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Abstract — The application of the knowledge from the Human Genome Project to clinical medicine will be
through both industrial drug development and the application of pharmacogenomics (PG) to patient care. The
slow uptake of clinical innovations into clinical practice can be frustrating, but understanding the history of accep-
tance and sustaining medical innovation is critically important to position PG to succeed. This primarily means
that PG tests must have legitimacy; they must be thoroughly validated, must be cost-effective, must be widely
accepted by medical practitioners, must be supported by public policy, and must have a way of being easily incor-
porated into current medical practice. They must also lead to actionalble decisions by health care providers for
their patients. Innovative PG assays should be tested in the best US laboratories, and reimbursement for testing
must be accepted at the federal and state level. The companies providing these PG tests should be capable of sup-
porting the interpretation and use of the test throughout medical practice. Advances such as the addition of PG
information to drug labeling and the routine use of validated biomarkers to determine choice of cancer chemo-
therapy have been made. The PG research community must pay attention to the principles that have been pre-
viously described for acceptance and sustaining medical innovations in order for PG to be widely accepted in

clinical medical practice.
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" INTRODUCTION

The 21% century should be the century of personalized med-
icine, but the integration of knowledge gained from the Human
Genome Project into clinical practice is a slow process. Even
small changes in medical practice have always come slowly,
and the full integration of pharmacogenomics (PG) into clinical
practice could amount to a complete rebuilding of the drug pre-
scribing and monitoring process. The knowledge that patients
who might otherwise benefit from our current knowledge of
PG are sull either receiving suboptimal care or are suffering
adverse drug reactions is frustrating. Calls for a complete
restructuring of the pharmaceutical industry to accommodate
PG-driven changes are both unrealistic and ignore the usual
patterns of inclusions of medical innovations into practice
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(Evans et al., 2004). However, clear progress is being made in
integrating PG into the drug development process and into clin-
ical practice. The objectives of this review are to (1) review the
factors that drive and sustain innovation in clinical practice, (2)
discuss the implications of these factors for PG, and (3) provide
examples of in which progress is being made toward utilizing
PG information in clinical practice.

WHAT FACTORS WILL DRIVE AND
SUSTAIN INNOVATION IN CLINICAL
PRACTICE?

In the social science field, an extensive literature exists
regarding medical innovation, and the problems associated
with having this innovation adopted and sustained in clinical
practice. Table I lists the tenets of legitimacy, organizational
factors, and intermediary functions which make innovations
more or less likely to be adopted (Racine, 2006). The PG impli-
cations of each of these tenets are listed in Table 1; and are
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Table L. Factors necessary to sustain any new medical innovation in practice?, and its implications for pharmacogenomics

Factor

Implication for pharmacogenomics

Legitimacy

1. Innovations that are validated are more likely to be adopted
and sustained. )

2. Cost effective procedures are much likely to be adopted
and sustained.

3. Innovations that depart from existing procedures are less
likely to be adopted.

4. Practitioners must accept the legiti-macy of the innovation
before they will learn, adopt and sustain the procedure.

5. An innovation is more likely to be sustained if there is a stable
public policy supporting it.

6. The more dependent an innovation is on its founder, the less likely
that it is to be sustained.

Organizational factors
1. The more prior experience that an organization has with

initiating innovations, the more effective that it assays and procedures.

2. Innovations that generate symbolic or reputational advantage
are more likely to be adopted and sustained.

3. The more influential the organization, the more likely it is

New PG assays should not be pushed into clinical practice until they
have been fully validated.

Cost effectiveness studies are needed as part of the evaluation of
new PG assays.

The implementation of PG assays and use of assay results must be
simplified into procedures that match clinical practice.

Educational programs in PG should be adopted by universities for
clinical trainees, and education for clinical practitioners should be
developed and disseminated.

The adoption of PG into public policy (e.g. drug labeling) and
accepted medical practice is essential.

PG studies must be widely reproduced so that their results are
widely applicable.

Innovative healthcare organizations should be targeted for
implementation of new PG will be at this process.

Patients should be informed of availability of PG innovations so that
they will seek out organizations that provide these services.

The certification and reimbursement for PG analyses should be

that the innovation will be adopted and sustained by other organizations.sought from federal and state healthcare providers.

Intermediary functions

1. The greater the technical competence of the intermediary,
the better it will be to support and maintain the innovation.

2. The greater the contact between the intermediary and the
institution, the greater the fidelity in initiating the innovation.

Companies supporting PG assays should extensive experience with
the assay before widespread distribution.

The assimilation of PG assays into institutions will work best when
the institution has an established relationship with the assay
company.

*From (Racine, 2006)

more extensively discussed with examples below.

Legitimacy:

1. Innovations that are validated are more likely to be
adopted and sustained. The validation of a PG test is dependent
on a number of factors including the frequency of the observa-
tion, the potential impact that the test has on patient care, and
the difficulty in linking the PG test to an established objective
surrogate marker or clinical observation (Rolan et al., 2003).
Current experience to date provides examples of both PG
biomarkers that are well established and validated, and PG tests
that should not presently be pursued in clinical practice.

The most obvious examples of PG biomarkers that are
clearly validated are those associated with the use of a thera-
peutic monoclonal antibody or agent directed against the
marker. Both the human epidermal growth factor receptor 2
(HER?2) marker, where overexpression of HER? is required for
therapy with trastuzumab, and epidermal growth factor recep-

tor (EGFR) expression, which has specified expression patterns
as a guide to erlotinib and cetuximab therapy, are examples of
validated PG biomarkers. Trastuzumab was approved for use'in
2000, and a survey of the use of the HER? test was reported in
2006. The test is now used in Europe by 84% of the survey
respondents, suggesting wide acceptance of the test (Woel-
derink et al., 2006). The co-development of the test and the
drug generally would be expected to lead to a higher uptake
rate of the test.

Other well established test procedures include the DNA test
for polymorphisms in thiopurine methyltransferase (TPMT).
The enzyme TPMT is necessary for the breakdown of myelo-
suppressive metabolites of 6-mercaptopurine (6-MP) or azathi-
oprine. While the homozygous variant polymorphism is rare
(1:300), the implications for therapy can be dramatic. Eleven
polymorphisms for TPMT have been found to be associated
with lower enzyme activity (Evans, 2004). Children given full
doses of 6-MP for acute lymphocytic leukemia who are variant
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for TPMT have a significantly increased risk of drug toxicity.
Organ transplant patients who are heterozygous for variants of
TPMT have also been shown to be much more susceptible to
myelotoxicity from azathioprine (Kurzawski ef al., 2005). In
spite of the potential for TPMT PG testing, only 12% of centers
surveyed in Europe perform TPMT testing when TPMT sub-
strates are prescribed (Woelderink et al., 2006). In contrast to
HER2/Herceptin, TPMT/6-MP is not well known and 6-MP
has been in use for over 50 years. The adverse effects of 6-MP
have been accepted as the cost of treating a setious disease.
However, that view is changing in the medical community.

The question of whether PG tests have to be validated in pro-
spective trials is under debate, and specifically applies to the
testing of VKORC1 and CYP2C9 genotypes in patients given
the anticoagulant warfarin. The effect of VKORCI on war-
farin’s anticoagulant effect and of CYP2C9 on warfarin metab-
olism are well documented in numerous retrospective studies
(Herman et al., 2003; Rieder et al., 2005; Sconce et al., 2005;
Mushiroda et al., 2006). Observational studies, both prospec-
tive and retrospective, are an important source of new medical
knowledge because they represent real clinical practice set-
tings. Considering the high rate of adverse effects, the fact that
up to 7% of patients may have a serious bleed while on war-
farin, and the current understanding of the factors that affect
warfarin dosing, retrospective studies have provided the basis
for relabeling warfarin to include PG information. Pharmaco-
genetics has explained the significant dosage variations in war-
farin dosing between ethnic groups (Veenstra et al., 2005).
Even then, skeptics exist as to the positive impact of PG testing
when other phenotypic testing, such as the INR, is so com-
monly performed. What is missed is that INR measurments are
reactive and time-delayed whereas PG is intended to predict
and prevent events before they happen. Other arguments
against PG testing for warfarin include the lack of a common
dosing nomogram using VKORCI1 and CYP2C9 and the lack
of a pharmacoeconomic assessment of this testing. One such
nomogram has been suggested, but has not been prospectively
tested (Sconce et al., 2005). These arguments may be critical to
resolve to be able to have widespread adoption of PG testing
for warfarin and for this testing to be sustained in the future.

A real danger exist in promoting PG testing that has not been
validated. The best example of this concept is the promotion of
CYP3AS testing for the dosing of tacrolimus in organ trans-
plant patients (Zheng et al., 2003; Zheng et al., 2004). One
author has suggested that double the usual tacrolimus dose be
administered to CYP3AS5 expressors, but this is a dosing

scheme that has not been tested (MacPhee et al., 2004). This
tacrolimus dosing scheme is not advisable on the basis of cur-
rent information (Burckart et al., 2006). Since tacrolimus blood
concentrations are routinely monitored after transplantation, a
PG test that poorly predicts blood concentrations is not a test
that PG advocates should be endorsing. Especially at the begin-
ning of acceptance into clinical practice, PG testing should be
based on well validated markers and studies which will sustain
the growth of this field in the future.

2. Cost effective procedures are much likely to be adopted
and sustained. Several pharmacoeconomic studies have been
conducted with PG testing. Positive cost savings have been
claimed for TPMT in rtheumatoid arthritis patients (Matra et al.,
2002), for CYP2C19 testing in H. pylori infections (Lehmann
et al., 2003), and in CYP2C9 testing for warfarin dosing (You
et al., 2004). The end points in these small studies were the pre-
vention of adverse events or the avoidance of a complication,
both of which are more difficult to put a specific monetary
value on.

One type of PG testing in heart transplant patients is com-
mercially available from XDx (xdx.com), and is called Allo-
map. This peripheral blood test extracts mRNA from peripheral
blood cells and amplifies sequences from 11 genes. Using a
scoring system that was validated in comparison to heart trans-
plant biopsies, the Allomap test allows patients with a lower
score to avoid undergoing a cardiac catherization and heart
biopsy. The heart biopsy procedure cost $3,000 - $4,000, so the
company has had no problem in seeking reimbursement of the
Allomap test from health insurers.

Pharmacoeconomic studies in patient populations from large
health maintenance organizations or pharmacy benefits manag-
ers are still necessary to assure the third party payers that PG
testing is cost effective.

3. Innovations that depart from existing procedures are less
likely to be adopted. Many health professionals are not trained
in the interpretation of PG data, so even a report on one single
nucleotide polymorphism (SNP) may be confusing. Therefore
the use of PG information in applications to patient care should
be well thought out, and use simple but informative formats for
reporting and using PG data. The Allomap system cited above
is one example of turning a complex result into a score that then
has a meaningful interpretation. AIDS resistance testing, and
their reporting of results, is another example. With warfarin
dosing, dosing nomograms are now being constructed and
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tested that combine both VKORC1 and CYP2C9 polymor-
phisms along with clinical information to provide a starting

dose for warfarin.

4. Practitioners must accept the legitimacy of the innovation
before they will learn, adopt and sustain the procedure. Cur-
rently little information is included about PG in university edu-
cational programs for physicians and pharmacists. At the
University of Southern California, a four-week course in PG
was initiated for Pharm.D. students in 2004. Pharmacy schools
routinely include some information on PG in their curriculum,
but no information is currently available on the inclusion in
physician education.

A bigger problem is the training of existing medical person-
nel currently in practice. The need for education in PG in a vari-
ety of settings is of critical importance (Frueh et al., 2005). One
Web-based educational program is being developed by the US
Food and Drug Administration in collaboration with the Amer-
ican College of Clinical Pharmacology, and should be available
for viewing in the Spring of 2007.

For some dosing algorithms, such as the one being devel-
oped for warfarin, a Web-based dosing calculation that could
be used online or offline may be the best solution for universal
availability. Currently, a Web search of warfarin nomograms
brings up over 22,000 hits, none of which incorporate PG test-
ing. We are however aware of several nomograms being devel-
oped for use over the internet.

5. An innovation is more likely to be sustained if there is a
stable public policy supporting it. The adoption of PG into pub-
lic policy and accepted medical practice is an essential part to

the establishment of PG in clinical practice. One approach
being pursued by the Office of Clinical Pharmacology, US
Food and Drug Administration is to include PG information
into drug labeling. Presently about 10% of all approved drug
labels contain PG information. Table II list the currently
approved drugs in the US which have labeling with PG biom-
arkers (Mummaneni et al., 2006). The relabeling of warfarin to
contain information on VKORC1! and CYP2C9 was recom-
mended by the Clinical Pharmacology Advisory Committee in
the Fall of 2005, and is negotiating the new label with the spon-
sor is currently in progress.

A second approach is to pass federal legislation which pro-
vides access to PG testing for personalized medicine. In
August, 2006, Senator Barack Obama from Illinois introduced
a bill entitled the “Genomics and Personalized Medicine Act of
2006” (S.3822), the stated purpose of which is to “improve
access to and appropriate utilization of valid, reliable, and accu-
rate molecular genetic tests by all populations, thus helping to
secure the promise of personalized medicine for all Ameri-
cans.” This bill would provide for a genomics and Personalized
Medicine Interagency Working Group, expansion of genetics
and genomics research, training programs for health care pro-
viders, and tax credits for the development of new testing meth-
ods. While the fate of this bill is uncertain at present, it would
have an impact on bringing PG to the forefront of public policy.

6. The more dependent an innovation is on its founder, the
less likely that it is to be sustained. At the current time, PG
research expertise and clinical research programs are focused in
a small number of centers in the US and internationally. The
acceptance of PG testing in clinical practice depends upon the

Table IL Pharmacogenomic biomarkers currently in labeling in US approved drugs.?

Biomarker Drug Label status
EGFR expression Erlotinib Required
Her2/neu Over-expression Trastuzumab Required
TPMT Low and intermediate Activity Azathioprine Recommended
UGT1A1%28 Allele Irinotecan Recommended
VKORC1 Variants Warfarin Recommended

C-KIT expression

CYP2C19 Variants Voriconazole
CYP2C9 Variants Celecoxib
CYP2D6 Variants Fluoxetine HCL
DPD Deficiency Capecitabine
G6PD Deficiency Rasburicase
NAT Variants

Imatinib mesylate

Rifampin, isoniazid, and pyrazinamide

Information only
Information only
Information only
Information only
Information only
Information only
Information only

From (Mummaneni et al., 2006)
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wide application of the pivotal studies that have established
clear associations with improvements in patient care.

Organizational factors

1. The more prior experience that an organization has with
initiating innovations, the more effective that it will be at this
process. Some large health maintenance organizations in the
US have a history of initiating innovative medical practice. For
example, a Medline search of 1996 to 2006 identifies 587 stud-
ies conducted by the Kaiser Permanente health maintenance
organization. Of those 587 studies, 27 dealt with cost effective-
ness, but none of those studies dealt with pharmacogenomics.
Kaiser Permanente and similar organizations should be encour-
aged to undertake PG studies to assess the benefits of PG tests
and their cost effectiveness.

2. Innovations that generate symbolic or reputational advan-
tage are more likely to be adopted and sustained. Patient advo-
cacy is a powerful force in the United States. The best example
of patient advocacy was the movement to cure AIDS that was
initiated in the 1980’s in the US and continues today. People are
well informed today, and information concerning the potential
benefits of the Human Genome Project have been in the news
for 10 years now. People, more than ever, want to know what
drug is right for them and will this drug or that drug hurt them.
A recent editorial in the New England of Medicine even criti-
cized the advertising for genetic testing that was available
through the internet (Wolfberg, 2006). Therefore the ability of
an institution or organization to perform innovative PG testing
must be must be viewed as an advantage by health care provid-
ers, and add to their reputational advantage.

3. The more influential the organization, the more likely it is
that the innovation will be adopted and sustained by other
organizations. The provision of a service by the federal govern-
ment through one of their health care programs is generally
viewed as acceptance by the medical community of the value
of that service. While PG has plenty of visibility at the US FDA
and National Institutes of Health level, the inclusion in funding
for laboratory testing for federal health care beneficiaries is
essential for making these services broadly available in medical
practice in the US.

Intermediary functions
1. The greater the technical competence of the intermediary,
the better it will be to support and maintain the innovation. In

order to be accepted into medical practice, PG tests have to
readily available and reliable. The coupling of a testing device
and a labeling change for a drug by the FDA has been a critical
part of making reliable testing available for the medical com-
munity. Roche Diagnostics has incorporated Affymetrix tech-
nology into the Amplichip for analyzing CYP2D6 and
CYP2C19 polymorphisms, and this test is now FDA-approved.
While the widespread availability of this test is viewed as being
positive, considering that 23% of PG drug labeling is related to
CYP2D6, the actual amount of testing that is being performed
in the US is minor in comparison with the use of drugs that are
CYP2D6 substrates. This fact suggests that CYP2D6 testing
has not passed the legitimacy test as presently judged by the
medical community, and that a device company as an interme-
diary has not actively pursued the marketing of this device.
Laboratories and laboratory directors, as will as diagnostic
companies, should take more inititative in this area coupling
test interpretation and education with the provision of a testing
service.

2. The greater the contact between the intermediary and the
institution, the greater the fidelity in initiating the innovation.
This tenet suggests that the companies that market PG tests
must be large enough to actively support the wide application
of the test to patient care. With many of the currently available
tests, the company is small or has limited capacity to directly
support the widespread use of the PG test throughout the US.
For example, Third Wave Technology is the company that has
produced the UGT'1A1 test for irinotecan. On its Website, Third
Wave Technology presently states that it has 140 customers.
While this coverage may be sufficient for major cancer centers
in the US, broad availability throughout medical practice for a
PG test will require adoption by companies with a much larger
customer base and support system.

CONCLUSION

The incorporation of PG testing into clinical practice is
occurring much more slowly than advocates would like, but
this is a critical time for establishing the legitimacy of PG test-
ing so that its use is sustained over time. PG cannot be expected
to be a revolution in medicine but more of an evolutionary
change in practice of medicine. The interest in personalized
medicine or individualization of medicine and comprehensive
prospective medical treatment of diseases (i.e., “boutique med-
icine”) is increasing in the medical and public sectors. PG has a
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major role in this. The factors that support the acceptance and
sustaining innovations in medical practice, such as PG testing,
are well understood, and we should apply these concepts in
advancing the clinical science of PG testing. This primarily
means that PG tests must be science — based with evidence of
clinical utility, thoroughly validated, must be more cost-effec-
tive than the alternatives, must be widely accepted by medical
practitioners, must be supported by public policy, and must
have a way of being easily incorporated into current medical
practice. Innovative PG procedures should be tested in the best
US and other worldwide institutions, and reimbursement for
testing must be accepted at the federal and state level. The com-
panies providing these PG tests should be capable of support-
ing the use of the test throughout medical practice. Rather than
pushing PG testing that may not be sustained in the future, the
PG research community must pay attention to the principles
that have been previously established for acceptance and sus-
taining medical innovations.
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