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BD (Becton, Dickinson and Company) - Medical, Diagnostics and Biosciences Business ... Page 1 of 3

About BD | Contact BD | Careers | Products | Investors | News & Media | Privacy | Terms

Conditions

BD Worldwide Business Segments

Click to learn more about each of the following BD business segments:

« BD Medical
- BD Diagnostics
« BD Biosciences

BD Medical

BD Medical is among the world's leading suppliers of medical devices and a leading innovator in
injection- and infusion-based drug delivery since 1906, when the Company built the first-ever facility in
the U.S. to manufacture needles and syringes. The BD Medical segment is focused on providing
innovative solutions to reduce the spread of infection, enhance diabetes treatment and advance drug

delivery.
Products/Services Customers Served
Needles and syringes Hospitals and clinics
Intravenous catheters Physicians’ office practices
Safety-engineered and auto-disable devices Consumers and retail pharmacies
Prefillable drug delivery systems Governmental and nonprofit public health

a ie
Prefilled 1V flush syringes gencies

. . Pharmaceutical companies
Insulin syringes and pen needles

. . Healthcare workers
Regional anesthesia needles and trays
Self-injection systems
Sharps disposal containers

Closed-system drug transfer devices

BD Diagnostics
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BD (Becton, Dickinson and Company) - Medical, Diagnostics and Biosciences Business ... Page 2 of 3

BD Diagnostics is a leading provider of products for the safe collection and transport of diagnostics
specimens, as well as instruments and reagent systems to accurately detect a broad range of infectious
diseases, healthcare-associated infections (HAIs) and cancers. The BD Diagnostics segment focuses on
improving health outcomes for patients by providing laboratories with solutions that improve quality,
enhance laboratory system productivity and inform medical decisions.

Products/Services Customers Served

Integrated systems for specimen collection Hospitals, laboratories and clinics

Safety-engineered blood collection products and Reference laboratories

systems Blood banks

Automated blood culturing systems
Y g sy Healthcare workers

Molecular testing systems for infectious diseases

and wormen's health Public health agencies

- Physicians’ office i
Microorganism identification and drug ysid Ice practices
susceptibility systems Industrial and food microbiology laboratories

Liquid-based cytology systems for cervical cancer
screening

Rapid diagnostic assays

Plated media

BD Biosciences

BD Biosciences is a world leader in bringing innovative diagnostic and research tools to life science
researchers, clinical researchers, laboratory professionals and clinicians who are involved in basic
research, drug discovery and development, biopharmaceutical production and disease management. The
BD Biosciences segment is focused on continually advancing the science and applications associated with
cellular analysis and products that help grow living cells and tissue.

Visit BD Biosciences

Products/Services Customers Served

Fluorescence-activated cell sorters and analyzers Research and clinical laboratories

Monoclonal antibodies and kits for cell analysis Academic and government institutions
Reagent systems for life science research Pharmaceutical and biotechnology companies
Cell imaging systems Hospitals and reference laboratories
Laboratory products for tissue culture and fluid Blood banks

handling

Cell culture media and supplements for
biopharmaceutical manufacturing
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BD (Becton, Dickinson and Company) - Medical, Diagnostics and Biosciences Business ... Page 3 of 3

BD Unless otherwise noted, BD, BD Logo and all other trademarks are property of Becton,

1 Becton Drive Dickinson and Company. © 2012 BD

Franklin Lakes, NJ USA 07417Site Map | Privacy | Terms & Conditions | Permission Request | Trademarks | BD Worldwide
201.847.6800
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Gen-Probe, Gen Probe, GenProbe, GPRO, Nucleic Acid Test (NAT), NATs), Blood Scre... Page 1 of 2

<? GEN-PROBE

ABOYT IS MNTISTORS PROSUCTS § SIS SCEnCE

Technically

Superior Products

Home >

Gen-Probe has been providing solutions for molecular testing to labc
record in providing technically superior products of the highest qualit

Clinical Diagnostics -Probe is committed to meeting our customer needs with our menu ¢
trained sales, technical support, instrumentation service, customer s¢
Blood Screening satisfying the needs of our customers on an ongoing basis.

Transplant & Transfusion

Research Products

Gen-Probe is committed to providing innovative high quality diagnost
exceed the expectations of our stakeholders.

This includes:

cGMP Drug Development + Maintaining a shared quality vision and a focus on continuous in
+ Understanding and responding to customer needs and the appli

Discovery & cGLP Pre-Clinical » Continually promoting quality amongst our employees.

cGCP Clinical Development
Life Science Research

CLIA Laboratory Services

Product Catalog

Package Inserts and MSDSs

Customer Service

ILLUM-0665
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Gonorrhea, Chlamydia, Gen-Probe, Molecular Diagnostics, Molecular Assays, Women's ... Page 1 of 2

HOME | CONTACT US | VISIT GLOBAL SITE

[SearchGenProve | ENILIoid

<? GEN-PROBE

ABOUTUS INVESTORS NEWS PRODUCTS & SERVICES PIPELINE SCIENCE CAREERS PACKAGE INSERTS

Home » About Us > Corporate Overview

Corporate Overview

Corporate Overview Gen-Probe is a global leader in the development, manufacture and marketing of rapid, accurate and cost-
effective molecular diagnostic products and services that are used primarily to diagnose human diseases, screen

Value of Diagnostics donated human blood, and ensure transplant compatibility.

Management Team

Gen-Probe has nearly three decades of molecular diagnostics expertise, and received the 2004 National Medal
of Technology, America's highest honor for technological innovation, for developing molecular assays and

Contact/Request Info systems that help safeguard the blood supply.

Collaborations
Gen-Probe is headquartered in San Diego and employs approximately 1,400 people.

Quality

Corporate History

Awards & Honors T
Transplant & Transfusion
Community Relations ‘ Medicine

Product Catalog

Package Inserts and MSDSs

Customer Service i eening. . Infectious Diseases

Research Products

Tepnel Pharmaceutical Services offers an established and comprehensive range of DNA extraction and
purification kits to the pharmaceutical, biotechnology, clinical and academic research markets.

With over 20 years of experience in monoclonal antibody and immunoassay development, the Diaclone range of
immunology products includes highly specific and sensitive monoclonal antibodies, ELISAs, ELISpots and
multiplex assays.

ILLUM-0666
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Gonorrhea, Chlamydia, Gen-Probe, Molecular Diagnostics, Molecular Assays, Women's ... Page 2 of 2

TERMS | PRIVACY | HELP | TRADEMARKS | SUPPLY CHAIN TRANSPARENCY
© 1996 - 2012 GEN-PROBE INCORPORATED., ALL RIGHTS RESERVED.

We want to hear from you! Please send your questions and comments to webmaster@gen-probe.com.

GEN-PROBE INCORPORATED, 10210 GENETIC CENTER DRIVE, SAN DIEGO, CA 92121. USA

ILLUM-0667
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HIV-1, Diagnostic, Diagnostics, Hepatitis C, Health Status, Patient Outcomes, Blood Tra... Page 1 of 1

HOME | CONTACT US | VISIT GLOBAL SITE

<? GEN-PROBE

@a@b Gen-Probe _] ’SEAﬁCH

ABOUTUS INVESTORS NEWS PRODUCTS & SERVICES PIPELINE SCIENCE CAREERS PACKAGE INSERTS

Home > About Us » Value of Diagnostics

Value of Diagnostics

Corporate Overview Diagnostic tests are an essential part of the health care process and provide critical information to physicians
and patients. Diagnostics can help assess a patient's risk for disease, assist in the diagnosis of diseases, and

Value of Diagnostics help physicians determine what therapies or treatments are appropriate for a given patient. Not only can
diagnostic tests improve health status and patient outcomes, they can also save health care dollars. in short,

Management Team diagnostics promote early detection, which leads to more appropriate treatment, which in tum generates better

medical and economic outcomes. For example, although diagnostics comprise only a small portion of total

Contact/Request Info hospital spending - less than five percent - they influence up to 60-70 percent of health care decision-making.

Collaborations .
Gen-Probe develops, manufactures and markets molecular diagnostics - also known as nucleic acid tests

Quality (NATSs) - that provide fast, accurate, cost-effective results based on the human genome. Gen-Probe's NATs
. detect the unique genetic sequences of microorganisms that can cause infectious diseases or infect donated
Corporate History blood, as well as the genetic mutations that can cause certain kinds of cancer. By detecting disease-causing

agents directly, through their unique genetic fingerprints, molecular diagnostic tests can provide faster, more
accurate results than traditional methods such as antibody and culture testing. For example, Gen-Probe's tests
for HIV-1 and the hepatitis C virus have helped reduce the risk of contracting these dangerous diseases from a
blood transfusion to approximately one in two million.

Awards & Honors

Community Relations

Product Catalog

Package Inserts and MSDSs

Custamer Service

TERMS | PRIVACY | HELP | TRADEMARKS | SUPPLY CHAIN TRANSPARENCY
© 1996 - 2012 GEN-PROBE INCORPORATED. ALL RIGHTS RESERVED.

We want to hear from youl Please send your questions and comments to webmaster@gen-probe.com.

GEN-PROBE INCORPORATED, 10210 GENETIC CENTER DRIVE, SAN DIEGO, CA €2121, USA
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About Us | Life Technologies

technologies™

About Us

We are a global life
sciences company

We believe in the power of science and appreciate
its rigorous discipline. That’s what drives our
passion for innovation, leading to transformative
offerings that support endeavors throughout the
world.

Our extensive range of products and services, from
instruments to everyday lab essentials, ensures

quality and performance for every lab, every

application. Customers in more than 160 countries
count on us in their quest to improve life in

meaningful ways.

Research Sciences

Cell Biology

Genetic Analysis Applied Sciences

Molecular Biology . .
Agriculture Biology
Animal Health
Bioproduction

http://www.lifetechnologies.com/us/en/home/about-us.html

Page 1 of 4

$3.7 billion (2011 revenue)
10,400+ Employees
1,500+ Scientists
160+ Countries
50,000+ Products
4,000+ Patents
600,000+ Citations

Corporate Brochure

Medical Sciences

Genomic Medicine
Molecular Diagnostics

Regenerative Medicine
ILLUM-0669
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About Us | PerkinElmer Page 1 of 3

>
Perkintimer

For the Batter

About Us

s I T gl Lo
onge L yop M EF

Turning knowledge and innovation into action

As a global technology leader, PerkinElmer is taking action to harness the power of insights and transform them into knowledge to deliver
innovative, differentiated solutions for our customers. From critical therapeutic and disease research and prenatal screening, to environmental testing
and industrial monitoring, we are actively engaged in improving health and advancing quality and longevity of life all around the world.

From multi-vendor laboratory services, software and informatics, to clinical lab testing and unparalleled customer care, we have the people, tools and
resources to help customers solve their business and scientific goals. Our core competencies, coupled with our commitment to excellence, provide a
strong foundation for delivering optimal service and support. By encouraging exploration, ingenuity and integrity, together with teamwork and
employee development, at PerkinElmer we live our mission, every day.

A Leader in Human Health

Whether it's testing newborns for life-threatening disorders, supporting scientists in finding better cures, or helping doctors treat disease, our focus on
human health extends beyond the lab and into hospitals and homes. Our leadership position in the emerging field of personalized medicine enables us
to provide solutions to meet customer needs across the value chain, from in vitro to in vivo imaging. With our innovative screenings and

treatments, and development and knowledge of advanced life science tools, we help generate earlier medical insights, more accurate results, and
more effective therapies.

o PerkinElmer Fact Sheet
« Corporate Capabilities Brochure

» Corporate Social Responsibility Report

A Leader in Environmental Health

Our work in environmental health improves the quality and sustainability of our environment and the security of people in the places where we live,
work and play. Through a collaborative effort, we provide the insights, analytical instrumentation, and services that ensure clean air and water,
and safer food and consumer products - the essential components of a safer, healthier, and better tomorrow.

ILLUM-0670
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About Us | PerkinElmer Page 2 of 3

M EmeEe =

A 75 year history of innovation

April 19, 2012 marks PerkinElmer’s 75th anniversary as a brand. A long-time leader in the scientific community, PerkinElmer has a rich history of
innovation and making life better through major scientific industry-defining strides in human and environmental health.

Key Facts

Mission: Global Headquarters: Solutions and Services for:
Improving the health and safety Waltham, MA

of people and the environment « Biomedical
Operations in: o Chemicals
Ticker Symbol: More than 150 countries in the « Consumer Products -
PKI (NYSE) Americas, Europe, Asia and Manufacturing
Affica e Energy
Revenue: « Cnvironmental
Approximately $1.9 billionin Total Number of Employees: « Food. Beverage and
revenue Approximately 7,000 Nutraceuticals
« Forensics
Chairman & CEO: Number of Patents: * Healthcare
Robert F. Friel 3,300 « Life Science Research
ILLUM-0671
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Life Science Research | PerkinElmer Page 1 of 2

Perkintirmier”

For the Better

Life Science Research

Translate your discovery into results.

With a growing emphasis on translational insight, it is more important than ever to examine the
molecular mechanisms of disease and be able to translate in vitro models into in vivo results.
PerkinElmer offers leading solutions and renowned expertise in assays, imaging and informatics that
will help you bring it all together.

Whether working in a well, cells, or small animals, now you can focus on your science, gain insight
sooner and succeed faster.

Genetic Engineering & Biotechnology News

Read how PerkinElmer further established itself as a player in the personalized medicine arena through
its acquisition of Caliper Life Sciences.

Read More

Events
Join us at PerkinElmer Owners Group

PerkinElmer Owners Group
June 7-8,2012

Marriott Hotel

Newton, MA

Learn More

APPLICATIONS CENTER

Applications Center
PP ILLUM-0672
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Life Science Research | PerkinElmer Page 2 of 2

Visit the Life Sciences Applications Knowledge Base

Volocity Video

Volocity® 3D Image Analysis Software is the only solution that provides all the tools you need to
visualize, analyze and validate 3D fluorescence images from a wide range of confocal microscopy,
widefield and high content screening systems and is fully integrated for a seamless user experience.

el BB
S B s

Make discoveries and answer complex questions that you could not before. Visualize samples in 3D so
they can be viewed from any direction for a more complete picture. Greatly improve your image and
data quality with powerful restoration. Measure shapes, volumes and distances with precision. Relate
cellular structure to function, and identify trends for a greater understanding.

Learn more about our Volocity 3D Image Analysis Software.

ILLUM-0673
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Labeled Nucleotides | PerkinElmer Page 1 of 1

Labeled Nucleotides

PerkinElmer is the world's leading supplier of labeled nucleotides, offering the broadest range of
standard products as well as rapid custom synthesis options. We offer high purity radioactive,
fluorescent and hapten labeled nucleotides to meet any need.

Labeled nucleotides are critical elements in life science research. They provide a means of nucleic acid
sequence and are also used to measure cellular activity. Typical applications include:

¢ Southern and northern blotting for DNA and RNA sequence detection

¢ DNA sequencing with labeled dideoxynucleotides (Sanger method) as well as various next-
generation techniques

e Localization of nucleic acid sequences within cells and tissues using in situ hybridization (ISH or
FISH)

e Gene expression profiling with microarrays

e Measurement of cell proliferation by incorporation of tritiated thymidine

o Assessment of kinase activity with [v-=22

Products

Fluorescent and Hapten Labeled Nucleotide Analoss

Labeled nucleotides are powerful tools for detection of specific nucleic acid sequences in a wide
range... View more

Radioactive Nucleotides

PerkinElmer provides the world's most complete line of 33P, 32P, 35S, 3H and 14C nucleotides,
stocked... View more

ILLUM-0674
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Clinical Diagnostics Systems | PerkinElmer Page 1 of 1

For the Better

Clinical Diagnostics Systems

-1 -
V\heliable diagnostic methods !f anemia, thyroid or reproductive dysfunction and diabetes, PerkinElmer helps
provide security for members of society throughout their adult lives. In some countries, tumor marker assays for
cancer detection and treatment monitoring are supplied.

Products listed here may not be available in all countries. For information on availability, please contact your
local representative.

View Technologies

Cancer Screening. Diagnosis & Monitoring

With its unique series of products for PSA detection, PerkinElmer has spearheaded a new approach to... View
more

Growth Hormone

Hemoglobinopathy

Instruments & Accessories

Reproductive Hormones & Infertility

Thyroid Screening, Diagnosis and Monitoring

A complete panel of Wallac DELFIA® and AutoDELFIA™ kits for assessment of thyroid function analytes...
View more

Tvpe 2 Diabetes Detection and Monitoring

More than 100 million people worldwide are affected by diabetes, but many are undiagnosed. This number...
View more

Virology

These products are intended for research purposes only and are not approved for diagnostic use. View more
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QIAGEN - Sample & Assay Technologies Page 1 of 1

Log In Quick Order My Cart My Account
Sample & Assay Technologie Search 20
Home Products ~ Order : Support . AboutQIAGEN  Contact | Careers &
) I | Spotlight | Quick Links
Soluions for b “Easier and faster — PCR Arrays for path il New Products and Special Off
Animal Pathogens & . . - r rrays for pathway profiling ew Products and Special Cffers
Genotyping pUI'lfy DNA in no fime! Assay Technologies ProductFinder
Biomedical Research ‘ HPV Testing i All Products
Companion Diagnostics | Gene Expression Analysis Products by Genes (GeneGlobe)
Drua Develo N Gene Silencing (RNAJ) Technical Support Center
e
nug Developmen L Epigenetics Research ;  Exhibitions / Webinars
Food Safety Testing ! Genotyping Handbooks
Human Identity and # | Pyrosequencing Web resource
Forensics
-~
Molecular Diagnostics -
-

Sign up to E-News

| Enter e-mail address ]

Leamn more
News '
New miRNA brochure details latest technalogies
New protocols for sexual assault sample preparation
Contact more Discover the new HRM technalogy Web resource
QIAGEN in USA Epigenetic changes driving stem cell differentiation
Technical: 800-DNA-PREP QIAGEN Product Guide 2012 eCatalog now available!

i A 1 il st
(800-362-7737)

Ordering: 800-426-8157 . - R
E-mail Technical Service Print Forward Share:

© QIAGEN 2003 - 2012, All rights reserved
Site Map | Contacl Webmaster | Trademarks and Disclaimers | Privacy Policy | Change Location | B®ZEwHEE | 4+ |

http://www.qiagen.com/default.aspx 4/9/2012




QIAGEN - Whole Genome Amplification

00000
CHAGEN
Home

ProductFinder

Product Cahldg

’ Products by Application

Products by Lab Focus
Pmdu;:is by Technc}lbgy
Automated Solutions
HRM
Laser Microdissection
Next Generation Sequencing
Pyrosequencing

Whole Genome Amplification
Products by Genes

Sign up to E-News

[Enter e-mail address

Products

| Order

Sample & Assay Technologie

Support

Direct and reliable amplification from
paraffin sections with the new REPLI-g

Learn more
Product Focus
FFPE Kit.
more
Contact more
QIAGEN in USA
Technical: 800-DNA-PREP
(800-362-7737)
Ordering: 800-426-8157 e
E-mail Technical Service Print
Site Map | Centact Webmaster

http://www.qiagen.com/products/bytechnology/wholegenomeamplification/default.aspx

Forward

Trademarks and Disclaimers

About QIAGEN

| Contact

; Feature

| Find out more about gene copy

‘ Careers

i number analysis in our comprehensive

. WGA tutorial.
more
mare..
Privacy Pelicy | Change Location |
ILLUM-0677

Page 1 of 1

Log [r Quick Order My Cart My Account
Search S
D=t

Whote Genome Amplification (WGA)

Researchers often face the problem of limited or insufficient
DNA guantity for downstream analysis. QIAGEN whole
genome amplificaticn technology soives this problem by
providing high yields of whole genomic DNA from smalt or
precious samples. REPLI-q Kits and Service accurately
copy the original source DNA ~ without bias - and the

i amplified DNA can be directly used in a range of genetic
| analyses.

This section of our Web site provides the resources you
need for accurate and reliable whole genome amplification
including a comprehensive WGA tutorial.

Resources | More Links
WGA tutorial Events/webinars
REPLI-g selection Handbooks/protocols
Quide FAQs
Application data Request more information
References QuantiTect Whole
Brochure on Transcriptome Kit
genotyping

4/9/2012




QIAGEN - Molecular Diagnostics

pediadel .
(el S VB S omple & Assay Technologie
Home Products | Order Support About QIAGEN Contact

Products by ;\pplic‘éﬁoﬁ

Products by Lab Focus i

Biomedical Research
Biosecurity and Biodefense
Drug Development ‘
Environmental & Water Testing
Food Safety Testing

Human |dentity and Forensics |

Tissue Management

i
!
Molecular Diagnostics ‘

Feature

Sign up to E-News Product Focus

[Enter e-mail address 1 Automate blood callection, Find the resources you need for
Leam more stabilization, and transport for IVD use identifying cervical cancer risk

PAXgene Blood RNA Kit VD more
QlAcube

Contact more

QIAGEN in USA

Technical: 800-DNA-PREP

(800-362-7737)

Ordering: 800-426-8157

E-mail Technical Service Print Forward Share: more..

Site Map | Contact Webmaster | Trademarks and Disclaimers | Privacy Folicy | Change Location

ILLUM-0678
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Careers

&

Page 1 of 1

Log In Quick Order My Cart My Account
Search Siub
= &

Molecular Diagnostics

. ALQIAGEN, one of our key goals is to support clinical

; decision-making and improve patient heaithcare. As a

leading provider for sample and assay technologies,

! QIAGEN provides complete solutions for sample
i collection, nucleic acid purification, pathogen

detection, and genetic testing.

The broad range of solutions enables manual or
automated sample processing in cambination with

diliewstimdatied safemation
Resources | More Links
Product Guide FAQ
Meetings, exhibitions,
and seminars
Associations
i
®

QIAGEN 2003 - 2012. All rights reserved.
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Roche - Products for US Customers Page 1 of 1

Products for US Customers @@

Pharmaceuticals in the US

Roche has brought many highly effective drugs onto the market and is a world leader in Innovative cancer drugs. Other areas indude viral
infections, metabolic, central nervous system disorders and inflammatory diseases.
In the US our pharmaceuticals are marketed by Genentech.

» US produck list
« Or visit our local website www.gene.com

Solutions for Diagnostics in the US

-l— § As the world leader In in-vitro diagnostics, we supply 2 wide range of rapid, reliable instruments and tests for disease
screening and diagnosis in laboratories, at the point of care, and for patient self-management.

¢ US produgt list
« Or visit our local website www,roche-diagnostics.us
Products for Researchers in the US
~, Roche Applied Science supplies a broad array of instrurnents and highly specific reagents and test kits for

use in the diverse research market.

The portfolio is especially strong in genomics and proteomics.

. WWW, -applied-

© 2012 F. Hoffmann-La Roche Ltd Legal Statement Privacy Policy 13.04.2011

This website contains information on products which Is targeted to a wide range of audiences and could contain product details or informatian otherwise not accessible ar valid in your
country.

Please be aware that we do not take any respansibility for accessing such information which may not comply with any legal process, regulation, registration or usage in the country of
your origin,

ILLUM-0679
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Product Catalog Page 1 of 2

Roche Applied Science

Home >

Product Catalog

Celi Biology

» Growth Factors and Cviokines
* Oncology Research
* Cell Imaging Systems
» Transfection

» Cell Culture Reagents

* Mycoplasma Detection and Elimination
* Virus Research

Reporter Gene Detection
Apoptosis

Cytotoxicity

Cell Proliferation

Cell Counter and Analyzer
Real-Time Cell Analysis Systems

Sample Preparation

« Automated Sample Preparation
+ Manual Sample Preparation

PCR

* Real-Time PCR Reagents
+ PCR/RT-PCR Enzymes
* Real-Time PCR Systems

Microarrays
Gene Expression

Chromatin Immunoprecipitation-on-chip (ChiP-chip)
DNA Methylation

Software

Comparative Genome Sequencing (CGS)

Kits and Consumables

Sequence Capture

Comparative Genomic Hybridization (CGH)

Seguencing

Genome Sequencer FLX System

Assays
GS FLX+ System

Discovery Reagents

ILLUM-0680
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Product Catalog

Nucleic Acid Analysis

Protein Analysis

Antibodies and Detection Substrates
Nucleotides and Analogs

Forensic Analysis

Metabolic Analysis

Laboratory Reagents

Need Help?

Get answers fast with our online technical support.

* Online Technical Support

Get in contact with our Sales Representatives

» Sales Representatives

Roche Prime Supply (RPS)

* On-Site Reagent Supply Program

For Technical Questions:
Phone: 800-262-4911

To order or for price information:
Phone: 800-262-1640 (order only)
Phone: 800-428-5433

FAX: 800-428-2883

Address:

Roche Diagnostics Corporation
Roche Applied Science

P.O. Box 50414

9115 Hague Road
Indianapolis, IN 46250-0414

© 1996-2012 Roche Diagnostics
Legal Statement

Patent and License Disclaimers
Trademarks

Privacy Policy

Page 2 of 2

Catalog Products are: For life science research only. Not for use in diagnostic procedures unless otherwise indicated.

Custom Biotech Products are: For further processing only unless otherwise indicated.

This website contains information on products which is targeted to a wide range of audiences and could contain product
details or information otherwise not accessible or valid in your country. Please be aware that we do not take any
responsibility for accessing such information which may not comply with any valid legal process, regulation, registration or

usage in the country of your origin.
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Roche USA - Welcome Page 1 of 2

Roche USA

Pharmaceuticals and Diagnostics

The Roche Group, including Genentech and Chugai, has brought many highly
effective drugs onto the market and is a world leader in innovative cancer
drugs. Other areas include viral infections, metabolic, central nervous system
disorders and inflammatory diseases.

More

s As the world leader in in-vitro diagnostics, Roche supplies a wide range of
rapid, reliable instruments and tests for disease screening and diagnosis in
labratories, at the point of care, and for patient self-management.

More

el

Personalized Healthcare

At Roche, our primary objective is to provide healthcare solutions that deliver
superior options for diagnosis and treatment to clinicians and patients. As one
of the world's leading healthcare companies with combined strengths in
pharmaceuticals and diagnostics, no company is better suited for this

task.

Roche's personalized healthcare approach uses new molecular insights and molecular
diagnostic tests to better tailor medicines and better manage diseases.
More on www.roche.com

ILLUM-0682
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Roche - Solutions for Diagnostics available in the US Page 1 of 2

{ Roche >

Products > Solutions for Diagnostics available in the US
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Accu-Chek 360°

Accu-Chek Aviva System

Accu-Chek Compact Plus System

Accu-Chek Lancing Devices for Professionals
Accu-Chek Multiclix Lancet Device
Accu-Chek Smart Pix Device Reader
Accu-Chek Softclix Lancet Device
Accu-Chek Spirit Insulin Pump

Accutrend® Plus System

AmpliChip® CYP450 Test

BenchMark XT

CoaguChek® XS Plus system

CoaguChek® XS system

cobas b 221 Blood Gas system

cobas c 111 analyser

COBAS INTEGRA® Systems

cobas IT solutions

cobas p 512 and 612 pre-analytical systems
cobas s 201 system

cobas® 4000 analyser series

cobas® 6000 analyser series

cobas® 8000 modular analyser series
COBAS® AMPLICOR CT/NG Test

COBAS® AmpliPrep/COBAS® TagMan® HCV Test
COBAS® AmpliPrep/COBAS® TagMan® HIV-1 Test, v2.0
CONFIRM anti-ER(SP1)

CONFIRM anti-Ki-67 (30-9)

CONFIRM anti-PR(1E2)

DISCOVERY XT

E 170 module for MODULAR ANALYTICS EVO analyser
Elecsys roBNP

Elecsys® Systems

LightCycler® Carousel-based System
LightCycler® MRSA Advanced Test
MODULAR ANALYTICS EVO solution
MODULAR PRE-ANALYTICS EVO

NexES Special Stains

PATHWAY HER-2/neu

Roche Custom Biotech

SYMPHONY

Urinalysis Systems
VIAS
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Agilent Solutions

Solutions

Agilent Technologies offers you a comprehensive portfolio of innovative solutions - from improving lab productivity
for chemical analysis, to vacuum systems, to workflow solutions developed to facilitate unlocking the complexities
of living systems. Our experts possess in-depth understanding of issues across a broad spectrum of applications.
Agilent’s latest technologies are developed for your leading edge research programs. We help you stay current
with emerging applications and approved methods, while our integrated workflow solutions deliver accurate,
comprehensive data helping you make informed decisions accelerating your time to results. Learn more about the
latest solutions and applications for your industry below.

¢ Fharmaceuticals

Disease Discovery » Drug Discovery
Drug Development ¢ Drug
Manufacturing/QA/QC  Dissolution
Testing » Contract Research and Contract
Manufacturing  Traditional Chinese
Medicine « Biopharma

Food Testing & Agricuiture

Pesticides, Mycotoxins & Other

: Contaminants « Food Authenticity » Trace
LI Metals o Dietary Supplements, Natural
Compounds & Additives « Veterinary
Drugs  Agricultural Fertilizer » Food
Processing & Packaging ¢ Consumer
Products « Soil Analysis

ﬂm MY Forensics & Drug Testing
= @3 Forensic Toxicology » Postmortem
Toxicology = Workplace Drug Testing e
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of Clinical Research
! Disease Research « Microimaging « Pre-

clinical Research » Research Diagnostics

Materials Testing & Research
Crystal Structure » Metals Analysis »
Optical Components & Coatings «
-+ Polymers « Raw Materials & Finished
Goods « Research & Development «
Surface Modifications & Reaction

Genomics

ChIP-on-chip » Cloning « Comparative
Genomic Hybridization « Copy Number
Variants « DNA Methylation « DNA Sizing
& Quantification » Food Testing « Gene
Expression » microRNA « Mutagensis »
Next-Gen Sequencing » RNA Quality
Control

=8 Environmental

Water Analysis » Soil, Sludges &
Sediments » Air Analysis « Emerging
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Geochemistry, Mining & Metals
Assay * Geology « Metals Production
Plating » Surveying

T 1ntegrated Biology
Genomics ¢ Transcriptomics e
Proteomics « Metabolomics » Informatics

= Energy & Fuels

Exploration & Production = Refining
Natural Gas « Biofuels & Alternative
K Energy » Power Generation
Petrochemicals

Metabolomics
Discovery Metabolomics « Targeted
Metabolomics

g BioPharma
Impurity Testing = Physiochemical
Characterization » QA/QC

Froteeomics & Protein Sciences
Biomarker Discovery » Glycan &
Glycoprotein Analysis » Intact Protein
Analysis » Phosphoprotein Analysis »
Protein Identification » Quantitative
Proteomics s Structure & Function
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Homeland Security

: Biological Warfare Agents » Chemical
Warfare Agents « Toxic Industrial
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Nanotechnology Instruments ¢ Research &
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Genomics Solutions
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Technical Support Buy

Agilent understands the importance of being your partner In genomic research. By providing a comprehensive
suite of high quality genomics arrays, reagents, instruments and software, your work is advanced with flexibility,
sensitivity and specificity vital to answering biological questions. Whether you are using gene expression, cloning
and quantitative PCR, comparative genomic hybridization to detect copy number variation or selecting for the
human exome to sequence regions of interest, Agilent provides the innovation and reliability your research
requires,

Segments

ChiP-on-chip

Cloning

Comparative Genomic Hybridization (CGH)
Copy Number Variants (CNV}
DA Mathylation

DHA ;szmg; & Quantification
Food Testing

Gene Expression

MICroRNA

Mutagenesis

Next-Gen Sequencing

REA Guality Contral

Next Generation Sequencing

Harness the Power

Next Generation Sequencing has
changed what is possible in the
field of genomics. The ability of
the researcher to elucidate the
underlying genoric mechanisms
of biological systems has
revolutionized our understanding
of biology itself and will only
continue to do so. Agilent
provides a range of tools that
help improve the efficiency of
the next generation of
sequencing workflow.

Learn More

Literature Highlights

workflow tools for optimizing the power and
efficiency of Next Generation Sequencing
Agifent’s SureSeject Target Enrichment System:
Bringing Cost and Process Efficiency to Next-

Generation

QPCR Designed for You

More
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Automation

Bloanalyzer Sample QC &
Quantitation

Microarrays
Powered by SurePrint technology

Bloinformatics Software

Cloning & Competent Cells

The Agilent DNA microarray sits at the center of an integrated research platform designed to

Microarra . . .
ys provide you with dynamic tools to perform research on your own terms.

Amplification & Labetling
CGH Microarrays

Focused on sensitivity Designed for integration

CGH+SNP Microarrays

. Agilent’s microarrays provide superior sensitivity, From sample preparation to data analysis, the
ChiP-on-chip Microarrays enabling a clear path from data to decisions. Our Agilent DNA Microarray Platform provides the
CNV Microarrays 60-mer oligonucleotide probes are synthesized in components you'll need to implement an integrated
Custom Microarray Design situ, resulting in highly reproducible features and expermental workflow.

. . six times the signal-to-noise ratio of other

DNA Methylation Microarrays microarrays.
Gene Expression Microarrays
Hybridization Engineered for flexibility
Microarray Data Analysis Agilent's SurePrint inkjet technology prints
Microarray Hardware ofigonucleotides on the fly, enabling total control

over array content with no compromise in cost, data

microRNA Microarrays quality or scalability. Combined with our web-based

References & Controls portal for custom array design, you now have the
Wash Solutions capability to move from idea to experiment quickly
and easily.
Mutagenesis

Northern & Southem Blots

Nucleic Acid Sample
Preparation

PCR & Reverse Transcription

Protein Interaction & Signal
Transduction

Real-Time/Quantitative PCR

Target Enrichment

Total RNA & cDNA Libraries
Toxicology

Transfection & Protein
Expression
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Automation

Bioanalyzer Sample QC &
Quantitation

Nucleic Acid Sample Preparation
High quality results start with the purest samples

Bioinformatics Software

Cloning & Competent Cells
Microarrays Agilent reagents enable the scientist to quickly and easily purify and analyze a wide
range of nucieic acids—DNA, RNA, gDNA, mRNA, miRNA, plasmid DNA—from
Mutagenesis virtually any kind of sample for downstream analysis. No matter the application,
Agilent’s portfolio of reagents and analysis tools ensure the highest quality samples
Northem & Southemn Blots for high-confidence results.
Nucieic Acid Sample
Preparation A kit for every nead Purity you can count on
DNA Punfication With products like our line of Achieve the highest level of purity, free
Nucleic Acid Extraction Absolutely RNA Kits, researchers can from contamination and degradation,
RNA Purification purify RNA from celis, tissues and even when working with the most
archived samples, while our challenging samples, such as FFPE
PCR & Reverse Transcription StrataPrep kits enable DNA tissue samples. Agilent's portfolio
) ) purification from gels, PCR reaction features nan-toxic methods, high
Protein Inferaction & Signal mixtures and mammalian tissues. quality total RNA, and optimized _
protocols for high-quality results every o,
Real-Time/Quantitative PCR time.

Target Enrichment
Total RNA & cDNA Libraries
Toxicology

Transfection & Protein
Expression
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Automation

Bioanalyzer Sample QC &
Quantitation

Bioinformatics Software
Integrate data and results from multiple applications

Bioinformatics Software

GeneSpring
Cloning & Competent Cells Agilent provides a full range of bioinformatics software tools to enable robust
visualization and analysis of genomic datasets across a range of applications.
Microarrays GeneSpring software is the industry standard for gene expression analysis, miRNA
Mt | and splicing analysis, and now includes DNA-Seq and RNA-Seq support for
utagenesis

Agilent’s SureSelect target enrichment platform. Agilent’s bioinformatics solutions

Northern & Southern Blots help researchers make the most of their data, and get ariswers they can trust.

Nucleic Acid Sample

Preparation Multi-application analysis
PCR & Reverse Transcription Agilent’s bicinformatics taols are designed to
enable joint analysis across multiple applications,

Protein Interaction & Signal within—and beyond—genomics.
Transduction

_ i Data in biological context
Real-Time/Quantitative PCR

Agilent's bicinfarmatics tools enable researches to
put their results into a biological context using
pathway analysis, Gene Set Analysis, and GQ

Target Enrichment

Total RNA & cDNA Libraries

analysis.

Toxicology
GeneSpring NGS - Optimized for SureSelest Target Enrichment

Transfection & Protein

Expression GeneSpring GX - The Gold Standard for Microarray and gPCR
Analysis
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AMSTERDAM, The Netherlands, and SANTA CLARA, Calif., April 22, 2008

Agendia BV, a world leader in the rapidly evolving field of molecular diagnostics, and
Agilent Technologies Inc. (NYSE: A), today announced terms under which they intend to
collaborate to develop new in-vitro diagnostic tests. In addition, the two companies
announced an agreement in which Agendia products will continue to be supplied on Agilent
microarrays through Dec. 31, 2011. Agilent has been manufacturing the components for
the Agendia assay since its inception in 2003. The financial terms of the agreement were
not disclosed.

"We've established and enjoyed a strong business relationship with Agilent since the
incorporation of Agendia," said Dr. Bernhard Sixt, CEO and co-founder of Agendia. "These
activities, including joint research and development, have allowed our two companies to
forge an even closer strategic alliance focused on Agendia's core competencies, namely the
discovery of biomarkers and development of new diagnostic tests for clinical use, which are
regulated under the new IVDMIA guidelines of the FDA."

"We're proud that Agendia has selected Agilent to move forward with their critical work in
diagnosing breast cancer,” said Yvonne Linney, Ph.D., vice president and general manager,
Genomics at Agilent. "We eagerly anticipate expanding our role beyond the manufacturing
of Agendia products on the Agilent microarrays to helping them build validated diagnostic
cancer tests, as well as developing and expanding the company's worldwide distribution
channels.”

Last year, Agendia's MammaPrint, a molecular diagnostic too! developed to help physicians
make informed decisions in treating breast cancer, became the first IVDMIA microarray-
hased diagnostic test cleared by the United States Food and Drug Administration (FDA).
The tests, which are manufactured on Agilent microarrays, are performed at Agendia's
laboratory in The Netherlands. Agendia also offers DiscoverPrint, a gene expression-based
service for improving the efficacy of clinical trials, and CupPrint, a diagnostic test designed
to identify the origin of a metastasis in a cancer type called "Cancer of Unknown Primary."
These are also manufactured using Agilent microarrays.

Both companies will share information about their research into genetic biomarkers and
jointly assess the commercial potential of each opportunity.

About Agilent Technologies

Agilent is a leading provider of research microarrays used to analyze gene expression,
microRNA, comparative genomic hybridization and ChIP-on-chip. More information about
Agilent microarrays is available at www.opengenomics.com. Agilent Technologies Inc.
(NYSE: A) is the world's premier measurement company and a technology leader in
communications, electronics, life sciences and chemical analysis. The company's 19,000
employees serve customers in more than 110 countries. Agilent had net revenue of $5.4
hillion in fiscal year 2007. Information about Agilent is available on the Web at
www.agilent.com.

About Agendia

Agendia BV, located in Amsterdam, The Netherlands, is a world leader in gene expression
analysis-based diagnostics. With three products on the market and an expanding market
base, the company focuses on the development and commercialization of diagnostic tests
using tumor gene expression profiling. Agendia was the first company to receive FDA
clearance for its breast cancer test, MammaPrint, which predicts the risk of breast cancer
recurrence. Its second microarray product, CupPrint, is a diagnostic test designed to
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identify the origin of the primary tumor in "Cancer of Unknown Primary." Agendia also
recently presented data to be developed into its new clinical colon cancer prognosis test,
ColoPrint, which is currently undergoing further validation. Agendia maintains close ties
with leading academic centers around the world to develop state of the art diagnostic tests
for cancer. The company also offers its expertise and its DiscoverPrint service to
pharmaceutical and biotech companies focusing on development of highly effective
precision therapeutics in oncology. For more information on Agendia, visit
www.agendia.com.

# ##
Contacts:

Agendia - EU & non-U.S.-based Media
Bernhard Sixt

CEO

Agendia

+31 20 512 9161

info@agendia.com

Agendia - U.S. Media

Kelly Connor

Vice President

Ogilvy Public Relations Worldwide
+1 212 880 5328 Office

+1 609 221 5785 Mobile
kelly.connor@ogilvypr.com

Agilent Technologies

Stuart Matlow

+1 408 553 7191

stuart matiow@agilent.com
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Agilent Technologies and Integrated
Diagnostics Enter Strategic Partnership to
Develop Protein-Based Assays for Early Disease
Detection

10 January 2012

SANTA CLARA, Calif,, and SEATTLE, Wash., — Agilent Technologies Inc. (NYSE: A) and
Integrated Diagnostics today announced a strategic partnership to develop assays that detect major
human diseases at very early stages to improve treatment outcomes.

Integrated Diagnostics, an emerging leader in molecular diagnostics, is creating large-scale, blood-
based molecular diagnostics that leverage advances in proteomics and genomics to detect diseases
such as lung cancer and Alzheimer’s at their earliest stages. Agilent manufactures a wide range of
analytical instrumentation, including liquid chromatography, mass spectrometry and automation
systems. Officials of both organizations see an opportunity to rapidly turn medical breakthroughs into
diagnostic assays by combining efforts to focus on protein and peptide biomarkers of disease.
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“Agilent provides an innovative and forward-looking platform and expertise to enable the
development and deployment of next-generation multiplexed proteomic assays,” said Paul Kearney,
Ph.D., president and chief scientific officer, Integrated Diagnostics. “Integrated Diagnostics will bring
expertise in assay development, technology strategy, study design, clinical development,
commercialization and systems informatics to leverage the Agilent technology solution. Together, we
intend to realize the potential of clinical proteomics today as well as establish the technological
platform and strategy for the field. Our partnership with Agilent will allow us to realize the
advantages of using a single technology platform from discovery and verification through to
commercialization.”

“Agilent and Integrated Diagnostics share the vision of harnessing the power of an integrative systems
biology approach to solving some of mankind’s most vexing health challenges,” said Gustavo Salem,
vice president and general manager of the Biological Systems Division at Agilent. “It’s very exciting
to be at the forefront of helping technology migrate from the research lab to the clinic, in this case
developing next-generation workflows to improve protein-based LC/MS assays.”

As part of the partnership, Integrated Diagnostics purchased two Agilent 1290 Infinity UHPLC
systems, two 6490 iFunnel triple quadrupole mass spectrometry systems and two 1260 LCs with
ultraviolet detectors for the project.

The partnership will develop high-throughput automated workflows to include sample preparation
and LC MS/MS analysis. Participants expect accelerated biomarker discovery to be fueled by novel
sample-prep technology, fast liquid chromatography and ultra-sensitive ion funnel triple quadrupole
mass spectrometry.

The technology opens the possibility of screening for several hundred biomarkers in a single assay, in
a very high-throughput and quantitative fashion, according to Agilent.

About Integrated Diagnostics

Integrated Diagnostics is developing large-scale, blood-based molecular diagnostics that detect
important diseases like lung cancer and Alzheimer’s at their earliest stages by simultaneously
monitoring tens to hundreds of disease markers. The company, founded in October 2009 by systems
biology pioneer Dr. Lee Hood, is creating a new generation of personalized medical solutions using
sophisticated informatics for biomarker selection and a novel class of synthetically created diagnostic
and therapeutic agents with antibody-like properties: protein-catalyzed capture agents. Integrated
Diagnostics’ mission is to build a new generation of low-cost, large-scale diagnostic assays for early
detection of serious diseases. The company is conceptually based on a systems view of disease where
pathophysiology arises from disease-perturbed networks of proteins, genes, and other molecules.
Investors include InterWest Partners, The Wellcome Trust, and BioTechCube

Luxembourg. Foundational intellectual property is exclusively licensed from the Institute of Systems
Biology and Caltech. Learn more at www.integrated-diagnostics.com

About Agilent Technologies

Agilent Technologies Inc. (NYSE: A) is the world’s premier measurement company and a technology
leader in chemical analysis, life sciences, electronics and communications. The company’s 18,700
employees serve customers in more than 100 countries. Agilent had net revenues of $6.6 billion in
fiscal 2011. Information about Agilent is available at www.agilent.com.
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Research & Discovery - More ways to discover

Innovative solutions that streamline complex processes

Each step of the Discovery process can be extremely time consuming and costly. Accuracy, quality, efficiency and knowledge are
critical to your operations success. When you partner with Beckman Coulter, our team of experts in the fisld of Life Science work
closely with you to understand the intricacies of your everyday operation, as well as your most complex challenges, to offer innovative
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Proteomics: From Basic Research to Diagnostic Application.
A Review of Requirements & Needs'
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For several years proteomics research has been expected to lead to the finding of new markers that
will translate into clinical tests applicable to samples such as serum, plasma and urine: so-called in
vitro diagnostics {IVDs). Attempts to implement technologies applied in proteomics, in particular protein
arrays and surface-enhanced laser desorption ionization time-of-flight mass spectrometry (SELDI-TOF
MS), as IVD instruments have initiated constructive discussions on opportunities and challenges inherent
in such a translation process also with respect to the use of multi-marker profiling approaches and
pattern signatures in IVD. Taking into account the role that IVD plays in health care, we describe IVD
requirements and needs. Subject to stringent costs versus benefit analyses, IVD has to provide reliable
information about a person’s condition, prognosis or risk to suffer a disease, thus supporting decisions
on treatment or prevention. It is mandatory to fulfill requirements in routine IVD, including disease
prevention, diagnosis, prognosis, and treatment monitoring or follow up among others. To fulfill IVD
requirements, it is essential to (1) provide diagnostic tests that allow for definite and reliable diagnosis
tied to a decision on interventions {prevention, treatment, or nontreatment), (2) meet stringent
performance characteristics for each analyte (in particular test accuracy, including both precision of
the measurement and trueness of the measurement), and (3) provide adequate diagnostic accuracy,
i.e., diagnostic sensitivity and diagnostic specificity, determined by the desired positive and negative
predictive values which depend on disease frequency. The fulfillment of essential IVD requirements is
mandatory in the regulated environment of modern diagnostics. Addressing VD needs at an early
stage can support a timely and effective transition of findings and developments into routine diagnosis.
IVD needs reflect features that are useful in clinical practice. This helps to generate acceptance and
assists the implementation process. On the basis of IVD requirements and needs, we outline potential

implications for clinical proteomics focused on applied research activities.

Keywords: in vitro diagnostic s clinical chemistry » clinical proteomics

Introduction

Proteomics opens new horizons in many research areas of
life sciences. This is particularly true for research efforts in the
field of medicine. Clinical proteomics may be defined as a
subset of proteomics activities in the field of medicine, which
promises to accelerate the discovery of new drug targets and
protein disease markers useful for in vitro diagnostics (IVD).
IVD is based on the extracorporeal analysis of tissues and body
fluids. Thus, it is expected that new pharmaceutical treatment
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opportunities will emerge and that the number and value of
protein diagnostics will increase. The latter is of special interest,
because reliable diagnostic information, in particular IVD data,
is essential for choosing the appropriate intervention.!
Technologies applied in proteomics research, in particular
SELDI-TOF MS and protein array techniques, are thought to
be moving from research-focused applications to clinical
laboratories as routine instruments for protein analysis.?2 In
conjunction with the routine implementation of such tech-
nologies in the clinical laboratory it has been argued that mult-
marker profiling approaches or pattern signatures will be the
next generation of protein IVD’s and shift paradigms in IVD.3
These goals and expectations for clinical proteomics should
be assessed critically in view of the role of IVD in health care.
We believe that the success of clinical proteomic marker
searches and of the technologies applied in proteomics and
their ability to enter routine IVD testing depends on the ability

10.1021/pr050080b CCC: $30.25 © 2005 American Chemical Saciety
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to fulfill IVD requirements and to adequately address IVD
needs.? Thus, we set out to provide an industry perspective on
the role of IVD in health care, a view of the requirements and
needs of IVD, and the potential implications for clinical
proteomics that should be considered, if a timely and effec-
tive transfer of research results to laboratory diagnostics is

sought.

Role of in Vitro Diagnostics in Health Care

IVD plays an essential role in health care by (1) providing
reliable information about a person’s condition and (2) sup-
porting treatrnent decision making,’ both occurring in con-
junction with a physicians’ examination, which may include
anamnesis, physical examination, and in vivo diagnostics (e.g.,
computed tomography and nuclear magnetic resonance imag-
ing). A third purpose, which has been proposed by McNeil and
Adelstein,$ is to better understand disease mechanisms and
evolution. This last purpose is outside the realm of routine IVD,
but is nevertheless important, since it should provide better
IVDs that will hopefully enter that realm.

IVD tests are estimated to contribute up to 94% of the
objective data in clinical records and may influence 60—70%
of critical decision making.!” In addition, major cost reduc-
tions within the worldwide health expenditures could be
achieved through a more efficient use of IVDs or better IVDs
(www. VDGH.de).

Despite the importance of IVD and the essential role of the
clinical laboratory, it usually accounts for less than 5% of the
expenditures in clinics (www.VDGH.de).!” The proportional
share of laboratory costs in worldwide health expenditures is
even lower, accounting for around 1% to 2% of the health care
costs (www.VDGH.de). Even so, the expenditures necessary for
laboratory diagnosis are often deemed too high, and the value
of laboratory diagnosis is very often underestimated.

Together with the financial constraints in health care, this
misperception generates enormous cost pressure on clinical
laboratories and consequently on any equipment or test
provider that serves this market directly or indirectly. For this
reason, stringent cost and benefit considerations are a perma-
nent challenge in IVD and in the translation of research
applications generated by clinical proteomics into useful tests
for the clinical laboratory.

Nevertheless, IVD testing represents a significant value
proposition for improving outcomes, shortening hospital stays,
etc. and substantially reducing the costs associated with
healthcare. Though there will continue to be a need to justify
the costs associated with IVD tests, the primary responsibility
of IVD is to help reduce mortality, morbidity and improve the
quality of life. It is evident that IVD can help to save lives and
costs (www.VDGH.de).® There will continue to be great poten-
tial for improving IVDs and this dynamic offers clinical pro-
teomics various opportunities.

Considerations Underlying Industry Perspectives and
Decision Making Processes

A decision making process in the diagnostics industry has
been outlined comprehensively by Zolg and Langen.® From the
perspective of an IVD company, new markers and technologies
must lead to products that improve diagnosis and also give a
reasonahble return on investment. Each company has to con-
sider numerous factors before investing the limited human and
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financial resources at its disposal (List 1). A detailed discussion
of these aspects is outside the scope of this article. Thus, we
will focus on the crucial necessity to fulfill the requirements of
the IVD market and to address unmet diagnostic needs.

List 1: Overview on critical IVD requirements, additional needs, and IVD industry
considerations.

Critical IVD requirements:

1. Tests have to provide definite and reliable diagnostic information, that support
decisions on interventions (prevention, treatment or non-treatment)

2. Test accuracy should meet objective specifications, eg. imprecision of a
measurement < 0.5 CV; and bias < 0.250-(CV{? + CVg)'?

3. Based on disease frequency and determined by the desired positive and negative
predictive values, tests have to exhibit a required level of diagnostic accuracy,
including both diagnostic sensitivity and diagnostic specificity.

Additional IVD needs that reflect considerations of clinical laboratories and
physici upon the impl tation of tests or instrt

* Costs

Ease of use

Automation

Throughput

Turn-around-time

Down time

Reliability

Service quality and continuity

Menu breadth

Open channels (for non-proprietary tests)

Instrument footprint

Connectivity to the laboratory information management system (LIMS)
Compatibility with existing laboratory processes (e.g. application of serum or plasma
specimens and pre- and post-analytics)

IVD industry considerations

Address diagnostic needs

Return on investment

Strategic fit

Portfolio compatibility of new technologies

Portfolio and instrument compatibility of new tests and markers (technical feasibility)
Requirements of research and development phases and processes
Manufacturability

Marketing and sales

Post-sales customer support

Challenges and risks of entering the market {e.g. competitive situation, market
acceptance, regulatory requirements, reimbursement, third party patent rights)

Addressing Diagnostic Needs Justifies the Significant
Efforts for Product Development

The significant efforts and risks associated with product
development are justified, if a new test addresses major
diagnostic needs.

Examples of major diagnostic needs are cardiovascular
diseases, infectious diseases, malignant neoplasms, and chronic
diseases of the central nervous system, among others. It is
encouraging to see that proteomics strives to address these
diseases,!® in particular cardiovascular diseases.’*"'* Cardio-
vascular disease, the leading cause of death worldwide (http://
www.who.int/whr/2004/annex/topic/en/annex 2_en.pdf), rep-
resents a particulatly telling example.

Acute cardiac events and chronic heart failure both have a
long history in the patient. There is an unquestionable need
for early determination of disorders which might eventually
lead to these events and once they occur provide reliable
information on the event itself, about the prognosis, and
adequate treatinent. In the area of infectious disease, increased
crowding of domestic animals interacting with the ever denser
and more mobile human population create chains of infections
within the species but also across species. Early diagnosis and
measures to prevent spread of infectious agents are of increas-
ing concern. As the populations of industrialized countries grow
to include proportionally older individuals, diseases of aging
like cancer and chronic disorders of the central nervous system
are of growing importance in our society and need to be better
addressed by diagnostics and treatment measures.
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It is Essential to Fulfill IVD Requirements and
Advantageous to Address IVD Needs

To fulfill the requirements and meet needs of the IVD market
(List 1) it is essential to provide valuable diagnostics at
acceptable costs. Valuable diagnostics fulfill basic IVD require-
ments, ie., they have to accomplish the following:

(1) provide most definite and reliable diagnostic information,
that supports decisions on intervention (prevention, treatment
or nontreatiment)

(2) meet objective specifications to show sufficient zest
accuracy, including both

« precision of the measurement and

« trueness of the measurement, and

(3) exhibit the required level of diagnostic accuracy, including
both

o diagnostic sensitivity and

« diagnostic specificity

determined by the desired positive predictive values and
negative predictive values, which depend on disease frequency
(prevalence and incidence).

From a regulatory and IVD industry perspective it appears
advantageous to comsider the following descriptions and
examples, which could facilitate a smoother transition of
clinical proteomics findings and developments from basic
research to routine diagnostic applications.

Valuable Diagnostic Tests Provide Most Definite and
Reliable Information to Support the Decision Making on
Interventions

A diagnostic test that does not result in information that
supports decisions on interventions, i.e., treatment, nontreat-
ment or prevention, including risk stratification and prognosis,
is of limited value, even if the result is interesting from a
research viewpoint. The most successful tests are those that
provide a clear-cut basis for prevention, treatment alternatives
or nontreatment. An excellent example for markers that provide
definite and reliable diagnostic information impacting medical
practice is cardiac troponins (cTns).!¢ cTns have been demon-
strated to significantly improve sensitivity and specificity in the
detection of acute myocardial infarction (AMI) compared to
other diagnostic methods, in particular the combination of
electrocardiography (ECG) and the traditional markers.!”

In this case, a new diagnostic category, known as acute
coronary syndrome (ACS), including AMI as the most serious
form of the ACS, had to be established to accommodate
troponin positive patients who did not meet the WHO criteria
for AMI that time.!® The test was able to detect real disease
more sensitively (Le., smaller infarcts) than previous diagnostic
methods. According to recommendations by The Joint Euro-
pean Society of Cardiology and American College of Cardiology
(ESC/ACC) Committee a redefinition of myocardial infarction
has been proposed and ECG is still required, but no longer
sufficient to diagnose AMI!® Any detectable cTn above a
defined threshold in a patient’s circulation is a sign of myo-
cardial damage, which requires medical intervention.!s

Accuracy of Measurement is an Essential Performance
Characteristic which Encompasses Precision and
Trueness of Measurement

The accuracy of measurement (test accuracy) is the closeness
of the agreement between the result of a measurement and a
conventional true value of the measurand. It includes both
precision and trueness of measurement.!®?° Test accuracy is
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Figure 1. Dependence of the frequency of a nondiseased
population and a diseased population versus a measure shows
the relationship between sensitivity and specificity, decision
thresholds (cutoff points), predictive values, and test accuracy.
For simplicity hypothetical Gaussian distributions are displayed.
The measure typically denotes results of a surrogate test or a
test for contributory diagnostic evidence (e.qg., single and multiple
analytes or patterns). A pathognomonic test (gold standard),
which constitutes definitive diagnostic evidence, is used to assign
diseased and nondiseased. Sensitivity is defined as true positive/
true positive + false negative; TPATP + FN). Specificity is defined
as true negative/(true negative + false positive); TN/(TN + FP).
Sensitivity and specificity in the populations is determined by
the position of the cutoff point. Clearly, there is a reciprocal
relationship between sensitivity and specificity. By choosing
different cutoff points a single test can be used differently. To
confirm the presence of a disease the rule-in threshold (test with
high specificity) is used while the rule-out threshold (test with
high sensitivity) is used to exclude disease presence. To deter-
mine the performance of a test in a population, it is important to
know what proportion of positive tests correctly indicate the
presence of the disease (positive predictive value, PPV), i.e., TP/
(TP + FP), and if a test is negative, what proportion indicates
absence of the disease (negative predictive value, NPV), i.e.,
TN/TN + FN). Disease frequency, (TP + FN)ATN + FP), i.e.,
AUC; ¢/AUCnondi 4, affects these values. For example, the
PPV decreases with decreasing frequency of the disease accord-
ing to (values have to be multiplied appropriately if PPV is
supposed to be displayed in percent):2! PPV = TP/(TP + FP) =
frequency x sensitivity/(frequency x sensitivity) + (1 — fre-
quency) x (1 — specificity)). The impact of test accuracy depends
on imprecision that skews and broadens curves (not displayed)
and bias that shifts curves (displayed as biased decision thresh-
old). Of note, when the assessment of surrogate tests is per-
formed by using only a population comprising the “sickest of
the sick” and the “wellest of the well”S one can easily imagine
that diseased an nondiseased will be unrealistically separated.
The performance of the surrogate test will then usually be
overestimated.

usually not defined by a numerical value in terms of the
measurand. It is an essential performance characteristic,
because it is usually critical to achieve the required level of
diagnostic accuracy (see below, Figure 1). Thus, failure to
achieve sufficient test accuracy can under some circumstances
endanger patients.

Precision of Measurement. Precision of measurement (test
precision) is the closeness of agreement between independent
test results obtained under stipulated conditions. Precision
depends on the distribution of random errors. The measure of
precision is usually expressed in terms of imprecision. The
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imprecision of measurements is the estimated random com-
ponent of emror deduced from the statistical distribution of
repeatedly measured values. In IVD imprecision is mainly
expressed by the coefficient of variation (CV: standard devia-
tion divided by the mean).19?122

Precision of a distinct measurement procedure can be
subdivided according to specified conditions.!?

Repeatability of results of measurements can be defined as
closeness of the agreement between the results of successive
measurements of the same parameter carried out under the
same conditions of measurement. These conditions are called
1epeatability conditions. Repeatability conditions include the
same measurement procedure, the same observer, the same
measuring instrument, used under the same conditions, the
same location, and repetition over a short period of time.
Repeatability is often termed in laboratory medicine "within-
run” imprecision, a term now considered obsolete.!®

Reproducibility relates to change in conditions, i.e., different
laboratories, instruments, operators, and measuring systems
(calibrants, reagent batches, etc.), a wide range of patient
samples exhibiting unusual features and is often termed
interlaboratory imprecision or total imprecision. The term total
imprecision is likewise considered obsolete.®

It is important to note that IVD precision figures are typically
given as interlaboratory precisions, a much wider scope of
variation than covered by usual proteomics studies, which
typically deal with precision within a run in one laboratory.
Even so, total interlaboratory test imprecision in IVD is typically
in the range of 1.5—10% CV (much less than typical values
found in proteomics applications).

Trueness of Measurement. The trueness of a measurement
is the agreement between the average value obtained from a
large series of test results and a nationally or intemationally
accepted reference value (ttue or conventional true value). It
denotes the systemic error component, expressed as bias.!%2°

Reference materials and reference methods are the best
guarantee for correct calibration and thus trueness of measure-
ment.?® A reference method or reference measurement proce-
dure is defined as a thoroughly investigated measurement
procedure, clearly and exactly describing the necessary condi-
tions and procedures, for the measurement of one or more
property values that has been shown to have trueness of
measurement and precision of measurement commensurate
with its intended use and that can therefore be used to assess
the accuracy of other measurement procedures for the same
property(-ies), particularly in permitting the characterization
of a reference material.?

Of note, reference methods do not necessarily represent
intemal/procedural controls that may be used together with
external controls in laboratories for quality control purposes.?
Internal/procedural controls are designed into a system to
monitor one or more components of errors including errors
of the analytical process (e.g., reagent function), operator
variance (e.g., sample processing and handling}, and environ-
mental factors (e.g., variations in temperature, humidity).
External controls are not designed into a test system. They are
materials similar to patient samples with expected properties
commercially prepared or inhouse prepared samples, profi-
ciency test samples with confirmed results, reference or control
oIrganism strains, patient specimens with established values
previously tested, and control materials (other than those lots
used to calibrate the system, i.e., standards). Reference materi-
als are materials or substances with properties that are

reviews

established for the use as standards, calibrators, controls, the
verification of a measurement method, or the assignation of
values, e.g., conventional true values.?? As it is not always
possible to determine the true value by a measurement that is
associated with a systematic and random error, it is useful to
define a single conventional true value that is preferentially
internationally accepted, e.g., as is the case with glycated
hemoglobin.? Instead of dealing with different “true values”
depending on the method applied, physicians can rely on a
single conventional true value. Thus, the implementation and
application of reference materials can help to reduce the risk
of uncertain or incorrect data interpretation.

Usually, highly purified chemicals are weighed out for the
preparation of a solution with a specified concentration or for
the calibration of solutions of unknown strength. A secondary
reference material usually contains one or more analytes in a
matrix that reproduces or simulates the expected. The values,
e.g., conventional true values, have been assigned by a formal
process of value transfer from a primary reference material.
Certified reference materials (CRM) are usually also matrix
based and have one or more of its values certified by a
technically valid procedure. CRMs are accompanied by or
traceable to a certificate or other document of a certifying body.
Standard reference materials are CRMs and a trademark name
of the National Institute of Standards and Technology. Tertiary
reference materials are typically industry standards, calibrators,
and controls that contain one or more analyte in an appropriate
matrix. The concentration of the analytes is usually based on
secondary reference materials.

Objective Test Accuracy (Both Trueness and Precision of
Measurement) Specifications Have to be Met in IVD. For
established diagnostic tests, objective test accuracy specifica-
tions are available to judge analytical performance character-
istics.?® Specifications may be derived from professional
recommendations, e.g., guidelines from international, national
expert groups, institutional groups, expert individuals, from
regulatory and legislation authorities, from organizers of ex-
ternal quality assessment schemes and proficiency testing
programs or simply from published data on the state of the
art. For example, for cTn assays a CV of 10% reproducibility at
the 99% percentile limit is suggested.?” The 99% percentile of a
reference control group denotes the decision limit. A percentile
is a value on a scale of one hundred that indicates the percent
of a distribution that is equal to or below it. cTns indicate
myocardial necrosis when the maximum concentration exceeds
the decision limit on at least one occasion during the first 24
h after the index clinical event

Test accuracy specifications may also be assessed through
the impact of the trueness of a measurement expressed as bias
and the imprecision of a measurement on diagnostic sensitivity
and specificity and the consequences for clinical decision
making for specific clinical situations.?® More general test
accuracy specifications refer to the two major IVD scenarios,
i.e., (1) monitoring individual patients and (2) diagnosis using
reference intervals. Here, test accuracy specifications may best
be based on the components of biological variation within
subjects (CV)) and between subjects (CVg). A common view is
that imprecision of a measurement should be below 0.5 x CVy
and bias should be below 0.250-(CVZ + CVg?)!/2% (Table 1).

Of note, a test has to be sufficiently robust and specific to
cope with matrix effects and interferences and still fulfill the
required specifications of precision. Interferences or interfering
substances are often considered to be components of the
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Table 1. General Test Accuracy Specifications Including Both, Imprecision of the Measurement and Trueness of the Measurement

(expressed as bias)Z62

specifications
optimal desirable minimum performance
imprecision < 025-CVy < 0.5-CV; < 0.75-CVy
bias < 0.125- (CV? + CVEA2 < 0.250- (CVZ + CVA)L/2 < 0.375- (CVZ2 + CVA)12

4 Specifications depend on within-subject (CV) and between-subject (CVg) variations.

sample that contribute to the measurement signal, e.g., he-
moglobin in specific photometric analyses. Matrix effects do
usually not contribute directly to the measurement signal but
indirectly through physical or physicochemical properties of
the sample, e.g., viscosity, adsorption processes, reaction
acceleration, or inhibition.

Test precisions of clinical analyzers may be used as an
orientation guide for precision specifications, too. For example,
in a multicentric evaluation of analytical performance of 33
protein assays a dedicated immunoassay analyzer exhibited a
median total CV of 3.4% with a 2.5% and 97.5% percentile of
the imprecision distribution at 1.3% and 13.0%.2

It is Advantageous to Address Needs that Contribute to the
QOverall Performance. Besides the requirements regarding test
accuracy, it is advantageous to address needs that contribute
to the overall performance characteristics (List 1). Costs as-
sociated with a test, including the instrument and consumables,
which may be summarized in terms of cost per reportable
result, are important factors for the acceptance of a test and
have to be balanced in view of potential savings achieved by
performing a test Depending on the field of application,
features such as ease of use, degree of automation, throughput,
turn-around-time, menu breadth, open channels (for nonpro-
prietary tests), instrument footprint, connectivity to the labora-
tory information management system, service quality and
continuity have to be addressed. In conclusion, tests, assay
formats and instruments have to fulfill objective quality
specifications and should be at least compatible with the state
of the art.

The compatibility of a new test’s format with existing
diagnostic test processes, i.e., preanalytics, actual analysis, and
post-analytics, may also factor into the overall performance
characteristics. Preanalytical processes include the order of the
test(s) based on the physician’s request to support diagnosis
of a patient, sample collection, transportation of the sample,
accession of the sample into the laboratory, processing of the
sample (e.g., centrifugation, sorting, aliquoting, loading of the
instrument), reagent setting and calibration of the instrument,
and match ordered test(s) and sample. Post-analytical processes
include approval of test results, their collection, transmission,
appropriate display (e.g., charts) and documentation, waste
disposal, sample storage, inventory, and order management,
and payment of invoices.

Some of the processes mentioned above are of particular
importance for proteomic studies. First, it is crucial to have
detailed information on the donor, e.g., on gender; age; dietary,
smoking, alcobol consumption and other habits; patient his-
tory; medication; pregnancy; post/pre-menopausal; suspicion
or confirmed diagnosis of disease(s); clinical laboratory results;
etc.

The specimen type used, its collection, transportation,
processing, storage, etc., and the respective stability of a marker
can dramatically influence the concentration and integrity of
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a marker.® This together with matrix effects from the other
constituents of the respective sample have a significant impact
on diagnostic performance and obviously on the success of
research activities, t00.231-3 Bjological specimens used for
diagnosis include whole blood, serum, plasma, urine, cere-
brospinal, synovial, amniotic, pleural, pericardial, peritoneal,
cervical, seminal fluids, nipple aspirates, sweat, saliva, exhaled
air, various types of solid tissues, feces, etc.3*35 Serum is the
specimen most frequently applied in IVD followed by different
plasma types and urine,® while the pathology laboratory
generally requires tissues and cells, e.g., erythrocytes, platelets,
lymphocytes, etc. for cytopathological investigations.

Every specimen type has its pros and cons with respect to
the scope of a study and the technologies applied. There is no
such thing as a universal or ideal specimen type that could be
generally recommended. Often, it is necessary to work with the
specimens that are available anyhow. However, if possible, one
should avoid choices of specimens and processing procedures
that inherently preclude some future analysis. Blood is easily
accessible and there are usually no contraindications to a
standard blood draw. Serum and plasma display moderate
variability if compared to other specimens such as urine.
Nevertheless, serum and different plasma types exhibit signifi-
cant variability. On the other hand, they are considered to
mirror best the whole human proteome.?” Serum allows for
various testing including electrolytes, proteins, peptides, me-
tabolites, etc. This is particularly advantageous, if additional
testing (“adds on”) as a consequence of a first result is required,
because it may eliminate the need of additional blood draws
and thus saves time. To have maximal freedom of testing and
because of limitations regarding the draw of various different
specimen types, ideally one specimen type should be applicable
for all determination. However, some blood constituents
require special collection and storage conditions.38

Plasma, in particular heparinized plasma, is preferred when
a quick answer is critical, because clotting time is saved.
Citrated plasma is mainly applied for coagulation analysis.
Anticoagulants, preservatives, and other additives influence the
composition of the specimen and may interfere with certain
analysis.?>% Thus, it is of importance to carefully select the
application of these compounds in blood collection tubes or
their addition at a later point after the collection process.3035

The collection of a specimen is crucial, t00.3%% For example,
for blood specimens it is important to consider how the blood
was drawn. Factors such as timing of collection, position of
the patient (lying, seated) and the time period the patient was
in this position (impacting hematocrit), stress for the patient
associated with the blood collection, type of collection (vemi-
puncture, atterial puncture, skin puncture, etc.), site of collec-
tion and its preparation (e.g., cleaning of the site), tourniquet
technique (e.g., time of venous occlusion), order of sampling
(first, second, third tube), the quantity of blood withdrawn (e.g.,
dilution of citrated plasma), and cbviously the person who
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draws the blood impact the composition of the specimen. The
same is true for parameters of collection devices or collection
sets applied, e.g., needle gauge, single draw or multi-draw
needles, and bag or tube types applied. Here, the material (glass
or plastic) should be considered as well as other features such
as siliconized tubes (potential activation and acceleration of
clotting, reduction of adhesion of clots), gel or nongel separa-
tors (gel serves as a mechanical barrier, which eliminates the
changes that occur when the clot or cells are in contact with
serum or plasma), and additives such as clotting coagulants
and preservatives.

The main factors that should be considered upon transpor-
tation are timing and temperature among others. Processing
techniques may also impact the quality of a specimen.3223 The
coagulation process to gain serum may depend on volumes,
clot activator (type, concentration), clotting time, and temper-
ature. G-force, duration and temperature are factors that have
to be considered upon centrifugation of serum and plasma.
For plasma samples activation of platelets at low temperatures
can be an issue. Also, platelet depletion and the technique
applied (second centrifugation step or filtration) may be
considered.®? Storage is another important aspect. The influ-
ence of freezing and thawing procedures, storage formats,
temperature and duration as well as repeated freeze and
thawing can significantly impact the quality of specimens,3%33:3

In conclusion, to ensure a high degree of consistency and
to reduce the risk of error in subsequent analyses, strict
adherence to optimized protocols or standard operating pro-
cedures is mandatory for each sample throughout the whole
process, which has to be subject to thorough quality assurance
and control procedures including documentation. 4

Diagnostic Accuracy: The Ability to Discriminate States
of Health and Disease

The diagnostic accuracy, ie., diagnostic semsitivity and
diagnostic specificity, of a test is its ability to discriminate
between alternative states of health and disease. Frequently,
there are more than two states to be differentiated. However,
the clinical question can often (but not always) be dichoto-
mized where the objective is to separate patients into two
groups based on the presence or absence of a certain disease
(Figure 1). In 1971, Lusted postulated that the measure of the
performance of the observer measures the worth of a diagnostic
test and that receiver (or relative) operator characteristic or
receiver operating characteristic (ROC) curves (Figure 2) pro-
vide an ideal means of studying observer performance.* Since
then, ROC curves have been widely used to determine the
diagnostic accuracy of a test in IVD and clinical proteomics.

Receiver Operator Characteristic (ROC) Curves: Sensitivity
versus 1-Specificity. To outline major challenges associated
with laboratory tests and clinical proteomics approaches, basics
of diagnostic performance measures are briefly outlined. ROC
curves represent graphically the inverse relationship between
specificity or 1-specificity and sensitivity (Figure 2). Sensitivity
is the ability of a test to detect the condition of interest, for
exammple the number of true positives of an affected group, i.e.,
detection of disease when it is truly present. Specificity is the
number of the ttue negative results of the unaffected group,
ie., recognition of condition absence when it is truly absent.
1-specificity is the number of false positives. As the reliability
of determinations of sensitivity and specificity depend on the
size of the chosen population, it is essential to provide the 90%
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Figure 2. Receiver operating characteristic (ROC) curves are used
to determine the diagnostic accuracy of an assay. When popula-
tion overlap completely, no differentiation between diseased and
nondiseased is possible (dotted line), leading to a useless test
with an AUROC of 0.5. When there is no overlap, the ROC curve
superimposes along the axes (dashed line). This perfect test has
an AUROC of 1. Typically, there is a distinct overlap of popula-
tions as outlined in Figure 1, which creates ROC curves between
the two extremes, e.g., the displayed hypothetical curve (solid
line with dots).

or 95% confidence intervals, because this gives a clearer picture
of the strength of the data.*’ Details have been extensively
outlined elsewhere. 2:2247-49

AUROC: A Measure of Diagnostic Accuracy. A summary
measure of diagnostic accuracy is the area under the ROC curve
(AUROC), which incorporates sensitivity and specificity. It
represents the overlap between the healthy and diseased
population. An AUROC of 1 would represent a perfect diag-
nostic accuracy (no population overlap) and an AUROC of 0.5
would represent no difference between groups (no diagnostic
value). It is rather unlikely that a diagnostic test reaches an
AUROC of 1, because it is hardly possible to select a medical
decision level or cutoff point that completely discriminates
between two groups. Thus, the major challenge of IVD tests
lies in the selection of the right cutoff points, i.e., sacrifice
sensitivity for specificity or vice versa.

Of note, complex diseases, where it is necessary to differenti-
ate multiple disease states, co-morbidities or mimics, and
chameleons usually hamper the finding of efficient cutoff points
to achieve high diagnostic accuracy. In addition, these diseases
often exhibit complex time-dependent physiological or patho-
logical processes, which may aggravate the finding of single
IVD markers useful to differentiate states. For example, it is
challenging to find IVD marker(s) to rule-in ischemic stroke
within the first 3 h after onset of symptoms, which is the
treatment window for thrombolytic therapy. As the acquisition
of cerebrospinal fluid is usually contraindicated serum or
plasma markers are needed. The crossing of the blood—brain-
barrier by potential brain specific markers into the circulation
within a short time frame and eventual renal clearance
processes challenge the finding of appropriate markers. Finding
a rule-in marker for ischemic stroke is also challenging, because
of the heterogeneous etiology of stroke. Ischemic strokes have
to be discriminated from hemorrhagic strokes (subarachnoidal,
intracranial) and transient ischemic attacks and multiple
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mimics such as alcohol withdrawal, hypoglycemia, intoxication,
seizures (epileptic), amnesia, multiple sclerosis, migraine,
tumors, closed head injuries, infections, and inflammatory
processes (meningitis, encephalitis, abscesses). This example
also clarifies, why laboratory diagnosis is often based on the
combination of tests (see below).

Predictive Values Display How a Test Will Perform in a
Population and Denote the Probability of the Patient to
Have the Diagnosed Condition

To assess the diagnostic accuracy of a test when applied to
a population, the effect of disease frequency has to be
considered. Critical parameters of the diagnostic performance
of a test are predictive values (PVs). The PV of a positive test
result (PPV) is the percentage of patients with positive test
results that are diseased. The PV of a negative test result (NPV)
is the percentage of patients with negative test results that are
nondiseased. PVs are not measures for the intrinsic diagnostic
accuracy of a test, they are a function of both the sensitivity
and specificity of a test and the frequency of a disease (see
text of Figure 1). Whether prevalence or incidence is more
adequate to determine predictive values is determined by the
particular application. The incidence of a disease is the number
of cases that arise during a distinct period of time in a given
population. The prevalence is the frequency of the disease at
a certain point in time in a given population.

As the decrease of disease frequency goes along with a
decrease of the PPV, even tests with high sensitivity and
specificity fail as screening tests when applied to the general
population with a low disease frequency. For example, the
comparatively low prevalence of distinct cancers is one of the
reasons, why it is so difficult to implement cost-effective cancer
screening tests as routine screening tools. Even the prostate
specific antigen (PSA) test, the only FDA-approved serum IVD
cancer screening test to-date is questioned to be useful as a
prostate cancer screening tool, because of the limited predict-
ability and the absence of prognostic value. Flevated PSA values
do not tell, if the cancer is aggressive or not and if any surgery
would save years of life at the cost of significant morbidity. In
view of these aspects and because of the heterogeneity of
cancer, it is an extremely difficult charter, to find routine
screening markers for distinct cancer types. But as cancer is
one of the leading causes of death (http://www.who.int/whr/
2004/annex/topic/en/annex 2_en.pdf) and as early, pre-
symptomatic diagnosis dramatically improves the odds of
successful treatment, there is undoubtedly an unmet diagnostic
need.

Cleaily, the results of a diagnostic test cannot be assessed
properly, without knowing the probability of the condition
before the test is performed.> However, the PVs are post-test
probabilities of the condition (revised or posterior prob-
abilities). When a patient’s history, signs and symptoms, or
results of independent diagnostic tests performed previously
are available, the pretest probability (the probability of the
condition before the test is applied) has to be taken into
account. The determination of the pretest probability, e.g., by
Bayes’ theorem, is beyond the scope of this article. It has been
extensively reviewed elsewhere.5.2143:50

Different Approaches to Perform and Gombine Multiple
Tests

According to the aspects mentioned above, two or more tests
are often performed to diagnose patients. There are two basic

1092 Journal of Proteome Research « Vol. 4, No. 4, 2005

Vitzthum et al.

approaches of multi marker testing in the diagnostic labora-
tory: (1) the series approach, i.e., test A is applied first and all
those specimens with a positive result are retested with test B
or vice versa, etc., or (2) the parallel approach, i.e., tests A and
B are measured at once. The advantage of serial testing is the
typically positive impact on pretest probability and conse-
quently on PVs and its cost-effectiveness, in particular for the
screening of large populations for a rare condition, because
most patients receive only one test. The potential disadvantage
is the delay in treatment while waiting for the results of
subsequent tests.

There are different ways in which test results can be
combined, e.g., by the OR rule or the AND rule.*s For parallel
testing, the rules are as follows:

ORrule: The diagnosis is positive, if either test A or test B is
positive. Both tests must be negative for the diagnosis to be
negative.

AND rule: The diagnosis is positive only, if both test A and
test B are positive. Either test A or test B can be negative for
the diagnosis to be negative.

When the serial testing process is performed the common
decision rules are as follows:

OR rule: If the first test is positive, the diagnosis will be
positive; otherwise, the second test is performed. If the second
test is positive, the diagnosis will be positive; otherwise, the
diagnosis will be negative.

AND rule: 1f the first test is positive, apply the second test.
If the second test is also positive, the diagnosis will be positive;
otherwise the diagnosis will be negative.

The sensitivities and specificities for the OR rules and the
AND rules are the same for the parallel and the serial ap-
proach.*$5! For the OR rule, the sensitivity is higher than either
test individually (Sea + Seg — Sea x Seg > Sea U Seg), but the
specificity is lower than either test individually (Spa x Sps <
Spa U Spg). With the AND rule it is vice versa. The specificity is
higher than either test individually (Spa + Sps — Spa x Sps >
Spa U Spg), but the sensitivity is lower than either test
individually (Ses x Ses < Sea U Seg).

The AND approach appears attractive to exclude the pres-
ence of a disease, because sensitivity is increased, though as a
tradeoff, specificity is lower. When negative, these AND testing
profiles may have a high NPV. Therefore, they are useful for
clinicians to rule-out a variety of diagnoses. In the diagnostic
workup, the OR approach may be preferentially performed.
This approach is very predictive of the presence of a particular
disease, confirmation or rule-in, because of the high specificity.
Of course, when more than two tests are applied a flexible
combination of series and parallel testing and the OR or AND
rule may also be performed. Nevertheless, even the use of
multiple tests of independent markers does not resolve the
tradeoff between sensitivity and specificity® and issues associ-
ated with positive and negative predictive values.

Here, it should be noted that a set of observations can also
be considered as a single multivariate observation (patterns or
profiles) and interpreted as such by a multivariate comparison.
A muldvariate reference or decision region can prevent the
addition of false-positive results, which is usually the case for
the performance of multiple, univariate comparisons. The
generation of algorithms to efficiently combine diagnostic
information, e.g., by neuronal networks, has been shown to
increase diagnostic accuracy.’?

The contribution of the diagnostic accuracy of single or
multiple laboratory tests has to be seen in concert with
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Table 2. Purposes for the Application of IVD Tests or Respective Marker Types

marker type

examples

Acute markers are used when an acute disease event occurs and
should help in the process of differential diagnosis to provide
the information necessary for a specific treatment.

Screening markers identify diseased preferentially in an asympto-
matic stage within a population to start treatment as soon as

possible, which usually goes along with a high treatment success.
Generally, screening markers are applied in population subgroups
with increased risk and disease frequency to achieve adequate PVs.

Primary risk assessment markers are used to assess the risk of
a healthy individual to suffer from a disease in the future.

Secondary risk assessment, prognostic or progression markers
are used to determine how the disease may potentially
develop, the risk of a diseased patient to suffer recurrent
or other disease events, etc.

Disease staging or classification markers help to classify
different disease states.

Treatment response stratification markers are used to predict
the likeliness of a response to a pharmacon before its
application to prevent adverse effects and to initiate
the most effective therapeutic treatment.

Treatment or therapeutic monitoring markers are used to
determine and monitor the effectiveness of a treatment.

Therapeutic drug monitoring is based on the determination of
pharmaca administered to treat a patient. In this sense, it is
not a marker type, but listed for the sake of completeness.

Compliance markers provide information on treatment
compliance.

complementary diagnostic information to support precise
treatment decision making, too. As outlined above, patient
information from the physicians’ examination are crucial. For
example, parameters such as age, smoking, high blood pres-
sure, family history of myocardial infarction, diabetes mellitus,
etc., in concert with laboratory markers such as LDL choles-
terol, HDL cholesterol, and triglycerides, among others, are
major factors included in algorithms for the risk assessment
of acute coronary events.>®

Requested Diagnostic Information Determines the
Required Diagnestic Accuracy

As outlined above, the disease type, its complexity, and its
frequency within a given population, determine diagnostic
accuracy requirements and how to perform and combine
multiple tests to achieve appropriate PVs. Thus, diagnostic
accuracy requirements are also determined by the requested
diagnostic information or marker type, because this determines
disease frequency and degree of differentiation between disease
states. Different diagnostic applications of disease-specific
proteins have been outlined comprehensively by Zolg and
Langen.® Main IVD marker types are presented in Table 2.

In most cases of laboratory diagnosis, the same analytes can
also be used for different diseases and as different marker types
(Table 2) to obtain different diagnostic information. For
example, CRP is the classic acute phase protein.3* High
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cTns that are used to rule-in AMI and B-type natriuretic peptide
(BNP) and N-terminal pro BNP (NT-proBNP) to rule-out heart
failure in patients with acute dyspnoe.1¢78

The detection of protein in urine, in particular albumin, is a
screening tool for renal diseases.”

Total cholesterol, triglycerides, LDL cholesterol, HDL cholesterol,
high sensitivity C-reactive protein (hsCRP), among others are
markers used for primary cardiovascular risk assessment.5355

Cardiac troponins are used in the secondary risk assessment for
AMI patients as an indicator for the risk of adverse outcomes,
ie., morbidity and mortality.!6 As primary risk assessment
markers, secondary risk assessment markers help to determine
aggressiveness of a treatment and balance the benefits and
side effects.

Determination of certain proteins in urine, kidney and urinary
tract diseases can be classified into prerenal, renal,
and postrenal.”®

Hemostasis markers may be determined before a distinct anti-
coagulation therapy is started.? Viral resistance markers and
antibiotics resistance testing in bacteria are further examples.

Blood lipids are applied to follow the impact of exercise, nutrition,
and eventually therapeutic interventions.

Immunosuppressive drugs, like sirolimus, everolimus, tacrolimus,
and cyclosporin A, have to be monitored closely to prevent
graft rejection and to minimize adverse therapy effects.”

Glycosylated hemoglobin A (HbAlc) can be used to monitor
insulin therapy compliance®® and carbohydrate deficient
transferrin (CDT)®! may be applied to control compliance
with alcohol withdrawal therapy.

concentrations of CRP indicate acute inflammatory processes.>*
whereas persistent low concentrations of CRP are used as a
primary cardiovascular risk assessment marker. c¢Tns are
applied as acute markers for the event (AMI) itself, to determine
the size of the damage, and they also provide prognostic
information.1®

Tests for Definitive Diagnostic Evidence, Surrogate Tests,
and Tests Providing Contributory Diagnestic Evidence

Tests are also classified by their role in the diagnostic
process> as pathognomonic tests, surrogate tests, and tests that
provide contributory diagnostic evidence. Obviously, this clas-
sification may not be entirely clear-cut in practice.” Pathog-
nomonic tests (tests for definitive diagnostic evidence) are
defined (or assumed) to uniquely define a disease and are used
in the classification of diseased and nondiseased. Therefore,
these tests are used as “gold standards” to assess the diagnostic
accuracy of alternative tests (Figure 1). By definition a patho-
gnomonic test displays the highest attainable diagnostic ac-
curacy. Clearly, this assumption can only be validated by
comparison to a less well-established test, which may subse-
quently be shown to better uniquely define the disease.*’
Usually, the pathognomonic test, e.g., a biopsy, is expensive,
elaborate, time-consuming, unpleasant for the patient, or
associated with a morbidity or even mortality risk. A surrogate
test is used as a substitute for a pathognomonic test. A test for
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contributory diagnostic evidence contributes to, but does not
establish itself, a diagnostic decision. Typically, surrogate tests
or tests for contributory diagnostic evidence are inexpensive,
less unpleasant for the patient, and display little association
with morbidity or mortality. On the other hand, they are
associated with diagnostic inaccuracy.

Discovery, Confirmation and Exclusion Tests

Pathognomonic tests, surrogate tests or tests providing
contributory diagnostic evidence may be classified as outlined
in Table 2. Their use for the discovery, confirmation or
exclusion of a disease allows for another level of classification.’
A discovery test is used in disease screening (Table 2), a
confirmation test to confirm (rule-in, test with high specificity)
a suspected disease, and an exclusion test to exclude (rule-
out, test with high sensitivity) the presence of a suspected
disease. By applying different decision thresholds (cutoffs or
cut-points) more than one of these purposes can be served by
a single test and the respective marker (Figure 1). When a
disease is serious and should not be missed, a disease is
treatable, false positive results do not have serious psychologi-
cal or economic consequences for the patient, e.g., neonatal
screening for phenylketonuria or hypothyroidism, an exclusion
test is used. When a disease is not treatable or curable, the
knowledge that the disease is absent is reassuring to the patient,
and false positive results have serious psychological or eco-
nomic consequences for the patient, e.g., multiple sclerosis and
advanced carcinoma, the confirmation test is used.#’

Potential Implications on Applied Clinical Proteomics

If a smooth transition of clinical proteomics findings and
developments to routine diagnosis is desired, then it is impor-
tant to fulfill IVD requirements and address needs (see above
and List 1). The requirements and needs should be considered
differently depending on the objective.

Considerations for the Search for New IVD Markers

The choice of the disease, the desired diagnostic informnation
or marker type (Table 2), and the performance of any existing
diagnostic procedures determine the diagnostic accuracy that
has to be achieved by tests based on a single or multiple new
marker(s). It is also advisable to consider that the initial search
for new IVD markers should allow for transition to routine IVD
instruments (typically as immunoassays) and preferentially lead
to serum or plasma tests of the marker candidates, if the marker
is supposed to be tested in the clinical laboratory. This does
not necessarily mean that serum or plasma is always the
primary choice of specimen for the initial search for new
markers. Concentration issues and other considerations may
propose to start with solid tissues or other fluids.’®%° If a new
marker requires a new technology platformn, then its use will
be substantially delayed while the clinical laboratory com-
munity evaluates the platform and investigates the economics
of the test. Typically an investment in a new platform is not
justified if it provides only a single new test.

The preanalytical processes, ie., acquisition of the sample
and its handling, should be transferable to the routine environ-
ment. Thus, acceptance of a marker whose routine detection
required a novel method of serum collection would be inhibited
in comparison to an equivalent marker measurable in standard
serum or plasma. The single immunoassay test per tube is ideal
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for optimijzation of individual assay performance to reach
specifications, regarding specimen types, concentration range,
precision of the measurement, trueness of the measurement
(calibration and traceability to reference materials), correlation
to other methods (in particular reference methods), cross-
reactivity, matrix effects and interferences, e.g., hemolysis
(which generates a red color interfering with some colorimetric
assays), icterus (in which high levels of the yellowish pigment
bilirubin interfere), lipemia (in which turbidity from lipoprotein
particles interferes with some optical measurement tech-
niques), interfering antibodies in the sample (which can, for
example, bind directly to one of the antibodies in a sandwich
irmmunoassay and give a false signal) and other substances.
Standardization, quality control and assurance including de-
tailed and appropriate documentation, if possible according
to standard operating procedures®~* is of particular impor-
tance for preanalytical processes to provide samples of high
quality, but obviously important for the subsequent diagnostic
processes, too.

For an initial search for marker candidates, a phase I study,
it may be legitimate to focus on the most prominent disease
states and keep the sample number to a minimum. The
number of samples needed for a phase I study depends on the
conjectured diagnostic accuracy and the ratio of diseased
samples to controls.4

Proteomics appears to be a useful tool for such initial studies,
because it provides information on a huge number of proteins
and protein variants at once. To facilitate transition to routine
diagnosis with its requirements for diagnostic accuracy and test
accuracy, it is advisable to switch to an assay format or
instrument for subsequent study phases, which is routinely
used in the diagnostic laboratory, e.g., switch from MS to ELISA.

This also applies to multi-marker approaches, if a reasonable
number of markers to be combined is not exceeded. The tests
can be performed serially or in parallel and the reported results
can be combined by the AND or OR approach as well as
multivariate analyses with high flexibility including other test
types, e.g., electrolytes, functional hemostasis test, etc. and of
course additional diagnostic information, e.g. age, gender, body
weight, etc.

The validation, including subsequent study phases, will
establish the value of emerging markers, alone or in combina-
tion, and show if they are robust enough to move to IVD.
Validation may be defined as documented evidence that the
specific, unequivocally described method, process, or technol-
ogy, operating within the established parameters, performs
effectively and reproducibly to produce a result that meets
predetermined specifications and quality attributes within given
variations with a high degree of statistical assurance.

In phase I studies, accuracies of two or more diagnostic tests
are often compared. Patients difficult to diagnose with early
or atypical disease, other conditions that might interfere with
the test, and controls with conditions that mimic the disease
of interest challenge the candidates.

The hurdle in phase I studies is usually to assess and
compare diagnostic accuracy of different tests. Here, the value
of a test is determined in a defined but generalizeable popula-
tion, i.e., in a clinical trial with a large cohort of patients with
the selection of appropriate controls.*® The costs of such studies
are a major issue when one considers that the margins in the
diagnostic industry are much smaller than the margins in the
pharmaceutical industry. Also, the pressure of the funding
bodies appears to be greater for diagnosics.
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Transition of Technologies Applied in Proteomics
Research, Namely Protein Arrays and Mass
Spectrometry, to Routine IVD

One of the major challenges of technology transition from
proteomics research to IVD is the test accuracy, both precision
and trueness (see above). To prove test accuracy, it is necessary
that the technologies applied enable the application or estab-
lishment of guidelines and standard operating procedures®26°
in concert with quality control, quality assurance, and stan-
dardization measures, e.g., by applying reference material.
The establishment of or the correlation to reference materials
and reference methods are the best guarantee for correct
calibration and thus trueness of measurement® to meet
specifications, e.g., those of Table 1. This is particularly
important for the establishment of common reference intervals
and cutoff points to allow for harmonized clinical decision
making and disease management. Patient monitoring over time
is one example that does clearly illustrates the requirement of
high test accuracy, in particular trueness of the measurement
that has to be maintained over time. The application and
implementation of reference materials in proteomics as cur-
rently applied in IVD may be one of the first steps to account
for this challenge. A review on reference materials and the
benefits of their application in clinical proteomics is beyond
the scope of this article, though.

The parallel measurement of many different proteins is the
inherent characteristic of technologies applied in proteomics
research. The yet unresolved questions are due to the extremely
different concentrations of the proteins to be measured in a
very complex matrix like serum. A vivid example in inflamma-
tory processes is the simultaneous determination of the
abundant haptoglobin (Hp) (adult serum or plasma reference
intervals calculated in relation to IFCC/BCR/CAP Certified
Reference Material 470 are 0.03—0.20 g/L for Hp 1—1and Hp
2—2, and 0.04—0.20 g/L for Hp 2—1) and the traces of inter-
leukin 6 (serum or plasma reference interval < 10 ng/L).

An interesting feature of the technologies applied in pro-
teomics research, is the application of small sample volumes
down to a few microliters. However, this is currently not critical
in routine IVD since most current-generation clinical analyzers
require less sample and reagent volumes than was previously
the case.

The decision to apply single laboratory tests on standard
instruments optimized for each protein or microarray or MS
technologies will probably depend on the number and type of
different proteins that need to be measured in parallel to
provide a diagnostic result, the diagnostic accuracy and the
test accuracy.

Challenges for Protein Array Technologies. High density
protein arrays may be suited for high throughput screening and
discovering initial correlations, but low density arrays seem to
be more likely to reflect some aspects of IVD requirements and
needs.?5 Performance, manufacturing, intellectual property
issues, regulations and application challenges should be ad-
dressed for a smooth introduction of this technology into the
IVD market.

Performance specifications (see above) like test precision,
compatibility of multiple assay components, compatibility of
concentration ranges of the different analytes, cross-reactivites,
matrix effects, and interferences appear to be especially chal-
lenging when different proteins are to be measured in parallel
in a single vessel. To achieve test trueness, significant efforts

ILLUM-0721

reviews

will be necessary to generate adequate and more complex
controls and standards, and ultimately reference materials.

The manufacturing process will be more complex, but one
may expect an increase of the overall efficiency with respect
to the manufacturing time and costs through consolidation of
multiple tests in a single package. However, lot to lot variability
and stability of spotted arrays could be an issue. Quality control
will be more difficult and troubleshooting of failures becomes
more complicated. Final quality control failures for single
analyte performance will compromise the entire product. The
batch processes used to manufacture beads, e.g., for “bead
arrays”, at least partially circumvent some of these issues.

Third-party patents frequently have to be accessed before
commercial use of technologies, tests, reagents (e.g., antibodies
or antigens) applications, etc. Availability of licenses and costs
may restrict the number of components that can be employed
for a given multi-marker array and thus hamper its application
in IVD. The inhibiting effect of “royalty-stacking”, well-known
in the pharmaceutical industry may become especially signifi-
cant for multi-marker arrays.

From a regulatory perspective more complex evaluations and
validations, which include the assay format and the instruments
themselves, will require large cohort studies and significant
registration efforts. Recalls of the whole system due to inap-
propriate performance of a single component affect customers’
access to multiple tests. Different reimbursement rates and
usage of the single analytes, the combination of markers, or a
distinct microarray, also in view of regional distinctions, could
also hamper the application of microarrays. The flexibility of
the customer to perform serial testing or only testing a subset
of tests is impaired with regard to financial trade offs, too.

Mass Spectrometry in IVD: Challenges Associated with the
Detection of Proteins and Protein Profiles and a Successful
History of the Determination of Low Molecular Weight
Compounds. Some of the aspects outlined for arrays (see
above) also apply to MS technologies, in particular to those
that use arrays or chips such as surface-enhanced laser
desorption/ionization time-of-flight (SELDI-TOF) MS. Recently,
Ajvado et al.%* demonstrated that automation, analysis of
replicates, and standardization of the drying process signifi-
cantly decreased imprecision of SELDI-TOF MS protein analy-
ses. After optimization CVs ranged from 25.7% to 32.6%
depending on the signal-to-noise ratio threshold used. Even
though lower imprecisions for SELDI-TOF MS protein analyses,
e.g., CVs less than 10% have been reported,® in view of
precision requirements (see above and Table 1) further im-
provements are required for the application of SELDI-TOF MS
in protein IVD.

However, as the SELDI-TOF MS approach is thought to
generate profile signatures that correlate to a disease, it will
be interesting to see to what extent profile signatures and
algorithms improve diagnostic accuracy.>? This improvement
will need to be substantial to compensate for the lack of
accuracy in the measurement of individual analytes, as well as
many additional issues associated with SELDI-TOF MS analysis
and studies that have been extensively discussed elsewhere.5-7

The concept of profiling has a long history in laboratory
medicine (e.g. serum protein electrophoresis), and thus it is
not a shift in paradigms® but it could rather be expected that
novel profiling approaches, e.g., via MS technologies, would also
contain diagnostic information. Especially, as it may appear
unlikely that a single marker will be sufficient to adequately
diagnose complex diseases in its early phase (see above).

Journal of Prateome Research « Vol. 4, No. 4, 2005 1095




reviews

On the other hand, the number of distinct discriminators
commonly found in profiles®576%71 reveals that a few signals/
markers are usually sufficient for diagnosis. This may eliminate
the need for complete pattern or profile information for routine
IVD applications—the needles within the haystack are of
interest, not the haystack itself that actually obstriicts the view
on the needles. Consequently, a limited number of single
immunoassays whose individual results are combined by an
algorithm would be sufficient or even advantageous for ac-
curate diagnosis (see above). Ultimately, even single markers
have been and may be found in future that are useful for the
diagnoses of complex diseases.

Besides the MS approach of profile signatures without
identifying measured components, MS is widely used to detect
distinct, identified analytes. Identifying analytes allows for the
development and implementation of reference materials for
standardization, calibration, recovery determination, quality
control, and quality assurance.® For the detection of distinct
low molecular weight molecules MS has been used as a
diagnostic instrument in IVD for many decades,®® e.g, for
newbormn screening to detect inborn errors of metabolism,”273
toxicology and forensic applications,” immunosuppressive
drug testing,”® drugs of abuse,’® and doping of athletes.” In
these applications, appropriate internal standards are used to
achieve appropriate test accuracy. MS analyses are even applied
as reference methods. For example, the determination of a
distinct glycated peptide is used as an [FCC (International
Federation of Clinical Chemistry) reference method for the
determination of hemoglobin Alc with inter-laboratory CVs of
1.4% to 2.3%.% This form of MS technology, quite distinct from
the use of unidentified feature patterns, is a potential alternative
for use in the validation and small-scale application of novel
diagnostic assays.

Conclusions

As candidate diagnostic markers begin the process of adap-
tation to IVD use, much time and effort can be saved by
recognizing at the outset the important criteria by which IVD
tests are judged. An IVD test is not simply a better or cheaper
rmeasurement than can be obtained with the technologies used
for discovery: it is also a measurement that has a fairly definite
meaning in the context of the patient’s overall clinical picture
and especially treatment. In many ways, new markers should
be considered separately from new measurement technolo-
gies: a new marker could be brought into use much more
rapidly as a test on an existing, validated platform (e.g.,
immunoassay) than on a novel technology platform whose
acceptance is naturally slowed by economic (new clinical 1ab
investment), regulatory, and other factors. This fact argues
strongly that candidate IVD markers should be identified and
fully characterized as part of the discovery process, and should
then transition to a technology base better suited to adoption
in the clinical laboratory. The opportunity to combine immu-
noassay technologies and MS, which would be applied as a
sophisticated detector that can unambiguously identify ligands
appears to be aftractive. On the other hand, the costs associated
with the applicaton of MS as a detection unit in comparison
to other detection technologies are currently considered pro-
hibitive and most MS instrumentation falls far short of the
robustness, automation, and user-friendliness required for
routine laboratory operation. Nevertheless, while immunoas-
says dominate IVD protein measurements preseuntly, it appears
that the challenges of multiplexing such tests (e.g., on arrays)

1096 Journal of Proteome Research « Vol. 4, No. 4, 2005

Vitzthum et al.

are sufficiently daunting that quantitatdve mass spectrometry
may have value as an additional format for multiplexing protein
measurements in the future given aggressive technology de-
velopment.
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Microarray-Based Genomic DNA Profiling Technologies in
Clinical Molecular Diagnostics

Yiping Shen'23 and Bai-Lin Wu'34*

BACKGROUND: Microarray-based genomic DNA profil-
ing (MGDP) technologies are rapidly moving from
translational research to clinical diagnostics and have
revolutionized medical practices. Such technologies
have shown great advantages in detecting genomic im-
balances associated with genomic disorders and single-
gene diseases.

coxTENT: We discuss the development and applica-
tions of the major array platforms that are being used in
both academic and commercial laboratories. Although
no standardized platform is expected to emerge
soon, comprehensive oligonucleotide microarray
platforms—both comparative genomic hybridization
arrays and genotyping hybrid arrays—are rapidly be-
coming the methods of choice for their demonstrated
analytical validity in detecting genomic imbalances, for
their flexibility in incorporating customized designs
and updates, and for the advantage of being easily man-
ufactured. Copy number variants (CNVs), the form of
genomic deletions/duplications detected through
MGDP, are a common etiology for a variety of clinical
phenotypes. The widespread distribution of CNVs
poses great challenges in interpretation. A broad survey
of CNVs in the healthy population, combined with the
data accumulated from the patient population in clin-
ical laboratories, will provide a better understanding of
the nature of CNVs and enhance the power of identi-
fying genetic risk factors for medical conditions.

sumMarYy: MGDP technologies for molecular diagnos-
tics are still at an early stage but are rapidly evolving.
We are in the process of extensive clinical validation
and utility evaluation of different array designs and
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technical platforms. CNVs of currently unknown im-
portance will be a rich source of novel discoveries.
© 2009 American Association for Clinical Chemistry

Human DNA mutations range from single-nucleotide
changes to whole-chromosome alterations. At the
small-size end of the mutation spectrum, de novo
changes in single base pairs occur at the rate of about
1.7 X 1072 per base pair per generation (1). It is esti-
mated that there are 2 nonsilent point mutations in
eachnewborn (2 ). Atthelarge-size end of the mutation
spectrum, alterations in chromosome number causing
aneuploidy affect about 0.3% of live births (3). In be-
tween are microscopic and submicroscopic genomic
rearrangements involving different segments of chro-
mosomes that may affect many genes or exons of a
gene. The de novo rate of mutation of copy number
variants (CNVs)® in each newborn has been estimated
as 1 in 8 for deletion and 1 in 50 for duplication (2),
which are between the rates for de novo point muta-
tions and chromosomal aneuploidy. Recent studies
have shown that the human genome contains many
CNVs (4-7 ), which are the result of a distant (inher-
ited) or current (de novo) loss or gain of genomic
sequences.

A portion of these alterations will produce a
change in the human phenotype and in extreme cases
will cause abnormal development and medical condi-
tions. The purpose of clinical genetic diagnostics is to
detect such mutations effectively and to correlate these
changes with corresponding medical conditions. Vari-
ous methods have different resolutions that reveal dif-
ferent sizes of genomic imbalance (Fig. 1).

Point mutations can be detected effectively with
the Sanger sequencing method after specific amplifica-
tion of target regions by the PCR. The detection of
chromosomal aneuploidy and large rearrangements
are within the repertoire of traditional cytogenetics.

5 Nonstandard abbreviations: CNV, copy number variant; FISH, fluorescence in
situ hybridization; MLPA, muitiplex ligation-dependent probe amplification;
MGDP, microarray-based genomic DNA profiling; CGH, comparative genomic
hybridization; SNP, single-nudeotide polymorphism; BAC, bacterial artificial
chromosome; UPD, uniparental disomy; ASD, autism spectrum disorder; pCNV,
pathogenic CNV; bCNV, benign CNV; uCNV, CNV of unknown importance.
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BAC array CGH
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1kb 100 bp 10bp 1bp

Karyotyping can detect large chromosomal rearrangements with

Fig. 1. Various methods with different resolutions detect different sizes of genomic changes.
Point mutations {changes in single or multiple base pairs up to kilobase pairs) can be detected with Sanger DNA sequencing.

resolution (down to 100 kb) for detecting submicroscopic genomic imbalances, but it interrogates only selected loci at one time.
MLPA ‘and real-time PCR (RT-PCR) :complement FISH and DNA" sequencing, but - all ‘of ‘these ‘methods" suffer from a“low
information content, limited throughput, and the requirement of choosing candidate targets hefore the test. Microamrays [BAC
and oligonucleotide {oligo)] are capable of detecting both micrascopic and submicroscopic copy number changes for the whole
genome in a single assay. The high-resolution microarrays (oligo'CGH arrays ‘and SNP hybrid-arrays) provide the most efficient
means to identify genomic imbalance widely {(down to kilobase pairs and approaching base pair resolution).

low resolution (down to 5 Mh). FISH provides much higher

Fluorescence in situ hybridization (FISH) represents a
merging of cytogenetic techniques with molecular
technology. Such a merger and its applications in the
clinical setting were necessitated by the discovery of a
set of submicroscopic genomic imbalances associated
with specific clinical manifestations (collectively
known as microdeletion and microduplication syn-
dromes), but this method interrogates only selected
loci at a time. Other techniques designed to detect copy
number changes, such as multiplexligation-dependent
probe amplification (MLPA) and real-time PCR, are
complementary to those of FISH and DNA sequencing,
but all of these methods suffer from low information
content, limited throughput, and the requirement of
choosing candidate targets before the test.
Microarray-based genomic DNA profiling (MGDP)
technologies are capable of detecting both microscopic
and submicroscopic copy number changes for the whole
genorme in a single assay. They provide unprecedented
sensitivity and cost-effectiveness for a large group of mu-
tations that have evaded conventional approaches, and
they are changing dlinical practices. MGDP may be used
as a first-tier tool in clinical genetics for many conditions
previously evaluated via conventional cytogenetic ap-
proaches. We review the current status and some consid-
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erations regarding the clinical applications of MGDP
technologies.

Development of Genomic DNA
Profiling Microarrays

Microarrays have been widely used for gene expression
analysis in the past decade; however, it is worth men-
tioning that DNA microarrays were initially designed
for interrogating vast amounts of genomic sequence
polymorphisms and variants. The intention to use mi-
croarrays for diagnostic purposes was deeply rooted
from the very beginning. There are 2 major microarray
platforms for genomic DNA profiling— comparative
genomic hybridization (CGH) arrays and genotyping
arrays—which were developed in parallel yet interac-
tively. Regardless of the technical differences in chip
manufacturing and probe types used with these plat-
forms, they share the same principle and rely on the
specific hybridization of target and probe sequences.
CGH arrays use a 2-color scheme. The method infers
the copy number changes in a test sample by compar-
ing it with a reference sample. Genotyping arrays, on
the other hand, do not use a control sample; rather,
they use the intensity of the hybridization signal to in-
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dicate the relative DNA copy number. In addition,
genotyping arrays provide information on single-
nudeotide polymorphism (SNP) genotypes.

TRANSFORMATION OF CGH MICROARRAYS FROM LOW-
RESOLUTION TARGETED BAC ARRAYS TOWARD WHOLE-GENOME
HIGH-DENSITY OLIGONUCLEOTIDE ARRAYS

CGH was first reported by Kallioniemi et al. in 1992 to
interrogate cancer genomic DNA with metaphase
chromosomes as probes (8 ). The basic strategy of the
technique is to differentially label the DNA from cancer
cells and the DNA from healthy reference cells with
different fluorochromes and to cohybridize the labeled
samples to a metaphase spread from a healthy reference
cell. The ratio of the intensities of the 2 fluorochromes
reflects the copy number differences between cancer
cells and healthy cells. Because this technique uses
metaphase chromosomes as probes for hybridization,
it is now also called “chromosome CGH.” In essence,
chromosome CGH is similar to FISH painting, which
uses labeled DNA from the entire genome as the probe
set. This technology permits a genome-wide survey and
identifies the genomic imbalance at different regions of
specific chromosomes. Although chromosome CGH
has demonstrated its effectiveness in detecting larger
genomic imbalances in the cancer genome, the detec-
tion power has ultimately been limited by the resolu-
tion of a metaphase chromosome.

The major breakthrough in CGH came from
microarray technology about a decade ago. Instead of
hybridizing labeled genomic targets to metaphase
chromosomes, the new scheme uses cloned genomic
DNA as probes in a microarray format. Because these
probes contain sequence information that permits
their specific localization in the human genome, the
regions with a genomic imbalance can be delineated
by data-visualization software that denotes all of
the probes along the genome. The resolution of
microarray-based CGH, which is determined by the
density and size of the probe, is a substantial improve-
ment over chromosome CGH.

The first CGH microarray, termed matrix CGH,
was developed in 1997 by Solinas-Toldo et al. with cos-
mid and plasmid artificial chromosome clones as
probes (9). Subsequently, bacterial artificial chromo-
some (BAC) clones (10) and cDNA clones (11) were
used to construct CGH microarrays. Subsequent im-
provements were focused on increasing the probe
density and array coverage, as well as improving the
signal-to-noise ratio.

The most recent advancement in CGH microar-
rays has been the use of oligonucleotide sequences as
probes (12). Compared with BAC arrays, oligonucleo-
tide arrays have several advantages, including:

1. Reproducibility. As opposed to BAC arrays, in which
the content of the probe (ie, PCR product of a BAC
clone) varies from batch to batch, the probe sequences
in oligonucleotide arrays are uniformly defined and de-
void of highly repetitive sequences. Consequently, oligo-
nucleotide arrays are more reproducible.

2. Sensitivity and specificity. The smaller interprobe
spacing of oligonucleotide arrays offers a much higher
probe density for better detection of smaller genomic
imbalances and more accurate breakpoint mapping,
therefore providing much improved sensitivity over
BAC arrays. The fact that oligonucleotide probes are
selected from the reference human genome sequence
allows all users to use any sequence of interest as a po-
tential target, providing a specificity that is impossible
with BAC arrays, in which clones can be selected only
from existing libraries and need to be validated for their
physical location.

3. Customization. Oligonucleotide probes are syn-
thesized in situ on the arrays, allowing for easy cus-
tomization of content. In addition, many commercial
manufacturers offer a large number of preselected ar-
ray CGH oligonucleotide probes and computer inter-
faces, making custom design and updating of CGH
arrays quite feasible and fast for clinical laboratories,
whereas BAC arrays are cumbersome to update and
time-consuming for printing.

4. Robustness and reliability. The substantially in-
creased capacity of oligonucleotide arrays enables
multiprobe confirmation for a single event (the detec-
tion sensitivity and specificity are a function of consec-
utive probes), as well as increased robustness because
the higher signal-to-noise ratios provide higher confi-
dence in CNV diagnosis (13-15).

IMPROVEMENT OF GENOTYPING ARRAYS FROM LOW-
RESOLUTION SNP ARRAYS TO HIGH-RESOLUTION HYBRID
ARRAYS THAT INTEGRATE SNP AND CNV PROBES

Whereas CGH arrays successfully combine microarray
technology with CGH, genotyping arrays for CNVs
arose from SNP arrays that were originally designed for
sequencing (16 ), genotyping (17 ), and gene expression
(18). These SNP arrays with short oligonucleotides
were developed by Affymetrix with their proprietary
photolithographic technology (19). Since then, the
density of SNP arrays hasbeen growing constantly. The
DNA chips designed to genotype 10 X 10%, 50 X 102,
100 X 102, 500 X 10>, and even more SNPs have al-
lowed improved detection resolution.

At about the same time that Agilent Technologies
developed long oligonucleotide—based whole-genome
CGH arrays with their ink-jet technology (20), Af-
fymetrix SNP arrays demonstrated their ability to
detect changes in genomic copy number in addition
to genotyping (21-23). Similarly, llumina used a
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Table 1. Major commerdal oligonucleotide array platforms and their current products.
Resolution (median Oligonucleotide
Company Array platform probe spacing) Probe number probe type Detection
Agilent Technologies,  4x44K CGH array 43kb 43000+ 60-mer CNV
Santa Clara, CA , S
8x60K CGH array 4.4 kb 55000+
2x1 OSK CGH array 21.7 kb 99 000+
4x180K CGH amay 13kb 170 000+
244K CGH array 8.9kb 236000+
2x400K CGH array 5.3kb 411 000+
1"Million CGH array 21 kb 963 000+ ’
Affymetrix, Santa Clara, Genome-Wide Human 0.7 kb 906 600 SNP probes and ~ 25-mer CNV, genotype,
CcA SNP Array 6.0 946 000 CNV probes and LOH?
[llumina, San Diego, CA --HumanCNV370-Quad 49kb 320000 SNP probes and - -50-mer CNV, genotype,
DNA analysis 60°000 non-SNP and 'LOH
BeadChip probes for CNVs i
Human610-Quad DNA 2.7 kb 550 000 SNP probes and
analysis BeadChip 60 000 non-SNP
probes for CNVs
Human1M-Duo 1.5kb 1.1 %108 SNP and CNV
BeadChip probes targeting
: exons
NimbleGen, Madison, HG18 CGH 4x72K 40 kb 72000 50- to 75-mer  CNV
wi WG Tiling v2.0
385K WG Tiling, 627kb 385 000/array
single array
385K WG Tiling, 4-set 1.57 kb
array
385K WG Tiling, 8-set 713'bp
array
2LOH, loss of heterozygosity.

different manufacturing approach in commercializing
BeadChips for genotyping and copy number analysis
(24).

Table 1 lists the currently available oligonucleotide-
array platforms for genomic DNA profiling. Reduced
manufacturing costs, unprecedented detection power,
and the feasibility of custom design/updates have made
these arrays attractive in basic and translational research.

The major advance in genotyping arrays for
genomic profiling is the development of hybrid geno-
typing arrays, i.e., the Affymetrix Genome-Wide Hu-
man SNP Array 5.0 and the latest 6.0 version, which
combines SNP probes for genotyping with CNV
probes for detecting changes in copy number (25 ). The
SNP Array 5.0, which is the prototype of the hybrid
array, contains 500 000 SNP probes for genotyping and
420 000 nonpolymorphic probes for CNV analysis.
Among the nonpolymorphic probes, 320 000 probes
were chosen to provide even spacing across the ge-
nome, concentrating on areas not represented by
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SNPs, and the remaining 100 000 probes covered 2000
known CNVs (50 probes per CNV). The SNP Array 6.0
has 906 600 SNP probes, 744 000 copy number probes
evenly spaced along the genome, and another 202 000
probes that target 5700 previously reported CNV re-
gions. Thus, a single 6.0 array offers a total of 1.8 mil-
lion probes for simultaneous SNP genotyping, CNV
analysis, and loss-of-heterozygosity detection.
Although the Affymetrix SNP Array 6.0 (hybrid
arrays) is mainly a research tool at the moment, many
diagnostics laboratories are actively validating this
platform for clinical applications. Although long-
oligonucleotide CGH arrays do not have as many
probes as short-oligonucleotide genotyping arrays, the
signal-to-background dynamic range is generally bet-
ter with long-oligonucleotide CGH arrays; however,
the rich genotyping information, in addition to the
CNV data offered by the hybrid arrays, provides addi-
tional value to the platform. For instance, the genotyp-
ing data simultaneously provide information regarding
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the parent of origin for the detected de novo CNV if
parental samples have also been examined. The most
important advantage of the hybrid arrays is their ca-
pability of detecting copy number-neutral genomic
rearrangements, namely uniparental disomy (UPD),
through loss-of-heterozygosity analysis. In the long
run, the genotyping information can be used for SNP-
association analysis.

Translational Research and Applications of MGDP
Technologies for Patient Samples

MGDP technologies have been used extensively in clin-
ical and translational research for interrogating patient
samples. These studies provided crucial information
about clinical utility before their diagnostic applica-
tions. A recent review by Stankiewicz and Beaudet (26)
summarized the applications of microarrays for CGH,
primarily dealing with low-resolution or targeted BAC
arrays in the evaluation of patients with dysmorphic
features, developmental delay, and/or idiopathic men-
tal retardation. The published data produced with dif-
ferent array platforms and patient cohorts indicate an
overall detection rate for pathogenic genomic imbal-
ance of patients with multiple congenital anomalies
and/or developmental delay/mental retardation of
12%-18%. Only 3%—5% of such patients can be de-
tected by G-banded karyotyping, and an additional
9%-13% can be detected by microarray-based tests
(26). As expected, the detection rate is higher with
whole-genome tiling arrays than with targeted arrays.
A series of such studies overwhelmingly verified the
superior sensitivity and detection power of array CGH
compared with karyotyping and FISH analysis. As
mentioned above, the most important advance in array
CGH is replacing BACs with oligonucleotides. Simi-
larly, short-oligonucleotide arrays have also been vali-
dated against and found superior to BAC arrays.

INTERROGATING SAMPLES FROM PATIENTS AND HEALTHY
INDIVIDUALS WITH OLIGONUCLEOTIDE ARRAYS
Oligonudleotide CGH arrays became commercially
available in 2004 and now include platforms from Agi-
lent Technologies (20), NimbleGen (27 ), Affymetrix
(28), and Mumina (24) (Table 1). In-house spotted-
oligonudleotide arrays (29) and custom-designed oli-
gonucleotide CGH arrays (13, 14, 30—32) have also
demonstrated high sensitivity and reproducible detec-
tion of genomic imbalance in testing with samples
from patients and healthy individuals. Consequently,
many laboratories have shifted from BAC arrays to oli-
gonucleotide arrays (15 ). Some diagnostic laboratories
that provide large-scale services are now using oligonu-
cleotide arrays for clinical diagnostics.

ILLUM-0728

The initial implementation of oligonucleotide
CGH arrays for clinical applications focused on tar-
geted pathogenic genomic regions. Shen et al. devel-
oped targeted oligonucleotide arrays that used Agilent
custom arrays to interrogate 179 clinically relevant
genomic lodi (14 ). The multiplex arrays demonstrated
results that were 100% concordant with the findings
from BAC arrays, showing very high sensitivity. In ad-
dition, smaller genomic imbalances that were not de-
tectable by BAC arrays were reliably detected with this
oligonucleotide-array system (14 ). Similarly, Ou et al.
emulated BAC arrays with oligonucleotide probes and
created an array of 44 000 oligonucleotides that veri-
fied an enhanced ability for detecting copy number
changes compared with BAC arrays (13). In addition
to showing the superior analytical sensitivity of oligo-
nucleotide arrays compared with BAC arrays, these
studies also demonstrated the convenience of
oligonucleotide-array design and manufacturing.
Aradhya and Cherry used samples from 20 patients
with dysmorphic features, developmental delay, or
mental retardation to directly compare the perfor-
mance of whole-genome BAC arrays of 1-Mb resolu-
tion (Spectral Chip 2600; PerkinElmer) with that of
Agilent whole-genome oligonucleotide CGH arrays
of 35-kb resolution (33). All of these patients had a
typical karyotype. Ten clinically important genomic-
imbalance events were detected with the oligonucleo-
tide arrays, whereas only 6 were detected with the BAC
arrays. The study clearly demonstrated the superior ef-
fectiveness of the oligonucleotide arrays. Because of the
large size of the BAC clones and the widespread nature
of CNVs, BAC arrays provide very low specificity for
detecting CNVs. Conversely, oligonucleotide arrays
avoid repeat sequences via the selection of probes that
avoid nonspecific regions.

With the intention of improving the capture of
frequent subtelomeric imbalances associated with
developmental delay/mental retardation, custom-
designed oligonucleotide CGH arrays were developed
with improved coverage in subtelomeric regions. Ex-
ploiting the design concept used earlier in BAC arrays
(34), Toruner et al. (32) randomly removed one third
of the probes from an off-the-shelf Agilent whole-
genome CGH array of 44 000 probes and replaced
them with 14 000 subtelomeric probes. The resulting
arrays provided 5-kb resolution in subtelomeres and
125-kb resolution in the remaining genome. The oligo-
nucleotide CGH array—based molecular ruler (31 ), an-
other design that emerged at nearly the same time, pro-
vided 50-kb resolution for subtelomeric regions and
75-kb resolution for the rest of the genome. This array

~ detected a subtelomeric genomic imbalance of 10.9%

and a pathologic imbalance of 4.7% genome wide in
clinical samples (30). These custom designs provide
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Exhibit 120B



Table 2. Exon-level DNA-profiling arrays.

Saillour et al. (42)  NimbleGen ﬁling array

Hegde et al. (43) NimbleGen tiling ‘array - - DMD

Wong et al. (44) Agilent 44K array

disorders

tein); SGCE, sarcoglycan, epsilon; SGCZ, sarcoglycan zeta.
b Data not available.

Reference CGH array platform Target gene(s)® Specific probe no. Resolution
Rouleau et al. (38) Agilent 11K array BRCA1 1679 NA®
del Gaudio et al. Agilent 44K array DMD 8769 NA
{40)
Staaf et al. (41) Agilent 4x44K array BRCA1,'BRCA2, MSH2, MLH1, 9612 <500 bp, partial ‘exon

PTEN, and CDKN2A

CFTR, SGCA, SGCB, SGCD,
SGCE, SGCZ, and DMD

130 Nuclear genes ihvblved in
metabolic and mitochondrial

? BRCAT, breast cancer 1, early onset; BRCAZ, breast cancer 2, early onset; MSH2, mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli); MLH1, mutL homolog
1, colon cancer, nonpolyposis type 2 (E. coli); PTEN, phesphatase and tensin homalog; CDKN2A, cydlin-dependent kinase inhibitor 2A (melanoma, p16, inhibits
CDK4); CFTR, gystic fibrosis transmembrane conductance regulator (ATP-binding cassette sub~family C, member 7); SGCA, sarcoglycan, alpha (50kDa dystrophin-
associated glycoprotein); SGCB, sarcoglycan, beta (43kDa dystrophin-associated glycoprotein); SGCD, sarcoglycan, delta (35kDa dystrophin-associated glycopro-

72500 Single exon and

mosaic

385 747 (mean spacing, - - Single exon and
5bp) mosaic

=44 000 (mean spacing,  Single exon and
250-300 bp) mosaic

enhanced coverage for clinically relevant regions, as
well as decent coverage for the rest of genome for better
measurement of the sizes of imbalance events.

Compared with oligonucleotide CGH arrays,
fewer clinical applications have been studied on geno-
typing arrays. Friedman et al. used the Affymetrix 100K
SNP arrays to investigate genomic imbalance (28).
Eight control trios that included the unaffected parents
and an affected child with a previously recognized
chromosomal abnormality or UPD were studied. The
Affymetrix array detected the known abnormalities in
all control cases, including 4 cases of UPD. The array
also detected de novo deletions as small as 178 kb
among 100 idiopathic mental-retardation patients
with a typical karyotype. In addition, Ming et al. used
the 50K Xba chip from the Affymetrix 100K array set
for a similar study of patients with multiple congenital
anomalies (35). Although both studies illustrated the
sensitivity and detection power of Affymetrix arrays for
investigating genomic imbalance, the analytical sensi-
tivity and cutoff for detecting copy number—neutral
UPD have yet to be firmly established.

Flexible probe selection permits easy design of oli-
gonucleotide arrays that can detect deletions and du-
plications at the exon level of specific genes (Table 2).
Although PCR products for NFI® (neurofibromin 1)
(36), NF2 [neurofibromin 2 (merlin)] (37), and other
large, clinically important genes (38 ) have been used to

€ Human genes: NF1, neurofibromin 1; NF2, neurofibromin 2 (merfin); PARKZ,
Parkinson disease (autosomal recessive, juvenile) 2, parkin; DMD, dystrophin.
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develop exon-level microarrays, the current manufac-
turing technology for oligonucleotide arrays has sim-
plified the process so that it is more accessible to ordi-
nary laboratories. These custom-designed, target
gene—specific arrays detect duplication as effectively as
deletion at the single-exon level, with more precise
breakpoint mapping (39~44). Targeting panels of
genes associated with one disease at the exon level is
attractive for molecular diagnostics.

GENOMIC IMBALANCES IN AUTISM SPECTRUM DISORDERS

Autism spectram disorders (ASDs) are complex, per-
vasive developmental-delay disorders characterized by
impairments in communication, social interaction,
and behavior. Studies of twins have suggested a strong
genetic component to ASD. Thus far, few contributory
genes have been identified, but cytogenetic changes
have been one of the most consistent identifiable causes
of autism. Changes detectable by high-resolution
G-banding have been reported in 3%—5% of autism
patients (45), involving the chromosomal regions at
2q37, 5p15, 11g25, 16q22.3, 17p11.2, 18q21.1, 18¢23,
22ql11.2, 22913.3, and Xp22.2p22.3 (46). MGDP is a
powerful new venue for exploring the complex nature
of ASD genetics. Jacquemont et al. (47) used whole-
genome 1-Mb BAC CGH arrays to interrogate 29 syn-
dromic autism patients with typical karyotypes and
found that more than a quarter of the patients showed
spontaneous pathogenic copy number changes. The
size of the imbalances ranged from 2 Mb to 17.3 Mb.
This study highlighted the immense effectiveness of ar-
ray CGH in genetic analysis of patients with autism. It
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Table 3. Detection rate of clinically relevant CNVs in ASDs by array technologies.
Actual
Reference Array platforms resolution Patient cohort De novo CNV detection rate
Jacquemont et al. (47)  BAC CGH array - 1Mb 29 Syndromic autism . - 27.5% (8 of 29)
Sebat et al. (48) Oligonucleotide CGH array 35kb 118 Sporadic autism 10.2% (12 of 118)
77 Multiplex® familial =~ 3% (2 of 77)
: autism :
Szatmari et al. (49) Affymetrix 10K SNP array 476 kb 173 Families, simplex  5.8% (10 of 173)
Weiss et al. (50) Affymetrix 5.0 array 30kb 751 AGRE families 6.7% (50 of 751)
Christian et al. (51) BAC CGH array Tiling 19K set 397 AGRE samples 2.3% (9 of 397)
Marshall et al. (52) Affymetrix 500K SNP array 75kb 427 ASD families 6.3% mean (27 of 427); 71% (4
of 56) in simplex families; 2%
’ (1-of 49) in" multiplex families
Morrow et al. (56) Affymetrix 500K SNP array 75kb 42 Consanguineous 0
and targeted BAC CGH samples, multiplex
array
52 Consanguineous 1.9%(1 of 52)
samples; simplex
2 Multiplex, family with =2 ASD patients; simplex, family with 1 ASD patient; AGRE, Autism Genetic Resottrce Exchange.

also demonstrated that extensive genomic imbalances
are an important underlying cause of syndromic ASD.

In another study that used oligonucleotide arrays
with much higher resolution, Sebat et al. (48 ) revealed
the importance of de novo CNVs as genetic risk factors
for sporadic ASD. Subsequent studies have provided
further evidence to support the notion that copy num-
ber changes are strongly associated with idiopathic
ASD (49-55). Array technology has detected patho-
genic CNVs in 5.8%—10.2% of sporadic ASD patients
(Table 3), whereas the rate is consistently low in famil-
ial ASD patients (2%—3%). This finding suggests that
there are 2 different ASD genetic mechanisms: sporadic
ASDs are more likely to be caused by de novo deletions
or duplications, whereas familial ASDs are more likely
to be due to other types of inherited mutations. Array
studies with consanguineous families further demon-
strated the existence of recessive gene mutations that
are largely not genomic deletions or duplications (56).

Collectively, these studies clearly demonstrate the
clinical value of genomic profiling in the evaluation of
autism. It is strongly evident that the detection yield of
MGDP is much more consistent and higher than tra-
ditional cytogenetic techniques (57).

Clinical Validation and Diagnostic Applications of
MGDP Technologies

CLINICAL VALIDATION—SENSITIVITY AND SPECIFICITY
As for any new technology, systematic validation is re-
quired before MGDP can be used for routine clinical

”J.UM—O730

applications (14, 58, 59). The validation process should
test all aspects of a new technology, but most impor-
tantly the sensitivity and specificity. Sensitivity and
specificity are often tested by means of a positively test-
ing cohort with known mutations that have been iden-
tified with a well-accepted technology. In the case of
MGDP, results from karyotyping and FISH studies are
often used. Typically, sensitivity testing examines the
false-negative rate, and specificity testing inspects the
false-positive rate; however, several aspects of MGDP
validation are unique.

Microarray technology is analog in nature. The
change in genomic copy number is reflected by a
change in signal intensity or a color shift (red vs green)
of the microarray features (probe spots). The first crit-
ical step is to define the analytical resolution, i.e., the
size of CNV that can be detected reliably. Assuming
that the feature-analysis software is well established for
each array platform (not necessarily the case), CNV
calling depends on the algorithm used. Owing to the
different array platforms and probe densities, the ana-
Iytical resohution of each array needs to be specifically
defined. It is important to note that sensitivity and
specificity vary, depending on the number of consecu-
tive probes examined. Higher sensitivity and specificity
can be achieved when more consecutive probes are
used. In addition, the signal-to-background ratio for a
deletion or duplication changes with the array plat-
form, the labeling chemistry, and the hybridization
protocol. Thus, it is necessary to define an appropriate
threshold for each clinical-array design. For example,

Clinical Chemistry 55:4 (2009) 665




Alang et al. {/uj - AJIERT 44K wnole-genome 5y

oligo CGH array

>>00 kb

°Gl, genomic imbalance; CMA, chromosomal microarray analysis; NA, data not available; oligo, oligonucieotide.

6.00% 12.00%

chromosomal mosaicism is not so rare in patients with
birth defects and mental retardation. BAC arrays have
found 8% of abnormal findings to be mosaic muta-
tions; however, different array platforms have different
sensitivities for detecting mosaicism (60—62).

Because microarray technology has much higher
resolution than karyotyping and FISH, its analytical
resolution cannot be assessed by karyotyping or
FISH. In many cases, additional CNVs not detectable
by karyotyping or FISH were identified with array
technologies. Therefore, other technologies covering
smaller-scale mutations, such as MLPA, real-time PCR,
or even PCR/sequencing, should be used for validation
purposes (14).

CLINICAL VALIDATION—PLATFORM PITFALLS

It is also necessary to check for missing spots on the
array that may be clinically important. For example,
some commercial arrays do not cover the pseudochro-
mosomal regions of chromosomes X and Y. On the
other hand, poor-performing probes (mismapped or
poorly hybridizing probes) should be taken out of the
array (59). The latter action is particularly necessary in
BAC arrays because one mismapped or poorly hybrid-
izing clone will appreciably affect detection sensitivity
and specificity. Most of these poorly hybridizing BAC
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clones may contain low-copy repeats. Thus, the pres-
ence of low-copy repeats is more of a problem in the
BAC probe than the oligonucleotide probe, whereas
oligonucleotide probes that do not perform well may
contain secondary structure. Identifying such bad
probes and removing them will improve array perfor-
mance considerably (14). Although such probes can-
not be removed from commercial chips, posthybrid-
ization data analysis (data filtering) can provide an
alternative solution for amending this problem.

It has been suggested that a minimum of 30 ab-
normal samples be used for clinical validation (58 );
however, the region and size of the genomic im-
balance that the abnormal cases cover are more im-
portant than the actual number. Ideally, every probe
should be evaluated with abnormal samples. For this
purpose, aneuploidy cell lines, as well as samples
with well-defined genomic imbalances of different
sizes, are very valuable.

UNDERSTANDING CNVs

The most important issue for array interpretation in clin-
ical genetic testing is to define the nature of the identified
CNVs (63). In general, CNVs can be categorized into 3
major groups: CNVs with established pathogenicity
(pCNVs), ie, deletions/duplications that overlap with re-
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