’s happening.

To learn more about cardiovascular genomic diagnostics for
coronary artery disease, visit www.cardiodx.com or call us at
1.866.941.4996



Emerging Clinical Trial Data for
Corus® CAD in the Primary Care Setting

Mark Monane will review
D-clinical data including:
« COMPASS Study

« PREDICT Study
Focus on Women

« Retrospective Chart Review
Focus on Patients Aged 65
and Older

(N NN NN NEI N NEIN NN NN NN N FWNEN NN NI NN N NN N FWWE NN RN NN W]

Three times are available on Tuesday, April 30th:
* 12:00 pm to 1:00 pm ET
* 12:30 pm to 1:30 pm CT
» 12:30 pm to 1:30 pm PT

To access the webinar, please use the following dial-in information and link:

Dial 1-877-668-4490 Access code: 576 706 817
Navigate to https://www.webex.com/login/attend-a-meeting, enter meeting ID# 576 706 817

It is recommended that you use Internet Explorer as your web browser for the webinar. If you are having technical
issues, please contact Jonathan Anonuevo at janonuevo@cardiodx.com or phone 650-475-2781.

RSVP to your CardioDx Territory Manager

.
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CARDIODX




CardioDx®

CardioDx, Inc., a pioneer in the field of cardiovascular genomic diagnostics, is committed

to developing clinically validated tests that empower clinicians to better tailor care to each
individual patient. Strategically focused on coronary artery disease, cardiac arrhythmia and
heart failure, CardioDx 1s poised to expand patient access and improve healthcare quality
and efficiency through the commercialization of genomic technologies

R R e

Corus® CAD Intended Use

The Corus CAD test is a quantitative in vitro diagnostic test performed in a single laboratory,
using the gene expression profile of cells faund in peripheral blood specimens to be used
asan aid to identify patients who are likely to have coronary artery stenosis ofat least 50%.
The test should be performed on patients with a history of chest pain, with suspected anginal
equivalent to chest pain, orwith a high risk of coronary artery disease, but with no known
prior myocardial infarction or revascularization procedures. The test is not intended for
patients with acute myocardial infarction, high risk unstable angina, systemic infectious

or systemic inflammatory conditions, diabetes, and/or whe are currently taking steroids,

immunosuppressive agents, or chemotherapeutic agents

The test is performed on a blood specimen obtained from the patient. The test incorporates
the expression levels of multiple genes using an algorithm with weighted functions to
generate a guantitative score. The results of the test should be used by clinicians in
conjunction with other tests and clinical information in their assessment of a patient’s
coronary artery disease

The Carus CAD test is for prescription use only. The test is not intended to be used to
screen for stenosis among patients who are asymptomatic and not.considered at high risk
for coronary artery disease, to predict or detect response to therapy or to help select the
optimal therapy for patients

CardioDx Customer Service
2500 Faber Place service@cardiodx.com
Palo Alto, CA 94303 P B66.941.4996

P 866.941.4996

www.cardiodx.com

LEN-130013 Rev. 0 | ©2013 CardioDx, Inc,, CardioDx®, the CardioDx loge, Corus® and the Corus logoare registered
trademarks of CardioDx, Inc., in the U.5. and other countries

CARDIODX
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Now, there’s a blood test that
can help you confidently exclude
obstructive CAD, right in your office.

X

Corus® CAD is the only clinically
validated gene expression test
for coronary artery disease.

Please contact these local
Louisiana representatives.

Dee Richard

Baton Rouge, LA

(225) 394-5353
ddrichard@cardiodx.com

Christy Jones
Shreveport, LA
(318) 617-6442 Milo Barrios

cjones@cardiodx.com N Do ST LI

Colleen Ottinger (504) 430-9277

Lafayette, LA mbarrios@cardiodx.com
(3371 276 B0 Vanessa Sardi
cottinger@cardiodx.com N O aar ar. A

Mark McMorris (504) 494-4905

NorthShore, LA vsardi@cardiodx.com

(225) 938-5816
mmcmorris@cardiodx.com j

LS

. e .

.C... ..
2 ®

To learn more, visit www.cardiodx.com CARDIODX

©2013 CardioDx, Inc., CardioDx®, the CardioDx logo, Corus® and the
Corus logo are registered trademarks of CardioDx, Inc., in the U.S.
and other countries.
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CardioDx to Use $60M Funding Round to Make Clinical

Utility Case for Corus CAD

CARDIODX HAS RAISED $60 MILLION in equity financ-
ing that it will invest in expanding reimbursement for its
Corus CAD genetic test for coronary artery disease.

Corus CAD is a gene expression test that cardiologists
can use in addition to other medical information to assess
whether non-diabetic patients' medical symptoms are due
to obstructive CAD.

CardioDx runs the test, which gauges the expression
of mRNA by 23 genes via real-time PCR, at its CLIA-
certified laboratory in Palo Alto, Calif. The expression of
each gene is measured and interpreted through the compa-
ny’s Corus CAD software, and the patient's genetic test
results are sent in a report to the doctor.

A spokesperson for CardioDx told PGx Reporter that
the company will use the funding to complete additional
studies that demonstrate the clinical utility of Corus CAD,
continue to educate primary care physicians and cardiolo-
gists as to how the test can be used in the care of their
patients, and reach out to payors to help them understand

the circumstances under which they should pay for the test.

Specifically, CardioDx may use the money to "collabo-
rate on registry-type studies with the payors," the
spokesperson said.
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www.genomeweb.com
The GenomeWeb Intelligence Network

© 2011 GenomeWeh, LLC. All rights reserved. Copying, photacapying or duplucanng this puhlu:aunn in anly form
other than as permitted by agreement with GenomeWeb, LLC is prohibited and may «

Infringement subject to lability up to $100,000 per In!'rlngement_ For photocopy permission, back issues, bulk
distribwtion or site licenses, please contact +1.212.269-4747 or salesgenomewsh,com

Obstructive CAD, at the minimum, can cause chest
pain, but it can also lead to a heart attack or death. In its
discussions with payors, CardioDx likely asserts that tools
such as Corus CAD could save healthcare dollars by diag-
nosing such a condition early and therefore avoiding more
serious complications.

In addition, published studies indicate that current
methods for identifying which patients should undergo
elective invasive coronary angiography to diagnose coro-
nary artery disease do not always accurately assess a
patient’s risk for the condition. The gold standard for
diagnosing obstructive CAD is catheter-based coronary
angiography, which is performed with other methods that
expose patients to radiation and contrast agents. CardioDx
and the developers of Corus CAD believe that the genetic
test offers advantages over other CAD diagnostics because
it only requires patients to give a blood sample.

“With a simple blood draw, CardioDx’s Corus CAD
test provides actionable information regarding the diagno-
sis of cardiovascular disease that helps physicians make
better decisions, helps patients avoid unnecessary proce-
dures and radiation exposure, and helps payors address a
major expense category,” said Patrick Enright, managing
director of Longitude Capital and CardioDx board mem-
ber, in a statement.

CardioDx CEO David Levison estimated that doctors
have so far used Corus CAD to gauge obstructive CAD in
more than 13,000 patients. The company estimates that
approximately 120 health plans have reimbursed the Corus
CAD test to date.

“We are working with those plans to help them better
understand how Corus CAD can improve patient care and
reduce unnecessary medical procedures,” the CardioDx
spokesperson said. “It is our goal to gain reimbursement

continued on next page
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coverage of Corus CAD for a large majority of the insured
population in the US."

On its website, CardioDx offers to file all insurance
claims and appeals on the patients' behalf to help make
the economic and clinical utility case to payors. Addition-
ally, the company has a financial assistance program for
those who are deemed eligible for aid.

In April, CardioDx presented data at the American
College of Cardiology annual meeting demonstrating
that Corus CAD could help physicians diagnose obstruc-
tive coronary stenosis while adding independent infor-
mation to coronary calcium scoring in patients undergo-
ing CT angiography. In this study, the company reported
a more than 95 percent negative predictive value for
Corus CAD.

This study presented at ACC analyzed data from the
multi-center, prospective Personalized Risk Evaluation and
Diagnosis In the Coronary Tree, or PREDICT trial, which
was originally published in October 2010 in the Annals of
Internal Medicine. In PREDICT researchers led by CardioDx
Chief Scientific Officer Steven Rosenberg investigated
whether Corus CAD can help doctors more accurately
assess obstructive CAD as measured by quantitative
coronary angiography. The ACC study expanded on these
initial findings to show that the test can gauge obstructive
CAD as measured by coronary CT angiography.

Corus CAD yields a score between 0 and 40. The
higher scores correspond to a higher likelihood of
obstructive CAD and a higher maximum percentage of
stenosis in the patient tested.

In PREDICT researchers found that the gene expres-
sion algorithm score used to diagnose obstructive CAD

REPRINTED FROM
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improved patient reclassification as to whether or not they
have the condition by 20 percent relative to Diamond-For-
rester score and 16 percent relative to an expanded clinical
model. Corus CAD provided a reclassification improve-
ment of 21 percent over myocardial perfusion imaging,
which according to the study authors is the most preva-
lent noninvasive test. The authors noted, however, that
these results may have been exaggerated since the patient
cohort included those referred for angiography.

“Qur test provides a statistically significant but mod-
est improvement in classification of patient CAD status
compared with clinical factors or noninvasive imaging,”
Rosenberg et al. concluded. “Further studies are needed to
define the performance characteristics and clinical utility
in populations with a lower pretest probability.”

In addition o using its newly raised funds to support
reimbursement efforts for Corus CAD, CardioDx will also
funnel some of the money toward developing other
genomic diagnostics for cardiovascular conditions, the
spokesperson said.

Founded in 2004, CardioDx specializes in developing
genomic tests for coronary artery disease, cardiac arrhyth-
mias, and heart failure. The company is currently running
a prospective clinical trial, called Diagnostic Investigation
of Sudden Cardiac Event Risk, or DISCERN, in which
researchers are studying genomic factors involved in
ventricular arrhythmia and sudden cardiac death.

Participating in the latest funding round were Longi-
tude Capital, [P Morgan, Acadia Woods Partners, Artiman
Ventures, and RU-COM's venture arm Bright Capital, as
well as previous investors. The company has raised more
than $100 million in financing to date.

@2011 GenomeWeb, LLC. All rights reserved. Unauthorized photacopying or facsimile distributian of this copyriahted newsletter s orahibited by
Federal law. Such copynaht nifingement 5 subject 10 investigation by the FBIL Penalties nclude up o one year n prison and/or @ $25,000 fine.
For permission and infermation, call 212-269-4747, email sales@genomewab.com, or go t www.genomeweh.com
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CardioDx Launches Gene Test For Obstructive Coronary Disease

CardioDx is gradually rolling oul its Corus CAD gene expression test, which quantifies the likelihood of
obstructive coronary artery disease in patients with stable chest pain and no previous history of cardiac disease.

The roll-out began soon after completion of the Personalized Risk Evaluation and Diagnosis in the Coronary
Tree (PREDICT) trial of Corus CAD. The study collected over 2,800 patient samples from 40 sites in the 1.S.
The company expects to release results of the study by the end of this year and to publish the data in 2010.

“It identifies individuals and provides the physician with the likelihood that they have obstructive disease and
really focuses on clinically meaningful information,” CardioDx CEO David Levison told “The Gray Sheet.”

Despite all of the advances in cardiac imaging and functional testing, the clinical need for an assay that tests
stable chest-pain patients for coronary disease is “enormous,” Levison says. “The noninvasive assessment
of coronary disease continues to be challenging, and there is great diversity in how physicians are treating
these patients,” he said.

In the PREDICT study, all of the patients had already been referred by a physician to an interventionalist
for a coronary procedure such as stenting, but the subsequent angiograms showed that only 36% of the
patients had obstructive coronary disease.

A major advantage of Corus CAD is that it yields a single objective score corresponding to the percentage
chance that the patient has coronary artery disease. The score is derived from expression levels of 23 genes
and other characteristics related to inflammation of the coronary arteries.

The test is sold as a kit to physicians’ offices. The kit includes all of the equipment needed to draw and
store the blood sample, as well as a special cold shipping package to send the sample to CardioDx’s
processing lab in Palo Alto, Calif. The total turnaround time from the time the blood sample is taken until
the results are given to the doctor is two days.

So far, the test is available in Kentucky, Maryland, Illinois, Washington, Wisconsin, Minnesota, North
Carolina, Texas and Arizona, and the firm expects to add more states in 2010.

“The reason to not roll out in all 50 states initially is that we really wanted to make sure we understood how
this test was going to be integrated into clinical practice,” Levison said.

“We're still just learning about what information physicians want, how to integrate this into their practice.
It will take a little bit longer before we feel comfortable that we really understand how physicians want to
use this product, and at that point we will look at expanding into more geography.”

CardioDx Credo: Help Doctors Make Decisions

“One of the tenets of our organization is that we only want to be working on diagnostics where the
physician can make a specific decision after getting the results of our test,” Levison said. “We spent a lot of
time upfront early in the process, as physicians, to write the product specifications before we spent a lot of
money on R&D.”

Reprinted with permission from “The Gray Sheet.” Unauthorized photocopying prohibited.
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The test is primarily intended for outpatient cardiologist clinics and primary care physician offices that need
to be able to identify which patients do not have coronary artery disease. “We interviewed 1,100 physicians
in the course of the last three and a halfl years, talking to them specifically about what their needs were in
the clinical evaluation of coronary artery disease, and it was very clear from the physicians that they want a
‘rule out’ test.”

“They want a test with high sensitivity and high negative-predictive value so that they can rest assured that
those patients have a low likelihood of disease and they can focus on the patients with a higher risk,
because they can’t aggressively treat all the patients they see with stable chest pain.”

Many Corus CAD buyers are small cardiology practices that do not have access to some of the imaging
technology and this test helps determine if the patient should be referred for further evaluation, he said.
Also, large cardiology practices are using the test for patients who are poor candidates for contrast imaging
because of renal impairment or other contraindications.

— Reed Miller (re.miller @elsevier.com)

© 2010 F-D-C Reports, Inc.; An Elsevier Company, All Rights Reserved.
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per copy of each page is paid directly to Copyright Clearance Center, 222 Rosewood Dr., Danvers, MA 01923, (978) 750-
8400. The Transaction Reporting Service fee code is: 1530-1214/10 $0.00 + $25.00. Violation of copyright will result in
legal action, including civil and/or criminal penalties, and suspension of service. For more information, contact
custeare(@elsevier.com. '
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CarbpioDx:
BRINGING MOLECULAR DIAGNOSTICS
INTO THE CARDIOVASCULAR ARENA

One of several molecular diagnostics companies founded by a well-known trio
of West Coast VCs, CardioDx is fast finding itself in the spotlight.

¥ Buoyed by the success of
Genomic Health, venture
capital firms Kleiner Per-
kins, Mohr Davidow, and
TPG have expanded their
portfolio of molecular
diagnostics companies,
with many following simi-
lar themes.

3 One company, CardioDx,
has developed Corus CAD,
a test cardiologists can use
to distinguish between
patients who should move
on to imaging and the
cath lab, and those they
are comfortable managing
without moving them on
the diagnostic pathway.

H That's a challenging prop-
osition, but initial clinician
feedback for the product,
which launched last year,
appears good, especially
among primary care phy-
sicians — somewhat to the
surprise of the company.

E A confluence of issues
around the use of diag-
nostic imaging could serve
CardioDx well as it drives
adoption of Corus CAD.

ing, three West Coast venture capital

firms — Kleiner Perkins Caufield &
Byers (KPCB), Mohr Davidow Ventures
(MDV), and TPG — had already established
themselves as pioneer investors in mo-
lecular diagnostics. KPCB and TPG had
invested early in Genomic Health Inc.,
whose Oncotype Dx gene expression test
has become the exemplar of a rationally
based diagnostic test that can command
a premium price. And the VCs were now
turning their attention to other therapy
areas around which to start new diagnos-
tics companies.

“It looked like oncology was going to
work,” recalls Fred Cohen, MD, of TPG,
“Brook and Michael [Brook Byers of KPCB
and Michael Goldberg, now of MDV] and
| were on the board of Genomic Health at
that time and we said ‘Ok, we don’t want
to start companies that would compete
with Genomic Health because that’s bad
for business. [An earlier version of this article
incorrectly stated that MDV was also an early
investor in Genomic Health. Michael Gold-
berg had been on the board of Genomic
Health since 2001 but did not join MDV
until 2005.] So what other markets should
we go after?”” They ended up focusing on
several, among them Tethys Bioscience Inc.
in diabetes, XDx Inc. in transplant rejection,
and later, CardioDx Inc. in cardiovascular
disease. (See Exhibit 1.)

| n the early part of the decade now end-
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The VCs had also formulated two rules
of the road along the way for these new
investments, based partly on their experi-
ence with Genomic Health. “We always
start with the pharmacoeconomics,”
says Cohen: focusing on a decision that's
expensive and poorly made. Otherwise,
he says, “it’s not a good place to work.
Because ultimately, we believed then and
we believe more firmly now, you have to
bend the cost curve.” Every one of their
companies is designed to help doctors
make better decisions, he says, adding
that obviously, the more expensive the
decision, and the mare it locks like the
flip of a coin, the better a setting it is for
a new diagnostic modality.

The next rule is to determine whether
it’s feasible to construct a clinical trial that
could change practice if it yielded the
right result. XDx's AlloMap blood test, for
example, assesses a patient’s current risk
of heart transplant rejection starting at 58
days, eliminating the need for a biopsy in
cases where rejection can be ruled out. In
a clinical trial, “| pretty quickly find out-in
days — whether my blood test matches up
to the biopsy,” says Cohen. By contrast,
he explains, a screening test for early-stage
lung cancer, where the incidence is one in
10,000 per year in some populations, could
require studying 100,000 people, drawing
yearly blood samples from them, following
them for seven years before knowing if it
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worked. And then, at the end of seven
years, to show that the test can direct
therapy, to prove it changes outcomes
would require another 12-year trial.

CARDIODX EMERGES

David Levison, a 20-year veteran in
the health care industry (among other
things, he'd sold Oncology Therapeutics
Network to Bristol-Myers Squibb Co. and
a handheld instrument company, iScribe,
to PCS), was a partner at TPG in the early
2000s, and for a time served as interim
CEO of XDx, After that
stint, Levison went back
to TPG, in 2004, where
he joined Cohen and
KPCB's Brook Byers to

Exhibit 1

Of course, they also realized that tap-
ping inta even a small portion of the
cardiology market could sustain a com-
pany — an approach Tethys was already
adopting with its development of a test
to measure the five-year risk of diabetes.

“We don't have the appetite or the re-
sources to altack all 220,000 primary care
physicians or the 60 million individuals at
risk for diabetes,” says Tethys’ president
Michael Richey. “There is a substantially
large market, even at 5% market penetra-
tion in five years, that justifies the kind of
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he says. “And if you get any one of those,
you are likely to get one, if not the other
two. So they are more interrelated than
breast cancer is to, say, colon cancer.”

That would give the company the op-
portunity to do product development on
a very different time scale than many of its
brethren. "It has taken as long as five years
between the first and second products for
other genomic diagnostics companies,”
Levison points out. “Our goal is to release
a new or updated product every 18-24
months.”

Following the Genomic Health Model: Selected Subsequent Investments
by Kleiner Perkins, Mohr Davidow, and TPG

look around for other
therapeutic areas where

THERAPEUTIC AREA
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from orthopedics to
infertility. They kept
coming back to cardi-
ology, however. "Every time we looked
either at the market size, the number of
patients, or the challenges on the clinical
side,” Levison says, cardiology “just kept
hitting us on the side of the head. We
saw 30 years of incredible advances both
on the drug and the device side. But we
saw no corresponding development on
the diagnostic side. We had a lot of new
therapies, all very expensive, but no better
tools for targeting them.”

Source: Elsevier’s Strategic Transactions; company sources

investments we were making. So while we
did not see ourselves as Pfizer or Merck,
knocking on every physician’s door, we
had convinced ourselves that there is a seg-
ment of the market characterized by early
adopters that would buy the message.”
Levison also liked the idea that in cardi-
ology, the disease states were interrelated.
“If you have a problem with your heart
you could have a plumbing problem, an
electrical problem, or a pump problem,”

Backed by TPG and KPCB and with Levi-
son as CEQ, CardioDx became operational
in February 2005. To date, it has raised
less than 350 million through its series
C round, including an extension of that
round in May 2009. (It hopes to close a
series D round in the next few manths.)

The founders had outlined three diag-
nostic programs to take forward: in heart
failure; arrhythmia; and coronary disease.
For the first year-and-a-half, CardioDx
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identified cohorts of patients it could analyze retrospectively,
collected samples (from trials run in Germany and at Duke
University, and from the provider Intermountain Health Care
Inc.), and generated and analyzed genetic and gene expression
data in the lab, focused on these three product concepts.

As this early work progressed, a rule-out test for obstructive
coronary artery disease (CAD) rose to the surface as the lead
program. “We surveyed a thousand physi-
cians before we launched our first product, A
to make sure we were working on things that
were critical to physicians’ decision-making,”
says Levison, who was now joined in the effort
by Risa Stack, PhD, a partner at KPCB who
remains on CardioDx’s board. By early 2007,
the company had prioritized the coronary
disease program as the first to market and the
arrhythmia program as the second.

In the meantime, Levison had hired Steven |
Rosenberg, PhD, who'd led XDx's AlloMap H
development, to be chief scientific officer, and | disease.
brought Deborah Kilpatrick in from the Abbott '~
Vascular Devices division of Abbott Laborato-
ries Inc. (formerly Guidant) to head market development. “It's
a fantastic team,” says Louis Lange, MD, founder and former
president and CEO of CV Therapeutics Inc. untll its acquisition
by Gilead Sciences Inc. last year. [n October 2009, Lange, who
recently joined the VC firm Asset Management, was named Chair-
man of CardioDx. And while that kind of glowing appraisal of
management is to be expected from an incoming chairman of
the board, others outside the company are equally generous.

FOCUS ON INFLAMMATION

When the CardioDx team started asking about the biggest
challenges in diagnosing and treating coronary disease, physi-
cians frequently lamented the lack of a test for future risk of heart
attack,

Over the past decade, vulnerable or unstable plague has been
associated with heart attacks and bad outcomes. "They said, give
me a test to show which patients are going to have an Ml and
which ones will not,” Levison recalls. But he would then ask them:
“If that diagnostic were available today, what would you do with
that information? How would you treat this patient differently?”
The dialog suggested that what physicians really needed was a way
to prioritize those patients with angina symptoms who needed to
be treated aggressively, in whatever manner.

When a patient with stable chest pain comes into the office,
the physician needs to quickly and efficiently rule out non-cardiac
causes of chest pain, such as indigestion or muscle spasm, in or-
der to choose the most appropriate management strategy (e.qg.
noninvasive imaging or catheterization). To do so, and classify a
patientas having a low or a high probability of having cbstructive
CAD, they look at family history, lifestyle, and other factors. But
there is no real biochemical testing for this, except looking at levels
of c-reactive protein (CRP). “The physicians were really telling
us they needed a rule-out test to determine which patients with
stable chest pain have a low probability of obstructive coronary
artery disease, so they could focus their efforts appropriately,”
says Levison. “And since coronary artery disease is at some level
a function of inflammation, and that inflammation is related to
gene expression, it made sense to pursue a molecular test.”

Corus CAD is the
first gender-specific
noninvasive tool
for the assessment
of obstructive
coronary artery

Atherosclerosis has a lipid component and an inflammatory
compaonent. There are many ways to measure what's going on
with your lipids — HDL, LDL, triglyceride measurements, LPa, etc. -
but when it comes to inflammation there’s only levels of CRP, and
that's just a lone marker for a multi-factorial process. “You have a
lot of specificity around cholesterol and drugs to mediate changes
to various subtypes of cholesterol, but not for inflammation, save
for the fact that some drugs like Lipitor
have anti-inflammatory properties,” says
Fred Cohen. "So we reasoned that you
needed a better measure of the inflam-
matory piece.”

CardioDx also realized that, while it had
retrospective samples in hand, it could
also design a prospective clinical trial in
which clinicians could enroll a patient
and have the end point the same day —a
rapid product development and valida-
tion process. In June 2007, the company
launched two multi-center prospective
clinical trials, one in coronary disease (the
PREDICT trial) and another in arrhythmia
(the DISCERN trial).

PREDICT enrolled approximately 4,000 patients in 39 centers
across the US where the physician had decided that a patient had
a high enough risk of having obstructive CAD to send them to the
cath lab for angiography. The company obtained angiography re-
sults and sent them to a quantitative coronary angiography (QCA)
core lab at the Cardiovascular Research Foundation at Columbia
University. An obstructive coronary lesion was defined as a greater
than or equal to 50% diameter stenosis of a major epicardial vessel
by QCA (which is approximately 65-70% diameter stenosis by a
clinical read. In QCA, the image is put up on a computer screen,
a stylus outlines the vessel walls, and the computer actually does
the calculation of the percent blockage.)

The company used part of the data to continue to do gene
discovery. Ultimately, it validated an algorithm consisting of a
panel of 23 genes and other patient demographic characteristics,
which are largely known to be associated with atherosclerosis and
were proven in PREDICT to be indicative of obstructive CAD. The
CardioDx gene expression Corus CAD test measures the expres-
sion (MRNA levels) of those genes using qRT-PCR. It is the first
gender-specific noninvasive tool for the assessment of obstructive
CAD. The test accounts for gender in three distinct ways: some
genes are specific to gender; some are weighted differently by
gender; and age is weighted differently by gender.

The investigators presented the work at the American Heart
Association (AHA) meeting in November 2009 and the results are
now in review for publication,

Corus CAD provides a score ranging from 0-40. A score of 15,
for example, represents a 20% risk of having obstructive CAD.
Put another way, of all patients in the validation study from the
PREDICT trial with a score of 15 or less, only 20% had abstructive
CAD. That is the approximate threshold for a low-risk patient and
where physicians are comfortable managing that patient without
pushing them forward to the cath lab.

PHYSICIAN ACCEPTANCE - TBD

All the patients in the PREDICT trial had already been selected
to go to the cath lab for angiography. Thus, the study does not
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mimic the proportion of patients that physicians will see who
ultimately are found to have obstructive CAD. But it was the
only feasible trial because of the need for a gold standard QCA
end point. “We had this discussion with FDA,"” Levison says, “If
| were to take a group of patients who were asymptomatic and
low risk, na IRB [Investigational Review Board] in the country
would let me run angiography on them. |

was willing to introduce that bias to get the

gold standard of angiography and QCA.”

Many tests have aimed at the kind
of rule-out that Corus CAD does, says
Manesh Patel, MD, of the Duke Clini-
cal Research Institute, including blood
tests, electrocardiographic tests, non
invasive CT angiography, and calcium
scoring. And a blood test, be it genomic
or metabolomic, that at a high sensitivity
identified those that do have obstructive
disease and those who do not, “then obvi-
ously it would be of use,” he says.

That said, it remains to be seen whether |
physicians will be comfortable taking ac-
tion based on a set of gene expression
markers only validated, at least thus far, ina
single study. And while developers of such
first-level diagnostic tests understandably
try to get patients that are already in the
cath lab - because that is the gold standard for assessing obstruc-
tive CAD, as Levison points out — that kind of study does not
necessarily mirror the general population for the test. “It's not
a bad way to start, but what usually happens,” Patel observes,
“is the reported sensitivity and predictive values of tests are very
dependent on the prevalence of the disease in the population.”
For the patients in the cath lab, “although the number of actual
cases [of obstructive coranary disease] seems low to us, if you
then take it into primary care, or into routine clinical practice
where the actual rate of obstructive disease may be 5% or 10%,
the test won't work the same,” he says. “Calcium scores and
CT angiography have run into those issues,”

That skepticism doesn’t surprise Lou Lange, who faced
a similar issue when CV Therapeutics began developing its
stress agent, Lexiscan (regadenoson, an adesnosine receptor
antagonist), which is used for stress testing of patients who
can't exercise.

“When people started doing pharmacologic adjuncts to
stress thallium around 1990, very few cardiologists were inter-
ested,” he says. “Now, however, it's a $350 million market.”
And the data for Corus CAD are definitely encouraging, he
believes. “If you took the Corus CAD slide that has its sensitiv-
ity and specificity and rule-out information on it and dropped
the name and put up stress thallium, everybody would say of
course, that is very useful,” he says. “And since this doesn't use
radioactivity and is faster and cheaper, it could either replace
MPI [nuclear myocardial perfusion imaging] or be used to
refine the results of MPI. So the idea physicians would never
use it is truly misinformed.” Plus, the medical community has
been using troponin levels and myoglobin levels as rule-outs
for MI for 30 years.

Lange also sees a strong opportunity for Corus CAD to
penetrate the market of high-end internists and cardiologists
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“Primary care
physicians have
apparently been
eager to use the
test because it
empowers them
to make more
informed decisions
on their patients
before any referra

-David Levison, CEO

who don't stent. “The test is really going to be interesting
to people who don’t want to lose their patients to referrals and
interventionalists,” he says. It also complements the findings
of the long-term COURAGE study, which showed that stenting
did not improve outcomes over optimum medical therapy, he
points out. Corus CAD also dovetails nicely with the trend
toward reducing radiation exposure from
diagnostic imaging — a subject under active
scrutiny at FDA, which recently announced
it is considering imposing new safety
controls on medical imaging devices and
is holding a public meeting at the end of
March to collect suggestions about new
safety features and training for medical
radiation technology, and in Congress,
which in February held a hearing in which
experts urged the government to establish
guidelines controlling the amounts of ra-
diation patients receive.

Indeed, CardioDx launched Corus CAD
at a time when the utility and safety of car-
diovascular imaging is being questioned
on several fronts. (See “Another Call for
Better Risk Stratification in Cardiac Imag-
ing,” START-UP, March 2010.)

“We are using the cath lab for diagnos-
tic-only purposes more frequently than it
was really designed for,” says Levison. Even more important,
perhaps, is the reality that the tools to assess whether to direct
a patient to the cath lab — a stress echocardiogram ar, in most
cases, an MP| procedure — are often not good predictors of
obstructive CAD. Nor are they as precise in the community-
based setting — the target market for Corus CAD — as they are
in academic settings, which are a more controlled environment,
he says. “Only a little mare than a third of the patients who
had a positive MPI study [in PREDICT] also had obstructive
coronary artery disease,” says Levison, “So its clear that the
technologies we have in the physicians’ hands today don't
waork as well in the community setting, which is ane reason
we wanted to develop a very reproducible test not subject to
variability due to clinical setting.”

According to CardioDx's estimates, there are well over a
million MPI procedures in the US every year performed on
patients that meet the intended use of Corus CAD. “As you
move to the primary care setting, which typically evaluates
patients without the use of MPI, the number of eligible patients
gets very large,” says Levison. And to be commercially viable,
CardioDx only needs a small portion of that large market, It
ran approximately 900 tests in the first six months, and expects
to run over 5,000 in 2070. For most of 2009, the company
had little clinical evidence to share with physicians because
the majority of the data was submitted for presentation at
the AHA meeting in November 2009. Once that oral abstract
was accepted, there was an embargo on disclosing it prior
to the meeting. Among the data presented at AHA was the
fact that, if a patient had a positive MPI, buta low Corus CAD
score, those patients were correctly reclassified as not having
obstructive CAD 89% of the time.

The test is currently commercially available through direct
sales in eight states and the company expects to expand its
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efforts substantially during 2070 — largely driven by reimburse-
ment trends among payors known to cover such innovative
molecular diagnostics tests, The limited launch also presum-
ably creates buzz by focusing on key early adopters. “l would
rather have fewer customers using this on a reqular basis than
have more people try it and forget about it,” says Levison. “We
think the value of the test is if it's used consistently within a
practice and integrated well into their overall clinical strategy.
So we have focused on making that happen.” It's also easy to
use. Corus CAD is pre-stocked in the physician’s office, and all
the materials for it come in a shoebox-sized box. A 2ml sample
of blood is drawn into a special tube that stabilizes the RNA,
which is placed in a box with a FedEx label and shipped to
CardioDx’s lab in Palo Alto, CA, which runs the test and sends
results back. The whole process takes two to three days.

The test is priced at $1,195, but the company has a generous
financial assistance plan, and initially capped the out-of-pocket
patient cost at 575. CardioDx is taking on the financial risk
until reimbursement is established, and is handling all of the
billing and appeals processes, to minimize financial hurdles
for patients and physicians. There is also a practical financial
aspect to the strategy: An insurance company may take up
to six months to pay, so the company needs to carry the cost
of the test for that period. That's a big working capital cost
which is ebviously a function of sales volume. “If we were
running thousands of tests too quickly, our working capital
needs would get too large too fast. In a challenging financ-
ing environment, | wanted to make sure | limited our capital
requirements,” says Levison. Some payors are paying for the
test, he says, and the company is planning to initiate payor
discussions |ater in 2010.

Cushioning the initial cost to patients and physicians is typi-
cal for a new, premium-priced diagnostic test. “Most compa-
nies have had to do that,” notes Kristin Pothier, vice president
at Health Advances, to determine whether the launch is wark-
Ing. “You look at penetration into your overall addressable
population. It doesn’t matter who's paying for it,” she says.
“At the end of the day, as a company you have to understand
how much traction the test is gaining for clinical benefit and
you have to do it for a couple of years.”

PRIME TIME IN PRIMARY CARE

When CardioDx launched Corus CAD, it expected to have
to first convince the cardiology community of the value of the
test, and that they'd be the evangelists for it. But to Levison's
surprise, “We've had more significant adoption among primary
care practices than we expected at this early stage,” he says.
Primary care physicians have apparently been eager to use
the test because it empowers them to make more informed
decisions on their patients before any referral, he says. Payors
would also like to maintain the primary care physician as the
gatekeeper to specialty referral for as long as they can, because
they know their costs go way up after that point. “One of the
things we heard from the payor community, even before we
launched the test, was their interest in seeing the test in the
primary care community,” says Levison. “They perhaps had
more insight than we did.”

Corus CAD may be of particular benefit to women because
imaging modalities and chest pain type were less effective
in the PREDICT trial in terms of identifying patients who had

" MOLECULAR DIAGNOSTICS

obstructive CAD after being sent to the cath lab, Levison points
out. In the study, approximately 20% of the women actually
had obstructive CAD.

CardioDx is already developing next-generation products in
CAD, as the arrhythmia program also progresses. For example,
the initial version of Corus CAD is intended for use by non-
diabetic patients (diabetics may have a different inflammatory
profile because of the disease and their medications). How-
ever, the company has most of the patient samples it would
need to develop and validate a diabetic version of Corus CAD.
Ultimately, CardioDx's tests are likely to encompass several
genomic technology platforms — genetic, gene expression,
even proteomic — depending on the biology associated with
a given patient segment. (Women under 60, for example,
are usually at low risk for coronary disease, primarily because
estrogen is cardioprotective, and therefore have a different
biological profile than men.)

CO-MARKETING LEVERAGE FOR PHARMA?

The promise of a range of new genetic, genomic, even pro-
teomic tests in a relatively short time has piqued the interest
of pharma, Not for sale as companion diagnestics, but as an
opportunity for co-marketing.

The reasoning is that they could establish themselves as a
higher-value representative by bringing in and being knowl-
edgeable about a wider variety of products: there’s sufficient
novelty and interest in genetics and genomics associated with
coronary disease that they could start a dialog with a physician
about Corus CAD and at some point change to their drug-
oriented message. For example, a statin maker could segue
from a discussion of a rule-out test to the medical treatments
for patients found to be low-risk. CardioDx, for its part, would
use that lead and close that sale. That was one reason why it
was important to devise a test that was easy to use - to allow
a marketing team to target GPs.

That rationale of using Corus CAD as a lead-in is only one
potential example of how pharma could bolster jts physician
communications. Indeed, the raison d’etre of new molecular
tests is to significantly add to the Information available to phy-
sicians to enable or change critical clinical decision-making.
Especially at a time when the pace of new drug introductions is
slowing and the opportunities to meet face-to-face with physi-
cians therefore diminishing, as molecular diagnostics moves
into new and broad markets like cardiology and metabolic
disease, pharma could use this opportunity to its advantage
in many settings.
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Abstract

The determination of the underlying etiology of symptoms suggestive of obstructive coronary artery disease
(CAD, =50% stenosis in a major coronary artery) is a common clinical challenge in both primary care and
cardiology clinics. Usual care in low to medium risk patients often involves a family history, risk factor
assessment, and then stress testing with or without non-invasive imaging. If positive, this is often followed by
invasive coronary angiography (ICA). Despite extensive adoption of this usual care paradigm, more than 60% of
patients referred for angiography do not have obstructive CAD. In order to robustly identify those symptomatic
patients without obstructive CAD, who can avoid subsequent cardiac testing and look elsewhere for the cause of
their symptoms, a recently described whole blood gene expression score (GES: Corus® CAD, CardioDx, Inc.,
Palo Alto, CA) has been developed and validated in two multi-center trials. This paper reviews the published
literature and assessments by independent parties regarding the analytical and clinical validity as well as the
clinical utility of the Corus® CAD test,

Funding Statement

No outside funding was provided for this review. Drs. Lima and Vargas report no competing interests. Dr. Kraus
has received research funding from CardioDx, Inc, Dr, Douglas reports stock ownership and consulting fees from
CardioDx, Inc. Dr. Rosenberg is an employee of CardioDx, Inc.

Clinical Scenarios

Caronary artery disease (CAD) and its clinical sequelae, including myaocardial infarction and heart failure, are
the leading causes of morbidity and mortality in the developed and developing world., Symptoms consistent
with CAD are common, variable and quite diverse with significant gender-specific differences and overlap with
ather commaon conditions. Symptomatic patients are often first seen by primary care physicians who determine
if a referral to a cardiology service is warranted, prior to investigation of other causes for the symptoms. In
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cardiology practices, current practice guidelines suggest non-invasive imaging far medium risk patients and
invasive coronary angiography for high risk patients 1, Despite the utilization of non-invasive imaging in most
patients prior to ICA, the yield for obstructive CAD was <40% in a recent large national study?2, In addition, the
prevalence of positive myocardial perfusion imaging studies, has decreased significantly over the last two
decades, from 40% to 10% in a recent report 3. Ruling out obstructive CAD in symptomatic women is
particularly problematic as currently used diagnostic tests, such as EKG, myocardial perfusion imaging (MPI),
and echocardiography, perform less well in women than in men4. The Agency for Healthcare Research and
Quality highlighted the need for a better diagnostic test for women in a recent report by stating that physicians
evaluating women at low to intermediate risk of CAD may want to rule-out disease with a non-invasive test with
a high negative predictive value 5, In addition, despite the common use of stress testing prior to coronary
angiography, practice utilization varies significantly across different regions®.

Test Description

When a clinician suspects obstructive CAD as a cause of patient symptoms, a standard venous blood draw is
performed into a PAXgeneTM RNA preservation tube (Pre-analytix, Valencia, CA). The sample and accompanying
test requisition form are sent under temperature controlled conditions to the CLIA and College of American
Pathologist's certified CardioDx laborataory. The sample is then accessioned, and RNA purification, cDNA
synthesis, and quantitative real-time polymerase chain reaction (qRT-PCR) are performed. Test results are
calculated based on the age and sex of the patient and the expression levels of the 23 genes in the Corus CAD
algorithm and reported on a 1-40 scale 7. The test algorithm differs between men and women based on age-
dependent risk, specific genes, and relative gene weighting 7. Increasing score is associated with increasing
likelihood of obstructive CAD and increasing disease burden. A pre-specified threshold of =15 has been
prospectively evaluated as a low risk boundary. Approximately 95% of samples received result in a valid test
result and of more than 40,000 patients evaluated since launch, 47% have scores below the pre-specified
threshold of <15.

Public Health Importance/Prevalence

The evaluation of undiaghosed stable but symptamatic chest pain Is assaciated with as many as 2% of all office
visits or 2-3 million visits to primary care outpatient clinics each year in the United States8'9'10, Patients with
symptoms suggestive of CAD undergo extensive non-invasive and invasive testing to exclude the presence of
CAD as the cause and, in the process are exposed to risks of iatrogenic side effects such as those from ionizing
radiation and contrast dye. The annual U.S. cost of nen-invasive imaging tests used in the cardiac work-up of
stable symptomatic patients is approximately $7 billion 1112 Despite the significant resources expended only
10% of patients presenting to primary care with chest pain are ultimately diagnosed with stable obstructive
CAD 8.

Recommendations by independent groups. As part of the Clinical Laboratory Improvement Act (CLIA)
licensure process, the analytical and clinical validation data for the Corus CAD test were independently
evaluated by reviewers from the California and New York Departments of Publish Health. In both cases these
reviews resulted in positive recommendations and the CardioDx laboratory is licensed in all 50 states. In
addition, as of April, 2013, the CardioDx labaratory is now accredited by the College of American Pathologists
(CAP).

Guidelines. A recent policy statement from the American College of Cardiclogy and American Heart
Association discussed the role of genetics and cardiovascular disease treatment and diagnosis but did not
address gene expression as is measured in the Corus CAD Test 13, An earlier scientific statement suggested:
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“Gene expression profiling has potential application in clinical practice once specific molecular and clinically
meaningful CVD signatures are developed" 14,

Recent Independent Review Articles. A number of recent independent review articles have described the
scientific work underpinning the Corus CAD test 15'16, A very recent review article in Nature Reviews
Cardiology was solely focused on Corus CAD 17,

Evidence Overview
Analytical Validity

A large study utilizing more than 800 whole blood control samples was performed to assess the intra and inter-
batch variahility and inherent reproducibility of the Corus CAD test in the CardioDx commercial laboratory as a
function of time, reagent batches, operators, and equipment 18, A total of 11 variables were assessed for their
contribution to inter-batch variability, including four individual steps in the process (RNA purificatian, cDNA
synthesis, sample addition, and qRT-PCR) across multiple operator, equipment, and reagent lots, Intra-batch
variability estimated from 132 samples was 0.092 Cp units, dominated by inherent PCR stochastic variance, and
represented approximately 70% of overall variance. Inter-batch variability was estimated across 895 samples
over a two-year time frame; the largest sources of variances were reagent lots, and the overall variance was
0.11 Cp units. A comparison of overall process variability to bioclogical dynamic range across 21,000 clinical
samples showed that the biological variability was more than 10 times the process variability, demonstrating
that the signal to noise was excellent. Overall process variance standard deviation corresponded to 1 unit on
the Corus CAD 1-40 scale, corresponding to a clinically insignificant 1.7% change in obstructive CAD likelihood,

Clinical Validity

Two prospective multi-center trials evaluated the performance of the Corus CAD test across populations of
different disease prevalence. The PREDICT trial evaluated test performance in a patient population (N=526)
referred for invasive coronary angiography, the gold standard for obstructive disease evaluation12. Disease
prevalence was 37%, as measured by core laboratory quantitative coronary angiography, and very similar to
that observed in a very large registry study 2. A gender specific analysis of the PREDICT results showed the
ohstructive CAD prevalence in women was only 22%, indicating a need for better non-invasive diagnostic tools
specifically in women 20,

The COMPASS study evaluated test performance in symptomatic patients (N=431) referred for myacardial
perfusion imaging, a procedure used prior to angiography 21, The gold standard was a comhbination of either
invasive angiography and CT-angiography, both determined in core laboratories, so that all patients,
independent of their MPI results, had gold standard data on their coronary anatomy. Obstructive CAD
prevalence was only 15%, lower than seen in PREDICT. Positive MPI scans were seen in 11% of patients, very
similar to that seen in a recent study reparting MPI positivity over the last two decades of 10%3. Results of the
two Corus CAD validation studies representing 58 centers in the US were very consistent.

- The primary endpaoint of the area under the receiver-operating characteristics curve (AUC far ROC) analysis for
discriminating patients with and without obstructive CAD (50% stenosis by quantitative angiography or core-lab
CT-angiography) yielded AUCs of 0.70 and 0.79, for PREDICT and COMPASS, respectively (p<0.001 in both
cases).

- In both studies Corus CAD demonstrated excellent sensitivity (85 and 89%) and moderate specificity (43 and
52%), respectively, at a threshold of =15 which was derived from the PREDICT study and pre-specified for the
COMPASS study

- Corus CAD showed high negative predictive values of 83 and 96%, respectively, in the PREDICT and COMPASS
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studies, consistent with the differences in obstructive CAD prevalence.

- In the subset of PREDICT patients who had MPI and in the entire COMPASS study Corus CAD showed superiar
diagnostic performance to MPI driven by much greater sensitivity and diagnostic accuracy (ROC curve AUQ). In
the COMPASS study the AUCs were 0.79, 0.59, and 0.63 for Corus CAD, site-read, and core-lab read MPI,
respectively.

- In both studies increasing Corus CAD score was significantly associated with increasing maximum percent
stenosis,

- In both studies clinical follow-up for subsequent revascularization and major adverse cardiovascular events
was performed. In PREDICT this was for 1 year post-index catheterization and showed a very significant
association of Corus CAD score and the composite revascularization and event endpoint22, In the COMPASS
trial 6 month follow-up also showed significantly fewer revascularization and events with low (=15) Corus CAD
scares 21,

Clinical Utility

Three studies of the clinical utility of Corus CAD have been reported: a multi-center retrospective chart review
in primary care, a prospective single center study of change in behavior in cardiology, and a prospective multi-
center change in behavior study in primary care.

Retrospective Chart Review in Primary Care

To document the impact of Corus CAD in real-world primary care practice, a retrospective chart review study
was completed in four primary care practices currently using Corus CAD, located in Arizona, Georgia, Louisiana,
and North Carolina 23. A total of 317 patients who presented to four primary care physician sites with signs and
symptoms suggestive of obstructive CAD and underwent Corus CAD testing fram January 2011 to September
2011 were determined to be evaluable by medical records review and were included in this retrospective study.
The objective of this study was to determine if there was a relationship between Corus CAD score and referral
decision to the cardiologist: specifically, if patients with low Corus CAD scores were less likely to be referred to a
cardiologist than patients with non-low scores.

In this study, 41% (129/317) of the Corus CAD patients had low scores (=15), a rate consistent with the broader
commercial population receiving the test and the COMPASS clinical trial population. Based upon physician self-
reported referral rates, the expected referral rate to cardiology was 56.5%. The data show that the average
referral rate to a cardiologist following Carus CAD testing was reduced to 30% (p<0.001). In addition, the
referral rate was just 9% (12/129) in the Corus CAD low scoring patient population. In multivariate analysis,
after controlling for age, gender, type of symptoms, and practice site, patients with low Corus CAD scores had a
relative reduction in referral likelihood of 73% (p=0.01).

IMPACT-Cardiology

The IMPACT-Cardiology (Investigation of a Molecular Personalized Coronary Gene Expression Test on Cardiology
Practice Pattern)(IMPACT-CARD) trial sought to assess the impact of Corus CAD use on clinical decision-making
during the assessment of stable chest pain patients in the cardialogy setting. The study included a prospective
cohort of 83 patients eligible for analysis. These patients were referred to six cardiologists for evaluation of
suspected CAD in the Vanderbilt University health care system and were matched by clinical factors to 83
patients in a historical cohort 24, The IMPACT-Cardiclogy protocol was designed to evaluate and compare the
cardiologists' diagnostic strategies before and after receiving the Corus CAD results for their patients. Clinicians
performed a pre-Corus CAD assessment of patients’ CAD probability and noted their preliminary management
decision (no intervention/medical management, referral for non-invasive imaging, or referral for invasive
angiography). This pre-Corus CAD assessment was compared to physicians' assessment of CAD probability after
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seeing the Corus CAD result (post-Corus CAD assessment) and determining a final management decision.

In this study following communication of Corus CAD results, a change in diagnostic testing (e.qg. myocardial
perfusion imaging, CTA and cardiac catheterization) was noted in 48 patients [58%, 95% Cl (46%, 69%)]. More
patients had a decreased versus increased level of testing (n=32 (39%) vs n=16 (19%), p=0.03). In particular,
91% (29 of 32) of patients with decreased testing had low Corus CAD (< 15), while 100% (16 of 16) of patients
with increased testing had elevated Corus CAD (p<0.001). The most common change was among patients
considered for referral to non-invasive imaging or invasive angiography prior to the Corus CAD test who were
then referred to either no intervention or medical management after receiving a low Corus CAD score.
Furthermore, none of the patients with low scores (=15) saw an increase in testing.

The IMPACT-CARD trial demonstrated that among patients with a low Corus CAD score, the management
decisions of cardiologists change, leading to a decrease in non-invasive cardiac imaging and invasive
angiography.

IMPACT-PCP

The IMPACT-PCP (Investigation of a Molecular Personalized Caronary Gene Expression Test on Primary Care
Practice Pattern) trial assessed the impact of Corus CAD use on clinical decision-making around the assessment
of patients with symptoms of obstructive CAD in the primary care setting. The study included a prospective
cohart of 251 patients, eligible for analysis, assessed by 8 community based practitioners at four sites.
Clinicians performed a pre-Corus CAD assessment of patients’ CAD probability and noted their preliminary
management decisions (no intervention/medical management, referral for non-invasive imaging, or referral for
invasive angiography). This pre-Corus CAD assessment was compared to the clinician's assessment of CAD
probability after seeing the Corus CAD results (post-Corus CAD assessment) and determining a final
management decision,

In this study, a change in diagnostic testing (e.g. myocardial perfusion imaging, CTA and cardiac
catheterization) was noted in 145 patients following Corus CAD testing (58% observed vs 10% expected

change, p<0.001), More patients had decreased (n=83, 37%) versus increased (n=52, 21%) intensity of testing
(p<0.001). In particular, among the 127 low score Corus CAD patients (51% of study patients), 60% (76/127)
had decreased testing, and only 2% (3/127) had increased testing. After more than 30 days of follow-up of 247
(989%) patients, there has been one MACE event (hemorrhagic stroke in a low score Corus CAD patient) reported.

In summary, Corus CAD was associated with a statistically significant and clinically relevant change in clinical
decision-making among patients evaluated for suspected symptomatic CAD, In addition, the utilization of Corus
CAD showed clinical utility above and beyond conventional decision-making by optimizing the patient’s
diagnostic evaluation, particularly around the reduction in the intensity of diagnostic testing among low Corus
CAD patijents.

Systematic Evidence Reviews

Palmetto Government Benefits Administrators (Palmetto, GBA), the CMS Medicare Administrative Contractor
with oversight for Corus CAD, has published its assessment of the test. This review determined that the test
meets standards for analytical and clinical validity, and clinical utility and is a reasonable and necessary
Medicare benefit, effective January 1, 2012 25,

Overall Analysis of Evidence. The Evaluation of Genomic Applications in Practice and Prevention (EGAPP)
working group has published a framework for evaluation of evidence of genomic testing, comprising analytical
and clinical validity and clinical utility 26. For Corus CAD with respect to analytic validity, an extensive study
demonstrating very good score repraducibility and the ability to result >95% of samples, suggests a Level 1
evidence category in our judgement, for the performance of the test in the CardioDx clinical laboratory, For
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clinical validity it is our assessment that the two prospective multi-center trials with core laboratory definition of
disease status, representing almost 1000 patients, also correspond to Level 1 evidence according to EGAPP
criteria 26, The clinical utility data from the IMPACT and retrospective chart review studies are of relatively
small size and limited follow-up suggesting a level 2-3 evidence determination.

Limitations

Although the results of the evaluation of the Corus CAD test are very promising, its results should be interpreted
carefully as patients with diabetes mellitus and chronic inflammatory or autoimmune disorders were excluded
from test development and validation. Furthermare, this test was derived and tested in predominantly
Caucasian patient populations. Given the known variations in the prevalence of CAD in different ethnic/racial
backgrounds 27, results of this test in non-Caucasian populations should be interpreted with caution.

Conclusions

The Corus CAD test has been extensively evaluated since it was first derived, including with two prospective
multi-center trials. Given the scope of the deleterious effects of CAD and the considerable costs involved in
diagnosing obstructive CAD, a blood test that can help in this determination is certainly valuable, The Corus
CAD test promises to have an important role in this regard particularly if it continues to perform this well in
larger, more diverse cohorts.
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Abstract

Background: Alterations in gene expression in peripheral blood cells have been shown to be sensitive 1o the
presence and extent of coronary artery disease (CAD). A non-invasive blood test that could reliably assess
obstructive CAD likelihood would have diagnostic utility.

Results: Microarray analysis of RNA samples from a 195 patient Duke CATHGEN registry case:control cohort yielded
2438 genes with significant CAD association (p < 0.05), and identified the clinical/dermographic factors with the largest
effects on gene expression as age, sex, and diabetic status. RT-PCR analysis of 88 CAD classifier genes confirmed that
diabetic status was the largest clinical factor affecting CAD associated gene expression changes. A second microarray
cohort analysis limited to non-diabetics from the multi-center PREDICT study (198 patients; 99 case: contral pairs
matched for age and sex) evaluated gene expression, clinical, and cell population predictors of CAD and yielded 5,935
CAD genes (p < 0.05) with an Intersection of 655 genes with the CATHGEN results. Biological pathway (gene antology
and literature) and statistical analyses (hierarchical clustering and logistic regression) were used in combination to select
113 genes for RT-PCR analysis including CAD classifiers, cell-type specific markers, and normalization genes.

RT-PCR analysis of these 113 genes in a PREDICT cohort of 640 non-diabetic subject samples was used for
algorithm developrent. Gene expression correlations identified clusters of CAD classifier genes which were
reduced to meta-genes using LASSO. The final classifier for assessment of obstructive CAD was derived by Ridge
Regression and contained sex-specific age functions and 6 meta-gene terms, comprising 23 genes. This algorithm
showed a cross-validated estimated AUC = 0.77 (95% Cl 0.73-0.81) in ROC analysis.

Conclusions: We have developed a whole blood classifier based on gene expression, age and sex far the
assessment of obstructive CAD in non-diabetic patients from a combination of microarray and RT-PCR data derived
from studies of patients clinically indicated for invasive angiography.

Clinical trial registration information: PREDICT, Personalized Risk Evaluation and Diagnosis in the Coronary Tree,
http://www clinicaltrials.gov, NCTO0500617

Background

The promise of genomics to improve diagnosis and
prognosis of significant diseases is dependent on a num-
ber of factors including appropriate use of technology,
identification of clinical issues of significant unmet need,
and the rigorous statistical derivation and testing of
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genomic classifiers [1], Multigene expression classifiers
have been developed and have become incorporated
into clinical guidelines in both breast cancer recurrence
prognosis and heart transplant rejection monitoring
[2,3]. A guideline for the metrics such classifiers should
meet, including independent validation, and adding to
current clinical factor algorithms has been described [4]
and it has been suggested that peripheral blood cell
gene expression may reflect pathological conditions in a
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any madium, previded the original work is proparly cited.
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variety of cardiovascular disease states [5]. In this work
we describe the development of a validated whole blood
based classifier for the assessment of obstructive CAD
[6].

Martality and morbidity from CAD and myocardial
infarction (MI) are a major global health burden. Major
determinants of current CAD likelihood are sex, age,
and chest-pain type [7,8]. Other risk factors such as dia-
betes, smoking, dyslipidemia, hypertension and family
history have been associated with future cardiovascular
event risk [9]. In addition, atherosclerosis has a systemic
inflammatory component including activation and
migration of immune cells into the vessel wall [10,11].
Prior work has shown that quantitative measurements
of circulating blood cell gene expression reflect the
extent of CAD [12,13]. These observations likely reflect
both changes in cell type distributions, which have prog-
nostic value for cardiovascular events [14] and gene
expression changes within a specific cell type or lineage.

The “gold standard” for detecting CAD is invasive cor-
onary angiography; however, this is costly, and can pose
risk to the patient. Prior to angiography, non-invasive
diagnostic modalities such as myocardial perfusion ima-
ging (MPI) and CT-angiography may be used, however
these only add moderately to obstructive CAD identifi-
cation [15]. We describe herein the development of an
algorithm for the assessment of obstructive CAD using
peripheral blood gene expression, age, and sex, which
was subsequently validated in an independent cohort

[6).

Methods

Patient selection and clinical methods

All patients were clinically referred for angiography and
angiograms were performed based on local, institutional
protocols. The first microarray cohort of 198 subjects
(88 cases and 110 controls) was derived from the Duke
University CATHGEN registry, a retrospective blood
repository, enrolled between August 2004 and Novem-
ber, 2005 [16]. For CATHGEN patients, clinical angio-
graphic interpretation defined cases as 275% maximum
stenosis in one major vessel or >50% in two vessels and
controls as <25% stenosis in all major vessels. Clinical
inclusion and exclusion criteria were described pre-
viously and included both diabetic and non-diabetic
patients [13]. All CATHGEN patients gave written
informed consent and the study protocol was approved
by the Duke University [RB.

The second microarray cohort of 210 subjects (105
case: control pairs, matched for age and sex) and the RT-
PCR algorithm development cohort (210 cases and 430
controls) were part of PREDICT, a mulii-center US study
of patients referred for coronary angiography (http://
www.clinicaltrials.gov, NCT00500617). Far PREDICT
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patients, core laboratory QCA reads (Cardiovascular
Research Foundation New York) were used for case: con-
trol classification. Cases had >50% stenosis in at least one
major coronary vessel and controls <50% stenosis in all
major vessels.

Subjects from PREDICT were eligible if they had a
history of chest pain, suspected anginal-equivalent
symptoms, or a high risk of CAD with no known prior
ML, revascularization, or CAD. Detailed inclusion/exclu-
sion criteria have been described [6]. Diabetic status was
defined by clinical identification, blood glucose (non-
fasting 2200 or fasting >2126), rorhemoglobin Alc,
(26.5), or diabetic medication preseription. Complete
blood counts with differentials were obtained for all
patients. PREDICT patients gave written informed con-
sent, and the study protocol was approved by the Insti-
tutional Review Boards.

Blood collection, RNA purification and RT-PCR

Whole blood samples were collected in PAXgene® tubes
prior to coronary angiography, according to the manu-
facturer's instructions, then frozen at -20°C. For the
CATHGEN samples RNA was purified as described
(PreAnalytix, Franklin Lakes, NJ), followed by quantita-
tive analysis (Ribogreen, Molecular Probes, Eugene, OR).
For the PREDICT samples an automated method using
the Agencourt RNAdvance system was employed.

Correlation between gene expression and cell type
distributions

Correlations with complete blood counts and database
gene expression analysis (SymAtlas, http://biogps.gnf.
org) were used to identify highly cell-type selective
genes. In addition, whole blood cell fractionation by
density centrifugation or through positive antibody
selection followed by RT-PCR was performed on specific
cell fractions (see Additional file 1).

Statistical methods
All statistical methods were performed using the R soft-
ware package.

Microarray methods

Microarray samples were labeled and hybridized to 41K
Human Whole Genome Arrays (Agilent, PN #G4112A)
using the manufacturer’s protocol. For PREDICT micro-
arrays all matched pairs were labeled and hybridized
together to minimize microarray batch effects. Microar-
ray data sets have been deposited in GEO (GSE 20686).

Normalization

Agilent processed signal values for array normalization
were scaled to a trimmed mean of 100 and then log2
transformed. Standard array QC metrics (percent
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present, pair-wise correlation, and signal intensity) were
used for quality assessment, resulting in 3 of 198
CATHGEN and 12 of 210 PREDICT samples being
excluded.

Array analysis

For the CATHGEN array, logistic regression (unadjusted
and sex/age adjusted) was used to assess gene expres-
sion association with case: control status. For the PRE-
DICT array, given the paired design, conditional logistic
regression was used. False discovery rates were used to
account for multiple comparisons, BINGO was used to
assess enrichment of gene ontology terms in the set of
655 genes [17]. A hyper-geometric test was used to
identify overrepresented terms; results were corrected
for multiple testing using Benjamini & Hochberg False
Discovery Rate (FDR) correction.

Gene selection

Genes for RT-PCR were selected based on statistical sig-
nificance, gene ontology pathway analysis, and literature
support, Hierarchical clustering based on gene: gene cor-
relations ensured that RT-PCR genes represented multiple
clusters. Normalization genes were selected based on low
variance, moderate to high expression, and no significant
association with case: control status, sex, age, or cell
counts. Cell-type genes were selected based on known lit-
erature or correlation to known cell-type specific markers.

PCR methods

Amplicon design, cDNA synthesis, and RT-PCR were per-
formed as previously described [6,13]. All PCR reactions
were tun in triplicate and median values used for analysis.
Clinical/demographic factors were assessed for CAD asso-
ciation using univariate and multivariate logistic regres-
sion. Gene expression association with CAD and other
clinical/demographic factors was assessed by robust logis-
tic regression (unadjusted and sex/age adjusted) [13].

Algorithm development and validation

Hierarchical clustering was used to group genes using a
correlation cutoff. Clusters were reduced to meta-genes
[18] and normalization genes based on correlation struc-
ture, known biology, and cell count correlation. In gen-
eral, a meta-gene was a set of 1-4 genes from a specific
cluster, chosen to best represent the cluster center using
a parsimonious number of genes. Genes within meta-
genes were equally weighted with one exception (Addi-
tional File 1). For meta-gene pairs with high correlation
and opposite disease regulation, ratio terms (differences
on the log scale) were defined. Meta-genes indepen-
dently associated with outcome were selected by the
LASSO method, with sex by meta-gene interactions
allowed during variable selection [19].
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The final algorithm was fit using Ridge regression
[20], where the outcome variable was case: control sta-
tus and the predictors the LASSO-selected meta-genes
and sex-specific age terms. Sex was a binary predictor,
and age a linear predictor with separate slopes for men,
women >60, and women <60 (the slope for women age
< 60 was estimated to be approximately 0 and thus was
set to 0 in the final algorithm). The LASSO was fit
using the glmnet package in R and ridge regression was
fit using the Design package in R; in both cases the
shrinkage parameter lambda was estimated using 10-
fold cross validation. Model performance was estimated
using leave-one-out cross-validation.

Results

A schematic of the patient, gene, and logic flow for
gene discovery and algorithm development is shown in
Figure 1. Baseline demographic characteristics of the
CATHGEN registry and PREDICT study microarray
patient cohorts are summarized in Table 1. Significant
clinical and demographic factors for obstructive CAD
were age, male sex, systolic blood pressure, and dyslipi-
demia; increased neutrophil count and decreased lym-
phacyte count trended toward significance. In all cases
whole blood samples were obtained in PAXgene™ tubes
and microarray analysis performed using the Agilent
41K platform.

A total of 2,438 genes showed significant CAD associa-
tion (p < 0.05) in the 195 subject case: control analysis
from the CATHGEN cohort (Figure 1). Analysis of the
effect of clinical factors on gene expression showed dia-
betes as the most significant (p = 0.0006, Additional
file 2). Based on statistical significance and biological rele-
vance, BS genes (Additional file 2) were selected for
RT-PCR analysis on these same samples. CAD-gene
expression analysis in non-diabetic and diabetic subsets
(N = 124 and 71, respectively), showed 42 and 12 signifi-
cant genes, respectively (p < 0.05), with no intersection
(Figure 2). Further work was thus limited to non-diabetics.
Microarray CAD gene discovery on 210 PREDICT non-
diabetic patient samples used a paired case: control
experimental design, to reduce confounding effects of
age, sex and microarray batch processing. CAD analysis
on the 99 case: control pairs which passed quality
metrics yielded 5,935 significant genes (p < 0.05)
with 655 genes in common with the CATHGEN results
(Figure 3, Additional File 2). Gene Ontology (GO) analy-
sis of these 655 genes identified 55 significant, overre-
presented biological process terms (adjusted p < 0.05,
Figure 4, Additional File 2), largely reflecting inflamma-
tion, immune cell differentiation, cell death and apopto-
sis, The molecular and cellular ontologies showed
enrichment of 3 and 10 terms respectively, including
caspase activity and ribosomal function,
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CATHGEN - Diabetics

and Non-diabetics
Microarray N=195
2,438 genes p<0.05

Gene Selection for RT-PCR

RT-PCR 88 genes
42 p<.05 Non-Diabetic
12 p<.05 Diabetic

No overlap

1 —

PREDICT - Non-Diabetics
Second Microarray N=198
Paired design

5,935 genes, p<0.05

655 overlap with CATHGEN

l

Gene Selection for RT-PCR

Algorithm Development Set
N=640, RT-PCR 113 genes

Algorithm Derived and Locked
23 genes, age, sex

Figure 1 Gene discovery and algorithm development patient and logic flow schematic. Initial gene discovery (CATHGEN repository)
included both diabetic and non-diabetic patients. Gene discovery from PREDICT invalved non-diabetic patients in a paired microarray analysis,
that yielded 655 significant genes in common with those from the CATHGEN arrays. For RT-PCR 113 genes were selected and tested on 640
PREDICT patient samples, from which the final algorithm was derived and |locked,

Table 1 CATHGEN and PREDICT microarray cohort clinical and demographic characteristics

CATHGEN Microarray Cohort

PREDICT Paired Microarray Cohort

Controls Cases

Variable (N = 108) N =287
Sex (%6Male) 55 (50.9%) 58 (66.7%)
Age (yrs) 55 + 11 63+ 10
Caucaslan 56 (51.99) 60 (69%)

BMI 32+£7 30+6
Current Smoker 41 (38%) 45 (51.7%)
Systalic BP 144 + 22 153 £ 25
Diastolic BP 83 +£13 87 + 15
Hypertension 67 (629) 65 (74.7%)
Dyslipidemia 55 (50.9%) 58 (66.79%)

Neutraphil Count 38+12 4413
Lymphocyte Count 18+ 07 18+07

pvalue
0039
<001
0.023
0.098
0.075
0.007
0077
0.084
0.035
0392
087

Controls Cases
(N =199) (N=29) pvalue
75(75.8%) 75 (75.8%) 0868
55+12 62+ 11 <001
85(85.9%) 92 (92.9%) 0.166
0+7 +6 0722
14(14.1%) 25 (25.3%) 0074
132 + 17 138 18 0009
| BO+12 0271
55(55.69%) 65 (65.7%) 0.191
50(50.5%) 69 (69.7%) 0.009
39+12 43 +15 0037
2+07 19+06 0239

"Microarray cohort analyses are restricted to those whose arrays passed QC analysis (195/198 for CATHGEN and 198/210 for the PREDICT samples),
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Figure 2 RT-PCR analysis of diabetic status impact on significant genes from CATHGEN microarray analysis. Significance of individual
qenes selected from the CATHGEN microarray cohort In non-diabetic (ND) and diabetic (D) patients is shown. The sex/age adjusted p values
from a CAD lagistic regression analysis in each subset are plotted (log scale). Significant p values (<0.05) are indicated in red with gene symbols,
non-significant ones in black.

Gene selection

A total of 113 genes (Table 2) were selected by statistical
significance, biological relevance, and prior association
with CAD from RT-PCR gene expression measurements
in the 640 patient PREDICT algorithm development
cohort (Figure 1, Table 3). Known cell-type specific mar-
kers, those correlated with cell counts in PREDICT, and
candidate normalization genes, were also represented.

Analysis of algorithm development cohort: clinical and
gene expression factors

The most significant clinical/demographic factors for CAD
association were age, sex, chest pain type and neutrophil
count. Age and sex were independent risk factors for CAD
(Table 3) and showed significant gene expression correla-
tion. Chest pain type was also a significant independent
risk factor (p = 0.0004), especially in men, but was gene
expression independent. Neutrophil count was signifi-
cantly correlated (positively or negatively) to expression of
93 of 113 RT-PCR genes, and was significantly associated
with CAD in men (p = 0.049) but not women (p = 0.77).

Neutrophil-associated genes showed both up and
down regulation with CAD status, whereas lymphocyte-
associated genes were generally down-regulated. There
was significant gender-specific regulation of neutrophil
correlated genes (men 40/42 genes up-regulated, women,
41/42 down-regulated) whereas lymphocyte gene down-
regulation was gender independent.

Hierarchical clustering of the 113 PCR genes resulted
in 18 correlated clusters (Figure 5, Table 2), a significant
fraction of which could be mapped to cell-type specific
gene expression groups, with finer correlation substruc-
ture within the lymphocyte and neutrophil associated
genes. There were 3 lymphocyte subgroups representing
T-cells (clusters 1,2,3), B-cells (cluster 3) and NK cells
(cluster 12). Three neutrophil subgroups were also iden-
tified: previously described neutrophil genes (ILSRB,
S100A8, S100A12, TXN, BCL2AI; cluster 13, 16); newly
identified up-regulated neutrophil genes (CLECA4E,
CASP5, TNFAIP6; cluster 16) and down-regulated neu-
trophil genes (KCNE3, TLR4, TNFRSF10C; clusters 13,
14) [13]. Cluster 8 appears to be eosinophil specific.
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CATHGEN Al
ARRAY #genes
1783 655 5280 7718 Array
102 22 29 52 113 RT-PCR
32 \ 2 \ 10 / 8 23 Algorithm

@ normalization genes or genes identified in Wingrove et al. 2008

Figure 3 Venn diagram of microarray, RT-PCR, and algarithm gene sources. A total of 7718 genes were identified, 2438 and 5935,

respectively, from the CATHGEN and PREDICT microarray analyses, with an intersection of 655 genes. For the 113 RT-PCR genes, 52 were from

PREDICT. 22 from CATHGEN, and 29 from beth; 10 were either normalization genes ot from previous studies [131. The final algorithm contained
20 Informative genes: 10 from both microarray studies, 8 PREDICT alone, and 2 CATHGEN alone.

J

The 26 genes in clusters 4-7 and 9-11 did not have clear
cell-type association.

Algorithm derivation and performance

Based on gene expression correlation clustering and
cell-type analyses, 15 meta-genes and 3 normalization
genes were defined as inputs for model variable selec-
tion (Table 2, Figure 6). Selection by the LASSO method
and further weight penalization by Ridge regression
resulted in the final, locked algorithm, comprising 20
CAD-associated genes and 3 normalization genes in 6
meta-gene terms (Figure 6), where each term represents
a ratio of meta-genes or meta-gene to normalization
genes. The algorithm score is calculated as described
(Additional file 1) and was defined as the predicted
regression model value.

The estimated cross-validated algorithm AUC in ROC
analysis in the PREDICT development set was 0.77 (95%
CI 0.73 to 0.81) (Figure 7); prospective validation in an
independent PREDICT validation set of 526 patients
(192 cases, 334 controls) yielded an AUC of 0.70 (95%
CI = 0.65 to 0.75) [6].

Discussion

This study presents gene discovery from microarrays
and development from a large RT-PCR data set of a
whole blood derived RT-PCR based gene-expression
algorithm for assessment of obstructive CAD likelihood

in non-diabetic patients, which was subsequently vali-
dated in an independent patient set [6].

The limitation to non-diabetic patients was due to the
significant differences observed in PCR-based technical
replication of the initial microarray experiment from the
CATHGEN cohort, where both diabetic and non-diabetic
patients were included (Figure 2). This effect could be due
to differences in the pathophysiology of CAD in diabetics,
as has been observed at the plaque composition level, [21]
or due to diabetic medications, some of which modulate
gene expression and affect cardiovascular disease [22].

A number of methodological steps deserve highlight-
ing: first, we interrogated whole blood samples from
more than 1,000 patients; second, we developed and
used an automated and high reproducible RNA extrac-
tion process for the PREDICT samples; third, for the
PREDICT work we also used-core laboratory determined
quantitative coronary angiography to define maximum
percent stenosis and case: control status and fourth, we
used ratios of correlated gene sets or meta-genes as
building blocks for algorithm development. These meth-
odological approaches enhanced the power of the PCR
algorithm development set to investigate the relationship
between CAD, clinical factors, and gene expression.

The relationships between age, sex, CAD, and gene
expression are complex. Increasing age and male sex are
well-known risk factors for CAD, which affect gene
expression in circulating cells [23,24]. The majority of
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genes measured by RT-PCR in this study correlated with
lymphocyte or neutrophil fraction. Lymphocyte-asso-
ciated gene expression decreases with CAD in a sex-
independent fashion, consistent with decreased lympho-
cyte counts being correlated with increased cardiovascu-
lar risk [14]. In contrast, neutrophil-associated genes
display significant sex-specific expression differences
with CAD: in men 95% of the neutrophil genes were
up-regulated whereas 98% were down-regulated in
women, consistent with increased granulocyte counts in
men being associated with higher CAD risk, with lesser
effects in women [25,26].

Biological significance of algorithm terms

The use of correlated meta-genes as building blocks for the
algorithm is significantly reflective of gene expression cell-
type specificity. The algorithm genes are expressed selec-
tively in multiple types of circulating cells including neu-
trophils, NK cells, B and T-lymphocytes, [27], supporting
roles for both adaptive and innate immune responses in
atherosclerosis (10].

A role for neutrophils in both the early and later stages
of atherogenesis has recently been suggested, especially
in connection with hyperlipidemia [28,29]. Algorithm
term 1 is a ratio of neutrophil expressed meta-genes that
are up and down regulated with CAD (Figure 6). This
term may particularly reflect neutrophil apoptesis, as
Caspase-5 is increased with CAD, whereas TNFRSF10C,
an anti-apoptotic decoy receptor of TRAIL, is decreased
[30]. Term 2 genes up-regulated with CAD are also
expressed largely by neutrophils and likely reflect both
innate immune activation, (SI00A8 and S100A12), [31]
and a cellular necrosis response (CLEC4E) [32]. S100A8
and S100A12 are up-regulated in chronic inflammatory
conditions, including asthma, rheumatoid, and inflamma-
tory arthritis, perhaps reflecting a more general patho-
physiological signal, consistent with increased CAD in
disorders such as rheumatoid arthritis [33,34].

Term 2 is highly correlated with the signature pre-
viously identified by us [13] and includes the most sig-
nificant gene from that work, S100A12. This term is
normalized in a sex-specific manner, perhaps reflecting
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Table 2 Genes evaluated by RT-PCR in the algorithm development cohort
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Gene Symbol MicroArray Evidence' Cell-Type? Cluster Metagene Term Algorithm Term?®
DoX18 s i1
SSRP1 3 12
sy 3 e 13
RPL28 N 2 14 Narm 2b
RIST 2 145 15
RASSF7 3 16
PKDI 3 12
AGPATS 3 2.7 18
GLS 3 19
T™MCB 3 110 1 3b4b
RFS4Y1 2 3 T
KLF12 3 4 1.2
LCK 23 348 113
03D 23 348 1.4 | 3b4b
AES 3 1.15
ZART0 3 348 .18
co8l 3 78 137
QOPR 3 2.5 1.8
FXN 2 2z 1.19
CORO2A 3 1.20
TCEAT 3 7 1.21
KMO 3 57 21
TLR? 3 5 22
RHOC 3 23
CX3CR1 - 68 24
IL11RA 12 34 3
IL7R 123 348 33 3
FAIM3 23 347 32
gl 23 348 34 3
CD79B 23 7 35 2 4a
SPIB 23 257 36 2 4a
9 3 57 37
BLK 3 57 ET:
Pl1a 2 39
LRRN3 3 34 310 4
HNRMNPF N 4] Norm Sb,6b
TFCP2 N 42 Norm 5béb
ACBDS K| 43
DIAPH] 3 a4
cD37 3 7 45
PLAGL2 3 | 4h
SRA) 3 51
CO300A P 8 52
ELMO2 3 58 53
D33 2 16 6.1
CSPG2 1,2 6.2
CAT P 25 63
NOD2 13 16 64
KCMNMB1 2 6.5 5
TCF7L2 3 168 66 5
PDK4 % 67 5
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Table 2 Genes evaluated by RT-PCR in the algorithm development cohort (Continued)
TBC1D8 3 156 68
MR4A1 3 5 71
COKNIC 3 6,8 72
) 2 73
TR 2 1,2 81 6
OLIG2 2 B2
ADORA3 2 83 15
MMD 123 7 2.1
HIST1H2AE 12 47 22 7
AMFR 2 10
D34 M 2 10.2
A_24 P12836] (AF289562) 3 111 8 5a
CD248 23 4 112
KLRC4 2 48 12.1 9 3a
TARP 23 48 12.2
CCRS 2 45 123
CDBA 1 348 124
SLAMF? 2 58 125 9 3a
KLRC2 2 348 126
PRSS23 2 B 127
NCAMI N 8 128
TNIFRSF10C 3 131 11 b
ILERB 13 168 132 1 b
TLR4 3 16 133 il b
NAMPT 3 156 134
AQP2 3 16 135 10 c
S100A8 123 156 136 12 24
MNCF4 23 16 137 10 2c
GLTIN 123 138
TXN 23 25 139
GABARAPL1 3 1310
SIRPBZ 13 (AR
TRPMEB 3 13,12
cbhe3 123 156 13.13
ASPRW1 3 13,14
ALOXSAP 23 5 1315
BCL2A1 123 168 1316
F11R 3 4]
PTAFR 3 16 142
H3F38 3 7 143
TYROBP 23 168 144
NCF2 3 156 145
KCNE3 23 14 146 1" 1b
LAMP2 23 | 14.7
PLAUR 3 16 148
CcD4 1 156 149
HK3 12 168 1410
IL18 1 411
RGS18 12 14 151
BMX 23 16.1
MMP3 23 162
5100A12 123 156 163 12 2a



Elashoff et al. BMC Medical Genomics 2011, 4:26
httpy//www.biomedcentral com/1755-8794/4/26

Page 10 of 14

Table 2 Genes evaluated by RT-PCR in the algorithm development cohort (Continued)

CLEC4E 23
CLECAD 23
CASP3 23
TNFAIFE 23
1. 18RAP 13
ARGI 23

P 1

CBS 23
AF1B1365 3
ALAS2 CH

164 12 2a
1.6 185
166 13 la
| 187 13 la
348 168 13 la
1 14
12 172
173 14
174 15 6a
181

'Microarray Evidence: 1 = Wingrove et al, 2 = CATHGEN, 3 = PREDICT, CN = cell-type specific normalization gene, N = global narmalization gene
Cell Type: 1 = CD33+ (myeloid), 2 = CD34+(hematopoetic precursor), 3 = CO4+, (T cell) 4 = COB+ (T cell), 5 = Dendritic, 6 = CD14+ (monocyte), 7 = CD19+ (B

cell), 8 = CD56+ (natural killer cell).

*For algorithm term identification, genes in the numerators are listed a5 Na whereas those in the denominators are Nb.

sex-specific differences in the significance of neutrophil
counts in CAD and MI [26]. In men normalization to
RPL28 which is strongly expressed in lymphocytes,
reflects the neutrophil to lymphocyte ratio, which is
prognostic for death or MI in a CAD population [14],
In women normalization to AQP9 and NCF4, two CAD
insensitive neutrophil genes, permits assessment of neu-
trophil up-regulation of the S100s and CLEC4E, inde-
pendent of neutrophil count.

Term 3 consists of 2 NK cell receptors, SLAMF7 and
KLRC4, normalized to T-cell specific genes (TMC8 and
CD3D). SLAMF7 may specifically activate NK cell func-
tion, while inhibiting B and T cells [35]. KLRC# is also
likely involved in NK cell activation [36]. NK cells have
been associated with atherosclerosis in both mouse

Table 3 PREDICT algorithm development cohort clinical
and demographic characteristics’

Variable Controls (N = 410) Cases (N =230) p.value
Sex (%Male) 193 (47.1%) 180 (78.3%) <001
Age (yrs) 57412 64 + 11 <00}
Caucasian 347 (B4.6%) 210 (91.3%) 0.022
BMI 3 =8 0x6 0.348
Current Smoker 87 (212%) 45 (19.6%) 0.693
Systolic BP 13318 138 £ 18 <0
Diastolic 8P 80 +12 B0 = 11 0.944
Hypertensian 248 (R0.5%) 167 (72.6%) 0003
Dyslipidemia 225 (54.9%) 170 (73.9%) <001
Neutraphil Count 4x12 43 4+ 14 0054
Lymphocyte Count 2+06 19 + 06 0007
Chest Pain Category 0004
Asymptomatic 141 (35.4%) 90 (39.6%)
Atypical 56 (14,0%) 29 (12:8%)
Nor-Anginal 137 (34.3%) 47 (20.7%%)
Typical 65 (16.3%) 61 (26.9%)

'Clinical and demographic characteristics for the 640 PREDICT algorithm
development cohort are shown,

models and humans, and reduced lymphocyte counts
associated with cardiac events [14,37].

Term 4 is a gene expression based measure of the B/
T-cell ratio. The roles of both T and B cells in athero-
sclerosis development are complex; mouse models have
shown B cells to be both athero-protective and more
recently, atherogenic [38-40]. In this study apparent
upregulation of B-cell specific genes is correlated with
CAD, perhaps supporting the latter. The last two terms,
based on AF289562 (AF2) and TSPANI16 are genes of
unknown function that will require further work to clar-
ify their role in atherosclerosis.

Previous work by Sinnaeve and coworkers also exam-
ined peripheral blood gene expression in a coronary dis-
ease population [12]. As noted by these authors, there is
little overlap between their genes and the signatures
identified in our previous study [13] or this one, A num-
ber of significant differences in the study populations
(restricted age range, combining two sex specific
cohorts) in their study may have contributed to this. In
addition, there are differences in both RNA isolation
methodology and microarray platforms. Further work is
needed to resolve these issues.

Algorithm development

For algorithm development, as described above, we used
an approach that minimized the effect of any single
gene by using meta-genes as building blocks [18,41]
Penalized stepwise logistic regression (LASSO) selected
significant meta-genes from a 640 patient data set which
greatly exceeded the number of candidate variables (15
meta-genes), reducing the likelihood of over-fitting.
Further, in order to minimize over-weighting of indivi-
dual terms, meta-gene coefficients were penalized using
Ridge regression. An alternative approach would have
been to use a combined two-step shrinkage method
such as the elastic net [42]. Although correlations with
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Figure 5 Heat-Map representation of Hierarchical Clustering Results on 113 RT-PCR Genes, Clusters were generated by hierarchical
clustering yielding 20 groups of correlated. Clusters were annotated as to cell type expression using BioGPS (httpy//www.biogps.gnf.org). Extent
of correlation is Indicated by color as shown in the bar.

specific cell types was a key observation, recent meth-
odologies described for deconveluting gene expression
data sets from complex cell mixtures might have led to
improved results [43].

The cross-validated model AUC was 0.77 (95% CI 0.73
to 0.81), suggesting that the algorithm score was a signifi-
cant CAD predictor. A decrease to an AUC of 0.70, with
overlapping confidence intervals (95% CI = 0.65 to 0.75),
was observed in the independent validation set [6]. This
decrease may reflect an over-optimistic cross-validation
estimate, as we did not re-select terms during each itera-
tion. Ultimately, the validation results provide the most
informative measure of a model's prediction accuracy.

Limitations

Although this is one of the largest studies examining
gene expression in peripheral blood in CAD patients
and has yielded a specific algorithm for the assessment
of CAD status, it has several limitations.

From a clinical perspective, diabetics and patients with
known chronic inflammatory disorders were excluded.
The differences observed between diabetics and non-dia-
betics with CAD could be due to differences in the
molecular pathophysiology of the disease, medications,
or some combination of the two. In addition, although
race was not an independent risk factor after adjustment
for age and sex, the number of minority patients was
low, so conclusions with respect to them are signifi-
cantly underpowered. The use of a dichotomous angio-
graphic endpoint does not account for variations in
disease burden or external remodeling, and is not a
measure of ischemia. Finally, the contribution of athero-
sclerosis in other vascular beds is outside the scope of
this study, but may be important in asymptomatic high-
risk individuals.

From a cellular and gene expression perspective, the rela-
tive ease of obtaining peripheral blood cell RNA is counter-
balanced by not directly interrogating changes in the
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TSPAN16. Algorithm score is calculated as described (Additional file 1),

Figure 6 Schematic of the final algorithm structure and genes, The algorithm consists of overlapping gene expression functions for men
and women with a sex-specific linear age function for the former and a non-linear age function for the latter. The genes in each term and their
weights are shown, For the gene expression components, 16/23 genes in 4 terms are gender independent: Term 1 - neutrophil activation and
apoptosis, Term 3 - NK cell activation to T cell ratio, Term 4, B to T cell ratio, and Term 5 -AF289562 expression normalized to TFCP2 and HNRPF.
In addition, Term 2 consists of 3 sex-independent neutrophil/innate immunity genes (S100A8, S100A12, CLEC4E) normalized to overall neutrophil
gene expression (AQP9, NCF4) for women and to RPL28 (lymphocytes) for men. The final male specific term is the normalized expression of
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Figure 7 ROC analysis of final algorithm. The cross-validated ROC
curve for the final algorithm in the algorithm development cohort 1s

shown, The AUC is 0.77 + 004,

diseased vascular wall. Another complementary approach
could be to examine secreted proteins in the blood that
might reflect endothelial or vascular dysfunction. Finally,
given the chronic nature of atherosclerotic disease, it is
likely the gene expression signature observed reflects a
response to disease rather than the underlying cause.

Conclusions

Using a series of microarray and RT-PCR data sets,
comprising more than 1,000 patients, we have derived
an algorithm, consisting of the expression levels of 23
genes, sex, and age, which can assess the likelihood of
obstructive CAD in non-diabetic patients.

Additional material

Additional file 1; Algorithm Score Calculation and Transformation,
Cell fractionation and cell specific gene expression analysis.

Additional file 2: Data Tables. Table S1 - Significance of Clinical
Variables in CATHGEN gene discovery cohort. Table S2 - Significance of
RT-PCR results for the 88 genes tested in the CATHGEN discovery cohor,
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in the non-diabetic and diabetic subsets, Table 53 - The 655 genes
identified in both the CATHGEN and PREDICT discavery microarray
experiments. Table 54 - The significant biological process, cellular
compartment and malecular function antologies from GO analysis of the
655 genes,
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Background—Exercise testing with echocardiography or myocardial perfusion imaging is widely used to risk-stratify patients with
suspected coronary artery disease. However, reports of diagnostic performance rarely adjust for referral bias, and this practice may
adversely influence patient care. Therefore, we evaluated the potential impact of referral bias on diagnostic effectiveness and
clinical decision-making.

Methods and Results—Searching PubMed and EMBASE (1990-2012), 2 investigators independently evaluated eligibility and
abstracted data on study characteristics and referral patterns. Diagnostic performance reported in 4 previously published meta-analyses
of exercise echocardiography and myocardial perfusion imaging was adjusted using pooled referral rates and Bayesian methods. Twenty-
one studies reported referral patterns in 49 006 patients (mean age 60.7 years, 39.6% women, and 0.8% prior history of myocardial
infarction). Catheterization referral rates after normal and abnormal exercise tests were 4.0% (95% Cl, 2.9% to 5.0%) and 42.5% (36.2% to
48.9%), respectively, with odds ratio for referral after an abnormal test of 14.6 (10.7 to 19.9). After adjustment for referral, exercise
echocardiography sensitivity fell from 84% (80% to 89%) to 34% (27% to 41%), and specificity rose from 77% (69% to 86%) to 99% (99% to
100%). Similarly, exercise myocardial perfusion imaging sensitivity fell from 85% (81% to B8%) to 38% (31% to 44%), and specificity rose
from 69% (61% to 78%) to 99% (99% to 100%). Summary receiver operating curve analysis demonstrated only modest changes in overall
discriminatory power but adjusting for referral increased positive-predictive value and reduced negative-predictive value.

Conclusions—Exercise echocardiography and myocardial perfusion imaging are considerably less sensitive and more specific for
coronary artery disease after adjustment for referral. Given these findings, future work should assess the comparative ability of
these and other tests to rule-in versus rule-out coronary artery disease. (J Am Heart Assoc. 2013;2:e000505 doi: 10.1161/
JAHA.113.000505)

Key Words: coronary artery disease * diagnostic performance « echocardiography * exercisetesting = myocardial perfusionimaging
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suspected cardiovascular disease, and >12 million studies
are performed annually in the United States.” The American
College of Cardiology/American Heart Association practice
guidelines for exercise testing recommend that physicians
interpret stress test results in the context of a patient’s
pretest risk, using posttest disease probability as well as test
performance characteristics to guide clinical decision-rmak-
ing.® However, an important limitation of this approach is that
reports of stress test diagnostic performance may be
influenced by referral bias*®—sometimes called “verification
bias" or “workup bias"™—and studies do not routinely adjust
for this phenomenon.”'° Referral bias occurs when patients
with an abnormal stress test result are referred to cardiac
catheterization at a higher rate than are patients with normal
stress test results. While clinically appropriate, failing to
adjust for this difference in referral rates when measuring test
performance can significantly distort the observed diagnostic
characteristics of exercise testing. This is because patients
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referred for cardiac catheterization, the gold standard, may
have a higher likelihood of disease than those who are
not.”""* An exception is the work by Gibbons and colleagues,
in which a posttest referral bias correction was applied, with
adjustment of sensitivity and specificity. ™'’

The clinical implications of referral bias for patient manage-
ment and decision making have received little prior attention
but may be substantial. However, for reasons that are unclear,
referral bias is almost universally unaccounted for in studies of
exercise testing.”~'" We hypothesize that this may be because
prior studies of referral bias enrolled populations from single
centers,”" ™" thus limiting their impact due to concerns about
generalizability. To address this issue, we systematically
reviewed the literature on referral rates after exercise echo-
cardiogram (ECHO) or myocardial perfusion imaging (MP1) and
used these rates to adjust measures of exercise test perfor-
mance. We also examined the potential impact of referral bias
on posttest disease risk and clinical decision making.

Methods

Search Strategy

We searched PubMed and EMBASE from January 1990 to
November 2012 for English-language articles reporting cardiac
catheterization referral rates after normal or abnormal exer-
cise MPl and ECHO. Our search terms were developed with a
clinical and graduate medical education librarian (D.V.) and
included the Medical Subject Headings (MeSH) coronary
disease, exercise test, myocardial perfusion imaging, single
photon emission computed tomography, echocardiography, and
humans; keywords identifying exercise tests, including stress
test, thalfium, sestamibi, and technetium; and keywords
identifying referral, including refer and referr* (for “referral”
and variants), verif* (for “verification” and variants), and select,
selected, and selecti* (for “selection” and variants). We also
searched the reference list of meta-analyses of exercise test
performance and identified additional publications through
discussion between collaborators. Our report adheres to
guidelines for systematic reviews published by the Meta-
analysis of Observational Studies in Epidemiology (MOOSE)
group (see Appendix S1 for details).

Study Selection

Two investigators (J.L. and S.B.), working independently, in
duplicate, reviewed all abstracts and identified studies that
indicated or suggested that the authors reported referral rates
after exercise testing. Studies then underwent full text data
extraction if (1) exercise ECHO or exercise MPI was performed
to detect or evaluate coronary artery disease (CAD) and (2)
referral rates to cardiac catheterization were reported and

stratified by stress test result (eg, normal, abnormal). Studies
were excluded if they enrolled only patients with a histary of
myocardial infarction (MI), percutaneous transluminal coro-
nary angioplasty (PTCA), or coronary artery bypass grafting
(CABG); they enrolled patients with unstable coronary
syndromes; or the majority of patients underwent pharmaco-
logical stress testing. Studies enrolling patients with a history
of MI or revascularization were included if these patients
comprised <15% of the study population. This threshold was
considered reasonable because it was comparable to or lower
than the prevalence of MI in our reference meta-analysis
studies™'® and another systematic review of stress MPI.”

Data Extraction

The same 2 investigators performed data extraction indepen-
dently, in duplicate, using a standardized protocol and
reporting form. Study characteristics recorded included (1)
identifying information (first author, journal, country, institu-
tion, publication year), (2) patient characteristics (mean age,
percentage of male patients, percentage of patients with
previous MI, PTCA, or CABG), (3) stress test characteristics
(test used, type of exercise, positivity criterion, how authors
defined significant coronary artery disease, eg, =50% stenosis
ar >70% stenosis), (4) referral patterns (number of patients
with normal or abnormal stress test results and number of
patients subsequently undergoing cardiac catheterization),
and (5) diagnostic yield (number of true positives, false
paositives, true negatives, and false negatives). Disagreements
between reviewers during the abstract screening and data
extraction process were resolved through discussion.

Data Analysis

Both the proportion of patients referred for cardiac catheterization
and the odds ratio for cardiac catheterization referral after a
normal or abnormal stress test result were derived for each
study, and 95% Cls were calculated. These estimates were
pooled using the Mantel-Haenszel fixed-effects model,
weighted with inverse variance, and the DerSimonian-Laird
random-effects model.'® We assessed the between-study
heterogeneity using the Cochran Q statistic and study consis-
tency using the I? statistic, which quantifies the proportion of
heterogeneity that is not due to chance. If the P-value for the Q
statistic was <0.10 or the |? statistic exceeded 50%, a random-
effects model was reported instead of a fixed-effects model.
Potential sources of heterogeneity also were explored. A 2-
tailed P-value of <0.05 was judged as statistically significant.
Because referral rates were generally not the primary outcome
in any of the included studies, the possibility of publication bias
was not explored. We used the METAN command of Stata
(version 12, StataCorp) to perform all meta-analyses.
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Adjusting Diagnostic Test Performance for
Referral

As a reference standard for exercise test performance, we
compiled studies of exercise ECHO and MPI from 4 sources:
the most widely cited meta-analysis of stress test perfor
mance (Fleischmann et al),'™' a recent meta-analysis
(Heijenbrok-Kal et al),” and 2 peer-reviewed meta-analyses
from the Ontario Health Technology Assessment Series.'®'?
Henceforth, these 4 studies will be referred to collectively as
our exercise test meta-analysis studies. They contributed a
total of 45 unique studies of exercise ECHO (15 studies) or
MPI performance (30 studies) (see Appendix S1).

We then used Bayesian methods developed by Begg and
Greenes to adjust exercise test performance reperted in each
of these 45 studies for referral bias.* Their method assumes
that referral to the gold standard test (cardiac catheterization)
and disease status (the presence or absence of CAD) are
conditionally independent given the exercise test result. This
assumption is generally considered reasonable since the
decision to perform cardiac catheterization can only be
influenced by “visible” factors, such as the exercise test result
and other clinical characteristics.”® Diagnostic test perfor-
mance with and without adjustment for the referral process
can then be derived with the equation:

Pr(T|D)  Pr(T|D,R+)Pr(R+T)
Pr(T|D)  Pr(T|D,R+)Pr(R -+ |T)

where R is referral, which is synonymous here with cardiac
catheterization; T is exercise test result or its complement (7),
equivalent to a normal or abnormal result; D is disease status;
Pr(7|D) is the sensitivity (when T is abnormal and D is disease
presence) of the exercise test, accounting for the referral
process; and Pr(7| D, R+) is the sensitivity of the exercise test,
as determined in the cohort undergoing cardiac catheteriza-
tion (mot accounting for the referral process). An analogous
equation can be derived for specificity by reversing disease
status and test result.

Estimates of exercise test sensitivity and specificity in
cohorts undergoing cardiac catheterization were derived
directly from our 45 exercise test meta-analysis siudies,
and we adjusted these values with pooled estimates of

Literature
review of

Meta-analysis
of referral

referral rates ] rates

referral rates from our literature search. To ensure we applied
referral corrections appropriately, we rated each relevant
study in our exercise test meta-analyses by its likelihood of
referral bias. Fleischmann et al'® also categorized studies by
their likelihood of referral bias, and we limited our analyses to
studies for which referral bias was rated as “likely” or
“certain.” We then used a random-effects model to reestimate
diagnostic performance for exercise ECHO and MPI after
correction for referral bias. After performing a logit transfor-
mation, we used a Taylor series expansion and the delta
method to construct 95% Cls.”' The overall methodological
approach is summarized in Figure 1.

Summary Performance of Each Test

To evaluate the impact of referral bias on the overall
diagnostic performance of exercise MPl and ECHO, we
performed summary receiver operating characteristic (ROC)
curve analysis.”* ROC curves illustrate the trade-off between
sensitivity and specificity as the threshold for defining a
diagnostic test result as abnormal is varied, and they adjust
for the possibility that different studies may use different test
thresholds.”® To perform our analysis, we logistically trans-
formed the true-positive rate (TPR; sensitivity) and false-
positive rate (FPR, 1—specificity) and fit a linear regression
model, with the log-odds ratio (OR; log-odds TPR—log-odds
FPR) as the dependent variable and the test threshold
(log-odds TPR+log-odds FPR) as the independent variable.??
The regression model included an indicator variable for
referral bias correction, and its P-coefficient gives a measure
of the difference in diagnostic performance after adjusting for
referral. Positive coefficients indicate improved discriminatory
power and negative coefficients correspoend to a reduction in
discriminatory power. The model's dependent variable is
invariant to the referral process.””

Clinical Implications and Predictive Value of
Diagnostic Testing

To estimate the impact of referral bias correction on posttest
risk stratification and clinical decision-making, we calculated
positive predictive value and negative predictive value over a

Adjustment of
diagnostic
performance
in exercise test
studies

Estimation of
post-test
disease
likelihood

Figure 1. Flow diagram of selection process for studies included in meta-analysis.
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range of pretest probabilities for CAD. We used the odds-
likelihood ratio version of Bayes’ theorem: posttest odds=pre-
test odds xlikelihood ratio; where the positive likelihood ratio
(LR) is sensitivity/(1—specificity) and the negative LR is
( 1—sensitivity)/specificity. The delta method was used to
estimate 95% Cls as previously described.

Overall Methodological Approach

In summary, we searched PubMed and EMBASE for articles
reporting cardiac catheterization referral rates after normal or
abnormal exercise MP| and ECHO. From studies that met
inclusion criteria, we extracted data on referral rates to
cardiac catheterization stratified by stress test result, along
with other patient and study characteristics, and pooled these
referral rates. We then identified 45 studies of exercise ECHO
and MPI from previously published meta-analyses, and we
used Bayesian methods to adjust exercise test performance
reported in each of these 45 studies for referral bias using our
pooled referral rates. We also performed summary ROC curve
analysis to evaluate the impact of referral bias on the overall

737 Citations identified from
| literature search

644 Citations excluded
based on review of title
or abstract

A 4

h
‘ 93 Potentially relevant
articles identified for
further review

diagnostic performance of exercise MPI and ECHO. Finally, to
estimate the impact of referral bias correction on posttest risk
stratification and clinical decision making, we calculated
positive predictive value and negative predictive value over a
range of pretest probabilities for CAD.

Results

Literature Search

Qur literature search yielded a total of 819 citations, of which
107 were selected as being potentially relevant and obtained
for further screening (Figure 2). Of these 107 studies, 17
reported referral patterns after normal or abnormal exercise
tests and were included in our analysis.”"z"”"“"“ The
characteristics of these studies and their 49 006 participants
are shown in Table 1. The mean age was 60.7 years, 39.6%
were women, 0.8% had a prior history of myocardial infarction
(reported in 13 studies), and 0.1% had a prior history of
revascularization (reported in 14 studies), In 13 studies, the
form of exercise used was treadmill testing, and 3 studies

87 Citations identified from
exercise test meta-analyses

24 duplicates removed*®
49 Citations excluded
based on review of title or

v abstract

14 Potentially relevant
articles identified for
further review

v

107 Articles reviewed

5 4 Kin studies

90 Articles excluded after full-text review
78 Referral rate not reported

-

7 Pharmacological stress only
1 Review or editorial or other

17 Articles (20 unique patient
groups) included in meta-analysis

Figure 2. Overview of methodological approach.

*24 articles were already captured in the |
PubMed/EMBASE |iterature search
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Table 1. Characteristics of Studies Included in Meta-analysis of Referral Patterns After Normal and Abnormal Exercise Tests

| No. of | Mean Men,

| Prior M,

Prior Exercise Time to Prevalence of CAD,

Reference Subgroup Patients | Age, y % | % Revascularization, %" = Used Cath, d %14
B i =
| Jangetal® 1287 |32 (58 [0 [ ma | Treadmit | <20 | 6t
Roger et al'? Male only | 1965 60 100 | 0 0 | Treadmill | 6 | 80
Female | 1714 60 o |o 0 Treadmill | 6 60
only | |
" Vachopoulos et a® 50 59 00 | 0 0 | Treadmil | NA | NA
| Wemikeeta®™ | |20 |62 |46 |NA | NA | Treadmil | NA | 100 é
i e ; i) ]
Cecil et al'* 2683 NA NA |0 0 | Treadmill | <80 | 42 J
| Chanateta® 126 |59 |60 |0 | NA | Bicydle | NA 56 i‘
| Diamond et ai® 971 | NA NA | NA NA | Treadmil | <180 | 29 |
" Hachamovitch et a 1021 69 |5 [0 |0 | Treadmit | <60 | na |
Hannoush et al*® 334 56 80 | 14 NA | Treadmill | <90 | 80 I
| Hosie et ai?* | e 50 |5 | NA | NA | Bogke | NA | 63 |
 Kemeeta® | |e8o1 |61 |54 |NA |0 | Treadmil | <90 60 [
Kolstinen et ai® 136 6 |62 |0 0 | Bioyle | NA 44 |
* Laver et ai®® Maleonly [ 2351 (58 |00 [7 |0 | Teamil <0 | NA |
Female 1318 59 0 ‘ 3 0 | Treadmill | <90 NA |
only | |
| Miller et " [1es ez [ [0 |o | Treadmil | <90 | 72
| Nalamotweta® | | 2700 |5 |5 |0 |0 ‘n <80 | A
Roeters van Lennep | Male only | 322 594 | 100 | 0 0 | Treadmil | <00 | 86 |
| e N N C ‘ Teadmil | <00 | 65 )
only |
 Schwartz et a® | an M |10 0 |0 | Treadmil | NA | 18

CAD Indicates coronary artery disease; cath, cardiac catheterization; ECHO, echocardiography; M|, myocardial infarction; MPI, myocardial perfusion imaging; NA, not available from article,
*Jang et al,** Charvat et al," and Hannoush et a™ reported prior coronary artery bypass graft surgery only and did not report prior percutaneous coronary intervention.

Diamond et al* reported prevalence only in patients with normal exercise test result.

Wennike et al,' Charvat et al,%* Kaistinen et al,*® and Roeters van Lennep et al*® reported prevalence only in patients with abnormal exercise test result,

used a bicycle; 1 study did not report the mode of exercise.
Significant CAD was present in 18% to 100% of patients
undergoing cardiac catheterization (reported in 13 studies).
Overall, the studies were heterogeneous with respect to the
population prevalence of prior coronary disease and the
indications for testing and referral.

Cardiac Catheterization Referral Rates

Cardiac catheterization referral rates after normal and abnor-
mal stress tests results from our literature review are shown
in Figures 3 and 4. Because only a few studies reported
referral patterns after exercise ECHO, and because we did not
believe that referral patterns would differ in a clinically
meaningful way between exercise ECHO and MPI, we
combined all studies together. Using a random-effects model,

the pooled referral rate after a normal test result was 4.0%
(95% Cl, 2.9% to 5.0%), and that after an abnormal test result
was 42.5% (95% Cl, 36.2% to 48.9%). The pooled odds ratio for
referral after an abnormal test, compared with a normal test,
was 14.6 (95% Cl, 10.7 to 19.9).

Diagnostic Effectiveness After Adjustment for
Referral Bias

Using Bayesian methods, we adjusted the diagnostic perfor-
mance reported in each of our 45 exercise test meta-analysis
studies. The pooled sensitivity of exercise ECHO and MPI fell
from 84% (95% Cl, 80% to 89%) and B5% (95% Cl, 81% to 88%)
prior to adjusting for the referral process to 34% (95% Cl, 27%
to 41%) and 38% (95% Cl, 31% to 44%) after adjustment,
respectively (Table 2). The pooled specificity of exercise
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Referral %

| No.

i Study referred/No. nermal rate (95% Cl) Weight

| S — G ; —
Cecil et al, 1996 441265 — 0.03 (0.02, 0.04) 5.83
Charvat et al, 2004 0/60 e 0.01(-0.01,0.03) 4.82
Diamend et al, 2008 9g/3992 - : 0.02 (0.02, 0.03) 6.08
Hachamovitch et al, 2004 16/537 —"-+ 0.03 (0.02, 0.04) 5.54
Hannoush et al, 2003 7/215 —-+;— 0.03 (0.01, 0.08) 4.72
Hosie et al, 1993 2/57 f——*i_ 0.04 (-0.01, 0.08) 2.75
Jang et al, 2011 771192 ) 0.06 (0.05,0.08) 557
Kane et al, 2008 185/4637 - 0.04 (0.03,0.05)  6.05
Lauer et al, 1996 62/1667 —'t:-' 0.04 (0.03, 0.05) 5.89
Lauer et al, 1996 441215 -'!l'l— 0.04 (0.08, 0.05) 5.81
Miller et al, 2002 97/7528 - : 0.01 (0.01, 0.02) 6.13
Nallamothu et al, 1995 53/2027 x* : 0.03 (0.02, 0.03) 6.00
Roeters van Lennep et al, 1999 5/207 —Ih—i— 0.02 (0.00, 0.05) 4.98
Roeters van Lennep et al, 1999 7160 prt 0.04 (0.01, 0.08) 3.99
Roger et al, 1997 65/1308 —— 0.05(0.04,0.08) 573
Roger et al, 1997 26/1248 - : 0.02 (0.01, 0.03) 5.98
Schwartz et al, 1993 268/1075 E —¥ 0.25(0.22,0.28)  4.52
Viachopoulos et al, 2005 0/39 L 0.01 (-0.02,0.05) 3.75
Wennike et al, 2010 0/141 = 0.00 (-0.01,0.01) 5.86
Overall (I-squared = 96.3%, p = 0.000) <'='> 0.04 (0.08,0.05)  100.00
NOTE: Weights are from random effects analysis E

0 125 25

Figure 3. Cardiac catheterization referral rates after normal exercise ECHO or MPI results. Note: Lower 95% confidence intervals for some
studies intersect zero, Area of each square corresponds to weight of the study in meta-analysis. Cl indicates confidence interval; ECHO,

echocardiography; MPI, myocardial perfusion imaging.

ECHO and MPI rose from 77% (95% Cl, 69% to 86%) and 69%
(95% Cl, 61% to 78%) prior to adjusting for the referral process
to 99% (95% CI, 99% to 100%) and 99% (95% Cl, 99% to 100%)
after adjustment, respectively.

Summary ROC Analysis

In a model comparing exercise ECHO without correction for
referral bias to exercise ECHO with correction for referral bias,
there was a trend toward a decrease in discriminatory power
(parameter estimate for reduction —1.8; 95% CI, —3.6 to 0.1).
No decrease in discriminatory power was found for exercise MPI
(parameter estimate for reduction —0.2; 95% Cl, —1.3 to 0.9).

Clinical Decision Making and Posttest Risk
Stratification

Figure 5 shows how the posttest risk of CAD varies by pretest
risk, with or without correction for referral bias. For both
exercise ECHO and MPI, adjusting for referral resulted in an
increase in the posttest risk of disease after either a normal or

abnormal test result. Posttest disease risk was comparatively
higher after a normal test result primarily because referral bias
adjustment significantly reduced sensitivity (thereby reducing
negative predictive value). Similarly, posttest disease risk was
comparatively higher after an abnormal test result primarily
because referral bias adjustment significantly increased spec-
ificity (thereby increasing positive predictive value). The value of
the test, in terms of guiding clinical decision making, was
therefore comparatively higher after an abnormal test result
than a normal test result. This is also demonstrated by the
distance between the adjusted curves in Figure 5 and the
45-degree ling, as the latter represents no incremental information
from diagnostic testing (because pretest disease risk equals
posttest disease risk along thisline). Appropriately, this distance is
greater after an abnormal test result than a normal test result.

Sensitivity Analyses

We evaluated the overall robustness of our results by
reanalyzing our data using the upper and lower Cl bounds
for pooled referral rates after normal and abnormal tests,
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| No.

| referred/No.
| Study abnormal
Cecil et al, 1996 4271423

Charvat et al, 2004 34/66

Referral %
rate (95% CI) Weight
0.30 (0.28, 0.32) 5.83
0.51 (0.40, 0.63) 4.86

Hachamovitch et al, 2004 355/733 : —— 0.48 (0.45,0.52) 5.76
Hannoush et al, 2003 44/119 === 0.37 (0.28, 0.46) 5.30
Hosie et al, 1393 6/18 — 0.33 (0.12,0.55) 3.48
Jang et al, 2011 77/95 i —— 0.81(0.73,0.89) 5.39
Kane et al, 2008 651/2164 : 0.30 (0.28,0.32) 5.84
Koistinen et al, 1990 25/31 E ——> 0.81 (0.67, 0.95) 4.59
Lauer et al, 1996 257/684 ! 0.38 (0.34,0.41) 576
Lauer et al, 1996 38/103 —— = 0.37 (0.28, 0.46) 5.22
Miller et al, 2002 1756/6745 * . 0.26 (0.25, 0.27) 5.86
Nallamothu et al, 1995 242/673 —_ 0.36 (0.32, 0.40) 5.76
Roeters van Lennep et al, 1999  17/85 . \ 0.20 (0.11, 0.29) 5.32
Roeters van Lennep et al, 1999  28/157 — E 0.18 (0.12, 0.24) 5.58
Roger et al, 1997 179/657 - A 0.27 (0.24, 0.31) 5.78
Roger et al, 1997 70/366 e ! 0.19 (0.15,0.23) 5.74
Schwariz et al, 1993 386/540 { = 0.71 (0.68, 0.75) 5.75
Vlachopoulos et al, 2005 9112 | + > 0.73 (0.49,0.97) 3.19
Wennike et al, 2010 44/59 : —%—— (.74 (0.63,0.85) 4.99
Overall (I-squared = 98.2%, p = 0.000) <> 0.43 (0.36, 0.49) 100.00
NOTE: Weights are from random effects analysis E
T T T
0 45 9

Figure 4. Cardiac catheterization referral rates after abnormal exercise ECHO or MPI results. Cl indicates confidence interval; ECHO,

echocardiography; MPI, myocardial perfusion imaging; No., number.

respectively. Selecting these values would be expected to
attenuate the impact of referral bias by minimizing the relative
difference in referral rates. In this analysis, the sensitivity of
exercise ECHO and MPI fell to 44% (95% Cl, 35% to 52%) and
48% (95% Cl, 40% to 56%) and the specificity rose to 99% (95%
Cl, 98% to 100%) and 98% (95% Cl, 97% to 98%), respectively.

We also excluded all studies of referral in which any
participants were reported as having a history of Ml or
revascularization.”**® In this analysis, the referral rates after
normal and abnormal exercise tests were 4.1% (95% Cl, 2.8%
to 5.3%) and 43.7% (36.5% to 50.9%), respectively, with odds

ratio for referral after an abnormal test of 14.3 (9.8 to 20.7).
After adjusting for referral, the sensitivity of exercise ECHO
and MPI fell to 34% (95% CI, 26% to 41%) and 38% (95% Cl,
31% to 44%) and the specificity rose to 99% (95% Cl, 99% to
100%) and 99% (95% Cl, 99% to 100%), respectively,

Discussion

By systematically reviewing cardiac catheterization referral
rates and aggregating them to adjust pooled estimates of
exercise test performance, we found that adjusting for referral

Table 2, Diagnostic Effectiveness of Exercise ECHO and MPI With and Without Adjustment for Referral

ECHO
Sensitivity, % (95% CI)

| 84 (80 to 89)
| 34 (27 to 41)

Specificity, % (95% CI)
| 77 (69 to 86)

| 99 (99 to 100)

| Unadjusted*
| Adjusted’

ECHO indicates echocardiography; MPI, myocardial perfusion imaging.

MP

Sensitivity, % (95% CI)

| 85 (81 10 89)
| 3831 to44)

Specificity, % (95% CI)
| 69 (61 to 78)

| 99 (29 to 100)

*Diagnostic effectiveness based on randomi-effects meta-analysis of sensitivity and specificity reported in 15 studies of exercise ECHO and 30 studies of exercise MPI (45 studies in total)
TAdjusted for referral rates to cardiac catheterization after sbnormal or normal exercise test result.
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4 6 8
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o Difference (Adjusted - Unadjusted)
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Figure 5. Posttest disease risk after normal or abnormal exercise ECHO or MPI, with and without adjustment for referral process. Note: Error

bars carrespond to 95% Cl. ECHO indicates echocardiography; MPI,

(which was 15-fold higher after an abnormal result) signifi-
cantly reduced test sensitivity and increased test specificity.
While these adjustments only modestly reduced overall
discriminatory power, a patient’s estimated posttest disease
risk shifted considerably, substantially affecting utility. To our
knowledge, this analysis is the first meta-analysis to system-
atically apply actual cardiac catheterization referral rates after
stress testing to fully understand the clinical implications of
referral bias.

Our findings have important implications for clinical
decision making. A recent study of Medicare patients
reported that siress tests using radionuclide imaging or
echocardiography account for B0% of all stress test studies

myocardial perfusion imaging.

performed,*? and the volume of these procedures has grown
markedly over the past 2 decades.®® Most importantly for
clinical care, we found that the sensitivity of exercise testing
is much lower than previously reported. Wider recognition of
this among clinicians—particularly primary care physicians
and hospitalists—may influence how health care profession-
als use exercise ECHO and MPI to rule-in versus rule-out
disease, since test specificity substantially exceeds
sensitivity.

Further research is needed to understand the implications
of these findings for the practicing clinician.** We describe 2
possible clinical scenarios that follow from our findings: A
patient presenting with chest pain with a low likelihood of
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CAD is considered for stress testing in an evaluation for
physiologically significant CAD. If a physician preferentially
aims to rule-out CAD in this patient, given the impact of
referral bias on the diagnostic accuracy of stress imaging,
alternative noninvasive technologies with higher sensitivity,
such as coronary computed tomography angiography or other
novel technologies,”® may be more appropriate tests to use
first. Another scenario is that a patient with an intermediate
likelihood of CAD is similarly considered for stress testing in
an evaluation for physiologically significant CAD. If a physician
preferentially aims to rule-in CAD in this patient, stress
imaging may be considered as the more appropriate test to
use first because it is highly specific after accounting for the
referral process.

We recently published the results of a multicenter, blinded
trial that enrolled 537 patients with suspected CAD who were
referred for stress MP| and underwent a blood-based GES.**
To attenuate the impact of referral bias, we attempted to
determine coronary anatomy in all patients using cardiac
catheterization, when clinically appropriate, or coronary
computed tomography angiography. Approximately 83% of
eligible patients underwent at least 1 of these 2 tests, and
site-read and core-lab MPI sensitivity was 27% and 36%;
specificity was 92% and 90%, respectively. Though coronary
computed tomography angiography is an imperfect substitute
for cardiac catheterization, these results support our findings
about the impact of referral bias.

Though we report significantly lower sensitivity and higher
specificity than prior meta-analyses of stress testing, the
prognostic value of exercise ECHO or MPl—in terms of
adverse cardiovascular events—is also cited as a component
of its diagnostic utility. However, while the prognostic value of
a negative stress test is favorable,"” a recent study suggests
that this may be partly driven by enrollment of patients at
lower risk for CAD.*®* In a study of 39 515 patients
undergoing stress-rest MPIl between 1991 and 2009, Rozan-
ski and colleagues reported a significant progressive decline
in the prevalence of abnormal (from 40.9% in 1991 to 8.7% in
2009) and ischemic (from 29.6% in 1991 to 5.0% in 2009)
studies. These authors concluded that more cost-effective
strategies for evaluating low-risk patients are needed.

Our study has several important limitations. Our adjusted
values of corrected sensitivity and specificity are analytic
estimates only,*® the study populations were heterogeneous
with respect to important clinical characteristics, and the
validity of our results depends on how accurately referral
rates from the literature review reflect those of patients
comprising our exercise test meta-analysis studies. While
several studies reported fairly similar referral rates, it is
impartant to note that referral practices vary by site and
provider. In addition, the diagnostic performance of exercise
ECHO and MPI also varies by site, and physicians interpreting

these studies may operate at different points on the ROC
curve. Results obtained in nonacademic settings may also
differ. Our summary ROC curve analysis partially accounted
for these possibilities by evaluating overall diagnostic perfor-
mance.

Another limitation is that our analysis also did not account
for other important clinical characteristics that may affect
diagnostic test performance and clinical decision making,
including clinical factors such as patient-level risk and disease
severity and nonclinical factors such as patient preferences
and liability concerns. For example, patients with abnormal
test results who are referred to cardiac catheterization may
have more severe symptoms or a greater risk burden than
patients with similar test results who are not referred. This
practice would tend to attenuate the impact of referral bias on
diagnostic test performance. Furthermore, the Fleischmann
et al meta-analysis may not be reflective of contemporary
practice, and some authors disagree with its findings.
Similarly, the Ontario Health Technology Assessment series
is not a widely recognized reference.

An additional limitation of our work is that cardiac
catheterization is a poor gold standard for exercise testing.
Recent studies have examined the importance of functional
characteristics of the coronary arteries and microcirculation,
rather than just coronary anatomy, and our understanding of
these phenomena is growing.”®®' However, a more accurate
understanding of diagnostic performance may further improve
risk factor modification in this cohort.

Conclusions

Based on pooled results from several studies and clinical
sites, exercise ECHO and MPI are less sensitive and more
specific for coronary artery disease after adjusting for the
referral process. Accounting for this adjustment may influ-
ence how clinicians use these tests to rule-in versus rule-out
disease, and more sensitive noninvasive methods for diag-
nosing coronary artery disease may improve patient care.
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Completing the picture

By Aaron Bouchie
Senior Writer
By teaming up to promote each other’s tests for coronary
artery disease, CardioDx Inc. and General Electric Co.'s GE
Healthcare unit believe they can provide more complete answers
to physicians and patients than is possible with either testalone.
If they're right, CardioDx should benefit from GE Healthcare's
marketing muscle, as well as imaging solutions for instances when
its molecular diagnostics do not give clear answers. Meanwhile,
GE Healthcare gets access to emerging
technologies and could see increased use
of its tests if earlier use of molecular
diagnostics yields additional imaging.
Mo single test can diagnose coronary

“This is about the integra-
tion of information, not

in certain care areas and disease states, we believe there will
be an increase in opportunities to bring together disparate
areas of diagnostic information that exist today,” Michael
Jones, EVP of business development for GE Healthcare, told
BioCentury.

“Diagnostics are done very much in a siloed approach.
Especially when there is a difficult decision to be made, we want
to give physicians the tools to make a more definitive clinical
decision,” Jones added. "This is about the integration of informa-
tion, not the integration of technologies.”

While the partners are still finalizing
details of their relationship, the deal will
likely include CardioDx’s Corus CAD, a
CLIA-certified blood-based test launched

artery disease (CAD), and there are vari- P : last year that measures expression levels
ous tests that physicians can use to inform the integration of of 23 genes to predict the likelihood that
their decision. Diagnosing CAD begins technologies.” a patient has obstructive CAD.

with the ascertainment of risk factors like

The test provides a score of 0-40,

cholesterol and triglycerides, as well as
co-morbidities like smoking, diabetes and

Michael Jones, GE Healthcare

which correlates with likelihood of ob-
structive CAD. For example, a score of 7

hypertension.

Physicians then perform a number of tests, beginning with
noninvasive tests like electrocardiograms and stress tests, fol-
lowed by invasive procedures like angiography and
transesophageal echocardiograms.

But a study of 398,978 patients undergoing angiography
published in March in the New England Journal of Medicine showed
that only 37.6% had obstructive CAD and 39.2% had no CAD,
even though most had a positive result from noninvasive testing
prior to catheterization. The authors concluded that better
strategies for CAD risk stratification are needed.

“The primary reason we partnered with CardioDx is that

carrelates to a 13% likelihood, a score of
27 is roughly a 50% likelihood, and a maximum score of 40
equates to about a 75% chance of obstructive CAD.,

In the validation phase of CardioDx's PREDICT study in 596
non-diabetic patients with stable chest pain and no previously
diagnosed myocardial infarction (MI) or revascularization, Corus
CAD had 85% sensitivity and 83% negative predictive value,

Corus CAD is most valuable to physicians to rule out
obstructive CAD, rather than to diagnose it, according to
CardioDx President and CEO David Levison.

Jones suggested a likely scenario is that physicians could use

See next page
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Corus CAD early on to try to rule out the need to subject a
patient to an expensive, invasive angiograph or a stress test.

Corus CAD costs $1,195, while a myocardial perfusion
imaging (MPI) stress test costsabout $600 and angiography costs
$3,000-$5,000, according to CardioDx.

GE Healthcare sells computed tomography (CT) machines
for performing angiographies, as well as radiopharmaceurical
imaging agents for use in diagnosing CAD.

Jones acknowledged that use of Corus CAD will likely reduce
the use of imaging in some patients who might have otherwise
been tested with GE Healthcare's products. But he added that
Corus CAD could result in earlier use of imaging, for example if
a patient who does not exhibit traditional risk factors is identified
as high risk by the molecular diagnostic.

“So there is an element of justifying those imaging modali-
ties,” Jones said.

Lavison noted that another test helps when an initial testis
inconclusive.

“No single diagnostic can answer all of the questions a
physician might have. So an imaging test might come back
equivocal, and in those cases the Corus CAD test could give an
incremental benefit. And vice versa; our test might not give a
definitive answer and push a physician to give an imaging test,”
he said.

Details of the deal remain to be worked out. The companies
will likely co-market and co-promote each other's products but
continue to book sales of their own products. They also may co-
develop other tests in CardioDx’s pipeline.

The PREDICT rrial is still enrolling patients who are under-
going invasive angiography to obtain samples for future product
development. The company also is enrolling patients who are
undergoing MPI in the COMPASS trial, with data expected in
early 201 1.

CardioDxalso began the DISCERN trial about two years ago
to identify and validate markers for distinguishing patients at
increased risk for arrhythmias. Levison said he is not sure when
data will be released. A third test, to identify patients at increased
risk for heart failure, is further behind in development.

Concurrent with the deal, the GE Healthymagination Fund
invested $5 million in CardioDx as part of a series D round.
Levison said the company has also raised $5 million from an
undisclosed VC, and hopes to raise at least $!0 million more
befare closing the round in the next few months.

This is the first investment by the GE fund, which has $250
million to invest in diagnostics, health IT and tools companies.
Jones, who also is director of the fund, said it is looking to invest
in technologies that can help improve healthcare quality while
lowering costs.

COMPANIES AND INSTITUTIONS MENTIONED
CardioDx Inc., Palo Alto, Calif.
General Electric Co. (NYSE:GE), Fairfield, Conn.
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Original Article

A Blood-Based Gene Expression Test for Obstructive
Coronary Artery Disease Tested in Symptomatic Nondiabetic
Patients Referred for Myocardial Perfusion Imaging
The COMPASS Study

Gregory S. Thomas, MD, MPH; Szilard Voros, MD; John A. McPherson, MD; Alexandra J. Lansky, MD;
Mary E. Winn, PhD; Timothy M. Bateman, MD; Michael R. Elashoff, PhD; Hsiao D. Lieu, MD;
Andrea M. Johnson, PhD; Susan E. Daniels, PhD; Joseph A. Ladapo, MD; Charles E. Phelps, PhD;
Pamela S. Douglas, MD; Steven Rosenberg, PhD

Background—Obstructive coronary artery disease diagnosis in symptomatic patients often involves noninvasive testing before
invasive coronary angiography. A hlood-based gene expression score (GES) was previously validated in nondiabetic patients
referred for invasive coronary angiography but not in symptomatic patients referred for myocardial perfusion imaging (MPI),

Metheds and Results—This prospective, multicenter study obtained peripheral blood samples for GES before MPLin 537 consecutive
patients. Patients with abnormal MPI usually underwent invasive coronary angiography; all others had research coronary
computed tomographic angiography. with core laboratories defining coronary anatomy. A total of 431 patients completed GES,
coronary imaging (invasive coronary angiography or computed tomographic angiography), and MPI. Mean age was 5610 years
(48% women). The prespecified primary end point was GES receiver-operating characteristics analysis to discriminate =50%
stenosis (15% prevalence by core laboratory analysis). Area under the receiver-operating characteristics curve for GES was (.79
(95% confidence interval, 0.73-0.84; P<0.001), with sensitivity, specificity, and negative predictive value of 89%, 52%, and 96%,
respectively, at a prespecified threshold of <15 with 46% of patients below this score. The GES ouftperformed clinical factors by
receiver-operating characteristics and reclassification analysis and showed significant correlation with maximum percent stenosis.
Six-month follow-up on 97% of patients showed that 27 of 28 patients with adverse cardiovascular events or revascularization
had GES >15. Site and core-laboratory MPI had areas under the curve of 0.59 and 0.63, respectively, significantly less than GES.

Conelusions—GES has high sensitivity and negative predictive value [or obstructive coronary artery disease. In this population
clinically referred for MPI, the GES outperformed clinical factors and MPI,

Clinical Trial Registration—URL: hutp://www.clinicaltrials.gov. Unique identifier: NCTO11173506. (Circ Cardiovasc Genet.
2013;6:154-162.)
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myocardial perfusion imaging

he evaluation of patients presenting with chest pain or

other symptoms suggestive of coronary artery disease
(CAD) is a common clinical challenge. A history and
physical examination followed by a stress test, without or
with myocardial perfusion imaging (MPI), make up most
evaluations. In the United States, MPI is most commonly
performed; 6.8 million patients underwent such tests in
2009." Direct referral to invasive coronary angiography (ICA)
or computed tomographic angiography (CTA) in place of
or after positive stress tests is another common pathway.

However, concerns about cumulative radiation exposure from
multiple tests,*~ the overall low proportion of obstructive
CAD in patients referred for ICA,% and the implications of
the Clinical Trials Utilizing Revascularization and Aggressive
Drug Evaluation (COURAGE) trial® suggesting a more
conservative approach make less invasive and non-radiation-
based diagnostic alternatives desirable.

Editorial see p 139
Clinical Perspective on p 162

Received June 6, 2012; accepted February 5, 2013.

From the Long Beach Memorial Medical Center, Long Beach, CA, and University of California, Irvine (G.S.T.); Stony Brook University Medical
Center, Stony Brook, NY (5.V.); Vanderbilt University, Nashville, TN (J.A.M.); Yale University School of Medicine, New Haven, CN (A.J.L.); Scripps
Translational Science Institute, La Jolls, CA (M.E.W.); University of Missouri, Kansas City (T.M.B.); CardioDx, Ine, Palo Alto, CA (M.R.E., HDL.,
AMLIL, S.E.D., S.R.): New York University School of Medicine, New York (J.A.L.); University of Rochester, Rochester, NY (C.E.P.); and Duke Clinical
Research Institute, Duke University, Durham, NC (P.5.0.).

Guesl Editor for this article was Heribert Schunkert, MD.

The online-only Data Supplement is available at http://circgenetics.ahajournals.org/lookup/suppl/doi:10.116 /CIRCGENETICS.112.964015/-/DC1.

Correspondence to Gregory S. Thomas, MD, MPH, Memorial Care Heart and Vascular Institute, Long Beach Memorial Medical Center, 2801 Atlantic
Ave, Long Beach, CA 90806. E-mail gthomas | @ memorialcare.org

© 2013 American Heart Association, Inc.

Cire Cardiovasc Gener is available at hitp://circgeneties.ahajournals.org DOI: 10.1161/CIRCGENETICS.112,964015

Downloaded from circgenetics.ahajdddials.org by guest on April 16, 2013



Thomas et al

We previously developed and validated a peripheral blood
gene expression score (GES) to assess obstructive CAD likeli-
hood in nondiabetic patients referred for ICA and analyzed by
core-laboratory quantitative coronary angiography (QCA) in
the Personalized Risk Evaluation and Diagnosis in the Coronary
Tree (PREDICT) study (NCT005617).%'% The score algorithm
was derived by the use of Ridge regression from 640 patients
for whom real-time polymerase chain reaction gene expression
data and QCA had been obtained.” This algorithm compriscs
expression values for 23 genes from peripheral blood cells in
6 terms, patient age, and sex as shown in Figure 1. Each term
is composed of ratios of highly correlated genes representing
a diverse set of inflammatory cell biology, including neutro-
phil apoptosis, neutrophil-to-lymphocyte ratio, and natural
killer-cell activation. There are both sex-specific and common
algorithm terms with sex-specific weights. Subsequently, we
showed that patients with low GES (<15) had very low rates of
revascularizations and adverse events over | year'' and that the
GES appeared to be especially useful in women.'?

A limitation of the PREDICT study was selection bias inherent
in the angiographically referred population,” and the accuracy
of the GES in a lower-CAD-prevalence population is unknown.
Accordingly, we designed the Coronary Obstruction Detection
by Molecular Personalized Gene Expression (COMPASS) study
to extend this work upstream in the referral path to symptomatic

Males
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nondiabetic patients referred for MPI using a composite hier-
archical anatomic end point of QCA and core-laboratory CTA
to define obstructive CAD status in all participants. Thus,
COMPASS enables an assessment of GES and MPI performance
in a lower- risk population while minimizing selection bias,

Methods

Study Design
The COMPASS study was a mullicenter, prospective, double-blind,
diagnostic clinical study, We enrolled 537 patients at 19 US sites, both
community and academic centers (Appendix II in the online-only Data
Supplement); of these, 431 patients were evaluable, having completed
the protoeol prespecified testing: GES, MPI, and ICA or research CTA.

Patients were enrolled from May 2010 to March 201 1. The Institutional
Review Board at each center or a central Institutional Review Board ap-
proved the study, and all patients provided written informed consent.
Patients referred for diagnostic MP1 stress testing with angina or angina-
equivalent symptoms were eligible. Exclusion criteria included history
of myocardial infarction (MI) or CAD, acute MI, diabetes mellitus or
hemoglobin A, _>6.5%, New York Heart Association class ITl or IV heart
failure symptoms, cardiomyopathy with ejection fraction £35%, severe
cardiac valvular diseases, systemic infectious or inflammatory condi-
tions, or treatment with immunosuppressive or chemotherapeutic agents
at study entry. For patients requiring a research CTA, additional exclu-
sion criteria were atrial fibrillation, known renal insufficiency (creati-
nine 22.0 mg/dL), or severe iodinated contrast allergy.

Peripheral blood was collected before MPI for GES measurements.
Subjects with positive MPI underwent ICA on the basis of clinical

Females

Figure 1. Schematic of gene expression score algorithm. The algorithm consists of overlapping gene expression functions for men and
women with sex-specific coronary artery disease (CAD) age dependencies. The algorithm gene expression terms and their biological or
cellular pathways are shown. The genes symbols are as follows: /L18RAP, interleukin-18 receptor-associated protein; TNFAIPG, tumor
necrosis factor-a-induced protein 8; CASP5, caspase-5; IL8RB, interleukin-8 receptor 3; TNFRSF10C, TRAIL decoy receptor 3; TLR4,
Toll-like receptor-4; KCNE3, ISK family potassium voltage-gated channel; S100A8, S100 calcium-binding protein 8; ST100A12, S100
calcium-binding protein 12; CLEC4e, C-type lectin domain family 4e; RPL28, ribosomal protein 28 light subunit; AQP9, aquaporin 9;
NCF4, neutrophil cytosolic factor 4; SLAMF7, SLAM family member 7; KLRC4, killer cell lectin receptor family C4; TMCS, transmembrane
channel-like-8; CD3D, CD3-6; SPIB, spi-B transcription factor; CD798, immunoglobulin associated CD798; AF2, AF289562, unknown
protein; TSPAN, AF161365, unknown protein; TFCP2, transcription factor CP2; and HNRPF, heterogeneous nuclear riboprotein F. The
gene expression score is calculated from median Cp values as follows: raw score=intercept-0.755x(N,_-N_ }-0.308xsexx(SCA,—
Norm,}—0.548x(1-sex)x(SCA,—Neut)-0.406x(NK _-T_)-0.137x(B_~T_ )-0.482xsexx(TSPAN)-0.246 (xFQ— orm,). For men (SEX=1)

Col

and women (sex=0), imarcept=2.6T2+0.0449xAguE aﬁﬂ 1.82140.123x%(

N, =1/3x(CASP5+IL18RAP+TNFAIPE), N
Norm,=RPL28; Neut=0.5x(AQP9+NCF4); N

ge-60), respectively, with only positive values allowed for women;
=0.25x(ILBRB+TNFRSF10C+TLR4+KCNES); SCA,=1/3x%(S100A12+5100A8+CLEC4E);
=0.5x(SLAMF7+KLRC4); T_ =0.5x(CD3D+TMCB); B

=2/3xCD79B+1/3xSPIB; TSPAN=1

if (AF161365-Norm2)>6.27 otherwise 0; and ‘ﬁorrnz=0.5x{HNRPF+TFCP2]. The final score is transformed to the integer 1 to 40 scale for
clinical reporting as described in Methods in the online-only Data Supplement. Adapted from Elashoff et al.?
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Judgment; all others had research CTA. This established anatomic
reference data for all patients and attenuated the impact of referral
bias on test performance estimates. Patients were followed up for 6
months after index MPI and GES with ¢linical end points defined as
major adverse cardiac events I (MACEs); nonfatal M1, stroke/tran-
sient ischemia attack, and all-cause mortality) and revascularization
(Appendix [IT in the online-only Data Supplement).

Clinical Estimations of CAD Likelihood

The clinical pretest probability of CAD was estimated by 2 methods:
the Diamond—Forrester classification' and 1he Morise scare. !>

Stress MPI and Angiography

All subjects underwent single-photon emission computed tomography
MPI based on site standard of care with either exercise (78%) or phar-
macological (22%) stress, with stress-only imaging in 22% (4% with
artenuation corvection). Patients were classified as MPI negative (nor-
mal or fixed defect interpreted as artifact) or MPI positive (reversible
or fixed perfusion defect in any myocardial segment). Site MPI inter-
pretation was used (o reflect real-world MPI use and core-laboratory
evaluation completed to provide an expert interpretation for secondary
analysis (Appendix [II in the online-only Data Supplement),

ICA was performed according to institutional protocols, with at
least 2 orthogonal views of the major coronary arteries. CTA im-
age acquisition and reconstruction parameters were based on local
institutional protocols on 264-slice multidetector CT systems, f3-
Blockade was encouraged to achieve heart rate of €65 bpm and sub-
lingual nitroglycerin for vasodilation, For local CTA image analysis,
investigators interpreted scans on the basis of a modified | 7-segment
American Heart Association coronary segmentation model,'” Each
segment stenosis was visually and qualitatively graded (none; mini-
mal [<25%]; mild [25%—49%]; moderate [50%—69%]; severe [70%—
999%]; oceluded [100%]; nonevaluable).

Core-laboratory evaluations were performed for ICA by QCA and
for coronary CTA by 2 independent readers to define obstructive

CAD anatomic reference standards (Appendix T in the online-only
Data Supplement),

CAD and Clinical Events Definitions

Obstructive CAD was defined prospectively as =1 stenosis =50% in &
major vessel on QCA (=1.5 mm) or CTA (22.0 mm}. If QCA results
were obtained, they were used; otherwise, core-laboratory CTA de-
fined obstructive CAD. Patients with obstructive CAD were defined
as cases and others as controls for dichotomous analyses. A subset of
patients (n=28) with both QCA and core-laboratory CTA were used
for intermethod comparisons, Mild CAD was defined as 223% 1o
49% stenosis.

Clinical end points were predefined as all revascularizations and
MACEs (nonfatal MI, stroke/transient ischemic attacks, or all-cause
mortality) both within 30 days of the index MPI and subsequently
during follow-up.

GES Determination

Venous blood samples were collecied before MPI in PAXgene RNA
preservation tubes (PreAnalytiX, Valencia, CA) according to the
manulacturer’s instructions and stored at =20°C. Automated RNA
purification, cDNA synthesis, and real-time polymerase chain reaction
were performed as described,'™ according to Corus CAD protacols
in a Clinical Laboratory Improvement Amendments-approved
reference laboratory (CardioDx, Ine, Palo Alto, CA). Raw GESs were
compuled from median expression values for the 23 algorithm genes,
age, and sex and linearly transformed to a 1 to 40 scale for reporting
(Figure I: Appendix [ in the online-only Data Supplement).'?

Statistical Analysis

A prospectively defined analysis plan (Appendix TV in the online-
only Data Supplement) was communicated to the external statisti-
cian (M.E.W.) before study completion, and primary and secondary
analyses were performed starting from individoal well real-time poly-
merase chain reaction data. The primary end point of GES area under

Table 1. Clinical and Demographic Characteristics of the Patient Cohort*

Variable Confrolst (n =368) Casest (n=63) All (n=431) PValue
Male sex, n (%) 174 (47) 51 (81) 225 (52) <0001
White, n (%) 324 (88) 59 (94) 383 (89) 0275
Age, ¥ 55410 62+9 56+10 <0.001
Systolic BP, mmHa 129+16 136+18 130+17 0.002
Dyslipidemia, n (%) 190 (52) 45(73) 236 (55) 0.003
Symptoms, n (%) 0.775

Asymptomatic 1(0.3) 0(0) 110.2)

Alypical 212 (58) 38 (60) 250 (58)

Nonanginal 53 (23) 11(18) 94 (22)

Typical 71(19) 14 (22) 85 (20)
BMI ka/m* 306 204 3046 0.368
Smoking status, n (%) .01

Current 52 (14) 14 (22) 66 (15)

Former 101 (27) 25 (40) 126 (29)

Never 215 (58) 24 (38) 239 (56)
Aspirin, n (%) 171 (47) 41 (65) 212 (49) 0.008
Statins, n (%) 161 (44) 33(52) 194 (45) 0.256
[3-Blockers, n (%) 67 (18) 19 (30) 86 (20) 0.043
ACE inhibitors, n (%) 103 (28) 27 (43) 130 (39) 0.030

ACE indicates angiotensin-converting enzyme; BMI, body mass index; and BP, blood pressure.

*Results shown for the 431 evaluable patients.

tCase and control stalus determined by core laboratory with =50% maximum stenosis used as the case threshold,
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Figure 2. Study design and patient flow diagram. Nondiabetic
patients without known corenary artery disease referred for myo-
cardial perfusion imaging (MPI) were consented and had blood
drawn for gene expression score (GES) before MPI. Positive MPI
results were referred for invasive caronary angiography (ICA),

if clinically appropriate; all other patients were asked to obtain

a research computed tomographic angiography (CTA), yielding
anatomic reference data for all patients. If CTA results war-
ranted, patients could be referred for ICA. All enrolled patients
and MPI and angiographic results leading to the 63 cases are
shown. Patients enrolled but not included in the final analysis set
included 3 without GES, 90 without CTA or ICA, and 13 without
evaluable MPJ scans. Negative MPI scans (B9% of total) were
largely evaluated by CTA (378 of 383) and led to 46 cases (12%
of negative MPIs). Positive MPI scans were evaluated predomi-
nantly by ICA (28 of 48) and led to 17 cases (35% of positive
MPIs). QCA Indicates quantitative coronary angiography.

the curve (AUC) superiority to 0.5 was powered to >90% (2-sided
a=().05) with 376 subjects and 62 cases assuming an AUC of 0.70.
Sensitivity, specificity, negative predictive value (NPV), and posi-
tive predictive value were caleulated at a prespecified GES threshold
of <15 (>15 is GES positive, <15 is GES negative) from our previous
validation study.™

Referral bias correction was performed as described by Diamond.'?

Se=(q)/(p/ASe-+q—p)Sp=(p)/(q/ASp+p—q). (1)

Se is true sensitivity; Sp is true specificity; ASe is apparent (biased)
sensitivity; ASp is apparent (biased) specificity; p is referral rate for
pusitive tests; q is referral rate for negative tests.

All analyses were performed with R, version 2.13 (Hmisc, pROC,
ROCR, verification, and SDMTools packages).” Unless otherwise
specified, univariate comparisons used r tests for continuous vari-
ables and y* tests for categorical variables. All reported P values are
2 sided. Standard methods were used to estimate receiver-operating
characteristics (ROC) curves and associated AUCs with the Z test to
discriminate AUCs from 0.5. For other AUC comparisons, 10 000
bootstrap iterations were performed, and P values were estimated
from the empirical distribution of bootstrapped AUC differences."”

GES correlation with maximum percent stenosis was estimated
by linear regression and the Pearson correlation coefficient (r).
Influence of demographic and clinical factors was assessed with a
linear regression model in which the gene expression portion of the
GES was the dependent variable and the independent variables were
the factors in Table | (apart from age and sex, which are incorporated
into the GES algorithm).

Reclassification of disease status using the GES in patients after
MPI was assessed by net reclassification improvement (NRI)** using
3 GES categories (low, <15; intermediate, 16-27; and high, 228). A
successful reclassification was defined as a patient without obstructive
CAD with positive MPT and a low GES (<15) or with obstructive CAD
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Figure 3. Receiver-operating characteristics (ROC) analysis of
gene expression score (GES) and clinical factors. ROC curves for
a case definition of 250% maximum stenosis by either quantita-
tive coronary angiography (QCA) or computed tomographic angi-
ography (CTA) are shown: GES (green solid line), Morise score
(yellow dashed line), and Diamond-Forrester score (orange heavy
dotted line), with diagonal reference area under the curve (AUC)
of 0.50. AUCs for the GES, Morise, and Diamond-Forrester
scores were 0.79, 0.67, and 0.69, respectively. All 431 patients
were used for the GES and the Morise score; 430 were used for
the Diamond-Forrester score because chest pain information
was missing for 1 patient.

and negative MPI with a high GES (=28). NRI for the GES represents
patients correetly reclassified from an incorrect MPI classification
minus those inconectly reclassified by GES (rom a correct MPT elas-
sification. For comparison with elinical factors, the pretest probability
was divided into 3 categories: low (<15%), medium (15%-50%), or
high (>50%) likelihood."

Results

Patient Flow and CAD Prevalence

This study enrolled 537 patients at 19 sites who were clini-
cally referred for MPI and had a blood sample obtained for
GES measurement before stress lesting, with coronary anat-
omy assessed by ICA if clinically indicated and by research
CTA otherwise (Figure 2). A final cohort of 431 patients was
evaluable having completed all prespecified diagnostic tests:
MPI, GES, and core-laboratory assessed CTA or ICA. Patient
exclusions were attributable primarily to 90 subjects declining
a research CTA after a negative MPI,

The clinical and demographic characteristics of this
431-patient cohort are shown in Table 1. Characlerislics asso-
ciated with obstructive CAD were older age, male sex, higher
systolic blood pressure, dyslipidemia, smoking, and pre-
scription of aspirin, {3-blockers, and angiotensin-converting
enzyme inhibitors, whereas symptoms, ethnicity, and body
mass index were not. The proportions of patients with low,
intermediate, and high Diamond-Forrester CAD likelihoods
were 58%, 17%. and 25%, respectively. Obstructive CAD was
present in 63 patients (15%): 17 patients with positive MPIs
and 46 with negative MPIs (Figure 2). Obstructive disease was
identified in 29 patients by QCA and in 34 hy core-laboratory
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Table 2. Comparative Summary Statistics of Gene Expression Score, Myocardial Perfusion Imaging, and Clinical Factor Algorithms

Gene Expression  Myocardial Perfusion Myacardial Perfusion
Score Imaging Site-Read Imaging Core-Lahoratory Diamond-

(n=431)* (n=431)* (n=371)* Forrester (n=430)*  Morise (n=431)*
ROC AUCT 0.79 (0.72-0.84) 0.59 (0.54-0.65) 0.63 (0.57-0.70) 0.69 (0.62-0,75) 0.65 (0.59-0.74)
Sensitivity, %F 89 (78-95) 27 (17-40) 36 (24-50)
Specificity, % 52 (47-57) 42 (88-94) 90 (87-93)
NPV, % 96 (93-89) B8 (84-91) 88 (84-92)
PPV, % 24 (19-30) 35 (22-51) 41 (28-56)
Net reclassification improvement for N/A 26 1 28 60
GES compared with second modality, %§
ROC AUC for GES and second modality N/A 0.81 (0.75-0.86) 0.81 (0.76-0.87) 0.79 (0.73-0.85) 0.81 (0.75-0.89)
combinedi|

GES Indicates gene expression score; MPI, myocardial perfusion imaging; N/A, not applicable; NPV, negative predictive value; PPV, positive predictive value; and ROC

AUC, area under the receiver-operating characteristics curve.

*For the GES, site-read MPI, and Morise scare, all 431 patients were used. For the Diamond—Forrester classification, 430 patients were used because 1 patient lacked
chest pain information. For the core-laboratory MPI, a tofal of 371 patients were analyzable (Appendix Il in the online-only Data Supplement).
tFor individual ROC AUCs vs AUC=0.5 and ROC AUC differences between GES and imaging or clinical factors, the point estimate and 95% confidence intervals are

shown. P<0.001 In all cases except GES vs Diamond-Forrester, where P=0.0013.

F+Summary statistics for the GES are shown for a threshold of <15,
§AIl P<0,001, except P=0.13 for core-laboratary MPI.

lIComparison of logistic models adding the GES to MPI and clinical factor models.

CTA. Of these, 35 had 50% to 69% stenosis and 28 had 70%
to 100% stenosis. Comparing site with core-laboratory reads
for angiography and CTA showed a consistent shift to lower
percent stenosis in core-laboratory reads, with median shifts
of 15% and 22%, respectively. For the 28 patients with both
QCA and CTA core-laboratory data, case:control status agree-
ment was 86% (x=0.72), with only a 1% median slenosis
difference between these results (P=NS). An additional 92
patients (21%) had mild CAD (25%—49% stenosis).

GES Performance

The GES (Figure 1) was developed and validated in a series
of studies involving >1000 patients.*" In the present study, the
GES was a highly significant predictor of obstructive CAD by
ROC analysis (AUC=0.79; 95% confidence interval [C1], 0.73—
0.84; P<0.001; Figure 3 and Table 2). Sensitivity and specificity
of the GES were 89% and 52%, respectively, with NPV and
positive predictive value of 96% and 24%, with 199 patients
(46%) below the prespecified threshold of <15. The GES added
to clinical factors by both ROC analysis (Figure 3) and NRI using
either Diamond—Forrester or Morise classifications (NRI=28%
and 60%, respectively; Table 2). The GES was not significantly
affected by demographic or clinical covariates, including
ethnicity, smoking status, body mass index, dyslipidemia,
and systolic blood pressure, or medications (aspirin, statins,
[i-blockers, and angiotensin-converting enzyme inhibitors; all
P=0.1; Table L in the online-only Data Supplement).

The GES was significantly correlated with maxinmum percent
stenosis (=0.46; P<0.001). The continuous relationship between
CAD likelihood and GES is shown for >25% and 250% stenosis
(Figure 4A); a categorical representation using the prespecified
GES thresholds of 15 and 28 is shown in Figure 4B.

Patients were followed up for 6 months after index MPI and
GES, with 97% (420 of 431) completing follow-up. There were
28 adverse clinical events noted, including 25 revasculariza-
tions within 30 days, 1 further revascularization, and 2 MACEs

over the next 5 months. A total of 25 of 26 patients with revas-
cularizations and both patients with MACEs had GES >15. The
GES was associated with MACEs and revascularization likeli-
hood in a logistic regression model (P=0.0015) and showed a
sensitivity of 96% and NPV of 99% at a score threshold of <15.

MPI Performance
Local-site MPI scans were reported as positive in 48 of 431
patients (11%) and 51 of 371 patients (14%) by core labora-
tory with 87% concordance. Site-read image quality was rated
as excellent in 210, very good in 72, good in 127, and poor
in 22 patients. Overall core-laboratory interpreter certainty
was high (279), fair (76), and low (16). MPI was significant in
predicting obstructive CAD (250% stenosis) by both site and
core-laboratory reads (AUC=0.39; 95% CI, 0.54-0.65; and
AUC=0.63; 95% CI, 0.57-0.70; P<0.001, respectively; Figure
5). For patients with 270% stenosis (n=28), these increased to
0.63 and 0.67, respectively, whereas the GES AUC was 0.76.
Site-read and core-laboratory MPI had sensitivities of 27%
and 36% and specificities of 92% and 90%, respectively; the
NPVs and positive predictive values are shown in Table 2. The
GES outperformed site-read MPI as a predictor of obstruc-
tive CAD by ROC and NRI (AAUC=0.19; NRI=26%:; both
P<0.001) and by ROC for core-laboratory MPI (AAUC=0.16;
P<0.001: NRI=11%; P=0.13; Figure 5 and Table 2). To fur-
ther illustrate the relationships between slenosis category
(<25%, 25%—49%, and =50%), MPI, and GES results, a dot
plot for the 371 patients with core-laboratory MPI and GES
results is shown in Figure I in the online-only Data Supple-
ment. In the 6-month follow-up, site and core-laboratory MPI
were positive in 11 and 14 early revascularizations and 0 and
1 of 3 events/late revascularizations, yielding sensitivities of
39% and 54%, respectively, and NPVs of 96% for both.

To account for potential verification bias on MPI diagnos-
lic accuracy from the 90 patients not undergoing CTA, we
performed a sensitivity analysis assuming that these MPI
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Figure 4. A, Likelihood of coronary artery disease (CAD) and
ohstructive CAD as a continuous function of gene expression
score (GES). The percent likelihoods of 225% stenasis (mild and
obstructive CAD) and 250% stenosis (obstructive CAD) are indi-
cated by the green and red lines, respectively, as a function of
GES, with dashed lines representing 85% confidence intervals.
For a given score, the likelihood of mild or greater CAD is higher
than for obstructive CAD. B, Relationship between stenosis cat-
egory and GES category. The percentages of patients with 0%,
1% to 24%, 25% to 49%, and =50% stenosis are shown in pre-
specified GES categories of 1 to 15, 16 to 27, and 28 to 40. For
these GES categories, the patient numbers are 199 (46%), 165
(38%), and 67 (16%), respectively.

negatives were all correct (true negatives). This increased the
AUC to 0.60 (95% CI, 0.55-0.66) and 0.64 (95% CI, 0.58-
0.70) for site and core-laboratory MPI, respectively.

Discussion
This multicenter, prospective study assessed the diagnostic
accuracy of a peripheral blood GES o discriminate
obstructive CAD in symptomatic nondiabetic patients
clinically referred for MPI, extending our previous work in
patients clinically referred for ICA.'" This study has 4 major
findings. First, the GES showed strong discrimination for
obstructive CAD (AUC=().79; 95% CI, 0.73-0.84; P<0.001)
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Figure 5. Receiver operating characteristics (ROC) analysis of
gene expression score (GES) and myocardial perfusion imaging
(MPI). ROC curves for a case definition of 250% maximum ste-
nosis by either quantitative coronary angiography or computed
tomographic angiography are shown: GES (green solid line), site-
read MPI (light blue dashed line), core-laboratory MPI (dark blue
heavy dotted line), and diagonal reference area under the curve
(AUC) of 0.50. The GES, site-read MPI, and core-laboratory MPI
AUCs were 0.79, 0.59, and 0.63, respectively. The GES and site-
read MPI AUCs were based on 431 patients; the core-laboratory
MPI AUC was based on 371 patients (Appendix lll in the online-
only Data Supplement) for which GES and site-read MPI AUCs
were unchanged from the entire cohort.

in this independent, community-based, lower-risk population
and was superior to clinical estimates by Diamond—Forrester
and Morise scores (AAUC=0.10; P=0.003; and AAUC=0.12;
P=0.002), respectively. Second, the GES was proportional to
maximum percent stenosis, as seen previously.'” Third, the
GES outperformed site-read and core-laboratory MPI for
discrimination of obstructive CAD (AAUC=0.19 and 0.16;
both P<0.001). Finally, we demonstrated good agreement
between QCA and core-laboratory CTA in case definitions,
validating the composite anatomic end point.

The GES is based on peripheral blood cell gene expression
levels of 23 genes, age, and sex and reflects changes in peripheral
blood gene expression and cell-type distributions in the pres-
ence of CAD.*" Clinical practice guidelines for the manage-
ment of patients with CAD and for revascularization are largely
predicated on obstructive CAD; therefore, the prespecified pri-
mary end point of the present study was the identification of
anatomically obstructive CAD. All patients with GES and MPI
results had QCA or core-laboratory CTA (o identify obstruc-
tive CAD. GES performance was consistent with the PREDICT
study validation (AUC=0.79+0.06 versus 0.70£0.04)" and
similar to the cross-validated estimate of 0.77 from test devel-
opment? As expected, obstructive disease prevalence in this
patient population (15%) was significantly lower than that in
the PREDICT study (37%) and in a large angiography registry.®
This leads to the higher GES NPV in this MPI-referred popula-
tion (96%) compared with the angiographic population (83%)
and a larger propertion of patients with scores <15 (46% ver-
sus 33%). The optimal GES threshold, maximizing the sum of
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sensitivity and specificity, was 19 (sensitivity, 84%; specificity,
67%: NPV, 96%; Table I1 in the online-only Data Supplement),
with 599 of patients below this threshold.

The most common noninvasive imaging modality used in
clinical assessment of CAD in the United States is MPL>
Thus, this study was designed (o assess the GES in this patient
population, and a secondary end point was to compare the
general community setting performance of MPI with the
GES. The 19 sites involved represent a variety of clinical set-
tings, from academic centers to private practices. The GES
outperformed MPI by ROC analysis and NRI (Table 2). We
previously observed in the angiographic PREDICT study that
the GES outperformed site-read MPI by ROC (AAUC=0, 1 6;
P<0.001), but that result was confounded by referral bias of
negative MPIs not being referred to ICA." For the 310 patients
in the PREDICT validation cohort who had MPL, 72% were
positive compared with 11% in COMPASS, suggesting selec-
tive patient referral with positive MPIs. However, in both stud-
ies, the majority of positive MPIs with low GES were false
positives (51 of 57 and 13 of 14, respectively).

Limitations
First, our study was limited to a relatively small nondiabetic,
largely white US population without known CAD, previous
revascularization or MI, and known inflammatory or auto-
immune disorders but with symptoms suggestive of CAD,
Both asymptomatic patients and those with high-risk unstable
angina were excluded. Diabetics were excluded on the basis of
the observation that peripheral blood gene expression classi-
fiers for CAD in diabetics and nondiabetics are distinet, attrib-
utable to either medication effects or differences in underlying
pathophysiology.? These factors together suggest that the sub-
jects enrolled may have lower disease prevalence and severity
than typical outpatient populations without known CAD.
Second, 106 patients from the original population of 537
were excluded from analysis, with the large majority (n=90)
of patients with negative MPIs who refused research CTA. As
noted above, we required an anatomic gold standard for all
patients, not just those with positive MPIL. Assuming that all
these negative MPIs were correct, site-read MPIAUC increased
to only 0,60, Tn addition, |1 patients were lost to follow-up
from the 431 in the evaluable set, which could have influenced
MACE and revascularization rates, This is unlikely to be signif-
icant because 7 of 11 of these had GES <15 at baseline and only
1 of 199 with low scores had a revascularization on [ollow-up.
Third, the GES has high sensitivity and NPV and hence
is most suitable as a rule-out test, but 54% of patients had
scores >15. These most likely represent patients with nonob-
structive CAD but with significant plaque burden and stenosis
because the GES was proportional to maximum percent ste-
nosis. As shown in Figure 4B, more than hall of the patients
with GES >15 had measurable CAD (=25% stenosis), and this
proportion increased with increasing GES. The clinical impor-
tance of nonobstructive lesions for disease progression and
events was highlighted in the An Imaging Study in Patients
with Unstable Atherosclerotic Lesions (PROSPECT) study,™
Other possible explanations for these higher GES scores with-
out obstructive CAD could be diffuse CAD, atherosclerosis in
other vascular beds, or unidentified inflammatory disorders.

Finally, MPI performance in this study was less than
expected. Several factors likely contributed to this. First, this
study used an anatomic obstructive CAD end point; how-
ever, systematic differences would be expected because MPI
assesses ischemia. The rationale for an anatomic gold standard
was Lo provide quantitative information across the range of ste-
nosis and because of the prognostic importance of obstructive
CAD.*¥ However, recent studies comparing MPI and CTA-
defined anatomy consistently demonstrate that only 30% (o
50% of =250% stenoses result in abnormal MPL* lower than
cited in the American College of Cardiology 2003 guidelines.®!
Second, this study population was relatively low risk (15%
obstructive CAD) and excluded diabetics, inpatients, and those
with high-risk symptomns. The mean age of the patient popula-
tion (56210 years) was lower and the frequency of exercise
versus pharmacological testing (78%) was greater than those
observed in another outpatient-only trial (65 +12 years and
63% exercise versus 37% pharmacological stress).” Whereas
ischemia is particularly important in assessing the potential
benefit of lesion revascularization and intermediate and long-
term prognosis,” recent outcome studies of patients undergo-
ing CTA demonstrated a stepwise worsening of prognosis from
nonobstructive to obstructive CAD.*" Third, we did not con-
trol for inter-reader variability or prespecify a standard image
acquisition protocol. Training on specific MPI protocols has
been shown to improve inter-reader agreement.™ A comparison
of the GES with other noninvasive imaging modalities such as
stress echocardiography or MRI might yield different results.

Finally, studies of cardiovascular imaging modalities,
including echocardiography™¥ and exercise treadmill,* cor-
recting for referral bias have reported diagnostic test per-
formance characteristics that vary significantly from those
typically reported. Because patients with positive siress-test
results are more likely to undergo follow-up ICA, sensitiv-
ity and specificity derived from an angiographic population
are overestimated and underestimated, respectively. A recent
meta-analysis of MPI studies with angiographic end points
found a median sensitivity of 81% and specificity of 65%.7
When we applied a referral bias correction to these data (see
Methods).'” using recent estimates of angiography referral
rates for positive (48.2%) and negative (6.2%) MPI results,™
the unbiased estimates of MPI performance were 35% sensi-
tivity and 94% specificity. These estimates are very similar to
the core-laboratory results obtained in this study, which had
minimal referral bias by design, and suggest that our results
are consistent with the literature after verification bias removal.

Implications: Atherosclerosis Testing as a Precursor
to Ischemia Testing

The correlation of the GES with maximum percent stenosis,
the high sensitivity (89%), and the NPV (96%) for obstructive
CAD at the prespecified GES threshold of 15 in this symp-
tomatic population with relatively low (15%) CAD prevalence
suggest that this test is a highly sensitive measure of coronary
atherosclerosis. This is further supported by the GES sensitiv-
ity 10 nonobstructive CAD (Figure 4B). Conversely, MPI had
high specificity (92%) for obstructive CAD in this popula-
tion and measures functional ischemia. Together, these results
suggest that MPI could be used to risk stratify the enriched
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Figure 6. Clinical algorithm with sequential use of gene expres-
sion score (GES) and myocardial perfusion imaging (MPI). Based
on the data in this study, the model shown is suggested. For
patients with GES <15, no further follow-up is proposed given
the high sensitivity and negative predictive value at this thresh-
old. The remaining patients (54%) would undergo MPI, and only
those with positive MPls would be referred for invasive coronary
angiography (ICA). Such a clinical algorithm results in a 46%
reduction in MPI, a 29% reduction in ICA, and an improvement in
ICA yield from 35% to 47%.

population of those with GES above a certain threshold
(eg. >15) into those with positive MPI with an ischemic bur-
den or symptom status such that ICA and potential revascu-
larization were warranted and those with negative MPI who
would be aggressive medical therapy candidates. Because non-
ischemic atherosclerotic CAD burden assessed by CTA was
shown in the CONFIRM Registry to predict increasing risk
of hard cardiac events with increasing nonobstructive CAD,”
identification and treatment of this group with elevated GES
and normal MPI would likely be beneficial. Such a clinical
algorithm, illustrated in Figure 6, would result in 46% fewer
MPIs and 29% fewer ICA with a higher yield of obstructive
disease (47%) based on site-read MPIs (Table I1I in the online-
only Data Supplement.); similar results (45%, 33%, and 49%,
respectively) are obtained with core-laboratory MPI (Table 1V
in the online-only Data Supplement) with a few [alse-negative
GESs with positive MPIs. Given the 6-month follow-up dala,
in which only 1 patient of the 199 with GES <15 had a revascu-
larization, this strategy may have significant elinical utility and
safety, yielding more appropriate and targeted cardiac imaging
and ICA.

In summary, in this second prospective multicenter validation
study of a peripheral blood GES for obstructive CAD in non-
diabetic patients, the GES showed significant improvement over
clinical estimation of CAD and outperformed MPI in identifying
anatomically defined obstructive CAD in symptomatic patients.
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CLINICAL PERSPECTIVE

For patients with symptoms suggestive of coronary artery disease, diagnosis can be challenging and is often accomplished
by noninvasive imaging, especially myocardial perfusion imaging or computed tomographic angiography, followed by inva-
sive coronary angiography as the gold standard. This diagnostic pathway has associated risks, including procedural com-
plications, radiation exposure, and contrast agent allergy and nephrotoxicity. In this work, a peripheral blood-based gene
expression score (GES) for obstructive coronary artery disease, based on 23 genes, age, and sex, previously validated in a
population referred for invasive coronary angiography, is tested in symptomatic patients referred for myocardial perfusion
imaging. To minimize referral bias, coronary anatomy was defined in all patients by invasive coronary angiography or com-
puted tomographic angiography. For the 431 patients who had GES, myocardial perfusion imaging, and invasive coronary
angiography or computed tomographic angiography, 199 (46%) had GES below the prespecified threshold of <15, where
the GES had a sensilivity, specificity, negative predictive value, and positive predictive value of 89%, 52%, 96%, and 24%.
respectively. The area under the curve by receiver-operating characteristics analysis was 0.79, significantly higher than that
for myocardial perfusion imaging or clinical predictors. In a clinical model in which the GES was used to rule out further
testing in patients with scores of €15, a 46% reduction in myocardial perfusion imaging and 29% reduction in invasive coro-
nary angiography could be achieved. Importantly, after a 6-month follow-up, the vast majority of eardiovascular events and
revascularizations (27 of 28, 96%) were found in patients with GES >15. These resulis suggest this noninvasive genomic
blood test can play a significant role in reducing noninvasive imaging and invasive coronary angiography in patients with
symptoms suggestive of coronary artery disease.
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The Clinical Utility of Gene Expression Testing on the
Diagnostic Evaluation of Patients Presenting to the
Cardiologist With Symptoms of Suspected Obstructive
Coronary Artery Disease: Results From the IMPACT
(Investigation of a Molecular Personalized Coronary Gene
Expression Test on Cardiology Practice Pattern) Trial

John A. McPherson, MD,* Kelly Davis, MD,1 May Yau, MS,1 Phil Beineke, BS,1 Steven Rosenberg, PhD, |
Mark Manane, MD,T and Joseph L. Fredi, MD*

Abstract: Accurate, noninvasive evaluation for obstructive coronary artery
disesse (CAD) remains challenging and inefficient. In this study, 171 patients
presenting with stable chest pain and related symptoms without a history of
CAD were referred to 6 cardiologists for evaluation, In the prospective cohort
of 88 patients, the cardiologist’s diagnostic strategy was evaluated before and
after gene expression score (GES) testing, The GES is a validated, quantitative
blood-based diagnostic test measuring peripheral blood cell expression levels
of 23 genes to determine the likelihood of obstructive CAD (at least | vessel
with =50% angiographic coronary artery stenosis). The objective of the study
was to measure the effect of the GES on diagnostic testing using a pre/post
study design. There were 83 prospective patients evaluable for study analysis,
which included 57 (69%) women, mean age 53411 years, and mean GES
12.5£9, Presenting symptoms were classified as typical angina, atypical
anging, and noncardiae chest pain in 33%, 60%, and 7% of patients (n=27, 50,
and 6), respectively. After GES, changes in diagnostic testing occurred in 58%
of patients (n=48, P<0.001), Of note, 91% (29/32) of patients with decreased
testing had low GES (<15), whereas 100% (16/16) of patients with increased
testing had elevated GES (P < 0.001). A historical cohort of 83 patients,
matched to the prospective cohort by clinical factors, had higher diagnostic rest
use compared with the post-GES prospective cohort (P < 0.001). Tn summary,
the GES showed clinical utility in the evaluation of patients with suspected
obstructive CAD presenting lo the cardiologist’s office.

Key Words: coronary disease, diagnosis, test, gene expression, clinical
utility
(Crit Pathways in Cardiel 2013;12: 37-42)

The evaluation of patients with chest pain and related symptoms
to determine the likelihood of coronary artery disease (CAD)
is a common clinical scenario, with approximately 10,000 patients
presenting every day to US physician offices.! Yet despite its
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prevalence, the diagnosis of CAD is highly variable and poses an
enormous burden on the healthcare systern.™ Although referrals to
the cardiologist may be due to typical symptoms of angina, patients
also often present with atypical symptoms that have unclear etiology:
these atypical symptoms may be related to cardiac causes or noncar-
diac causes such as gastroesophageal reflux, anxiety, and fibromyal-
gia. However, after a thorough and potentially expensive work-up;
only 10% to 30% of chest pain cases evaluated by physicians result
in a diagnosis of obstructive CAD.**

In current practice, physicians typically integrate available
clinical data (eg, clinical history and physical examination) with the
results of noninvasive test(s) (eg, exercise clectrocardiographic test-
ing, stress echocardiography, myocardial perfusion imaging [MPI],
and coronary computed tomographic angiography [CCTA]) to deter-
mine the likelihood of obstructive CAD. The Diamond-Forrester
classification may be used to help estimate the probability of CAD
based on symptoms, age, and gender.™ Nevertheless, in a recently-
published registry of over 14,000 patients, the pretest probability of
CAD in patients referred for advanced cardiovascular imaging based
on clinical factors overestimated the actual presence of disease by
57% in patients with typical angina and 32% in patients with atypical
angina.” The lack of clear guidance on the use of noninvasive imag-
ing may lead to inappropriate use of these modalities, potentially
including both overutilization and underutilization of testing.'*"
Additional risks include radiation exposure (MPI and CCTA) and
contrast-induced anaphylaxis or acute kidney injury (CCTA).'*'®

Better methods are needed to more aceurately assess the like-
lihood of obstructive CAD in patients in a cardiologist office~based
setting, especially among patients with low pretest probability of
disease such as women and patients with atypical symptoms on pre-
sentation, The development of a gene expression score (GES) based
on peripheral blood cell expression levels of 23 genes and 6 terms
has been previously described.'” In the Personalized Risk Evaluation
and Diagnosis in the Coronary Tree (PREDICT) and Cardiovascular
Outcomes for People using Anticoagulation Strategies (COMPASS)
validation studies, a GES of <15 had a negafive predictive value
of 83% and 96%, respectively, for obstructive CAD in evaluating
patients referred for further invasive and noninvasive cardiovascular
testing.'*"” We hypothesized that GES results would lead to a change
in the cardiologist’s diagnostic strategy and referral to cardiac testing
among stable patients presenting in the ambulatory setting with signs
and symptoms suggestive of obstructive CAD,

METHODS
We examined the clinical impact of the GES through the
enrollment of patients referred to cardiology at the Vanderbilt
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University Medical Center (Nashville, TN) from December 2010
through December 2011. We recruited a representative sample of
10% of these cardiologists, all of whom were trained on the use and
interpretation of the GES. Our study centers included 6 cardiologists
with a referral network of 30 primary care physicians from 15
outlying clinics within a 100 mile catchment radius.

The study was a 2-arm study with a prospective cohort and
a matched historical cohort. Patients were eligible if they met the
GES’ intended use, had symptoms of chest pain, or anginal equiva-
lent symptoms, and were referred to a cardiologist for evaluation.
The GES test is intended for patients with a history of chest pain,
with suspected anginal equivalent to chest pain, or with a high risk of
CAD, but with no known prior myocardial infarction or revascular-
ization procedures. The GES test is not intended for use in patients
with acute myocardial infarction, high-risk unstable angina, systemic
infectious or systemic inflammatory conditions, diabetes, or who are
currently taking steroids, immunosuppressive agents, or chemothera-
peutic agents. The hospital institutional review board approved the
study, and all patients in the prospective cohort gave written informed
consent. An institutional review board waiver for informed consent
was granted for patients in the historical cohort. Prespecified data
were obtained by research study coordinators using standardized data
collection methods and included demographics, clinical risk factors,
symptoms, medical history, medications, prior testing results, and
GES results. Data were verified by independent study monitors.

The GES (Corus CAD, CardioDx, Inc., Palo Alto, CA) is
a Medicare approved, validated, quantitative diagnostic test that
measures expression levels of 23 genes in 6 terms by quantitative
RT-PCR from a peripheral blood sample to determine the likeli-
hood of a patient having obstructive CAD (at least 1 coronary artery
with 250% angiographic stenosis as determined by quantitative
coronary angiography).'®!? Our algorithm contains 2 types of terms:
sex-specific age functions of obstructive CAD likelihood and gene
expression terms that reflect changes in gene expression within a
cell type, changes in cell type proportions, or a combination of both.
The sex-specific differences in cardiovascular risk and presentation
are well known and largely reflect reduced risk in premenopausal
women. The algorithm genes are expressed selectively in multiple
types of circulating cells including neutrophils (such as caspase-5
and S100A12), natural killer cells (SLAMF7 and KLRC4), and B
and T-lymphocytes, supporting roles for both adaptive and innate
immune responses in atherosclerosis.

In the prospective cohort, the cardiologist initially decided the
subject’s pretest probability for CAD based on risk factors, quality
of anginal symptoms, and results of prior electrocardiogram stress
testing if performed. Based on the cardiologist’s clinical judgment,
pretest probability of obstructive CAD was classified as low (<20%),
intermediate (20%-50%), or high (>50%). The probability was

determined and assessed by 2 methods: 1) a set of questions to derive -

a Diamond-Forrester pretest probability, and 2) the physician’s self-
assessed pretest probability for the patient having obstructive CAD.
Symptoms suggestive of CAD were classified as typical angina,
atypical angina, or noncardiac pain on the basis of the presence of
one of more of the following typical symptoms: substernal chest dis-
comfort, aggravation with exertion, and alleviation with rest as well
as atypical symptoms such as heartburn, palpitations, malaise, and
fatigue.”

The initial physician questionnaire captured the cardiologist’s
preliminary clinical impression and decision (preliminary decision)
on the further evaluation and management of the subject. Patient
blood samples were collected in the outpatient clinic setting into a vial
of RNA preservation fluid (PAXgene RNA Blood Tubes used accord-
ing to the manufacturer’s instructions [PreAnalytix, Valencia, CA])
and shipped to the Clinical Laboratory Improvements Amendments
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(CLIA)-certified laboratory (CardioDx, Inc., Palo Alto, CA, CLIA
# 05D1083624), which reported the GES (range 1-40) to the physi-
cian within 2-3 days, on average. After the cardiologist received the
GES, he decided on the appropriate evaluation and management of
the subject (final decision) using the GES in conjunction with the
information that was previously available.

The historical cohort was defined by 1-for-1 matching with
prospective patients. The matching criteria were age (+£5 years),
gender, clinical risk factors, and evaluation in the previous 3-30
months. Data related to the baseline clinical characteristics of these
historical subjects, their initial triage, and the cardiac diagnostic tests
performed were extracted from their medical records. Through the
evaluation of the testing pattern of the historical controls as compared
with the prospective cohort, we attempted to address the potential for
observation and surveillance biases as part of the protocol design.

The primary objective of the study was to assess whether
the use of the GES altered the cardiologist’s evaluation and clinical
management of the patient, as defined by a change of management
pattern between the preliminary versus final decision. A change in
management between the preliminary and final decision was pro-
spectively defined as either a downgrade or upgrade in the inten-
sity of diagnostic plan, as divided into the following categories [in
hierarchical order]: 1) no further cardiac testing or medical therapy
for angina or noncardiac chest pain, 2) stress testing (with/without
imaging) or computed tomography coronary angiography, or 3) inva-
sive coronary angiography (ICA). Secondary analyses assessed the
patterns of change (decrease or increase in diagnostic intensity) as
well as diagnostic yield on ICA as a function of GES score (defined
prospectively as low GES <15 or elevated GES >15). Major adverse
cardiac event data were recorded.

In order to further evaluate the effects of change in diagnostic
testing as well as the effect of these changes on patient outcomes,
we conducted a follow-up phone call at 18015 days for each pro-
spectively enrolled subject to assess the initial diagnostic plan, such
as referral to any subspecialists, cardiac diagnostic tests performed,
cardiac procedures performed, and results of these cardiac tests and
procedures. For the historical control, an electronic medical record
search was performed at 18015 days from the date of the original
presentation of the historical subject to the cardiologist for further
evidence of anginal symptoms or diagnostic evaluation of chest pain.

All analyses were performed using R, version 2.13 (includ-
ing rms and reshape2 packages).?® Standard statistical methods
were used for all comparisons, with an « level of 0.05.' The pro-
portion of patients whose preliminary and final treatment deci-
sion differed was compared using a l-sided binomial test to
15%, which is the minimum amount believed to be clinically rel-
evant. Pre- and post-GES treatment plans were tested for indepen-
dence using McNemar’s test, and the trend toward increased or
decreased intensity of diagnostic test prescribing was evaluated
using a sign test.

RESULTS

After applying exclusion criteria for known CAD and diabe-
tes, 88 patients were enrolled in the prospective cohort, of whom
83 patients were eligible for primary endpoint analysis, and 83
matched patients were enrolled in the historical cohort (Fig. 1). The
demographics of the prospective cohort (Table 1) included 57 (69%)
women, mean age 53.3+11 years, mean body mass index 29.5+6,
52 (63%) patients with low GES, and mean GES 12.59. Presenting
symptoms were evaluated as typical angina, atypical angina, and
noncardiac chest pain in 33%, 60%, and 7% of patients (n = 27, 50,
and 6), respectively. Hypertension and dyslipidemia were present in
55% and 48%, respectively. There were few differences in demo-
graphics between the prospective and historical cohort patients, with
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Y
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(n=161)

FIGURE 1. Patient screening, enroliment, and follow-up flowchart.

more hypertension and more {i-blocker use among patients in the
historical cohort.

In reference to the primary outcome, changes in the
recommended diagnostic testing plan (eg. MPI, CCTA, and
ICA) after GES testing occurred in 58% of patients (n = 48; 95%
confidence interval, 46%-69%) (P < 0.001) (Table 2). In reference
to the secondary outcomes, more patients had a decreased (39%,
n=32) versus increased (19%, n = 16) intensity of testing (P = 0,03).
In particular, 91% (29/32) of patients with decreased testing had
low GES, whereas 100% (16/16) of patients with increased testing
had elevated GES (P < 0.001). In addition, there was a statistically
significant reduction in additional diagnostic testing after GES
evaluation, with 50 (60%) patients pre-GES and 26 (31%) patients
post-GES scheduled to receive additional testing (P < 0,001).
Similarly, when comparing the final decisions of the prospective
patients with their matched historical controls (Fig. 2), we found
a 71% reduction in overall diagnostic testing (P < 0,001) among
prospective patients, No major adverse cardiovascular events were

@ 2013 Lippincott Williams & Wilkins

observed for any of the 161 patients in both cohorts (97% follow-up)
at 30-day and at 6 months follow-up.

We further examined the diagnostic test use patterns around
ICA. A total of 30 (14 prospective cohort and 16 historical cohort)
patients underwent ICA. In the prospective cohort, the triage deci-
sion around the need for ICA, as informed by GES, was associ-
ated with a trend toward improvement in the diagnostic yield at ICA
(P = 0.24), Pre-GES, 7 patients were assigned to [CA, 5 underwent
ICA, and 20% (1/5) had at least 1 lesion with >50% stenosis. Post-GES,
15 patients were assigned to ICA, 11 patients underwent ICA. and 45%
(5/11) had at least 1 lesion with >50% stenosis. An additional 3 patients,
not assigned to ICA with low GES, underwent festing due to either a
subsequent positive stress test or clinical factors: 2 patients had normal
arteries, and 1 patient had a lesion with <50% stenosis. Overall then
in the prospective cohort, 11 of 14 patients (79%) had angiographic
CAD, and 5 of 14 (36%) had obstructive CAD. Of the 16 patients in the
historieal cohort who underwent ICA, only 4 of 12 (25%) of patients
had angiographic CAD, and 0% (0/16) of patients had obstructive CAD.,
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TABLE 1. Clinical Characteristics of Prospective and
Historical Cohort Patients
Prospective  Historical

Clinical Factors n=_83 n=383 P
Female gender® 57 (69%) 57 (69%) 1.0
Age (yrs)* 53311 53+12 0.86
Ethnicity, White not Hispanic 79 (95%) 76 (83%) 0.53
Chest pain
Symptomatic—rtypical angina* 27 (33%) 27 (33%) 1.0
Symplomatic—atypical angina® 50 (60%) 50 (60%) 1.0
Nonanginal™ 6 (7%) 6 (7%) 1.0
Hypertension 46 (55%) 60 (72%) 0.04
Dyslipidemia 40 (48%) 52 (63%) 0,09
Body mass index 29.5+6 3ll+64 0.10
Systolic blood pressure (mm Hg) 128+ 18 133420 (.09
Medication
f-blockers 19 (23%) 52 (63%) <0.001
Antihyperlipidemics 33 (40%) 43 (52%) 0.16
Giene expression score 12,59 NA NA

*Patients were matched based upon these characteristics,
All P values are 2-sided. Proportions were compared using a z test. Continuous
values were compared using an unpaired f test. MA, not available.

DISCUSSION

Our study suggests the feasibility of use of the GES and
its potential clinical utility m a low-risk population referred to the
cardiologist for evaluation for suspected CAD, The GES was associated
with improved diagnostic testing strategies as well as improved
diagnostic yield of ICA-referred patients. Specifically, we noted a
change in the diagnostic work-up in 58% of patients, a highly clinically
relevant and statistically significant rate of change. We observed a
directional change in testing, which was congruent with the role of
the GES to exclude patients without CAD and to further risk-stratify
patients: patients with low GES were more likely to have a decrease
in the diagnostic testing intensity, whereas patients with elevated GES
were more likely to have an increase in diagnostic testing intensity.

‘We note 3 areas of added interest in these findings. First, this
study did not address overutilization or underutilization of testing
perse, but the GES did appear to optimize the diagnostic plan among
real world patients referred to a cardiologist for evaluation of chest
pain. The GES was incorporated into the cardiologist’s office setting
and improved upon usual care around the assessment of clinical fac-
tors and the need for cardiac imaging. The GES provides a personal-
ized tool for evaluating the likelihood of CAD: the test, specific to
age and gender, quantitatively measures gene expression signals in

a given patient. Second, the prospective/retrospective study design
allowed the physician to act as his or her own control in the compari-
son with the 2 separate patient groups, adding further validity to the
findings of change in the diagnostic plan as a result of GES testing.
Third, use of this office-based tool was not associated with untoward
outcomes in the care of GES tested patients at 6 month follow-up, as
no major cardiac adverse events were observed.

The observed 58% change rate in the diagnostic plan suggests
the potential of GES festing to impact the efficiency of the CAD
evaluation, through more appropriate risk stratification of patients
and test utilization as well as potentially less exposure to ionizing
radiation from noninvasive testing. For comparison, in a recent study,
the incorporation of an NT-proBNP level in a diagnostic prediction
model for acute heart failure resulted in reclassification of 44% of
patients ta either low- or high-probability categories.” Other molecu-
lar diagnostic tests to improve physician diagnostic strategies have
noted similar success, most commonly in the oncology setting. In a
study focusing on optimizing breast cancer treatment, results from
a 21-gene recurrence score assay led medical oncologists to change
treatment recommendation in 31% of patients. In a study evaluat-
ing diagnosis and management of patients with metastatic cancer of
unknown origin, physicians changed the primary working diagno-
sis for 50% of patients (95% confidence interval, 43%—58%) after
results from a 2000-gene—expression-profiling test.*

We observed bidirectionality in the changes in diagnostic testing
intensity: with 91% (29/32) low GES patients undergoing decreased
intensity and 100% (16/16) elevated GES patients undergoing increased
intensity. The COMPASS study demonstrated a 96% negative predic-
tive value for low GES patients undergoing evaluation for obstructive
CAD as well as a lack of untoward outcomes among this group." Thus,
the work-up of low GES patients may be subsequently focused on non-
cardiac causes of the patient’s presenting symptoms. In this study, there
was a statistically significant reduction in additional diagnostic cardiac
testing after GES evaluation, with 50 patients pre-GES reduced fo 26
patients post-GES scheduled to receive additional testing (P<0.001).
The worlc-up of patients with symptoms of obstructive CAD who had
elevated GES is more complex, and the GES clinical algorithm sug-
gests referring these patients for more advanced cardiac imaging,

There were several limitations to the study design and conduct.
The test is not intended for use in patients with diabetes mellitus or
known CAD. Clinical outcomes were measured at 180 days, and it
is possible that adverse cardiac events may have occurred at a later
time after the diagnostic evaluation. The sample size was modest,
with 171 patients evaluated using the matched control analysis and
83 patients in the prospective pre/post GES cohort. Thus, we believe
that these study results demonstrate the feasibility of use of the GES
in the diagnostic evaluation of stable patients with suspected CAD. In
addition, study patients were gathered from a subset of the cardiology
practice sites, representing a small proportion of all screened patients.
However, most patients initially evaluated by the cardiologists in the

TABLE 2. The Relationship Between Preliminary vs. Final Testing Decisions in the Prospective Cohort (n = 83)

Post-GES
None/Meds Stress/CTA ICA Total
Pre-GES None/Meds 25 (19, 6%) 6 (0, 6) 2(0,2) 33 (19, 14)
Stress/CTA 30(28,2) 5(2,3) 8 (0, 8) 43 (30, 13)
Angiography 2(L 1D 0(0,0) 5(2.3) 7(3.4)
Total 57 (48, 9) 12,9 15(2, 13) 83 (52,31)

“Format: Total (low, elevated Corus CAD scare).
CTA indicates computed toimography angiozraphy.
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FIGURE 2. Historical controls vs. prospective cohort final patient management flow. Categories of disease status: no CAD (0%
stenosis), CAD (=50% stenosis), or CAD (>50% stenosis). CTA indicates computed tomography angiography.

study already had established CAD or a diagnosis of diabetes, for
which the test is contraindicated: we believe the study population
is reflective of the patients meeting the GES test indications that
are seen by the larger group of 50 cardiologists. Furthermore, we
note the potential for selection bias toward the inclusion of low-risk
patients in this study because usual care at this practice site is lo
admit or refer high-risk patients to urgent care. Of note, a high pro-
portion of enrolled patients were premenopausal females with atypi-
cal symptoms. Thus, the results of the present study may not apply to
higher-risk patients, Although this is generally a low-risk population,
many of these patients are nonetheless referred for cardiac testing,
resulting in an elevated false-positive risk, radiation exposure, and
possible invasive coronary angiography.*=*

CONCLUSIONS

In the PREDICT and COMPASS ftrials, the noninvasive,
blood-based gene expression test was shown to have clinical valid-
ity in the estimation of obstructive CAD likelihood, Our study dem-
onstrated the clinical utility of the GES, as cardiologists Feasibly
incorporated the GES into their decision-making process by modi-
fying their subsequent diagnostic tests based upon GES. The use
of the GES test in the diagnostic plan may thus influence the ¢lini-
cal management of patients through risk stratification of patients,
by decreasing the intensity of festing in low GES patients as well
as increasing such testing in elevated GES patients. Given current
initiatives focusing on the eliminating inefficiencies in clinical care
and quality of care, we believe that the GES may represent a valu-
able tool for the cardiology practice, especially among patients with
low pretest probability of disease such as women and patients with
atypical symptoms on presentation.
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Abstract The majority of first-time angiography patients
are without obstructive coronary artery disease (CAD). A
blood gene expression score (GES) for obstructive CAD
likelihood was validated in the PREDICT study, but its
relation to major adverse cardiovascular events (MACE)
and revascularization was not assessed. Patients (N=1,160)
were followed up for MACE and revascularization | year
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post-index angiography and GES, with 1,116 completing
follow-up. The 30-day event rate was 23% and a further
2.2% at 12 months. The GES was associated with MACE/
revascularizations (p<0.001) and added to clinical risk scores.
Patients with GES >15 trended towards increased >30 days
MACE/revascularization likelihood (odds ratio=2.59, 95%
confidence interval=0.89-9.14, »=0.082). MACE incidence
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overall was 1.5% (17 of 1,116) and 3 of 17 patients had
GES <I5. For the total low GES group (N=396), negative
predictive value was 90% for MACE/revascularization
and >99% for MACE alone, identifying a group of patients
without obstructive CAD and highly unlikely to suffer MACE
within 12 months,

Keywaords Coronary artery disease - Peripheral blood gene
expression - Genomics - Angiography - Coronary
interventions - MACE

Abbreviations

GES Gene expression score

CAD Coronary artery disease

MACE Major adverse cardiovascular events
NPV Negative predictive value

MI Myoecardial infarction

QCA Quantitative coronary angiography
D-F Diamond-Forrester score

PCI Percutaneous coronary intervention
CABG Coronary artery bypass graft

TIA Transient ischemia attack
Introduction

Chronic coronary artery discase (CAD) and adverse cardio-
vascular events are the largest sources of morbidity and
martality in the developed world and are diagnosed in more
than 500,000 new patients annually in the USA [l]. Ob-
structive CAD diagnosis is challenging as patient presenta-
tion may often be variable and atypical symptoms are
common [2]. Clinical evaluation of suspected CAD often
includes stress testing followed by noninvasive imaging
(stress echocardiography or nuclear perfusion) and, if indi-
cated, invasive coronary angiography. Recent studies have
highlighted the relatively high radiation exposure burden in
the standard CAD workup [3, 4] and have indicated that, for
patients without a prior CAD diagnosis, <40% have obstruc-
tive CAD when referred for coronary angiography [5]. In
addition, the COURAGE trial suggested that optimal med-
ical therapy was noninferior to percutaneous coronary inter-
vention (PCI) for hard cardiovascular endpoints in patient
populations with stable angina and CAD [6]. Thus, nonin-
vasive genomic-based methods for CAD diagnosis may
have significant clinical utility and lead to lower diagnostic
costs in these patient populations.

We described differential blood cell gene expression lev-
els in patients with CAD [7] and, more recently, the devel-
opment and clinical validation in the PREDICT study of a
gene expression score (GES) comprised of the expression
levels of 23 genes, age, and sex [8, 9]. In this angiographic
population of nondiabetic patients, approximately 80% were

symptomatic and the quantitative coronary angiography
(QCA)-defined obstructive CAD prevalence was 36%: the
GES negative predictive value (NPV) was 83% at a score
threshold of 15, with 33% of patients below this threshold.
Furthermore, the GES correlated with QCA-determined
maximum percent stenosis. To evaluate the outcomes of these
GES patients, we monitored 1.160 PREDICT patients for
major adverse cardiovascular events (MACE) and interven-
tional procedures for 12 months from index catheterization.

Methods
General Study Design and Study Population

Subjects were enrolled in PREDICT, a 39-center prospec-
tive study, between July 2007 and April 2009 (http://www.
clinicaltrials,gov, NCT 00500617). The study complied with
the Declaration of Helsinki, was approved by institutional
review boards at all centers, and all patients gave written
mformed consent. Subjects referred for diagnostic coronary
angiography were eligible with a history of chest pain,
suspected angina equivalent symptoms, or a high risk of
CAD and no known prior myocardial infarction (MI), re-
vascularization, or obstructive CAD. Subjects were ineligi-
ble if at catheterization they had acute MI, high-risk unstable
angina, severe noncoronary heart disease (congestive heart
failure, cardiomyopathy, or valve disease), systemic infec-
tious or inflammatory conditions, or were taking immuno-
suppressive or chemotherapeutic agents. Detailed eligibility
criteria have been described [9].

From 1,354 enrolled nondiabetic subjects who met the
inclusion criteria, 5 had angiographic images unsuitable for
QCA and 6 had unusable blood samples. The remaining
1,343 were divided into independent algorithm development
and validation cohorts sequentially based on enrollment [9];
of these, 1.166 patients had valid GES, 640 in algorithm
development and 526 in validation [9]. These were evaluated
for events, with six subjects from algorithm development not
meeting the clinical inclusion criteria upon further evaluartion,

Clinical Evaluation and Quantitative Coronary Angiography

Prespecified clinical data, including demographics, medica-
tions, clinical history, and presentation, were obtained by
research study coordinators using standardized data collec-
tion methods and verified by independent study monitors.
Coronary angiograms were analyzed by computer-
assisted QCA. Specifically, clinically indicated coronary
angiograms performed according to site protocols were dig-
itized, deidentified, and analyzed with a validated quantita-
tive protocol at the Cardiovascular Research Foundation.
New York, NY, USA [10]. All lesions >10% diameter
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stenosis (DS) in vessels with diameter >1.5 mm were visu-
ally identified. and the minimal lumen diameter (MLD),
reference lumen diameter (RLD=average diameter of nor-
mal segments proximal and distal of lesion), and %DS (%
DS=(1-MLD/RLD)x 100) were calculated.

The Diamond-Forrester (D-F) risk score, comprised of
age, sex, and chest pain type, was prospectively chosen to
evaluate the value of the GES with clinical factors [11], D-F
classifications of chest pain type (typical angina, atypical
angina. and nonanginal chest pain) were assessed using
subject interviews [11] and D-F scores assigned [12],

Obstructive CAD and Disease Group Definitions

Obstructive CAD (N=422) was defined prospectively as >1
atherosclerotic plaque in a major coronary artery (=1.5 mm
lumen diameter) causing =50% luminal DS by QCA; non-
obstructive CAD (N=744) had no lesions >50%,.

Clinical Procedure and Event Determination

Clinical interventions were defined as any PCI or coronary
artery bypass graft (CABG). Clinical events were defined as
stroke/transient ischemia attack (TIA), MI, or death. Index
coronary angiography was defined as the date of planned
coronary catheterization, irrespective of intervention. Coro-
nary procedures or events occurring within 30 days of index
angiography were considered baseline endpoints associated
with this procedure. In addition, specifically identified
staged procedures up to 45 days post-index angiography
were also considered baseline endpoints, Analysis of all
procedures and events was performed for the 1,160 subjects
over the entire follow-up period, as well as selective analysis
for patients with procedures and events beyond the 30-day
threshold.

All coronary procedures and events were monitored
against medical records for accuracy and were supported
by medical records documenting the specific event or diag-
nosis and/or by supporting evidence, e.g., myocardial en-
zyme elevation or infarct on head computed tomography
(CT). Discrepancies were resolved by direct investigator
query. All other events such as aortic aneurysm repair,
congestive hieart failure exacerbation, and cardiac arrhyth-
mias were reviewed and eliminated due to noncardiac origin
or lack of direct association with acute coronary atheroscle-
rosis etiology. The definitions of the MACE components,
MI, stroke/T1A, and all-cause mortality are detailed in the
Supplementary Methods,

GES Measurements

GES measurements were performed in the CardioDx clini-
cal reference laboratory (Palo Alio, CA, USA) using the
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Corus™ CAD process [9]. Briefly. RNA was purified using
an automated bead-based method from PAXgene®™ RNA
preservation tubes (PreAnalytiX, Valencia, CA, USA). Sub-
sequent cDNA synthesis and reverse transeription polymer-
ase chain reaction were then carried our [9]. The GES were
reported on a 1-40 scale,

Statistical Analysis

The primary endpoint for the study was whether the GES
as a continuous variable was significantly related fo the
combination of procedures and MACE at 30 days and
12 months following index angiography. Subjects were
censored if no event occurred prior to them being lost to
follow-up. Only the first endpoint of a given type (proce-
dure or event) was counted in the analysis. Secondary
analyses included the relationship of the GES to MACE
across the entire follow-up period and to the combination
of revascularizations and MACE occurring >30 post-index
catheterization.

For categorical analyses, the GES were divided into three
ranges: 1-15 (<20% likelihood), 16-27 (=20-<50% likeli-
hood), and 28-40 (=50% likelihood) [9]. Logistic regression
was used to test the relation between the GES (continuous)
and events/procedures; for comparison to clinical factor
scores, multivariate logistic regression was used. Odds ra-
tios (OR), associated 95% confidence intervals (95% CI),
and p values were also estimated by logistic regression. A
prespecified GES threshold of <I5 was used to estimate test
performance (sensitivity, specificity, NPV, and positive pre-
dictive value [PPV]). as well as for categorical GES OR
analyses. The Cochran—Armitage trend test was used to test
the relation between GES categories and events/procedures.
Clinical factors were compared at baseline using either a
two-sample 7 test (continuous measures) or Fisher’'s exact test
(binary measures). All analyses were performed in R version
211 [13].

Results

From 1.166 sequential PREDICT patients comprising the
algorithm development and clinical validation cohorts with
QCA and GES [9], 1,160 were eligible for follow-up and
1,116 (96%) were followed up for | year after index angi-
ography. Clinical and angiographic characteristics of this
entire cohort and the clinical validation subset (N=326)
are shown in Table |. The entire cohort was 58% male with
an average age of 60. Factors which were significantly (p<
0.001) associated with angiographically defined obstructive
CAD at baseline included male sex, age, systolic blood
pressure (SBP), dyslipidemia, smoking status, chest pain
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Table 1 Clinical and demographic characteristics of PREDICT patient Table 2 Summary of procedures and events at 1-year follow-up
s
i Parameter
Set parameter Complete cohort Clinical validation
subset N at index angiogram 1.160
% - . Baseline procedures
Male sex 668 (57.6%) 209 (56.8%) et ey
= \ CABG 70 (6%)
fee 33';;5[ Irc‘;gﬁ}o‘gy 6?23;; 156909} Total procedures® 267 (23%)
SBP 13494183 (8810 13524184 (90 10 Dascline eveiss 610.5%)
213) 213) All baseline endpoints 267 (23%)
Dyslipidemia 734 (63.3%) 341 (64.8%) N with follow-up 1,116 (96%)
Smoker 412 (35.5%) 186 (35.4%) Follow-up procedures 14.(1.2%)
Symptamatic 762 (65.7%) 359 (68.3%) Follow-up events 11 (0.9%)
BMI 30.8+6.8 30.7+6.5 Total follow-up endpoints 25 (2.2%)
(13.8 t0 69.4) (1380 61.7) All procedures 286 (24.7%)
Aspirin use T68 (66.5%) 363 (69.1%) All events 17 (1.5%)
Statin use 580 (50.2%) 265 (50.5%) All endpoints® 292 (25.2%)
Beta-blocker use 425 (36.8%) 212 (40.4%)
QCAMaxStenosis®  38.2£32.3 (0 to 100)  38.9+32.1 (0 to 100) “Some patients had more than one procedure and four patients had
S events after baseline procedures
QCANumLesions 1.8+2.3 (0 to 12) 1.9+2.4 (0 to 10)

QCAObsDisease®
One-year follow-
up

420 (36.2%)
1,115 (96.1%)

192 (36.5%)
507 (96.4%)

“Maximum percent stenosis determined by core laboratory QCA

b Number of >30% stenotic lesions by QCA

“ Patients with 250% stenosis in a major coronary artery by QCA

symptoms, higher body mass index (BMI), aspirin, statin,
and beta-blocker use (Table |). Only 36% of patients had
obstructive CAD (=50% maximum percent stenosis) at index
angiography,

Fig. 1 Schematic of patient
flow and endpoint summary. A
total of 1,166 patients from the
algorithm development and
validation cohorts were followed
up. There were 6 late clinical
exclusions, resulting in a final
cohort of 1,160 of whom follow-
up data was available for 1,143
(96%). A total of 267 had inter-
ventional procedures or events

" "The total baseline number of patients is used as the denominator for
all ealeulations as baseline endpoints greatly dominate total endpoints,
Some patients had more than one endpoint

The patient study flow is shown schematically in Fig. 1.
A total of 267 patients (23%) had endpoints within 30 days
of index procedure with the vast majority being PCI or
CABG. After censoring these patients, there were only 25
additional patients (3%) with procedures or events in the
next year out of the remaining 850, vielding an overall
endpoint rate of 25% for all patients in the entire period.
For MACE alone, the rate was 1.5% for 12 months. Events
and procedures are summarized in Table 2.

1166 Total Patients

associated with their index
angiographic procedure (within
30 days). The remaining 850
patients had a lotal of 25 end-
points (14 interventional proce-
dures and 1| adverse events) in

Baseline Procedures
(261, 197 PCI, 64 CABG)
and Events (6)
Total 267 (1 lost to
Follow-up)

the subsequent follow-up periad,
for a total of 292 endpoints

(25%) over | year

T~ stLae
l Exclusions
1160 Evaluable
/ Patients \
} * ra3tesio
850 Patients Eligible for s
Subsequent Analysis
after Baseline Censoring
Subsequenl Procedures 825 Patients without
o 9&1?1'1'55(&?36] Events or Procedures
Total 25
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GES Analysis

The GES, comprised of the peripheral blood cell expression
levels of 23 genes and sex-specific age dependencies of
CAD likelihood, was associated with the composite primary
endpoint of MACE and procedures over | year by logistic
regression (p<0.001) and added to clinical factors, as quaii-
tified by D-F or Framingham risk scores (Supplementary
Table 1). GES category also correlated with the likelihood
of the combined procedures and MACE primary endpoint
over this period as shown in Fig. 2a,

Previous analysis of obstructive CAD in the PRE-
DICT clinical validation study identified a low likeli-
hood (<20%) group with GES <I5 |9]. Using this
threshold for the primary composite endpoint at 12 months
follow-up, the sensitivity and specificity were 86% and 41%,
respectively, corresponding to the NPV of 90% and PPV of
33%. with 396 patients (35%) in this group (Table 3). The OR
for those with nonlow scores (>15) versus low scores (<15)
for the 30-day and 12-month endpoints were 4.3 (95% CI,
3.0-6.4) and 4.3 (95% CI, 3.0-6.3), respectively, hoth p<
0.001 (Table 3).

There were 17 patients with MACE, of which 15 oc-
curred more than 30 days after index angiogram; 4 of these
patients had early revascularization. The clinical, angio-
graphic. and MACE characteristics for all patient events
are summarized in Table 4. The GES at index procedure
was above 15 in 14 of 17 of these patients (Table 4, Fig. 2b),
Thus, al most, 3 patients of 1,160 (0.3%) had both a low
GES and an adverse event in the following year, yielding an
NPV for events alone of 99.2%, although this did not reach
statistical significance (OR=2.41, 95% CI=0.74-104, p=
0.16). There were a total of eight patients with late revascu-
larizations whose characteristics are summarized in Table 3,
with seven of eight having GES above 15. Patients with
either late revascularizations or MACE more than 30 days
post-index catheterization trended towards higher GES (OR=
2.59,95% CI, 0.89-9.14, p=0.082) (Table 3); the relationship
between the GES and these late revascularizations and events
are illustrated in Fig. 2b.

Discussion

This study extended our previous validation of a blood-based
GES for obstructive CAD in nondiabetic patients from an
angiographic endpoint to revascularizations and MACE. We
followed up and identified revascularizations and adverse
events in 1,160 patients from the PREDICT frial, including
the previously defined validation cohort of 526 patients for
12 months from index procedure. As expected. revasculari-
zation (PCI and CABG) were closely associated with max-
imum percent stenosis and angiographically determined
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Patients with Events and/or Procedures at 1 year (%)

mTABE
PCL

35 - — —

mAl Procedues and Evenly
£} L —
25 =
20
15
10— —
51
i} ~ .

Low (1-15) Med (16-27) High {28-40)
Gene Expression Score Category {Range)

b

G HACE
W >30 day MACE and Revase

Low(1-15) Medium (16-27) High (28-40)
Gene Exp Score Category (Range)

~ w

Patients with MACE or Late Endponts (%)

Fig. 2 a Dependence of event and interventional procedure likelihood
on GES in | year, The percentage of patients who had interventional
procedures or events within 1 year of the index catheterization are
shown stratified by GES, GES are divided into low (1-13), medium
(16-27), and high (28-40) categories as described in the lext. Results
are shown for the entire cohort of 1,160 patients. b Dependence of
MACE likelihood on GES in | year The percentage of patients
who had MACE within | year of index catheterization are shown
stratified by GES (siriped bary). The percentage of patients with
revascularization or MACE =30 days post-index catheterization are
shown stratified by GES (solid hars). Scores are divided as in a. There
were 3, 9, and 5 events for MACE alone (stped bars) and 4, 11, and 4
revascularizations and MACE (sofid bars) in the low, medium, and high
GES categories

disease burden, with the exception of chronic total occlu-
sions which had a reduced intervention rate,

Our previous analysis showed that, in the validation set
of 526 patients, using obstructive CAD as the endpoint,
33% of patients had GES <15 with an NPV of 83%. For
actual clinical endpoints up fo | year, the NPV for all
procedures and MACE was 90% at this threshold in the
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Table 3 Dependence of combined procedure and MACE sk on GES

Duration and endpoints NPV* (%) PPV (%) Sensitivity (%) Specificity (%) OR"® a3% CI P value
12-month procedures and MACE® 90 33 86 41 432 3.02-6.25 <().001
12-month MACE 99 1.8 82 34 241 0.74-10.5 0.16¢
<30-day procedures and MACE® 91 33 87 40 431 3.00-6.38 <0.001
>30-day procedures and MACE 99 3.0 79 41 2.59 0.89-9.14 0.082°

NPV, PPV, sensitivity, and specificity were calculated at a threshold of 15

YOR were caleulated with a GES threshold of 15

“Procedures (PCI or CABG) and MACE (MI, stroke/TTA, death) within 12 months of the index angiography

4 Not significant

“Procedures and MACE occurring within 30 days of the index angiography

entire cohort. For those patients with GES <15 (396 of
1,160), representing 35% of total enrollment, only 41 of
1,160 (3.5%) had procedures or events. In these patients,
the majority of endpoints (28 of 41) were PCI which has not
been shown to improve long-term outcomes over optimal
medical therapy in the COURAGE population [6].

It has been demonstrated that the fraction of obstructive
CAD at cardiac catheterization in US patients without
known CAD is 35-40% [3, 9]. In the entire cohort in this
study, the yield of obstructive CAD was 36.2% and the

Table 4 Clinical characteristics of patients with subsequent events

fraction of patients with interventions was 23.7%. If one
did not send patients with low GES for catheterization, the
yield of patients with obstructive CAD and interventions
would be increased to 48,2% and 3 1%, respectively.

We previously observed that increasing GES correlated
with maximum percent stenosis, In the current analysis, the
composite endpoint likelihood also monotonically increased
with GES from approximately 10% for low scores to >35%
with high scores (28-40) with an OR of >4 (Fig. 2a). For
high scores, this was likely an underestimate as >80% of

Patient ID Sex Age QCACase: OCAMax ClinMax QCANuim GES  Event Days post
(years)  Control® Stenosis Stenosis Lesions30" index
C002:00400185  Male 83 Control 0 15 0 31 Stroke or TIA 328
C003:00400346  Female 58 Case 70 ] 1 1 MPF 121
C004:00400011  Female 73 Control 30 30 I 17 MI 259
C005:00400009  Male 50 Case 100 100 1 18 CABG, MI, PCI 10
CO14:00400055  Male 60 Case 76 90 5 29 Stroke or TTA 566"
C015:00400040  Male 51 Case 57 40 <] 24 Stroke or TIA =180¢
C015:00400058  Female 46 Control a 0 0 2 MI® 339
C015:00400064  Male 66 Control 15 80 0 25 Stroke or TTA 321
C015:00400092  Male 45 Control 19 30 0 a5 MI >180"
CO15:00400193  Female 66 Case 78 70 6 6 MI 129
C051:00400030  Male 63 Case 75 90 6 26 MI |
C058:00400054  Male 69 Cantrol 33 40 2 25 Death >180°
C063:00400007  Female 76 Case 80 90 a 27 M1 1774
C068:00400065  Male 86 Case 51 95 1 37 Stroke or TIA 235¢
C073:00400040  Male 73 Control 44 63 1 30 Stroke or TIA 1724
C073:00400065 Male 60 Case 63 40 3 14 Ml 224
C079:00400014  Male 78 Case 100 30 i 39 Death 306

" Prospectively defined as =50% maximum stenosis
b Number of lesions >30% stenosis by QCA

“Discrepancy between clinical and core laboratory QCA reads; QCA confirmed on subsequent independent review

“ These patients had a revascularization associated with their index catheterization

“Likely vasospastic MI given underlying clinical condition and chart review

"Event reported at 1 year follow-up without specific date
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Table 5 Clinical characteristics of patients with late revasculurizations

Patient Dy Sex Age QCACase: QCAMax ClinMax QCANum GES Procedure® Days post
(years) Control® Stenosis Stenosis Lesions30” index
COIS:00400017  Male 54.4 Case 60.37 70 3 26 PCl 341
C054:00400009  Female 70.3 Case 100 80 3 25 CABG 75
CO15:00400060  Male 53.5 Control 3643 100 3 23 PCI 118
C055:00400036  Female 68.3 Control 4.2 40 0 20 PCl 345
CO6E:00400058  Feinale 552 Case 100 99 8 3 PCI 347
CO01:00400105  Male T3.7 Case 60.7 90 2 32 PCl 70
CO15:00400177  Male 64.5 Control 4319 50 2 26 Pl 246
CO68:00400087  Male 68.1 Cuse 100 100 5 37  CABG 84

* Prospectively defined as 250% maximum stenosis
® Number of lesions >30% stenosis by QCA

“Enher PCI or CABG oceurring without prior intervention associated with index catheterization

patients with chronic total occlusions, who were electively
not intervened on, had high scores. A large recent study of
patients referred for CT angiography has also shown that
overall mortality risk correlated with the extent of maximum
percent stenosis [14].

For the small number of patients who had events, >80%
(14 of 17) had GES above the threshold of 15 (Tables 3 and
4), although this did not reach statistical significance. Ret-
rospective analysis for the three patients with events and low
GES showed one patient had no CAD angiographically with
a GES of 2 and likely suffered a vasospastic MI, A second
patient had no CAD by clinical angiogram, but subsequent
QCA showed a 70% lesion. The third patient had a score of
14, close to the threshold, and an MI 7 months from index
procedure. Thus, based upon clinical workup, 16 of 17
patients with events had scores above the threshold. Simi-
larly, for late revascularizations, seven of eight had scores
above 15.

A description of the genes which comprise the GES are
shown in Table 6, along with the associated biological

functions, where known. The predominant features of these
gene terms are the innate immune response, as judged by
increased expression of activation genes in both neutrophils
and patural killer (NK) cells, as well as an increase in
proapoptotic genes (terms [-3). In addition, term 2, and
specifically S100A12, has been shown to promote coronary
artery calcification in a transgenic model [15], Tn addition,
the somewhat counterintuitive B cell to T cell ratio com-
prises term 4. Although it was originally thought that B cells
were atheroprotective and T cells atherogenic, recent work
in mouse models has suggested a more complex picture with
atherogenic B cell subsets [16] and a potential atheropro-
tective role for regulatory T cells [17, 18].

Given that the GES was derived to discriminate ob-
structive CAD, why might it have prognostic value?
First, the GES is proportional to maximum percent
stenosis by angiography and a recent large CT angiog-
raphy study has shown that event likelihood increases
with the extent of disease, even for nonobstructive dis-
ease [19]. Second, specific terms in the GES algorithm

Table 6 GES components and

putative biological roles Term Genes Functions
I ILIBRAPHINFAIP6+CASPS Innate immunity, apoptosis
[LERB+KCNE3 1 TLRA+TNFRSF10C Neutrophil activation
2 S100A8+S100A12+CLECAE Neutrophil activation and necrosis
RPL2E (men), NCF4HAQPY (women) Calcification
Neutrophil/lymphocyte ratio (men)
Normalized neutrophil activation (women)
k] SLAMFT+KLRC4 Innate immunity, NK cell activation
TMCE+CD3D Normalized to T lymphocytes
4 SPIB+CD72B B/T cell rario
TMCE+CD3D Lymphocyte subtype
516 AF2R9562+TSPANL6 (men) Unknown function genes

TFCP2+HNRPF
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reflect cell type-specific gene expression ratios, which in
the case of the neutrophil to lymphocyte ratio has been
shown to have prognostic significance in a large cathe-
terization laboratory population [20]. In addition, a very
recent large study has shown that neutrophil counts
alone are associated with subsequent MI and mortality
[21]. Third, circulating levels of the protein products of
genes which are present in the GES, such as S100AR
and SI00A12, have been shown to be associated with
cardiovascular events |22, 23]. Finally, the observed
GES proportionality to disease burden is most likely a
reflection of the dysregulation of gene expression in the
circulating cells in response to both the extent and
inflammatory activity of atherosclerotic plaque. perhaps
reflecting plaque composition.

This study had several limitations. First, the population
was nondiabetic and largely symptomatic with high-risk
unstable angina and low-risk asymptomatic patients exclud-
ed. Second. the follow-up period was limited and the num-
ber of events subsequent to the index catheterization small.
Thus, any conclusions about the PPV of the GES for prog-
nosis will require larger cohorts, more extended follow-up,
and a higher absolute number of cumulative events. Given
the observed OR for MACE in this study, we estimate that a
study of 2,300 patients with 2-year follow-up would have
80% power to detect a significant relationship of the GES fo
MACE. The PROMISE study (http://www.clinicaltrials. gov,
NCT 01174550) might be an appropriate setting to further
test this hypothesis. Third, we did not have lesion-specific
information to determine if revascularizations or events
were due to baseline-identified lesions or disease progres-
sion. Fourth, since this was an angiographic population, it
had more disease than an intended use population before
referral, which may affect the results. Fifth, with respect to the
GES analysis, the combined cohort may have been biased by
inclusion of the algorithm development set. This seems
unlikely to be a very significant factor as procedures and
events were not used to derive the algorithm, and the
validation subset analyses showed results indistinguish-
able from the entire population. Finally, while the GES
added significantly to Framingham with respect to the
primary composite endpoint, it did not add significantly
to MACE prediction alone, although that comparison
was underpowered due to the low event rate.

In summary, this study examined the relationship be-
tween a peripheral blood GES measured at index angiogra-
phy and revascularization and MACE at up to 12 months.
Independent of the GES, more than 75% of patients had
neither a procedure nor MACE in the next year. For those
with low GES, representing 33% of patients, 90% were in
this category. Thus, low GES appeared to identify a popu-
lation at low risk for both obstructive CAD and subsequent
procedures or events. While these results were encouraging

for a clinical correlation with the initial angiographic
validation, studies in larger populations with longer-term
follow-up would be needed to further support this
hypothesis.
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A gender-specific blood-based gene expression score
for assessing obstructive coronary artery disease in
nondiabetic patients: Results of the Personalized

Risk Evaluation and Diagnosis in the Coronary Tree
(PREDICT) Trial

Alexandra Lansky, MD, ™ Michael R. Llashoff, PhD, ™" Vivian Ng, MD, ™" John McPherson, MD, "
Dana Lazar, MD, ™" William E. Kraus, MD, " Szilard Voros, MD, “" Robert S. Schwartz, MD, " and
Eric J. Topol, MD &8 New Haven, CT: Palo Alto, and La Jolla, CA; Nasbville, TN; Durbam, NC: Atlanta, GA;
and Minneapolis, MN

BﬂCkgrOUl‘Id Currently available noninvasive tests to risk stratify patients for obstructive coronary disease result in many
unnecessary cardiac catheterizations, especially in women. We sought to compare the diagnostic accuracy of presenting
symptoms, noninvasive test results, and a gene expression score (GES) in identifying obstructive coronary artery disease (CAD)
according to gender, using quantifative coronary angiography as the criterion standard.

Methods The PREDICT frial is o prospective multicenter observational study designed fo develop and validate gene
expression algorithms to assess obstructive CAD, defined as at least one > 50% diometer stenosis measured by quantitative
coronary angiography. Patients referred for diagnestic cardiac catheterization with suspected but previously unknown CAD
were enrolled. Noninvasive myocardial perfusion imaging (MPI) was available in 60% of patients. The GES, comprising
gender-specific age functions and & gene expression terms containing 23 genes, was performed for all patients.

Results A total of 1,160 consecutive patients (57.6% men and 42.4% women) were enrolled in PREDICT. The prevalence
of obstructive CAD was 46.7% in men and 22.0% in women, Chest pain symptoms were a discriminator of obstructive CAD in
men (P < .001) but not in women. The positive predicfive value of MPI was significantly higher in men [45%) than in women
(22%). An abnormal siteread MPI was not significantly associoted with obstructive or severity of CAD. The GES was
significantly associated with a 2-fold increase in the odds of ebstructive CAD for every 10-point increment in the GES and had
a significant associafion with all measures of severity and burden of CAD. By multivariable analysis, GES was an independent
predictor of obstructive CAD in the overall population {odds ratio [OR] 2.53, P = .001) and in the male (OR 1.99, P= .001)
and female (OR 3.45, P = .001) subgroups separately, whereas MPI was not.

Conclusions Commonly used diagnostic approaches including symptom evaluafion and MPI performed less well in
women than in men for identifying significant CAD. In contrast, gender-specific GES performed similarly in women and men.
Gene expression score offers a reliable diagnostic approach for the assessment of nondiabetic patients and, in particular,
women with suspected obstructive CAD. (Am Heart ] 2012;0:1-7.)
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practice because of variable site-dependent diagnostic
accuracy; high false-negative rates, particularly in
women'; cost; and associated adverse effects such as
radiation exposure, exercise intolerance, and interreader
variability.” This has resulted in overutilization of invasive
diagnostic catheterization in approximately 50% to 60%
of referred cases,” Therefore, a gender-specific blood test
designed to reliably and noninvasively identify patients
with CAD would have diagnostic utility to improve
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clinical decision making and minimize unnecessary
cardiac catheterizations,

The PREDICT prospective, multicenter, observational
study was designed to develop and validate a gene
expression score (GES).' The GES comprises age, sex,
and expression levels of 23 genes and is validated to
assess the likelihood of obstructive CAD in a population
of nondiabetic patients with suspected obstructive CAD.
We report the genderspecific results of clinical factors,
noninvasive imaging, and GES in the PREDICT trial,

Materials and methods
Patient selection and definitions

The PREDICT trial is a prospective multicenter observational
study designed to develop and validate a gene expression
algorithm to assess the likelihood of obstructive CAD." Subjects
were eligible for enrollment in PREDICT if they were older than
20 years; had a history of chest pain, anginal symptoms
suggesting myocardial ischemia, unstable angina, or asymptom-
atic with a high risk of CAD with no known prior CAD. Patients
with known CAD, New York Heart Association class IIT or IV,
left ventricular ejection fraction < 35%, severc valve regurgita-
tion or stenosis, systemic infection, known rheumatologic,
autoimmune or hematologic conditions, and organ transplant;
and were requiring immunosuppression, chemotherapy, or
transfusion within the preceding 2 months were excluded. In
addition, diabetic patients were excluded because of (heir
distinct gene expression signature relative to CAD classifica-
tion." Angina status was defined based on the Diamond-
Farrester (D-F) classification” as follows: typical angina,
requiring all 3 features: (1) substernal chest discomfort with a
characteristic quality and duration that was (2) provoked by
exertion or emotional stress and (3) relieved by rest or
nitroglycerin; atypical angina, required 2 of the typical anginal
characteristics; and nonangina, required 1 or none of the
typical anginal characteristics. Subjects without cliest pain were
classified as asymptomatic.

Complete blood counts with differential were obtained for all
patients, and serum biomarkers (cholesterol and high-sensitivity
C-reactive protein [hsCRP]) were obtained for most patients.
Whole blood samples were collected on all patients and
processed as previously described. ' Noninvasive stress testing
including exercise or pharmacologic myocardial perfusion
imaging (MPI) was categorized as positive, negative, or
indeterminate based on the site-reported clinical interpretation.
All patients gave written informed consent, and the study
protocol was approved by the institutional review board at
39 participating US centers, To maintain i balanced population,
no single clinical study center was permitted to enroll more
than 20% of the entire study population.

Gene expression score

The GES was derived by dividing the study population into
a development cohort and validated with a validation cohort.
The clinical characteristics of the 2 cohorts were similar. ' The
development and validation of the GES have been described
in deril.” In brief, the algorithm uses genderspecific age terms
and 6 gene expression terms, each composed of several genes,
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for a total of 23 genes. Some of the gene expression terms
are specific for men, some are specific for women, and some
apply to both genders. The output of the test is a score based
on @ l- to 40-point scale, where increasing scores indicate
increasing likelihood of obstructive CAD. All gene expression
tests were performed in the CardioDX CLIA-approved refer-
ence laboratory at 2500 Faber Place, Palo Alto, CA, using the
Corus CAD protocols.”

Quantitative angiography and case/control definitions

All angiograms were reviewed by an independent angio-
graphic core laboratory for quantitative angiography (QCA)
using standardized methodology (Medis, Leiden, the Nether-
lands). All major epicardial vessels and side branches (> 2 mm
in dinmeter) were systematically screened for the presence of
CAD. All lesions with a visual diameter stenosis of = 20%
were identified and underwent QCA. Cases were defined by a
= 50% stenosis by QCA in at least 1 epicardial vessel or major
side branch (= 2.0 mm) and controls with < 50% stenosis in
all epicardial vessels and major side branches. In addition to
obstructive disease, 3 measures of disease severity were
calculated based on the QCA results, including (1) maximum
percent stenosis, (2) the number of lesions with stenosis of
= 20%, and (3) the total plague volume (product of lesion
length and cross section area, summed over all lesions). The
sponsor of the PREDICT trial was CardioDX.

Statistical methods

A series of regression models were fit with GES and clinical
risk factors as predictor variables of CAD disease severity (> 50%
disease severity) as the response. Likelihood ratio xg statistics
were then used to assess the additive contribution of the GES vs
the clinical risk factors alone. Analysis of MPL used the same
methods as for the GES. The response variables were
angiographic maximum percent diameter stenosis, total plaque
volume, number of lesions (> 30% stenosis), and obstructive
disease (stenosis = 50%). For the continuous measures of
disease severity (maximum percent stenosis, total plaque
volume), linear regression was used with GES and clinical risk
factors as independent variables. For clinical risk factors, the
Framingham risk score was used (includes sex, age, sex by age
interaction, blood pressure, lipids, and smoking status) in
combination with D-F symptom characteristics. For the ordinal
measure of disease severity (number of lesions), Poisson
regression was used with GES and clinical factors as indepen-
dent variables. Finally, for the binary outcome of obstructive
disease, logistic regression was used with GES and clinical
factors as independent variables. The above regression analyses
were conducted in the overall validation and development
cohort and in the male and female subgroups. Multivariable
logistic regression analysis was performed to assess the pre-
dictors of obstructive CAD (dependent variable) in the overall
population and in men and women subgroups separately,
Independent variables included in the model were as follows:
age, age squared, sex, typical angina, hyperlipidemia, hyperten-
sion, age/sex interaction, MPI (positive/negative), and GES. For
univariate analyses, categorical variables were compared by y°
test and continuous variables by £ test. All statistical methods
were performed using the R software package, version 2.11.0
(including the MASS and rms puck:lgcs)ﬁ
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Table 1. Boseline demographic and clinical characteristics by

gender
Total
Waomen Men P
nt 492 668 -

Age (y), mean (quarfiles) 60 (52, 69) 59 (51, 68) 122

Body mass index (kg/m?),  31(26,35)  31(26,34)  .306

mean [quartiles)

Race 332
White (%) 87.8 88.9 332
Black (%) 6.7 4.8
All other (%) 45 4.3

Hypertension (%) 66.7 64.2 423

Smoker (%) 17.3 205 191

Dyslipidemia (%) 63.4 63.2 982

Family hisiory of CAD (%) 35 2.8 673

Peripheral vasculor 33 323 .898

disease (%)

Statin therapy (%) 358 38.9 .301

Aspirin therapy (%) 58.] 465.9 009

f-Blockers (%) 40.4 325 006

Laboratory measures
Total cholesteral (mg/dL), 192(169,214) 181 (151, 205) <.001
mean (quariiles)

LDL cholesterol {mg/dL), 117(93,135) 115(86,135) 411
mean |quarfiles)
HDL cholesterol (mg/dL), 57 (47, 65) 45(36,51) <001
mean (quarfiles)
hsCRP, mean |quarfiles)  4.6(1.2,50) 2.8(07,30) 017
WBC count, 671055 77) 67156,77) .494
mean |quartiles)
D-F chest pain <.001
presentation (%)
Asymplomatic 27.2 39.5
Atypicel 16.3 14.4
Nonanginal 40.0 25.6
Typical 159 19.6
% Obstructive disease 22.0 467 <001

Maximum % sfenosis, 27.2 (0, 43.0) 46.2(20.2,73.4) <001

meon (quariiles)

Mo. of chstructive lesians, 0.44 (0, 0) 1.2(0, 2) <001
mean {quartiles)
Mo. of lesions, 1.6(1,2) 3.2(1,5) <001

mean {quartiles)
Total plague volume (mm3), 32.2(0, 40.4)
mean (quartiles)

79.6(10,128) <001

LDL, Low-density lipogrotein; HDL, high-density lipoprotein; WBC, white blood cell
count.”

*P values were calculated os described in "Molericls and methed:” and are
unadjusted for mulfiple comparison.

tn = number of patients.

The authors are solely responsible for the design and conduct
of this study, all study analyses, the drafting and editing of the
paper, and its final contents,

Results
The development and validation cohorts from the
PREDICT trial comprised 1,166 consecutive nondiabetic
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Extent and severity of CAD by sex as defined by quantitative coronary
angiography. The maximum percent stenosis is depicted categorically
as < 30%, 30% fo 49%, 50% to 9%, and 70% in a sex-stratified
represeniation.

patients. Coronary angiograms of suitable quality for
quantitative analysis were available in 1,160 of the 1,166
patients in these cohorts. Baseline demographics demon-
strated that men and women had similar risk factors
including age, body mass index, race distribution, and
incidence of hypertension and dyslipidemia (Table I).
Women were less likely to be on aspirin therapy but more
likely to be on P-blockers than men. Women had
significantly higher hsCRP, high-density lipoprotein and
total cholesterol, but low-density lipoprotein cholesterol
was similar between sexes. Women had less extensive
CAD (mean number of lesions = 20%, P < .001), less
severe CAD (maximum stenosis, P < .001), and less
plaque volume (32 mm? vs 80 mm?, P<.001) compared
with men (Table D). Obstructive CAD (stenosis = 50% by
QCA) was present in 36.2% of the population, 46.7% in
men and 22.0% in women (Figure 1), Overall, 26.1% of
patients had no evidence of CAD (stenosis < 10% by
QCA); this was more common in women (17.7% in men
and 37.6% in women).

Clinical correlates of obstructive CAD

For both men and women, the presence and severity of
discase were characterized by older age, hypertension,
and dyslipidemia. Diamond-Forrester symptom charac-
teristics were significantly associated with all measures
of CAD severity in men but not in women (Table ID). In
men, typical chest pain symptoms were associated with a
2-fold increase in the rate of obstructive CAD (P = .002)
and significantly greater number of lesions, maximum
percent diameter stenosis, and plaque burden (P < .001).
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Table Il. Chest pain, MPI, end GES association with CAD

Amatican Heart jourmal

Monlh Year

No. of Lesions
Obstructive disease Maximum stenosis (change in the number Total plaque burden
(OR) (change in % stenosis) of lesions) (change in mm?)
Women Men Women Men Women Men Women Men

Chest pain association with CAD

Atypical’ 1.13;P=72 152:P=08 00;P=99 42:P=26 0.18P=08 014 P=028 70:P=33 49 P= 6

Typicclr 1.52; P=20 20;P=.002 2.1;P=.8] 13.0; P<.001 0.13; P=.22 0.25; P<.001 11.9;P=.13 34.6; P< 001
MPl asa Fredidor of CAD

MPI+T  1.21;P=.53 1.48;P=09 26;P=49 46 P=21 —008P=39 016;P=02 - 47:P=.46 140;P=.14
GES association with CAD

GEst 1.99; P<.001 1.80; P<001 8.4 P<.001 7.5 P<.001 .19;P<.00] 19; P< 001 14.8; P=.001 14.8; P=.01

* Relafive o no angina.
T Relative to MPI—

+GES per 10-point increass in score, adjusled for clinical factors (see "Materials and methods”).

Figure 2
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Probability of obstructive CAD os a function of increasing GES for
men (blue) and women (red).

In women, neither typical nor atypical symptoms were
associated with significant increases in any of the
measures of CAD.

Predicfive value of site-interpreted MPI

Site<interpreted MPIs were available in 689 (59%) of
1,160 patients (59% in men and G0% women). An
abnormal MPI identified obstructive CAD in 45% of men
and 22% of women, and a normal MPI correctly identified
the absence of obstructive CAD in 65% of men and 82% of
women. In general, MPI positivity was not significantly

associated with any measures of CAD in either men or
women (Tuble ).

Predictive value of the GES

The probability of obstructive CAD increased with
increasing GES scores for both men and women (Figure 2).
The GES, after accounting for clinical factors, was
significantly (P < .001) associated with every measure of
CAD extent and severity that was assessed for both men
and women (Table I1). Bach 10-point increase in GES was
associated with approximately a 2-fold increase in the
odds of obstructive disease, as well as an increase in
maximum percent stenosis, number of lesions, and total
plaque volume. These associations were independently
significant in both men and women. Overall, when GES
was added to clinical factors, it improved the predictive
value for each of the outcome measures (Table I11). By
multivariable regression analysis, GES was an independent
predictor of obstructive CAD in the overall population
(odds ratio [OR] 2.53, P =.001), as well as in the male (OR
1.99, P =.001) and female (OR 3.45, P = .001) subgroups
separately, whereas MPI was not (Table IV).

Discussion

This smdy demonstrates that in a contemporary
US-based population referred to diagnostic angiography
for suspected CAD, only 36.2% of patients and only
22.0% of women had obstructive CAD with a charac-
teristic age-dependent rise in the prevalence of CAD
after 60 years of age for women. Although symptoms
on presentation were helpful in identifying obstructive
CAD in men, symptoms of angina as defined by
Diamond and Forrester” were not helpful in predicting
CAD in women. In this population referred to angio-
graphy, the diagnostic value of MPI as interpreted by
clinical sites was modest at best, positively identifying
fewer than 50% of men and 25% of women with
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Table llIl. Addifive value of MP! and GES Io clinical taciors
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Obstructive Disease Max Stenosis Number of Lesions Total Plaque Burden
Clinical Madel" ¥* =87.0, p<.001 x* = 1247, p<.001 x* = 298.7, p<.001 ¥ =851, p<.001
Addifion of MPI x%=6.9, p=.008 ¥ =57, p=017 2 =10.0, p=.002 ¥*=39, p=048
Addition of GES %2 =176.8, p<.001 %2 =2007, p<.001 %2 = 457.0, p<.001 %% =161.9, p<.001

* See Methads

Table IV, Independent predictors of obstrucive CAD in al
patients, female and male

Lower Upper
OR 95%Cl 95%Cl P
All patients
GES (per 10 points) 2.535 1.867 3.444 <001
Typical chest pain 1.94 1.374 2.73% <001
Sex 1.21 0.161 2.08 853
Age (per 10y) 6298 1893  20.948  .003
Age” (per 10 y) 0.867  0.789 0.954 003
Dyslipidemia 1.601 1.196 2.144 002
Hypertension 1.45 1.073 1.96 016
MPI posifive 0.876 0.662 1.159 353
Sex * age interaction 0.962 0.727 1.291 83
Female
GES (per 10 points) 3.449 1.972 5911 <001
Typical chest pain 1.461 0783 2.724 234
Age [per 10 y) 4665 0509 4273 174
Age? (per 10 y) 0.86% 0.715 1.058 163
Dyslipidemia 1692 0,983 2912 .058
Hypertension 1.675 0.921 3.046 091
MPI positive 0737  0.442 1.229 .244
Male
GES (per 10 points) 1.999 1.35 2.961 .001
Typical chest pain 2,204 1.443 3367 <001
Age (per 10 y) 10.018 2.443 41,072 001
Age? (per 10 y) 084 0749 0942 003
Dyslipidemia 1.403 1.132 237 .008
Hypertension 1.379 0.971 1.959 073
MPI positive 0.944 0.676 1.325 748

(1, Confidence interval; GES, GES per 10-point increass in score, adjusted for clinical
factors (see “Materiols ond mefhads").

obstructive CAD; conversely, the false-negative MPI
rate was as high as 35% in men and 18.5% in women.
An abnormal MPI did not correlate with any measure of
severity or extent of CAD in either men or women. In
contrast, the GES had a significant association with
all measures of CAD extent and severity, with a 2-fold
increase in risk of obstructive CAD for every 10-point
increment in GES. Furthermore, the GES was the
second strongest independent predictor of obstructive
CAD (following age) in the overall population and
the strongest predictor of obstructive CAD in women,
and it offers a reliable alternative to MPI for predict-
ing obstructive CAD based on a simple office-based
blood sample.

The accurate diagnosis of obstructive CAD remains
challenging in clinical practice, resulting in overreferring
to invasive diagnostic coronary angiography.” Reliance
on symptoms in guiding further evaluation of chest pain
syndromes is well established in the early description by
Diamond and Forester.” However, this classification was
defined in a predominantly male population and is
unreliable in women. There has been an emphasis on
the atypical nature of anginal symptoms in women, such
as vague chest discomfort and/or nausea,”~ making it
difficult to determine when noninvasive or invasive
imaging is the most appropriate form of evaluation. The
recognition that traditional chest pain classification is less
reliable in women is clearly emphasized in the PREDICT
trial, where symptoms as defined by D-F could not
discriminate the presence of obstructive from nonob-
structive CAD in women,

Current scientific guidelines endorse the use of
noninvasive cardiac testing for improved detection in
symptomatic individuals with intermediate pretest like-
lihood of CAD.'"""" However, despite the difficulty of
predicting the presence of CAD according to clinical
presentation in women, guideline recommendations
extend to women with either intermediate or high
pretest likelihood of disease,"! which has the potential of
further worsening the false-negative rates of noninvasive
tests and missing the diagnosis of CAD. At present, CAD
assessment for patients with either intermediate or high
pretest likelihood of disease is most commonly per-
formed by functional testing with myocardial perfusion
single-photon emission computed tomography; howev-
er, in women, guidelines still recommend standard
treadmill ECG testing for patients without diabetes,
with normal baseline ECG, who are able to cxcrcise,”
despite the limited diagnostic value of standard treadmill
testing in women. '* Although a number of noninvasive
testing modalities are available, each present different
limitations and none have perfect accuracy, particularly
in women.' The overall reported sensitivity and speci-
ficity for exercise ECG (52% and 71%),” stress echocar-
diography (85% and 77%),”'* single-photon emission
computed tomography (87% and 64%),” and perfusion
magnetic resonance imaging (91% and 819%),'""" com-
pared with angiography as the criterion standard, tend to
reflect best case scenarios based on independent central
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laboratory evaluations that exclude poor quality cases
rather than evaluations in everyday clinical practice. The
results of the PREDICT trial highlight the low positive
predictive value particularly in women (< 25%) and high
false-negative rate (> 35% in men) of MPI when
interpreted by clinical sites in the everyday clinical
practice setting,

Rationale for blood-based GES in the
diagnostic paradigm

The GES evaluated in this study is unique because it is
the only gender-specific diagnostic test currently avail-
able that risk stratifies patients with obstructive CAD. The
results of our analyses show that GES was significantly
correlated with obstructive CAD as well as other
measures of CAD disease severity and burden for both
men and women, whereas MPI was not. This study
provides proof of concept that in this patient population,
GES can add diagnostic information with the ultimate
goal of better identifying the appropriate patient for
invasive angiographic referral.”

The development of CAD is caused by a complex
interaction of genetic and environmental factors. Al-
though traditional clinical risk factors including gender,
age, hypertension, and dyslipidemia are well-established
predictors of CAD, efforts have now focused on studying
biological markers of CAD development. Inflammation
plays an important role in the development of athero-
sclerosis and CAD.'"™" This inflammatory process gives
rise to systemic indicators of inflammartion that have been
correlated with the risk of future coronary events at the
patient level, such as elevated levels of CRP associated
with an increased risk of MI or cardiac death.”*** The
incorporation of these markers of inflammation into risk
classification models has variably improved the ability to
predict cardiovascular risk.””** Furthermore, studies
have shown that alterations in circulating white blood
cell counts, such as increases in neutrophil to lymphocyte
ratios, are correlated with increased cardiovascular
risk***” and CAD.*

The recent evidence that genc expression in peripheral
blood cells reflects the presence and extent of CAD™ in
patients undergoing angiography and can accurately
identify patients with obstructive CAD is the first step
in a paradigm shift in identifying patient risk based on the
biology (including genderspecific factors) of underlying
disease rather than ischemic thresholds identified by
imaging modalities or performance abnormalities. The
GES analyzed herein uses this information and known
clinical risk factors (age and gender) with gene expres-
sion changes in circulating white blood cells to provide
an objective method (not subject to siteto-site interpre-
tation variability) to evaluate for obstructive CAD. Our
analysis of the PREDICT study demonstrates that GES is a
strong independent predictor of obstructive CAD and

Americtin Head Journnl
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demonstrates the improved ability of GES to identify
obstructive CAD, especially in nondiabetic women,
compared with clinical presentation algorithms or MPL

Limitations

Several limitations of this study must be taken into
consideration. The results of these analyses can only be
applied to the patient cohort meeting the eligibility
criteria of the PREDICT study. Thus, this diagnostic test
should not be applied to patents with diabetes, with
known heart failure, or who have received blood
transfusions within the last 2 months. Furthermore,
significant CAD determined by angiography (disease
severity=50% by QCA) was the end point used to
evaluate this diagnostic test. Thus, this test has not yet
been studied to predict the risk of future cardiovascular
events. In addition, beyond only a subset of the cohort
having MPIs, there is a significant referral bias inherent in
the analysis because patients with negative MPI were
probably less likely to be referred to diagnostic catheter-
ization, therefore impacting the reported negative
predictive value of MPL Irrespective of these limitations,
the comparative validation study applies equally to both
MPI and GES, and the positive predictive value should not
be greatly impacted by the referral bias because patients
with positive MPIs are likely to be referred to diagnostic
catheterization given current practice patterns.

Conclusion

The use of a blood-based GES may be particularly
helpful in the assessment of obstructive CAD in
nondiabetic patients and, in particular, women for
whom the use of symptoms and functional testing has
proven unreliable. Further studies are needed to validate
whether this test or other methods that use individualized
genomic data will help promote more efficient and
appropriate use of coronary angiography in women.
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(See Correction & Amplification below .)

This year the Innovation Awards judges chose winners in 17 categories. Here's a look at
the winning entries.

Computing Systems

Lightfleet Corp., based in Camas,
Wash., won in this category for a novel
way of connecting computer processors,
using beamed light instead of copper or
fiber-optic wires.

Journal Reports

Read the complete Technology: Innovation Awards
report .

Plus, get an update on past winners and read
opinions from innovators on what will win in coming

years .
In big data centers, even the fastest

servers get slowed by bottlenecks in the connections between microprocessors, or
nodes. Lightfleet's technology aims to eliminate the bottlenecks by replacing the wired
switches typically used to manage these connections with a device that sends a
data-carrying beam of light to all the nodes at once. The faster transmission of data
promises to make it possible, for example, to run Wall Street's high-speed trading
operations more efficiently.

The company, founded in 2003, delivered a prototype of its first product earlier this year
to Microsoft Research, the R&D arm of the computer giant, which will test
how it handles different applications. A Lightfleet spokesman says the company expects
the first commercial sales by the middle of next year.

RUNNER-UP

Marvell Semiconductor Inc., U.S.: A small, low-power networked home server, called
the Plug Computer, that can deliver data and applications to a variety of devices.
Consumer Electronics

Industrial Technology Research Institute , winner of the overall Gold award, won in
this category. (See " Paper-Thin Screens With a Twist ")

RUNNERS-UP

NanoLumens Inc., U.S.: Lightweight digital displays that are flexible, thin and energy
efficient. The first product, a 112-inch display, weighs less than 90 pounds, is less than
an inch thick and consumes less energy than five light bulbs.

Ford Motor Co. , U.S.: MyFord Touch, an instrument panel for cars that
replaces traditional buttons, knobs and gauges with voice commands, customizable
LCD screens and five-way controls on the steering wheel similar to those on cellphones
and MP3 players.

Nokia Corp. [ NOK +0.51% |, Finland: An "augmented reality" browser for mobile
devices, called Point & Find, that lets users get information about real-life objects by
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pointing a camera phone at the object.

E-Commerce

New Orleans-based Receivables Exchange LLC won in the e-commerce
category—the first winner in this group since 2004—for its online marketplace where
small and midsize businesses can auction their receivables.

Smaller companies don't have the same access to financial markets that their larger
counterparts do, so it's especially difficult for them to raise short-term working capital.
Taking out a loan backed by receivables—known as factoring—is common in some
industries. But for most small and midsize businesses, a factoring deal can be costly
and often takes a long time to arrange.

Receivables Exchange aims to make it much easier for a company to tap the cash
locked in its receivables. A company posts its unpaid invoices on the exchange, which
screens the seller to make sure it has a certain minimum revenue and has been in
business for at least two years. The screening can be completed within 24 hours and
the invoices can be posted the next day. Bidders offer to buy some or all of the posted
receivables, and the exchange takes commissions from the buyer and seller.

The company was launched in 2007 by Justin Brownhill, a former investment banker
who is now Receivables Exchange's chief executive, and Nicolas Perkin, its president.
The exchange hosts between $1 million and $5 million in trades each day, a
spokeswoman says; it doesn't reveal its revenue.

Energy

InEnTec LLC, based in Bend, Ore., won in the energy category for a process that uses
high-temperature plasma gasification to produce synthetic fuel from municipal and
industrial waste.

The technology offers a cleaner alternative to using incinerators to burn garbage.

The company's Plasma Enhanced Melter heats the waste in a super-hot plasma. This
produces a synthetic gas that can be converted to ethanol, methanol, clean diesel and
other transportation fuels. Ash from the process is captured in molten glass, producing
an obsidian-like material that can be buried in landfills or used in construction materials.
Metals are captured separately and can be recycled.

Plasma gasification isn't a new technology; companies have used it for more than a
decade to break down industrial and medical waste. Other companies are planning
plasma-gasification plants to convert municipal waste, and a pilot plant from U.K.-based
Advanced Plasma Power has been in operation since 2007. But InEnTec says its
technology is more energy efficient than other plasma-gasification systems.

InEnTec was formed in 1995 by researchers who had studied and improved the
technology in a collaborative effort between the Massachusetts Institute of Technology
and the U.S. Department of Energy's Pacific Northwest National Laboratory. Last year,
the company created a joint venture with Houston-based Waste Management Inc. to
build and operate plasma-gasification facilities using InEnTec's technology. The first,
planned for Arlington, Ore., is scheduled to open by the end of the year, with the
capacity to handle 25 tons of waste a day.

RUNNERS-UP

Enphase Energy, U.S.: The Enphase Microinverter System, which converts the direct-
current output of solar panels to the alternating current used in homes and businesses.
The system includes a meter that collects information about panels' performance and
sends it to a website where customers can view the data.

Idaho National Laboratory, U.S.: An efficient, environmentally friendly process for
making high-quality biodiesel from waste fats, oils and greases.

Solexant Corp., U.S.: Ultrathin-film inorganic solar photovoltaic cells.

Environment

Desalination promises to deliver virtually unlimited quantities of water to a water-
constrained world. But for it to succeed, researchers are going to have to reduce the
huge amounts of energy needed to make salt water drinkable.
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NanoH20 Inc., based in El Segundo, Calif., was voted best in the environment
category for a nanotechnology-based reverse-osmosis membrane that promises to
reduce the cost of running a typical desalination plant by as much as 25%.

Reverse osmosis, which separates salt and other impurities from salt water by forcing it
through a membrane at high pressure, is increasingly favored as a desalination
technology. But the pumps that push water through the membranes consume large
amounts of energy, and traditional membranes easily are clogged by impurities,
reducing their efficiency.

NanoH20, using technology based on research at the University of California, Los
Angeles, weaves nanoparticles into its membranes. The nanoparticles are more
permeable to water molecules than the material in traditional membranes, and they
resist fouling by bacteria, salt and other contaminants. As a result, the company says,
its membranes enable desalination plants to maintain the same levels of production
while reducing energy consumption, or to produce 70% more fresh water at current
energy levels.

The company says it has begun producing membranes and complete reverse-osmosis
modules, which incorporate the membranes and can replace the filters already used in
existing desalination plants. It delivered the first products in August.

RUNNERS-UP

Active Water Sciences LLC, U.S.: A portable, self-contained wastewater-treatment
system, the Water Phoenix, that can convert municipal wastewater into effluent that
meets U.S. Environmental Protection Agency standards in less than 24 hours,
producing little to no sludge.

Ceracasa SA and FMC Foret SA, Spain: A porcelain tile, BionicTile, with a
photocatalytic glaze that reduces levels of nitrogen oxides and nitric acid in city air.

ClimateWell AB, Sweden: SolarChiller, a solar-powered air-conditioning unit that
delivers heating, cooling and hot water to buildings without using electricity.

Health-Care IT

Software called Connect, developed by more than 20 federal agencies led by a program
of the U.S. Department of Health and Human Services, won in this category for
technology that enables health-care providers to exchange health information
electronically.

The health-care industry is moving, albeit slowly, to replace patients' paper records with
electronic files that can be easily shared among physicians, hospitals, health-care
agencies and others. Two roadblocks stand in the way, though: The cost of electronic
records systems and the need to ensure security and patient privacy.

Connect addresses both problems. The software was devised to meet all requirements
for maintaining the security and privacy of medical records, including rules for federal
agencies that are stricter than those for private health-care companies. And the Federal
Health Architecture program, which coordinates health IT activities for several federal
agencies, distributes the open-source Connect software free to both government and
private health organizations.

In one of the first deployments, the Social Security Administration worked with the state
of Virginia's regional health-information network to streamline the process of
determining eligibility for disability benefits. Instant access to patients' records cut the
time it takes to process disability applications to 46 days from 84.

Though there is other software for exchanging medical records, the Innovation Awards
judges praised Connect for its ability to put the technology in the hands of lots of
medical providers. The developers "were one of the few people who could move the
needle on adoption of these things," says Barry H. Jaruzelski, one of the judges and a
partner at Booz & Co.

RUNNERS-UP

Life Image Inc., U.S.: A cloud-based platform for sharing and storing diagnostic
images, such as X-rays.
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Ingenix, U.S.: Disease Precursor Identification software, which can identify people at
risk of developing costly, difficult-to-manage diseases, such as diabetes.

Materials and Other
Base Technologies

Cement production pumps a lot of carbon dioxide into the atmosphere. U.K.-based
Novacem Ltd. was recognized in this category for a new cement-making process that
takes in more CO2 than it emits.”

The secret is using magnesium oxides instead of calcium carbonates, the main
ingredient in Portland cement, the most common type. Magnesium-oxide cements have
been around for a long time, but their quality wasn't as good as that of Portland cement,
and their manufacture still emitted a lot of CO2.

Novacem, spun out of Imperial College London in 2007, says its cement is as durable
as traditional materials and the production process can absorb 100 kilograms of CO2 for
each metric ton of cement produced—compared with the roughly 800 kilograms of CO2
emitted in the production of each metric ton of traditional cement.

Novacem plans to begin construction next year of a plant to produce up to 25,000
metric tons of cement a year using the new technology, and to open the first
commercial-scale plant by 2015.

RUNNERS-UP

Cambrios Technologies Corp., U.S.: A coating material made of highly conductive
silver nanowires that can be used to create a transparent, less costly, bendable thin film
for touch screens and other electronic components.

Bolt-A-Blok, U.S.: A building system that uses steel-reinforced concrete blocks that
can be easily assembled into houses and other structures by unskilled labor.

MicroGreen Polymers Inc., U.S.: A method for reducing the cost of recycled plastics
by adding a gas that expands the length and width of solid polymer sheets.
Medical Devices

Zoom Focus Eyewear LLC, winner of the overall Silver award, won in this category.
(See " A Different Kind of Eyeglasses ")

RUNNERS-UP

MIT Mobility Lab, U.S.: The Leveraged Freedom Chair, a wheelchair designed for use
in developing countries that can travel on virtually any terrain.

Abbott Laboratories, us.:

The MitraClip System, a catheter-based
device designed to repair damaged heart
valves without open-heart surgery.

Aribex Inc., U.S.: The Nomad, a
hand-held dental X-ray device. It's
rechargeable, can be taken anywhere and
allows the operator to stay with the patient
during the procedure.

Medicine-Biotech

Counsyl Inc., winner of the overall Bronze
award, won in this category. (See " A
Genetic Test for Prospective Parents ")

RUNNERS-UP

CardioDx Inc., U.S.: Corus CAD, a

Enlarge Image genomic test designed to help clinicians
Abbott Labs' MitraClip for heart-valve repairs Abbott determine, fro.m a Sl.mple blOOdisample’
Laboratories whether a patient with chest pain has a

significant blockage in the coronary
arteries.
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Pacific Biosciences, U.S.: A DNA sequencer, which reads individual molecules of
DNA as they replicate in order to determine an organism's precise genetic code in real
time—producing results 20,000 times faster with less overall cost than other systems.

DuPont Qualicon, U.S.: Tests using DuPont's BAX System to detect pathogens in fish
and shellfish and E. coli O157:H7 in beef and fresh produce.

Network/Internet Technologies/Broadband

Vidyo Inc., based in Hackensack, N.J., won in this category with its technology for
delivering high-quality videoconferencing over the Internet or cellular networks at a
fraction of the cost of dedicated "telepresence" systems.

Internet videoconferencing has been around for a few years, but the calls typically are
characterized by jerky, low-resolution video. More-realistic, high-resolution
videoconferencing systems generally require dedicated communications lines and
expensive equipment, limiting their use.

Vidyo uses a new video-compression standard to produce a high-definition
videoconferencing product that can work on desktop or laptop computers, tablets and
smart phones and travel over the Internet or 3G and 4G cellular networks.

The company introduced its systems, which can include routers and other hardware in
addition to software, in 2007. This summer, it licensed software to Hewlett-Packard Co.
, which will use the technology to extend its Halo telepresence service to
desktop computers and to conference rooms not already set up with dedicated systems.

RUNNER-UP

Microsoft Corp.  MSFT +2.49% |, U.S.: An experimental Internet application, called
Pivot, designed to help users to explore, organize and visualize collections of data
quickly by showing relationships between the information.

Network Security

The Internet is thick with malware—viruses, worms, spyware, Trojan horses. The judges
awarded Symantec Corp. (SYMC +2.12% ], based in Mountain View, Calif., the top prize
in the network-security category for a new way to head off these threats: "reputation-
based" technology that examines the usage patterns of millions of computers to spot
dangers that traditional security products typically miss.

In general, security software identifies malicious software by looking for distinguishing
patterns of code or watching for bad behavior—a computer's inexplicably connecting to
an unknown server, for example. The problem is that there are so many new malware
variants constantly appearing, some of them targeting only a small number of
computers, that those techniques can't always spot them before they do mischief.

Symantec's new technology examines the software running on the computers of millions
of volunteers, who remain anonymous, to spot possible threats. Based on what these
patterns show about a program's source, age, prevalence and other characteristics, the
technology assigns a "reputation rating" to every piece of software that it comes across.
The technology had been known initially as Quorum but will soon be renamed.

Symantec says that the technology, first incorporated in the company's Norton 2010
security suite that was released in late 2009, is detecting about 10 million new threats a
month that are invisible to traditional security methods.

RUNNERS-UP
Panda Security, Spain.: Panda Cloud Antivirus, a free, cloud-based antivirus solution.

Symplified Inc., U.S.: Symplified SinglePoint, a cloud-based service that enables

organizations to apply and enforce security policies and controls on cloud applications.
Physical Security

Surveillance cameras generate a prodigious amount of video; unfortunately there's not

enough time and manpower to watch it all.

The winner in this category, Israel-based BriefCam Ltd., has developed a fresh solution
to the problem: Video Synopsis, which enables a viewer to browse a day's worth of

http://online.wsj.com/news/articles/SB100014240527487039043045754...
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recording in just a few minutes by creating a summary of all the activities captured by a
camera.

Other video-surveillance technologies address the too-much-information problem by
fast forwarding through recordings or capturing images only when something happens
—using motion detectors, for instance.

BriefCam takes a different approach. Its patented technology pulls out activities
recorded over the course of a day—vehicles driving through a security gate, people
walking in and out of a building—and compiles the images into a highlight reel in which
each vehicle, for instance, follows immediately the one that preceded it through the
gate, regardless of how much time actually elapsed between their arrivals. Each
vehicle's image carries a time stamp to show when it was recorded, and the user can
click on the time stamp to call up that section of the video.

"Five hours of video is not five hours any more," says Shmuel Peleg, developer of the
technology and the company's chief scientist. "It's five minutes."

Video Synopsis, licensed from Hebrew University of Jerusalem, where Mr. Peleg is a
faculty member, was launched in 2009.

Robotics

Liquid Robotics Inc., based in Sunnyvale, Calif., is the winner in this category for
developing an unmanned seagoing craft propelled by the power of ocean waves.

Most unmanned ocean craft can remain at sea for only a short time, relying on batteries
to power propellers or pumps. The heavier their payload, the less time they have.

Thanks to its propulsion system, Liquid
i Robotics' Wave Glider avoids those limits.

The craft, which consists of a surface buoy
and a submerged glider with wing-shaped
panels, converts the up-and-down motion
of waves into forward thrust, making it
possible to propel the buoy indefinitely
without relying on batteries or other power
sources.

The craft can be controlled remotely via
satellite over an Internet connection.
Instruments are powered by a solar panel
Liquid Robotics' Wave Glider Liquid Robotics, Inc. on the surface of the floating buoy.
Innovation Awards judge William Webb
says the technology is "simple, novel and very workable."

Enlarge Image

The vehicle originally was designed by co-inventor Roger Hine, a Silicon Valley
engineer and now the company's chief executive, to monitor the activities of humpback
whales. It can also be used for tsunami warnings, observing weather and ocean
conditions, and national-defense applications. The first craft was sold in 2009.

This summer, BP PLC deployed two Wave Gliders to the Gulf of Mexico to
monitor water quality near the site of the well that exploded in April and spewed millions
of gallons of oil into the Gulf.

Semiconductors

InVisage Technologies Inc., based in Menlo Park, Calif., took the prize in the
semiconductors category with QuantumFilm, an image sensor for digital cameras that
uses semiconducting nanocrystals to capture far more light than traditional sensors.

Inexpensive digital cameras rely on sensors made from silicon that are limited in the
amount of light they can capture. This is especially an issue in the smaller sensors used
in cellphone cameras.

InVisage replaced silicon in the sensor with quantum dots, semiconducting crystals that
are nanometers in size. The product, InVisage says, captures more than 90% of the
available light, compared with 25% for a silicon-based sensor.

http://online.wsj.com/news/articles/SB100014240527487039043045754...
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The technology taps research from the University of Toronto by Ted Sargent, a
nanotechnology researcher and InVisage's founder and chief technology officer. The
first QuantumFilm prototypes were unveiled in March, and the company says it will
deliver sample chips to smart-phone makers by the end of the year; these chips will be
used to build prototype devices. The chips could be available in consumer products as
early as the end of next year.

RUNNERS-UP

Industrial Technology Research Institute, Taiwan: Slim, flexible sensors. ITRI
envisions use of the sensors in such things as electronic musical instruments and
weight scales embedded in luggage.

STMicroelectronics, [ STM +0.63% | Switzerland: The iNemo family of smart
multisensor devices, which can be used in new ways to measure movement, pressure,
temperature and altitude.

Nanosys Inc., U.S.: QuantumRail, a component that delivers more vibrant color and
brightness in notebooks and mobile devices as well as increased energy efficiency.

Software

San Francisco-based Unity Technologies won in this category for a set of
game-development tools that make it cheap and easy to create three-dimensional
interactive content, including games, training simulations and medical visualizations, for
a range of devices from cellphones to game systems.

The software for creating 3D online universes typically requires teams of engineers who
spend years creating and refining these tools. As a result, they're often too complex and
expensive for small-scale or amateur game developers.

Unity's software simplifies the process of building 3D games and other programs. It
includes an easy-to-use editor that can take prefabricated components—rain or falling
crates, for example—and combine them with other features to create full game
environments.

The software also makes it possible to deploy games on a range of computer systems:
Macs or PCs, game consoles from Sony Corp. , Nintendo Co. or Microsoft
Corp., and Apple Inc. [ AAPL +2.36% | 's iPhone and iPad.

The tools are simple enough for hobbyists or start-up developers; two developers used
it to make the popular Zombieville USA app for the iPhone. They also are powerful
enough for the largest game developers. Electronic Arts Inc., for example, used Unity to
create its Tiger Woods PGA Tour Online game. "What you can create in a short time
frame with a low learning curve is pretty revolutionary," says Robert Drost, a computer
architect and one of the Innovation Awards judges.

The first version of the software was introduced in 2005, and it currently is being used

by more than 200,000 developers. In October 2009, the company began offering at no
cost its entry-level version, normally priced at $200 and intended mainly for hobbyists

and small, independent game developers.

Technology Design

The efficient and compact storage of cookware may not be one of the world's great
problems, but for anyone who has tried to put away a stack of awkwardly shaped pans
with their lids and protruding handles, it's definitely an unmet need.

Gavin Thomson Design Ltd., based in
the U.K., won this category with an
elegant solution to this daily annoyance.
Mr. Thomson designed a set of three
saucepans that nest one inside the other.
The largest pan snugly holds the next
smaller pan, which holds the smallest one;
each permanently attached handle rests
inside the hollowed-out grip of the next

Gavin Thomson Design's nesting pans Gavin larger pan, and the lids all fit on top.
Thomson Design Ltd.

Enlarge Image

The patented design was licensed to

http://online.wsj.com/news/articles/SB100014240527487039043045754...
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Stellar brands, a unit of Portugal-based Silampos SA, and the first products, called
Eazistore, were introduced in March in the U.K. Mr. Thomson's firm is negotiating with
housewares brands in North America and Asia to distribute the pans in those regions.

RUNNERS-UP

Smart Lid Systems, Australia: A disposable coffee-cup lid that changes color from
brown to red when hot.

Panasonic Avionics Corp., U.S.: An in-flight entertainment system that integrates a
touch-screen monitor with a thin, lightweight economy-class seat.

Wireless

Ubiquisys Ltd., based in the U.K., won in the wireless category for a low-priced
femtocell—a small cellular base station for use indoors.

Femtocells are designed to address two big, related problems: the poor cellphone
coverage typically found inside a house, apartment or office building, and the growing
congestion on cellular networks, aggravated by the explosion of data use on the latest
smart phones. While femtocells have been around for a few years, their adoption has
been limited by their high cost.

The company's G3-mini, introduced in December, is the first femtocell to be sold at a
wholesale price under $100—a price that makes it possible for carriers to provide them
to customers free of charge.

Ubiquisys keeps the cost down by providing software that's already proven to work on
the leading carrier networks and delivering hardware blueprints to consumer-electronics
makers, which can take advantage of their high-volume manufacturing lines to turn out
lower-priced gear.

Tokyo-based Softbank Mobile Corp. began offering free G3-mini devices to consumers,
retailers and small-office customers in the spring, and the first units were shipped in
August.

RUNNERS-UP

Motorola Inc., U.S.: The iSIM, a thin, flexible wafer that attaches to the SIM card in a
mobile device. The iSIM enables a host of new mobile applications built by third-party
developers.

Shared Spectrum Co., U.S.: Technology that permits two or more networks or
applications to share the same radio-frequency band by using channels when they are
idle.

Pyxis Mobile Inc., U.S.: Application Studio, which allows companies to create
applications for BlackBerry, iPhone, Android and Windows mobile devices from a single
configuration with no coding.

Correction & Amplification

In one of the first deployments of the Department of Health and Human Services'
Connect software, the Social Security Administration worked with a private regional
health-information network in Virginia to streamline the process of determining eligibility
for disability benefits. A previous version of this article incorrectly said the health-
information network was run by the state of Virginia.
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CardioDx Blood -Based Gene Expression Test Honored As One Of Time Magazine’s Top Ten
Medical Breakthroughs of 2010
Innovative Test Also Honored With Technology Innovation Award from The Wall Street Journal

PALO ALTO, Calif. — Dec. 22, 2010 — CardioDx, a pioneer in the field of cardiovascular genomic
diagnostics, today announced that Corus™ CAD, the company’s blood-based gene expression test,
has been honored as one of Time Magazine’'s Top Ten Medical Breakthroughs of 2010.

Corus CAD is the first and only clinically validated blood-based test to help clinicians confidently identify
which of their stable symptomatic patients are likely to need further assessment for obstructive
coronary artery disease.

“We agree that we are in the midst of one of the most exciting areas of medicine today, and we're
pleased that the Corus CAD gene expression test has been recognized by both The Wall Street
Journal, with a Technology Innovation Award earlier this year, and by Time Magazine — two venerable
American publications,” said David Levison, chief executive officer of CardioDx.

Corus CAD delivers valuable information to cardiologists making decisions about which patients require
advanced imaging or potential catheterization, and to primary care clinicians deciding which patients
need a specialist referral. These decisions are increasingly important as clinical and regulatory
communities recognize the need to reduce radiation exposure from medical imaging.

A study published in the March 11, 2010 issue of the New England Journal of Medicine found that in
nearly 400,000 patients who underwent elective invasive angiographic procedures, 62% were found to
have no obstructive coronary artery blockage. The study authors concluded that current modalities for
identifying which patients should undergo elective invasive coronary angiography to diagnose coronary
artery disease have limitations, and that better methods are needed for patient risk stratification.

About Corus CAD

Corus CAD is the first and only clinically validated blood-based test for obstructive coronary artery
disease. The test involves a routine blood draw conveniently administered in the clinician’s office and
does not expose patients to risks of radiation or imaging agent intolerance. Corus CAD is a decision-
making tool that can help primary care clinicians and cardiologists evaluate whether a non-diabetic
patient's symptoms are due to obstructive coronary artery disease. It is the first sex-specific test for
obstructive coronary artery disease, accounting for critical biological differences between men and
women.

The Corus CAD test procedure uses the RNA levels of 23 genes. Because the RNA levels are
increased or decreased when obstructive coronary artery disease is present, Corus CAD is able to
measure the likelihood that an individual patient has obstructive coronary artery disease from a simple
blood sample.

Corus CAD is commercially available through an innovative patient sample kit that includes everything
needed for blood collection and express delivery to the company’s CLIA-certified Palo Alto, Calif.



laboratory. Test results are delivered promptly to the clinician’s office. Corus CAD is currently
available in the United States.

For more information please visit http://www.cardiodx.com/media-Kkit/.

About Gene Expression Testing

Gene expression testing provides valuable tissue and cell-specific information about the molecular
mechanisms involved in disease processes, enabling evaluation of an individual patient’s disease state,
activity, and/or progression at a given point in time. Unlike genetic tests, which measure genetic
variations, mutations, traits and predispositions — factors that are constant over a person’s lifetime —
gene expression testing assesses a dynamic process, integrating both genetic predisposition and
additional behavioral and environmental influences on current disease state.

About CardioDx

CardioDx, Inc., a pioneer in the field of cardiovascular genomic diagnostics, is committed to developing
clinically validated tests that empower clinicians to better tailor care to each individual patient.
Strategically focused on coronary artery disease, cardiac arrhythmia and heart failure, CardioDx is
poised to expand patient access and improve healthcare quality and efficiency through the
commercialization of genomic technologies. The company was honored as a winner of the Wall Street
Journal’s prestigious Technology Innovation Awards for 2010. Privately held, CardioDx is funded by
Kleiner, Perkins, Caufield & Byers, TPG Biotech, Mohr Davidow Ventures, Intel Capital, Pappas
Ventures, DAG Ventures, Asset Management Company and GE Capital. For more information, please
visit www.cardiodx.com.
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Media Contact: Nicole Osmer
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CardioDx Honored as 2012 Gold Edison Award Winner
Corus CAD Wins at the Edison Awards Gala; Awards Celebrate 25 Years of Honoring Innovators and
Innovation

PALO ALTO, Calif. — April 30, 2012 — CardioDx, Inc., a pioneer in the field of cardiovascular genomic
diagnostics, today announced that Corus® CAD has been honored as a gold winner in the Science &
Medical category of the internationally-renowned 2012 Edison Awards. The awards, which were
presented last week at a gala in New York, symbolize the innovation personified by Thomas Alva
Edison, inspiring America’s drive to remain at the forefront of creativity and ingenuity in the global
economy.

“As the pace of innovation quickens and the ‘race to next’ becomes ever more competitive, it's
increasingly important to take a moment out of our hectic lives to recognize excellence in innovation
and greatness in the teams of innovators who make our future. We are honored to present CardioDx
with an Edison Award as one of the leading innovators of today and tomorrow,” said Thomas Stat, 2012
Edison Awards Steering Committee Chairman.

“We are pleased that the Edison Awards judges have recognized the innovation of Corus CAD, adding
to a growing list of accolades for the test,” said David Levison, president and CEO of CardioDx.
“Clinicians also are increasingly recognizing the clinical utility of Corus CAD as a means to

reduce unnecessary procedures and radiation exposure, with more than 25,000 tests ordered to date.”

With a simple blood draw, Corus CAD can help primary care clinicians and cardiologists exclude
obstructive coronary artery disease as the cause of a stable, non-diabetic patient's symptoms. It is the
first sex-specific test for obstructive coronary artery disease, accounting for critical biological
differences between men and women. The test is safe and does not expose patients to radiation risks
or imaging agent intolerance.

Corus CAD has also been honored as a winner of The Wall Street Journal’s Technology Innovation
Awards and one of TIME’s Top Ten Medical Breakthroughs.

The ballot of nominees for the Edison Awards is judged by more than 3,000 senior business executives
and academics from across the nation whose votes acknowledge the Finalists’ success in meeting the
award criteria of Concept, Value, Delivery and Impact

Winners of the awards for each category were announced on April 26, 2012 at the Edison Awards
Annual Gala, held in the historic ballroom of New York’s famed Capitale.

The members of the Edison Awards Steering Committee are senior executives with diverse marketing,
scientific, and business backgrounds who monitor the development and successful launch of innovative
products each year. The Committee is responsible for bestowing the annual Edison Achievement
Awards and serves as a guidepost in developing the list of nominees that is presented to the Edison
Award judges.



The 2012 Edison Awards are sponsored by Nielsen, Discovery Communications, Science Channel,
USA Today, CSRware, and applepeak. For more information about the Edison Awards and a full list of
winners, visit www.edisonawards.com.

About Corus CAD

The Corus CAD test measures the RNA levels of 23 genes from a whole blood sample. Because these
RNA levels are altered when obstructive coronary artery disease is present, the Corus CAD score aids
clinicians in assessing whether an individual patient’s symptoms may be due to obstructive coronary
artery disease.

Corus CAD is commercially available through an innovative patient sample kit that includes everything
needed for blood collection and express delivery to the company’s CLIA-certified Palo Alto, Calif.
laboratory. Test results are delivered promptly to the clinician’s office. Corus CAD is currently available
in the United States.

For more information please visit http://www.cardiodx.com/media-kit/.

About CardioDx

CardioDx, Inc., a pioneer in the field of cardiovascular genomic diagnostics, is committed to developing
clinically validated tests that empower clinicians to better tailor care to each individual patient.
Strategically focused on coronary artery disease, cardiac arrhythmia and heart failure, CardioDx is
poised to expand patient access and improve healthcare quality and efficiency through the
commercialization of genomic technologies. For more information, please visit www.cardiodx.com.
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CardioDx Honored as One of FierceMedicalDevices’ Fierce 15 Most Promising
Private Companies
Award Presented at AdvaMed 2012: The MedTech Conference

PALO ALTO, Calif. — Oct. 2, 2012 — CardioDx, Inc., a pioneer in the field of cardiovascular genomic
diagnostics, today announced that the company has been named one of FierceMedicalDevices’ Fierce
15 most promising privately held medical device and diagnostics companies in the world.
FierceMedicalDevices editors chose this year's winners based on their top management teams, notable
financial backing, promising technologies and market opportunities. The award was presented today at
an event that took place during AdvaMed 2012: The MedTech Conference in Boston, Mass.

“CardioDx was chosen as one of the Fierce 15 based, in part, on its creativity and innovation. The
company has paired cutting-edge science with a huge unmet need, and Corus CAD has wowed
clinicians, payers and investors alike,” said FierceMedicalDevices Editor Damian Garde.

“We are honored to be included in FierceMedicalDevices’ inaugural list of the most promising privately
held companies in our industry today,” said David Levison, president and CEO of CardioDx. “The value
of Corus CAD as a means to reducing unnecessary cardiovascular procedures and radiation exposure
for patients is being increasingly recognized by clinicians, with more than 30,000 tests ordered to date.
The favorable Medicare coverage decision we recently received further validates the clinical and
economic benefits of Corus CAD to patients and the healthcare system.”

With a simple blood draw, Corus CAD can safely, accurately and conveniently help primary care
clinicians and cardiologists assess whether or not a stable non-diabetic patient’'s symptoms are due to
obstructive coronary artery disease (CAD), enabling many patients to avoid unnecessary invasive
procedures and exposure to imaging-related radiation risks or imaging agent intolerance. The test has
been clinically validated in multiple independent patient cohorts, including two prospective, multicenter
U.S. studies, PREDICT and COMPASS. Additionally, a retrospective, multicenter chart review study
and the prospective IMPACT trial at Vanderbilt University demonstrated that Corus CAD use yields
statistically significant and clinically relevant changes in patient management decisions in both primary
care and cardiology settings.

CardioDx recently announced that Palmetto GBA, a national contractor that administers Medicare
benefits, has established coverage for the Corus CAD gene expression test for the evaluation of
patients presenting with typical and atypical symptoms suggestive of coronary artery disease. With this
decision, the Corus CAD gene expression test is now a covered benefit for more than 40 million
Medicare enrollees in the U.S.

Corus CAD has also been recognized by The Wall Street Journal’'s Technology Innovation Awards,
honored as a Gold Edison Award recipient, and named one of TIME’s Top Ten Medical Breakthroughs.



About FierceMedicalDevices

An internationally recognized e-newsletter reaching more than 34,000 medical device and diagnostic
industry professionals, FierceMedicalDevices provides subscribers with a quick authoritative briefing on
the day's top stories, with a special focus on clinical studies, FDA/EMEA regulations, and post-
marketing. A complete list of "Fierce 15" companies is available online at
www.fiercemedicaldevices.com.

About CardioDx

CardioDx, Inc., a pioneer in the field of cardiovascular genomic diagnostics, is committed to developing
clinically validated tests that empower clinicians to better tailor care to each individual patient.
Strategically focused on coronary artery disease, cardiac arrhythmia and heart failure, CardioDx is
poised to expand patient access and improve healthcare quality and efficiency through the
commercialization of genomic technologies. For more information, please visit www.cardiodx.com.
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CardioDx — 2012 Fierce 15

October 2, 2012

Based: Palo Alto, CA
Founded: 2004
Website: CardioDx.com

The Scoop: With Corus CAD, the company’s blood-based gene expression test for David Levison,
obstructive coronary artery disease, CardioDx has a product that has wowed CEO of CardioDx
physicians, payers and investors.

What Makes It Fierce: CardioDx has been on the up-and-up of late. Since its launch in 2004, the

Palo Alto, CA-based molecular diagnostics company has pulled in more than $175 million in venture
investment, buoyed by another $58 million round in August. How does a biotech oultfit raise that kind of
money in a slumping VC climate? CardioDx CEO David Levison says his company took cutting-edge
science and matched it with a huge unmet need.

Corus CAD, the company’s diagnostic test for obstructive coronary artery disease (CAD), tests the
expression of 23 genes in patients, assigning them a 1 to 40 score. The higher the number, the more
likely they are to have the ailment. The point: help physicians diagnose patients before prescribing costly
imaging procedures that may not be necessary.

And the test, launched in 2009, has succeeded at just that, Levison says. Each year, millions of patients
are given noninvasive cardiac imaging after reporting chest pains, and studies have shown that 62% of
those who are cathererized don’t have the disease to warrant it. “We fit right in there,” Levison says. “Our
value proposition is that our test should be the gatekeeper to imaging.”

Levison isn’t alone in that assessment: CardioDx scored a major victory in August, securing Medicare
reimbursement for Corus CAD, and the company is optimistic that private insurers will follow suit, opening
up an even larger market for the diagnostic.

What To Look For: With all that cash in hand, CardioDx’s next move is to expand the adoption of Corus
CAD, Levison says. The company has compiled loads of data demonstrating the test’s efficacy over the
past few years, and now it will make its case to payers. In the long-term, Levison says CardioDx has some
ideas on how its technology can be applied to arrhythmia and heart failure.
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CardioDx reaches to India with Core
partnership

April 25, 2013 | By Damian Garde

CardioDx, a 2012 Fierce 15 winner, has partnered with India's
Core Diagnostics to distribute its coronary artery disease testin
the country's burgeoning market.

Under the deal, Core will administer the Corus CAD test to
patients in India, shipping samples back to CardioDx's lab in
California for analysis and turnaround. Neither company
disclosed financial terms.

CardioDx has signed a deal to
distribute its Corus CAD test in
India.—-Courtesy of CardioDx

The gene-expression test requires just a blood draw, and
CardioDx says it can rapidly determine whether symptoms like
chest pains are in fact signs of obstructive coronary artery
disease, saving patients from costly imaging procedures and guiding personalized treatment.

For CardioDx, expanding into India opens up a huge market for its innovative diagnostic, and
the company is using the $58 million in venture cash it raised last fall to promote the test
around the globe. Since then, CardioDx has been cranking out positive study data, showing
Corus CAD to be as effective as the standard of care without the risks inherent in radiation
imaging.

Core Diagnostics, a Gurgaon-based startup, opened its doors early this year with the goal of
bringing cutting-edge molecular diagnostics to India, absorbing OncoMDx's technology and
raising $5.1 million from Artiman Ventures. Partnering with the likes of CardioDx advances the
company's mission of serving a large unmet need in its home country, CEO Mohan Uttarwar
said.

"Coronary artery disease is a rising epidemic in India, and about 62 million of the country's
population is estimated to suffer from CAD by 2015," Uttarwar said in a statement.
"CardioDxX's state-of-the-art Corus CAD gene expression diagnostic test will help us
spearhead the personalized medicine movement in India and provide diagnostic technology
that is more convenient than current diagnostic tests for CAD."

- read the announcement
Special Report: CardioDx— 2012 Fierce 15

Related Articles:

CardioDx CAD Dx passes another post-marketing test
Startup brings molecular diagnostics to India's swelling market
CardioDx pulls in $58M to expand Dx commercial sales

Source URL: http://www.fiercemedicaldevices.com/story/cardiodx-reaches-india-core-partnership/2013-04-25
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Palo Alto-based CardioDx develops new heart disease test | abc7news.com
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Bay Area company develops new heart disease test

Friday, October 26, 2012

TAGs: palo alto, medical research, heart disease, health, carolyn johnson
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" Carolyn Johnson
More: Bio, E-mail, Facebook , Twitter, News Team

PALO ALTO, Calif. (KGO) -- A new technology developed here in the Bay Area
could save thousands of patients from having unnecessary tests for heart
disease. At the same time it could also help doctors pinpoint those with the
highest risk.

Richard Wirtenson was a few strokes from the green, when a strange feeling
interrupted his round of golf. He knew he was uncomfortable, but the symptoms
were vague, "l got a burning sensation across my chest," Wirtenson said. "It
was not a pain."

Wirtenson's doctor, cardiologist Jeffrey Gardino, notes, "It could be
gastrointestinal, it could be their lungs, or it could be heart blockage, and my
job is listening to them, trying to ferret out more selective symptoms that may
pinpoint whether they have heart disease."

According to Gardino, the goal is
not to rush every patient into
invasive tests like angiograms,
which are highly effective at
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Palo Alto-based CardioDx develops new heart disease test | abc7news.com

spotting heart blockage, but also carry side effects, "It's a lot of radiation,"
Gardino said. "Ten years worth of radiation you get in the course of that
procedure." He says current options include pre-screening patients like
Wirtenson with a cardio stress test, involving a treadmill.

But now, a Bay Area company believes it has an alternative that can help
doctors spot which patients are likely to be suffering from heart disease much
more quickly. The test was developed by Palo Alto-based CardioDx. It involves
a simple blood draw that can be done in a doctor's office. But what happens
after that actually involves some extremely sophisticated science,

"Once the blood is drawn from the patient, we bring it into our lab in Palo Alto,
and it's a three step process," said CardioDx CEO David Levison. According to
Levison, the first step involves automated machines that extract the RNA from
the blood cells which is then used to synthesize a complete DNA sample, "And
the final step is we put it on the PCR machine which measures the individual
levels of 23 genes in our algorithm."

In simpler terms, he says the process is ultimately measuring gene expression.
Looking for the activity of specific genes that are typically turned on when a
patient's blood vessels are diseased and producing plaques that block the
arteries. He says the reading gives doctors a strong indication of whether is
patient is suffering from heart disease.

"With our test, we can easily and quickly identify those patients where it's very
unlikely to be caused by a blocked coronary artery,” Levison said. And he
believes the blood test, coupled with other screening methods would
significantly reduce the false positives and unnecessary angiograms, while
getting patients who do need them a quicker diagnosis.

"Does someone need an invasive test or not? Or is this someone | can watch
more closely for the next few months to years before having them committed to
doing a test," said Gardino.

In Wirtenson's case, additional tests did eventually lead to an angiogram, which
revealed a blockage. He eventually had a stent placed in his artery, allowing
him to return to the golf course, "It's a small nine hole course but we really
enjoy it," said Wirtenson.

The test runs just under $1,200. It is now covered under Medicare, but private
insurance still varies.

Written and produced by Tim Didion

(Copyright ©2014 KGO-TV. All Rights Reserved.)
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6 Health Tests that Could Save Your Life

Getting tested now might help you down the road. Ask your doctor about these
examinations.

Nancy Ripton

Photography by: Claire Benoist

1) Corus Cad

Heart disease is the leading cause of death for men and women in the United States. This year, more than
1.2 million people will have a heart attack. While there are warning signs and risk factors, heart disease can
hit anyone.

Heart attacks and other types of heart disease occur when coronary arteries become clogged with fatty
deposits, resulting in coronary artery disease (CAD). Until recently there was no way, outside of traditional
imaging tests, to measure artery health, but a new test is changing all that. Imaging scans are invasive and
expose people to radiation, limiting their use.

Live To Be 100 >>> (http://www.mensfitness.com/training/pro-tips/live-to-be-100)

Corus CAD by Cardio Dx is a gene expression test that uses messenger RNA from a gene set in blood cells to
determine whether or not patients have coronary artery blockages. Patients are given a simple blood test
that delivers a score on a scale of one to 40. “If they score between one and 15 trial evidence shows that
the likelihood of that person having blockage is low,” says Deborah L. Kilpatrick, Ph.D., chief commercial
officer of Cardio Dx. The higher your score, the more likely you are to have blockages. This knowledge
enables your physician to take extra precautions and book follow-up tests that can potentially save your life.

Who should get the test: Any nondiabetic patient with typical or atypical symptoms of coronary artery
disease—regardless of age.

Cost: $1,195; covered by some insurance companies (but if you are uninsured, patient assistance is
available).
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Dr. Ben Doga
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BY WYNCE NOLLEY
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Photo by Robin May

eart disease remains the leading cause of death for men

H and women in the United States, but now Acadiana pa-

tients who may be at risk for coronary artery disease have

access to a new, more effective blood test to measure their artery
health called Corus CAD.

Corus CAD is a clinically-validated gene expression test that
measures the activity of 23 specific genes in a patient’s blood
cells that change whenever there is a blockage in the arteries,
also known as coronary artery disease, or CAD.

“For a patient, it's very simple,” says Missy Kemp, regional
manager for CardioDX, the company that developed Corus CAD.
“It's a simple, non-fasting blood draw that is done in a clinician’s
office, and then the clinician gets the results back in three days.”

The results come back to the physician in the form of a score,

www.theind.com



ranging from 1-40, with low scores between 1-15, intermediate
scores from 16-26 and high scores between 26-40. And with this
score, a physician can advise patients if they need to go on for fur-
ther testing, effectively bypassing unnecessary paperwork, time off
work, and medical expenses.

“It's actually a very good ‘rule out’ test,” says Dr. Robert St. Ar-
mant, a lipidologist and medical director for The Lipid Center at Ba-
ton Rouge General Medical Center. “If you have a patient that has a
score of 15 or less with the Corus test, you have a 96 percent nega-
tive predictive value that that patient has coronary artery disease, so
it essentially rules out the likelihood of obstructive coronary artery
disease in that patient.”

According to Kemp, Corus CAD has been available in Louisiana
since 2010, predominantly in Baton Rouge, with the test being in-
troduced into the Lafayette health market in April to clinicians like
Dr. Ben Doga of Acadiana Family Physicians and Dr. Kelly Cobb of
Nouriche Wellness & Aesthetics.

“It's still fairly new, and commercially it's been available since
2009 but only in selected states,” Kemp says. “"We have much more
traction now in Louisiana; it's currently covered by Medicare, and
we're [in talks] with commercial insurance companies.”

Corus CAD is also sex specific and takes into account the differ-
ent symptoms men and women show when CAD may be present.
According to St. Armant, men usually display typical symptoms like
the “elephant sitting on the chest,” pain going into the jaw, numb-
ness of the left arm, sweating and shortness of breath. And because
of the difference in the anatomy of coronary arteries, women show
more atypical symptoms that may range from uneasiness in the
chest, to nausea, pain between the shoulder blades, numbness in
the arms and extreme fatigue.

“The clinical utility of the Corus test is that it helps steer you in the
right direction of the workup of your patient with these symptoms,”
says St. Armant. “It means that I'm going to be looking for other
causes for their symptoms other than heart disease. So in essence
it avoids what could be a very expensive and timely cardiac workup.”

Another huge benefit of the Corus CAD is that, unlike other imag-
ing scans, it does not expose patients to ionizing radiation, which
can be especially hazardous to women's breast tissue.

One other notable difference is that Corus CAD is not a genetic test,
which measures a gene mutation or a gene variation to give a patient
a lifelong risk for a certain disease state. St. Armant says the test
provides “a biological and molecular picture of the risk of obstructive
coronary artery disease in that patient at that point in time.”

Corus CAD does have its drawback, namely patients who are ex-
cluded from the test — like those who have known CAD, such as a
heart attack or a previous myocardial infarction.

Diabetics are also excluded from the test and so are those tak-
ing steroids, immunosuppressive or chemotherapeutic agents and
those with any chronic inflammatory or connective tissue disease,
as they all cause changes in the gene expression.

“So far I'd have to say that of all the patients I've [treated] over the
last three years that have had low scores, | do not know of a single
one who has subsequently had a major coronary event,” says St.
Armant. “So that reinforces my confidence in the Corus CAD test.”
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