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ABSTRACT

On April 16, 1999, a short article appeared in The Wall
Street Journal entitled “New Era of Personalized Medicine:
Targeting Drugs for Each Unique Genetic Profile,” and here,
the public was introduced to the term “personalized medi-
cine” for the first time. A few months after publication of
the article, it was reprinted in The Oncologist. The article
describes the formation of the Single Nucleotide Polymor-
phisms Consortium, which was established as a collabora-
tion between a number of major pharmaceutical companies
and several academic research institutions, with support
from the Wellcome Trust Foundation. Reading the article
today, one will find that several of the important arguments
for an individualized therapy are described in a similar way
as we have known it from the past 20 years of discussion.
The article mentioned the poor efficacy of the current

pharmacotherapy, disease heterogeneity, and genetic vari-
ability, a showdown with the “one-size-fits-all” approach,
and the use of predictive safety and efficacy biomarkers.
Today, personal medicine is in competition with other terms
such as “precision medicine” and “stratified medicine” and
is no longer the preferred term for describing the individual-
ized health care approach. Even though personalized medi-
cine arose from the idea of improving and individualizing
pharmacotherapy, the concept has influenced most other
areas of our health care system. No matter if we use the
term precision medicine or personalized medicine, the ideas
that originated 20 years ago have greatly impacted the way
we develop and implement new initiatives in relation to
diagnosis, prevention, and treatment today. The Oncologist
2019;24:e432–e440

Implications for Practice: Since the publication of the ideas behind personalized medicine in The Wall Street Journal and
The Oncologist 20 year ago, they have permeated medical research and innovation. This review will provide an overview
of the background, definitions, and terminology and will describe some of the achievements in relation to the treatment
of malignant diseases.

INTRODUCTION

On April 16, 1999, a short article appeared in The Wall
Street Journal entitled “New Era of Personalized Medicine:
Targeting Drugs for Each Unique Genetic Profile,” and here,
the public was introduced to the term “personalized medi-
cine” for the first time [1]. Two staff reporters, Robert
Langreth and Michael Waldholz, wrote the article that
described the formation of the Single Nucleotide Polymor-
phisms (SNP) Consortium. This consortium was established
as a collaboration between a number of major pharmaceuti-
cal companies and several academic research institutions in
the U.S. and U.K. with the support from the Wellcome Trust
Foundation [2]. The goal was to provide a public resource
on SNPs in the human genome, and the plan was to identify
at least 300,000 [3]. The motivation for the pharmaceutical

companies to join the consortium was the possibility of
developing drugs designed to target the individual patients’
molecular and genetic makeups and thereby individualize
pharmacotherapy. A few months after the article first
appeared in The Wall Street Journal, it reappeared in The
Oncologist [1]. If you make a PubMed search today using
the search-term personalized medicine, The Oncologist ver-
sion of the article from 1999 will show up as the first dis-
cussing personalized medicine as we perceive it today. By
republishing The Wall Street Journal article 20 years ago,
The Oncologist became the first journal to introduce the
idea of personalized medicine to the medical community,
a topic that they have covered and promoted excellently
ever since.

Correspondence: Jan Trøst Jørgensen, Ph.D., Dx-Rx Institute, Baunevaenget 76, 3480 Fredensborg, Denmark. Telephone: 45 4848
0528; e-mail: jan.trost@dx-rx.dk Received January 21, 2019; accepted for publication February 25, 2019; published Online First on April
2, 2019. http://dx.doi.org/10.1634/theoncologist.2019-0054

© AlphaMed Press 2019The Oncologist 2019;24:e432–e440 www.TheOncologist.com

Commentary

https://orcid.org/0000-0001-6255-0006
mailto:jan.trost@dx-rx.dk
http://dx.doi.org/10.1634/theoncologist.2019-0054


The article by Langreth and Waldholz contained several
of the arguments for individualizing pharmacotherapy, as we
know them, from the past 20 years of discussions [1]. They
stated that the current pharmacotherapy was a “one-size-
fits-all” approach in which even the best drugs work in only
50%–70% of the patients. This aspect was also addressed a
couple of years later by Spear et al. in an article published in
Trends in Molecular Medicine in 2001, which has been
quoted frequently in relation to the discussion about effi-
cacy of pharmacotherapy and personalized medicine [4, 5].
Langreth and Waldholz also mentioned disease heterogene-
ity and the genetic variability as a factor that may impact the
treatment outcome negatively. Furthermore, it was empha-
sized that an understanding of this variability might be able
to improve the treatment outcome for the single patient.

The concept of companion diagnostics was also described
but not mentioned in general terms as such; however, the
authors discussed a simple diagnostic test that could inform
the treating physicians of who would benefit from certain
drugs and who was at risk of developing serious side effects.
The description given in the article is very close to the defini-
tions of companion diagnostics, recently defined in different
guidance documents issued by the regulators in the U.S., the
European Union (EU), and other countries worldwide [6, 7].
The article gave several examples of when a diagnostic test
could be potentially useful as a treatment decision tool. One
example was in relation to treatment of women with breast
cancer. Just a few months before the article was published in
The Wall Street Journal, the first treatment based on a mono-
clonal antibody guided by a diagnostic test was approved by
the Food and Drug Administration (FDA). At the end of
September 1998, trastuzumab (Herceptin; Genentech, South
San Francisco, CA) obtained regulatory approval for treat-
ment of patients with metastatic breast cancer whose
tumors overexpress the HER2 protein [8]. An immunohisto-
chemical assay (HercepTest; Dako, Glostrup, Denmark) for
detecting HER2 overexpression in the tumor tissue was
approved simultaneously with the drug [9]. This assay aimed
at selecting patients likely to respond to treatment with
trastuzumab. The development of trastuzumab was the first
drug to use the drug-diagnostic codevelopment model, in
which a companion diagnostic assay is developed in parallel
to the drug based on a thorough molecular understanding of
the pathophysiology and the mechanism of action of the
drug. Since the turn of the century this model has proven
successful numerous times, especially within oncology and
hematology [10].

Although trastuzumab was the first targeted cancer drug
to use the drug-diagnostic codevelopment model success-
fully, the first steps to combine drugs and diagnostics were
taken 2 decades earlier. Here, the selective estrogen receptor
modulator tamoxifen (Nolvadex; AstraZeneca, Cambridge,
U.K.) was developed for treatment of metastatic breast can-
cer, and data on the estrogen receptor (ER) status was corre-
lated with treatment outcome. Based on the results from a
phase II trial, published in 1976, the investigators concluded
that “the high degree of correlation between response and
positive ER suggests the value of this test as a means to
select patients for tamoxifen treatment” [11]. However, in
this phase II trial, testing for ER status was only performed in

17 out of 76 enrolled patients, and the test result was not
used as a selection criterion as we know it from today’s
enrichment trial design.

Just after the turn of the century, another important
milestone for targeted therapy was passed, namely the
development and regulatory approval of the small molecule
tyrosine kinase inhibitor imatinib (Gleevec; Novartis, Basel,
Switzerland) [12]. This drug inhibits the BCR-ABL protein tyro-
sine kinase, a constitutively activated tyrosine kinase, which
is present in virtually all patients with chronic myeloid leuke-
mia (CML). The cause of CML is the translocation of regions
of the BCR and ABL genes to form a BCR-ABL fusion gene,
and the product of this gene is the BCR-ABL protein. Clinical
studies with imatinib induced impressive high rates of both
cytogenetic and hematologic responses in patients with CML
[13, 14].

INDIVIDUALIZED PHARMACOTHERAPY

The goal of individualized pharmacotherapy has been on
the agenda of the health care providers for decades, and
one of the key elements in this effort has been the princi-
ples of rational use of drugs or rational pharmacotherapy.
The essence of these principles was that the individual
patients should receive medications appropriate to their
clinical needs in order to optimize the benefit and minimize
the harm. Already in the 1960s and 70s, these principles
were translated into, for example, “the right drug for the
right patient in the right dose at the right time.” [15, 16].
When we discuss personalized medicine today, we still use
the same different “rights” to describe the concept. How-
ever, there is one major difference when we compare then
with now, and that is the increase in our molecular under-
standing of the pathophysiology and the mechanisms of
action of drugs, which is essential to the implementation of
individualized pharmacotherapy and personalized medicine.

In the 1970s, the importance of a molecular understand-
ing was already recognized, and when we look in a textbook
on basic pharmacology from the 70s, we find the following
comment regarding the concept of rational pharmacother-
apy: “However, our knowledge about the pathophysiology,
including the biochemical lesions for the underlying disease,
is incomplete, which also applies to the kinetics and dynam-
ics of a number of drugs. Consequently, the objectives of
rational pharmacotherapy are rarely achieved in practice”
[17]. During the past decades, we have experienced substan-
tial advances in molecular medicine, which have slowly
enabled us to start to practice a more individualized pharma-
cotherapy and develop drugs for defined subsets of patients.
We have improved our molecular understanding of the drug
mechanism of action as well as the exposure-response rela-
tionship [18]. Furthermore, we have recognized that most
diseases are heterogeneous and in order to achieve a more
effective and safer pharmacotherapy drugs must be devel-
oped accordingly [19].

DEFINITIONS

Despite being 20 years since Langreth and Waldholz launched
the idea on the “New Era of Personalized Medicine,” there is
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still no clear general consensus on the definition of personal-
ized medicine. Especially within one disease area, namely
oncology and hematology, the idea of individualized therapy
has had great impact and here, the National Cancer Institute
(NCI) describes personalized medicine as follows:

“A form of medicine that uses information about a per-
son’s genes, proteins, and environment to prevent, diagnose,
and treat disease. In cancer, personalized medicine uses spe-
cific information about a person’s tumor to help diagnose,
plan treatment, find out how well treatment is working, or
make a prognosis. Examples of personalized medicine include
using targeted therapies to treat specific types of cancer
cells, such as HER2-positive breast cancer cells, or using
tumor marker testing to help diagnose cancer. Also called
precision medicine” [20].

Likewise, at the webpage of the U.S. FDA, we also find a
definition or description of personalized medicine/precision
medicine, which says that “precision medicine, sometimes
known as ‘personalized medicine’ is an innovative approach
to tailoring disease prevention and treatment that takes into
account differences in people’s genes, environments, and
lifestyles. The goal of precision medicine is to target the
right treatments to the right patients at the right time” [21].

For some years now, there have been lively discussions
on whether to use the term personalized medicine or pre-
cision medicine and on whether they have different mean-
ings [22–25]. In the recently published European Society
for Medical Oncology (ESMO) Precision Medicine Glossary,
the use of the two terms was also discussed, and the con-
clusion was that they were interchangeable [26]. Further-
more, as it appears from the descriptions given by NCI and
the U.S. FDA, the two organizations do not seem to distin-
guish between the two terms and thus regard them as
interchangeable, or at least very similar.

By the end of 2015, the Council of the European Union
issued a note on the conclusion on personalized medicine
for patients, and here, they also underlined that there is no
commonly agreed definition of the term personalized medi-
cine [27]. However, they stated that it is widely understood
that personalized medicine refers to a medical model using

characterization of individuals’ phenotypes and genotypes
(e.g., molecular profiling, medical imaging, lifestyle data) for
tailoring the right therapeutic strategy for the right person
at the right time, and/or to determine the predisposition to
disease and/or to deliver timely and targeted prevention.
The Council also state that personalized medicine relates to
the broader concept of patient-centered care, which takes
into account that the health care system should respond bet-
ter to patient needs. The note underlined the potential of
using different “omics” technologies in the treatment of
patients and clearly stated that the development and imple-
mentation of personalized medicine goes hand-in-hand with
the development of relevant diagnostics. Furthermore, in
relation to the implementation of personalized medicine it
was emphasized that it is cross-disciplinary, thus including
disciplines such as bio-informatics, epidemiology, genetics,
molecular medicine, pharmacology, and statistics.

PRECISION MEDICINE, PERSONALIZED MEDICINE, OR
STRATIFIED MEDICINE

Over the past 20 years, different terms have been used to
describe individualization of therapy, and in the last 8–10
years, the preferred term has shifted from personalized med-
icine to precision medicine, as shown in Figure 1. In fact, the
term precision medicine was suggested by Prawase Wasi
already back in 1997 in relation to the discussion of the per-
spectives of the future genomic medicine [28]. In an article
discussing human genome research he wrote:

“Genomics will bring about a revolution in biology and
health, because it is equivalent to having a “Biological Periodic
Table” which is a foundation for understanding life, health,
disease and for deriving of new tools for diagnosis, treatment,
prognosis and prevention. Human genomics will give rise to
Predictive-Preventive Medicine and Precision Medicine.”

In relation to precision medicine, Wasi envision that geno-
mic medicine would have an impact on several aspects of clini-
cal medicine, such as diagnosis, prognosis, and treatment.
Although the article by Wasi was published in 1997, it was not
until 2009 and 2010 that the term precision medicine started

Figure 1. Number of publications per year. The figures are based on a PubMed search using the terms of “personalized medicine,”
“precision medicine,” and “stratified medicine.” This figure was updated January 2019.
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to be used with the same frequency as personalized medicine
and with the announcement of the “Precision Medicine Initia-
tive” in January 2015, by former U.S. president Barack Obama
in his State of the Union Address, it became the absolute pre-
ferred term [29].

For clinicians and scientists working with assay develop-
ment, the term precision medicine might give rise to some
odd associations. Precision is a term used frequently in rela-
tion to the analytical validation of a diagnostic assay, which
expresses the closeness of agreement (degree of scatter)
between a series of measurements obtained from multiple
sampling of the same homogeneous sample under specified
conditions [30]. If an assay or a method is said to have a
high precision, it indicates that it can reliably be reproduced
again and again, but it does not say anything about accu-
racy; in fact, a method with a high precision can very well
be inaccurate. Imagine a picture with a bull’s-eye target with
all darts clustered together, but not in the center, and you
see what a precise but inaccurate approach that is. If this
should be translated to a therapeutic intervention, it could
be a drug that interacts with the same target over and over
again, but this target may not be the one intended, and thus
will hardly lead to the desired outcome.

Another term that has been used much less frequent is
stratified medicine, which to some extent reflects how indi-
vidualized pharmacotherapy is currently practiced. According
to ESMO Precision Medicine Glossary, it is defined as “the
use of a molecular assay to define subpopulations, rather
than individuals, who are likely to benefit from a treat-
ment intervention” [26]. The term stratified medicine
was suggested by Sean Xinghua Hu and colleagues in 2005 in
an article discussing pharmacogenomics and personalized
medicine [31]. In a report issued in 2013 by the World Health
Organization on the “Priority Medicines for Europe and the
World,” personalized medicine was discussed, and the con-
clusion was that “stratified medicine” was currently the most
appropriate term to use [32]. The reason for this preference
was that it reflects the realistic effects of medicines at popu-
lation level, whereas the term personalized medicine more
reflects the promise of individualized unique drug targeting
and development. In the U.K., the term stratified medicine
has been used relatively frequently thus far, and its use has
also been endorsed by several researchers in the past [25,
33, 34].

DRUG-DIAGNOSTICS COMBINATIONS

Predictive biomarkers are important elements in the reali-
zation of personalized medicine, and probably the single
most important one. These biomarkers are used to identify
patients who are likely to experience a favorable outcome
of pharmacotherapy and thereby enable individualization
and avoid inappropriate and often expensive treatments.
The regulatory terms for these predictive biomarker assays
are companion or complementary diagnostics, often devel-
oped in parallel to the drugs they are meant to guide using
the drug-diagnostic codevelopment model [35].

Because of the increasing role of companion diagnostics
in drug development and in clinical practice, especially
within oncology and hematology, new guidelines and

legislation have been issued in recent years in a number of
countries and regions, such as Australian, Canada, the EU,
Japan, and the U.S. [35]. In 2014, an official definition of a
companion diagnostic was published in a guideline issued
by the FDA stating that it is an in vitro diagnostic assay that
provides information that is essential for the safe and
effective use of a corresponding therapeutic product [36].
Recently, the EU has also issued new legislation on in vitro
diagnostic medical devices, which contain a definition simi-
lar to the one by the FDA [37]. Currently in the U.S., more
than 30 different drugs have a companion diagnostic linked
to their use. These drugs are listed in Table 1, together
with their indications and one or more companion diagnos-
tic assays [38]. For these drugs, information on testing is
included in the labelling, as they are considered safe and
effective only if they are used together with their compan-
ion diagnostic assay [36].

With the recent approval of the immune checkpoint inhib-
itors targeting programmed cell death 1 or programmed cell
death ligand 1 a new regulatory class of biomarker assays has
emerged, which is the complementary diagnostic [10]. This
term is relatively new and introduced by the FDA when they
approved nivolumab (Opdivo; Bristol-Myers Squibb, New York
City, NY) for second-line treatment of nonsquamous non-small
cell lung cancer in the autumn of 2015. During the review of
the clinical documentation for a new drug and its companion
diagnostic assay, the FDA may determine that the assay is not
essential for the safe and effective use of the corresponding
therapeutic product. However, if the assay identifies a bio-
marker-defined subset of patients that respond differentially
to the drug and also aids the risk/benefit assessment for the
individual patients simultaneously, the term complementary
diagnostic can be used [39]. To date, there are four drugs that
have been approved with a complementary diagnostic linked
to their use. These drugs are listed in Table 2, together with
their indications and assays. In contrast to the regulatory
requirements for drugs that have a companion diagnostic
assay linked to their use, testing with a complementary diag-
nostic is not mandatory before prescribing the drug, and
testing information is not included in the labelling for the
therapeutic product [10].

The drug-diagnostic codevelopment model has had major
impact on drug development in the past 20 years. Only a few
years back, the traditional path in drug development would
have involved phase I–III clinical trials including a large num-
ber of patients using an all-comers design [35, 40]. In the
drug-diagnostic codevelopment model the assumption is that
specific molecular characteristics need to be present for the
drug to be effective. This means that molecular testing
becomes an important part of the inclusion criteria when
patients are enrolled in a clinical trial. For a number of
targeted cancer drugs, this approach has shown that efficacy
can be demonstrated in a surprisingly small number of
patients because a large part of the nonresponders have
been screened out by companion diagnostic testing. In
Table 3 are listed examples of targeted cancer drugs that
have obtained FDA approval, together with a companion
diagnostic assay based on efficacy data from phase I/II
studies involving relatively few patients in single-arm, non-
randomized enrichment trials [27]. Just a few years ago, it
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Table 1. Drugs that have an FDA approved companion diagnostic assay linked to their use

Drug Indication Companion diagnostic

Ado-trastuzumab Emtansine Breast cancer HercepTest

Dako HER2 FISH PharmDx Kit

Afatinib Non-small cell lung cancer Therascreen EGFR RGQ PCR Kit

FoundationOne CDx (F1CDx)

Alectinib Non-small cell lung cancer FoundationOne CDx (F1CDx)

Ventana ALK (D5F3) CDx Assay

Atezolizumab Urothelial carcinoma Ventana PD-L1 (SP142) Assay

Non-small cell lung cancer Ventana PD-L1 (SP142) Assay

Binimetinib Melanoma THxID BRAF Kit

Brigatinib Non-small cell lung cancer Vysis ALK Break Apart FISH Probe Kit

Ceritinib Non-small cell lung cancer Vysis ALK Break Apart FISH Probe Kit

Ventana ALK (D5F3) CDx Assay

Cetuximab Colorectal cancer Cobas KRAS Mutation Test

Dako EGFR PharmDx Kit

Crizotinib Non-small cell lung cancer Oncomine Dx Target Test

Vysis ALK Break Apart FISH Probe Kit

Ventana ALK (D5F3) CDx Assay

Cobimetinib Melanoma Cobas 4800 BRAF V600 Mutation Test

Dabrafenib Melanoma THxID BRAF Kit

Non-small cell lung cancer Oncomine Dx Target Test

Dacomitinib Non-small cell lung cancer Therascreen EGFR RGQ PCR Kit

Deferasirox Thalassemia Ferriscan

Enasidenib Acute myeloid leukemia Abbott RealTime IDH2

Encorafenib Melanoma THxID BRAF Kit

Erlotinib Non-small cell lung cancer Cobas EGFR Mutation Test v2

FoundationOne CDx (F1CDx)

Gefitinib Non-small cell lung cancer Oncomine Dx Target Test

Therascreen EGFR RGQ PCR Kit

Cobas EGFR Mutation Test v2

Gilteritinib Acute myeloid leukemia LeukoStrat CDx FLT3 Mutation Assay

Imatinib Mesylate Aggressive systemic mastocytosis KIT D816V Assay

Gastro intestinal stromal tumor Dako C-KIT PharmDx

Myelodysplastic syndrome PDGFRB FISH Assay

Ivosidenib Acute myeloid leukemia Abbott RealTime IDH1

Lorlatinib Non-small cell lung cancer Vysis ALK Break Apart FISH Probe Kit

Midostaurin Acute myeloid leukemia LeukoStrat CDx FLT3 Mutation Assay

Nilotinib Chronic myeloid leukemia MolecularMD MRDx BCR-ABL Test

Olaparib Ovarian cancer BRACAnalysis CDx

Breast cancer BRACAnalysis CDx

Osimertinib Non-small cell lung cancer Cobas EGFR Mutation Test v2

FoundationOne CDx (F1CDx)

Panitumumab Colorectal cancer Praxis Extended RAS Panel

Therascreen KRAS RGQ PCR Kit

Pembrolizumab Non-small cell lung cancer Dako PD-L1 IHC 22C3 pharmDx

Gastroesophageal adenocarcinoma Dako PD-L1 IHC 22C3 pharmDx

Cervical cancer Dako PD-L1 IHC 22C3 pharmDx

Urothelial carcinoma Dako PD-L1 IHC 22C3 pharmDx

(continued)
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would have been inconceivable that drugs or new indica-
tions would have obtained regulatory approval based on
efficacy data from only 50–100 patients, as recently seen
with drugs like crizotinib (Xalkori; Pfizer, New York City, NY),
rucaparib (Rubraca; Clovis Oncology; Boulder, CO), Ven-
etoclax (Venclexta; AbbVie/Genentech; North Chicago, IL),
Larotrectinib (Vitrakvi; Loxo Oncology/Bayer; Stamford, CT),
and nivolumab [41]. These examples are still few, but no
doubt in the years to come they will be joined by other
targeted drugs developed for molecularly defined subsets of
patients. Therefore, the traditional drug development model,
with its phase I–III clinical trials, seems to be replaced gradu-
ally by a more innovative and adaptive development process
[42]. What we currently experience within oncology may be
regarded as a kind of “disruption” of the traditional drug
development model [35].

The recent remarkable approvals of larotrectinib (Vitrakvi;
Loxo Oncology/Bayer) for patients with NTRK gene fusion and
pembrolizumab (Keytruda; Merck Sharp & Dohme, Chalfont,

PA) for microsatellite instability-high (MSI-H) and mis-
match repair deficient (dMMR)-positive patients marks
a paradigm shift in biomarker guided drug development
[43, 44]. In contrast to the previous drugs, they are not
developed for a conventional cancer indication defined by
tumor histology and origin but solely on their effect related
to specific molecular characteristics. The clinical efficacy data
that led to the approval of larotrectinib comprised data from
55 patients diagnosed with 12 different conventional cancer
indications, but with one common denominator that
their tumors harbored a NTRK gene fusion [45]. For
pembrolizumab, the efficacy data originate from 149 MSI-
H/dMMR-positive patients with 15 conventional cancer indi-
cations, as shown in Table 3 [46, 47]. For the NTRK gene
fusion indication in relation to larotrectinib and the MSI-
H/dMMR indication for pembrolizumab, the “basket trial”
approach seems to work, but this is not the case for all
targeted cancer drugs. A couple of recent published basket
trials, one with vemurafenib (Zelboraf; Roche/Genentech) in
BRAF V600 mutation-positive patients and one with neratinib
(Nerlynx; Puma Biotechnology, Los Angeles, CA) in patients
harboring HER2 or HER3 mutations, show that the drugs do
not seem to show the same universal efficacy [48, 49]. In
these trials only, a small part of the conventionally defined
cancer indications responded to the treatment despite the
presence of the specific mutations, so here, tumor histology
and origin may play a role.

When discussing the development and regulatory
approval of the increasing number of targeted cancer drugs,
it is important to bear in mind the changes in approval policy.
Based on new legislation, the FDA has implemented pro-
grams intended to facilitate and expedite development and
review of new drugs, which address unmet medical need in
the treatment of serious or life-threatening conditions, such
as Breakthrough Therapy Program [50]. These programs have
facilitated faster access to new innovative drugs for a number
of patients with cancer. Many new cancer drugs are now
approved based on response-rate and progression-free

Table 1. (continued)

Drug Indication Companion diagnostic

Pertuzumab Breast cancer HercepTest

HER2 FISH PharmDx Kit

FoundationOne CDx (F1CDx)

Rucaparib Ovarian cancer FoundationFocus CDxBRCA Assay

Talazoparib Breast cancer BRACAnalysis CDx

Trametinib Melanoma THxID BRAF Kit

Non-small cell lung cancer Oncomine Dx Target Test

Trastuzumab Breast cancer HercepTest

Pathway ANTI-HER-2/NEU (4B5)

Gastric cancer HercepTest

Dako HER2 FISH PharmDx Kit

Vemurafenib Melanoma Cobas 4800 BRAF V600 Mutation Test

FoundationOne CDx (F1CDx)

Venetoclax Chronic lymphocytic leukemia Vysis CLL FISH Probe Kit

The list of companion diagnostic assays is not complete. For a complete list, please see “Cleared or Approved Companion Diagnostic Devices”
at the webpage of FDA [38].

Table 2. U.S. Food and Drug Administration-approved drug
with a complementary diagnostic linked to their use

Drug Indication
Complementary
diagnostic

Atezolizumab Non-small cell
lung cancer

Ventana PD-L1
(SP142) Assay

Durvalumab Urothelial carcinoma Ventana PD-L1
(SP263) Assay

Niraparib Epithelial ovarian,
fallopian
tube, or primary
peritoneal cancer

BRACAnalysis CDx

Nivolumab Non-small cell
lung cancer

Dako PD-L1 IHC
28-8 pharmDx

Melanoma Dako PD-L1 IHC
28-8 pharmDx

Urothelial carcinoma Dako PD-L1 IHC
28-8 pharmDx
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survival endpoints, whereas in the past, the gold standard for
receiving FDA approval was improved overall survival [51].
The way that most cancer drugs are developed through the
drug-diagnostic codevelopment model calls for an integration
of the different medical and scientific disciplines. The FDA’s
innovative response to this was to form the Oncology Center
of Excellence, where scientists and reviewers from different
medical product centers have joined under one regulatory
umbrella in order to strengthen the collaborative review of
drug-diagnostic combinations [35, 52].

FUTURE ASPECTS AND CONCLUDING REMARKS

Personalized medicine should be considered a continuum
of the efforts that have been exerted for decades to try to
individualize pharmacotherapy. Before the genomic era,
discriminant analysis, based on phenotypical characteris-
tics, was used to try to determine whether this type of
information could predict outcome, although often with
limited positive results. With the development of molecu-
lar medicine, our ability to understand the pathophysiol-
ogy and the drug mechanism of action have increased
considerably. Drugs work at the molecular level, and it is
here we must seek solutions to a more effective and indi-
vidualized pharmacotherapy. Within the past few decades,
the advances in molecular diagnostics have enabled health
care providers, especially within oncology and hematology,
to match the patients with an optimal treatment and thus
improve the outcome.

For the past decades, the increased knowledge of the
human genome and the use of next-generation sequencing
(NGS) have had major impact on drug development activities.
However, when it comes to the routine clinical patient care,
DNA sequencing has played a minor role so far, which is also
reflected in the relativity few FDA-approved companion

diagnostics based on NGS. This will change, and we have
recently seen the first assays, such as the FoundationOne
CDx assay (Foundation Medicine, Cambridge, MA) and the
Oncomine Dx Target Test (Thermo Fisher Scientific, Wal-
tham, MA), obtain FDA approval [38]. No doubt, NGS will
play an increasing role in relation to personalized medicine
not only in relation to specific gene panels, as with the cur-
rent assays, but also with regard to both whole exome and
whole genome sequencing. Another technology that has
emerged rapidly within the past few years is the use of “liq-
uid biopsies” in which mainly cell-free DNA (cfDNA) derived
from plasma is analyzed [53]. Although the technology needs
to be further developed, cfDNA analysis has the potential to
transform both drug development and patient care, espe-
cially within oncology and hematology.

As seen in Table 1, the majority of the drugs were devel-
oped based on the “one biomarker one drug” approach, which
has dominated targeted cancer drug development for the past
couple of decades. With the increased understanding of dis-
ease heterogeneity and molecular pathways, a different type
of companion diagnostics assays will be developed in the years
to come. These assays will have a much more complex signa-
ture and likely integrate different types of omics data, such as
proteomics, genomics, microbiomics, metabolomics, and phe-
notypical data, into a kind of “composite biomarker” using dif-
ferent types of algorithms [39]. Compared with the single
biomarker approach, these signatures should be able to inte-
grate more elements of the pathophysiology and the mecha-
nisms of action of the drugs. However, tests based on such a
complex signature will possess a number of challenges both
with respect to the development, validation, and interpreta-
tion as well as in the clinical implementation.

Personalized medicine arises out of the idea of improv-
ing and individualizing pharmacotherapy. This concept has
spread to most areas of our health care system and today

Table 3. Drug-diagnostic combinations that have obtained FDA approval based on efficacy data from small phase I/II trials

Drug Indication Biomarker Approval year Number of patients

Crizotinib Non-small cell lung cancer ALK 2011 255

Ceritinib Non-small cell lung cancer ALK 2014 163

Olaparib Ovarian cancer BRCA 2014 137

Alectinib Non-small cell lung cancer ALK 2015 225

Rucaparib Ovarian cancer BRCA 2016 106

Crizotinib Non-small cell lung cancera ROS1 2016 50

Venetoclax Chronic lymphocytic leukemia 17p 2016 106

Dabrafenib Non-small cell lung cancer BRAF 2017 171

Trametinib Non-small cell lung cancer BRAF 2017 171

Enasidenib Acute myeloid leukemia IDH2 2017 199

Pembrolizumab MSI-H or dMMR solid tumorsa,b MSI-H or dMMR 2017 149

Nivolumab Colorectal cancera MSI-H or dMMR 2017 74

Brigatinib Non-small cell lung cancer ALK 2017 222

Ivosidenib Acute myeloid leukemia IDH1 2018 174

Larotrectinib NRTK gene fusion solid tumorsc NRTK 2018 55
aNew indication.
bPatients with unresectable or metastatic, MSI-H, or dMMR solid tumors.
cPatients with solid tumors with a neurotrophic receptor tyrosine kinase (NRTK) gene fusion.
The figures in the last column are the number of patients for whom efficacy data were available at the time of drug approval [41].
Abbreviations: dMMR, mismatch repair deficient; MSI-H, microsatellite instability-high.
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greatly influences the way we implement initiatives related
to diagnosis, prevention, and treatment. When it comes to
pharmacotherapy, we have learned that one size does not
fit all, and 20 years ago, Langreth and Waldholz named the
efforts of individualizing therapy, which they called personal-
ized medicine. This term has acquired strong competition
from individualized and precision medicine during the last
5–10 years, but the idea will survive, and the efforts in rela-
tion to reaching the proclaimed goal of “targeting drugs for

each unique genetic profile” will continue with increased
pace in decades ahead.
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