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The emerging ability to obtain a personalized genome, that is, to perform whole-genome
sequencing to determine the entirety of the DNA sequence in an individual patient’s chro-
mosomes, holds out the promise of transforming patient care by allowing physicians to more
accurately predict the risk of disease and to tailor therapy to that individual. Although no
established applications of personalized genomics in cardiovascular medicine yet exist, there
are at least two emerging applications that may ultimately become everyday practice. In the
first application, DNA sequence variants that have been found to be associated with cardio-
vascular disease may be incorporated in risk-prediction algorithms to more accurately forecast
whether patients will develop disease. In the second application, known as pharmacogeno-
mics, DNA sequence variants that have been found to be associated with either beneficial
effects or adverse effects of a medication may be used to help decide which medications or
dosages of medications to prescribe to patients. It remains to be seen whether either of these

applications will prove to be both cost effective as well as of clinical benefit.

ecent advances in technology have made
Rit possible to efficiently characterize genet-
ic variation in large numbers of individuals.
Genotyping arrays now have the capacity to ac-
curately determine the identity of millions
of common DNA sequence variants in an indi-
vidual sample of DNA in a single experiment.
Next-generation sequencing platforms have
gone a step further in being able to sequence
the entirety of the genome and thus determin-
ing the identity of most of the six billion DNA
base pairs in an individual human genome in
a matter of days. These techniques are making it
possible to study cohorts of up to hundreds of
thousands of individuals and determine which

genetic variants influence the incidence of car-
diovascular disease and the efficacy and safety of
treatments for disease.

Risk-prediction algorithms, such as the Fra-
mingham risk score, are routinely used to prog-
nosticate whether particular healthy patients are
more (or less) likely to develop cardiovascular
disease in the future. Partly based on those pre-
dictions, physicians choose whether to prescribe
preventative medications, such as aspirin and
a statin drug. The algorithms, which typically
include traditional cardiovascular risk factors,
such as age, sex, tobacco use, cholesterol levels,
and blood pressure, are far from perfect, and
considerable effort has been devoted to incor-
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porating nontraditional risk factors into the al-
gorithms to improve their predictive power. As
successively larger human genetic studies iden-
tify increasing numbers of genetic variants that
are associated with cardiovascular disease, ef-
forts are underway to integrate this new genetic
information into risk-prediction algorithms in
the hopes that it will help better discriminate
between those people who will develop disease
and those who will not. If that proves the case,
then one can anticipate personalized genomes
becoming a standard element of risk prediction.

Pharmacogenomics, the study of variations
of DNA and RNA characteristics as related to
drug response, has emerged as a particularly
promising area for the clinical application of
personalized genomes. Commonly used car-
diovascular medications, such as lipid-lower-
ing drugs, antiplatelet agents, anticoagulants,
and antiarrhythmic drugs, have been shown to
have differential effects in people depending on
whether they harbor particular genetic variants.
The ultimate objective of pharmacogenomics is
the use of “the right dose of the right drug for
the right patient” by predicting the therapeutic
response to the drug, as well as any adverse con-
sequences from the drug, before the drug is pre-
scribed.

Herein we will review the state of the science
in human genetics and the techniques that are
being used to identify DNA sequence variants
associated with disease and therapeutic out-
comes, early attempts to use genetic informa-
tion to improve cardiovascular risk-prediction
algorithms, and emerging pharmacogenomic
applications that may translate to the clinic in
the next few years.

GENOME-WIDE ASSOCIATION STUDIES
AND NEXT-GENERATION SEQUENCING
STUDIES

The human genome is roughly six billion DNA
base pairs in size, with most of those base pairs
being identical across all members of the human
species. What marks each individual as unique
are DNA sequence variants distributed through-
out the genome. Some of these DNA sequence
variants are quite common, occurring in many

individuals in the general population and, in
some cases, the majority of the people in a pop-
ulation. Other DNA sequence variants are rare
and may be found in just one individual or fam-
ily. Together, the full complement of variants
may influence a particular individual’s predis-
position to (or protection against) cardiovascu-
lar disease, as well as that individual’s response
(whether favorable or adverse) to medications
intended to treat cardiovascular disease.
Common DNA sequence variants tend to
have subtle, if any, effects on gene function
and, by extension, minimal effects on reproduc-
tive fitness; typically, any common variants with
major phenotype consequences would have ei-
ther been subjected to negative selection pres-
sure and bred out of the population or subjected
to positive selection pressure and spread univer-
sally throughout the population. (Exceptions
include the B-hemoglobin gene-coding variant
responsible for sickle cell anemia, which is be-
lieved to have persisted as a common variant in
the population because it also provides protec-
tion against malaria infection when present in
the heterozygous state, thus creating a balance
between positive and negative selection.) In con-
trast, spontaneously arising rare DNA sequence
variants may have severe phenotypic conse-
quences and thus cause monogenic diseases in
afew individuals. Although such variants might
not persist in a population in the long term, the
individuals bearing the variants may have suffi-
cient longevity that extensive resources will be
devoted to their health care over their lifetimes.
Genome-wide association studies (GWAS)
are a methodology that emerged during the dec-
ade after the completion of the Human Genome
Project and the first cataloging of common
DNA sequence variants in human populations.
GWAS use genotyping arrays that simultane-
ously determine the identities of millions
of common DNA sequence variants across the
genome, with the intent of detecting differences
in the frequencies of individual variants in pa-
tients with a disease compared with healthy pa-
tients; variants with differing frequencies are
construed as being associated with the disease
and as marking a locus in the genome where
either a gene or a regulatory element acts in a
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causal fashion to influence the pathogenesis
of the disease. Although gaining an understand-
ing of which genes are causal and the mecha-
nisms by which they influence disease can re-
quire extensive experimentation (and is beyond
the scope of this article), the common DNA
sequence variants associated with the disease
can potentially be used to predict which indi-
viduals are at greater or lesser risk for developing
the disease. Similarly, common DNA sequence
variants associated with a beneficial or adverse
response to a medication can potentially be used
to determine whether the medication is an op-
timal choice for a patient.

Rare DNA variants that cause disease are
much more challenging to identify. Traditional-
ly, the linkage study has been used in a family or
families with an inherited pattern of disease to
pinpoint the genomic locus of the disease gene,
but even in the best-case scenario, DNA se-
quencing of candidate genes in the locus is re-
quired to identify the disease-causing variant or
variants (typically coding variants). During the
past few years, next-generation DNA sequenc-
ing technology has made it possible to rapidly
and affordably sequence all of the coding regions
in the genome (“exome sequencing”) and, even
more recently, the entirety of the genome
(“whole-genome sequencing”). Although it may
seem that such technology should make it
straightforward to identify rare DNA variants
causing disease, it has emerged that each indi-
vidual has thousands of rare DNA variants, and
there is no easy way to predict the functional
consequences of any of those variants, not to
mention identify the one variant that is respon-
sible for the disease in that individual. At best,
one can make an educated guess based on
whether a rare variant is found in a gene that
has previously been implicated in the disease in
other individuals or families.

Next-generation sequencing is being used to
study large numbers of individuals with extreme
phenotypes in the population. The rationale is
that genes that are found to have an assortment
of rare variants in individuals with severe dis-
ease but few rare variants in healthy individuals
(or, conversely, an assortment of rare variants
in individuals who are protected against disease
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but few rare variants in individuals with dis-
ease) are important contributors to the disease.
Thus far, such studies have been limited to a few
thousand individuals each because of the ex-
pense of next-generation sequencing, and it
has become clear that the studies are underpow-
ered to discover new genes. Success awaits the
sequencing of tens of thousands or even hun-
dred of thousands of individuals.

With respect to predicting which individu-
als are likely to develop a disease or have a de-
sirable response to a medication, common DNA
sequence variants are more likely to be useful
in the foreseeable future. At the same time, be-
cause common variants usually have small ef-
fects on gene function and clinical phenotypes,
each individual variant’s utility may be limited
(see below). The individual variants may be
more useful for the identification of novel genes
and molecular pathways involved in diseases,
because an improved understanding of patho-
biology may pave the way for the development
of new therapeutics. In contrast, next-genera-
tion sequencing is likely to be of little use for
the typical person, owing to the difficulty in
interpreting a rare variant that is private to
that person, whereas it may be useful as a com-
plement to linkage analysis in a family with an
inherited pattern of disease (e.g., with an auto-
somal recessive pattern of inheritance).

IMPROVING CARDIOVASCULAR RISK
PREDICTION

To date, GWAS have been applied to a variety
of cardiovascular phenotypes. Among the most
deeply characterized are blood lipid concen-
trations—low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol
(HDL-C), and triglycerides—with more than
95 associated genomic loci identified to date
(Teslovich et al. 2010), and coronary artery dis-
ease, with more than 30 associated loci identi-
fied to date (Coronary Artery Disease (C4D)
Genetics Consortium 2011; Schunkert et al.
2011). For some of the loci, the causal gene
and mechanism are well established, but the
biological underpinnings of the majority of
the loci remain to be explained. One caveat of
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these studies is that they were undertaken in
cohorts of individuals of European descent,
and so the identified common DNA variants
may not be relevant to individuals of other eth-
nicities—an important limitation.
Conventional cardiovascular risk algo-
rithms, such as the Framingham risk score, do
not accurately predict many coronary events. As
such, much effort has been aimed at identify-
ing novel risk factors that, when combined with
conventional risk factors, will better predict
which individuals will develop disease. Not sur-
prisingly, there is significant interest in the use of
genetic information to improve risk prediction.
In one of the first such studies, a genetic risk
score combining nine common DNA sequence
variants associated with either LDL-C or HDL-
C, was found to be associated with incident car-
diovascular disease in a prospective cohort study
of European individuals, with each unfavorable
variant conferring a 15% increase in risk after
adjustment for traditional risk factors, includ-
ing plasma lipid concentrations (Kathiresan
et al. 2008). Individuals with high genetic risk
scores had a 63% increased risk compared with
individuals having low risk scores. However, ad-
dition of the genetic risk score to traditional risk
factors did not significantly improve risk dis-
crimination, with no change observed in a com-
monly used metric (C statistic). Two important
limitations were that (1) all of the DNA se-
quence variants used in this genetic risk score
predated the GWAS era, and so did not incorpo-
rate the most recent genetic discoveries; and (2)
the DNA sequence variants were chosen because
they were associated with blood lipid pheno-
types rather than coronary artery disease—in-
termediate phenotypes rather than the clini-
cal outcome of ultimate interest—which likely
weakened the utility of the genetic risk score.
The first wave of GWAS for coronary artery
disease identified a novel locus on chromosome
9p21 as the strongest population-wide genetic
risk factor for disease (Helgadottir et al. 2007;
McPherson et al. 2007; Samani et al. 2007); this
locus is not associated with any of the tradition-
al risk factors for coronary artery disease, but it
is associated with aortic abdominal aneurysm
and intracranial aneurysm (Helgadottir et al.

2008), suggesting that the locus represents a
hitherto unknown vascular risk factor. When
considered on its own, the 9p21 genotype con-
fers up to a 60% increased risk of coronary ar-
tery disease in individuals of European descent
(McPherson et al. 2007; Talmud et al. 2008;
Myocardial Infarction Genetics Consortium
et al. 2009). Despite this promising result, at-
tempts to incorporate a 9p21 DNA sequence
variant into risk-prediction models have been
disappointing. The addition of the 9p21 geno-
type to traditional risk factors in prospective
cohort studies with individuals of European de-
scent (Talmud et al. 2008; Brautbar et al. 2009;
Paynter et al. 2009) resulted in no or minimal
improvement in risk discrimination (as judged
by the C statistic).

A comprehensive genetic risk score for
coronary artery disease would include not just
lipid-associated variants or the single best cor-
onary artery disease—associated variant, but
rather a collection of the most highly associated
variants for disease. A risk score comprising 13
GWAS variants associated with coronary artery
disease or myocardial infarction, including a
9p21 variant and four variants associated with
blood lipids, yielded a 66% increase in risk for
incident disease for individuals of European
descent in the top quintile of the risk score
compared with individuals in the bottom quin-
tile; however, there was no improvement in the
C statistic (Ripatti et al. 2010). Whether more
comprehensive genotype scores incorporating
all of the common DNA variants discovered
to be associated with cardiovascular disease
will perform better is now being evaluated.
One important consideration is that having
a family history of early-onset myocardial in-
farction in at least one parent more than dou-
bles the personal risk of having a cardiovascular
event (Lloyd-Jones et al. 2004). As more dis-
ease-associated variants are added to a compre-
hensive genetic risk score, it will be critical to
assess whether the score adds any predictive
value above and beyond simply asking an indi-
vidual about his or her family history. It may
well emerge that genetic risk scores have little
value for most adult patients. Instead, genetic
risk scores may prove most useful in children or
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young individuals to gauge lifetime cardiovas-
cular risk and guide early interventions (so-
called “primordial prevention”).

PHARMACOGENOMICS

Pharmacogenomics focuses on the identifica-
tion of DNA sequence variants that are asso-
ciated with response to therapy. For a DNA
sequence variant to be useful, patients with dif-
ferent genotypes of the variant should display
significantly different responses to a medica-
tion—whether a therapeutic response or an ad-
verse response. Typically, the variants in ques-
tion are located in or near genes that encode
enzymes that metabolize the medication. One
genotype may result in increased (or decreased)
activity of the enzyme compared with another
genotype, resulting in different blood levels
of the original medication or of an active me-
tabolite. In some examples, there is no known
biological link between the genetic variant and
the medication, only a statistical association be-
tween the genetic variant and the patient re-
sponse to the medication.

As of yet, there are not any widely accepted
clinical uses of pharmacogenomics in cardio-
vascular medicine. However, there are three
emerging applications—related to warfarin,
clopidogrel, and statins—that may ultimately
find routine use in patient care.

Warfarin

Warfarin, an anticoagulant widely used for the
prevention and treatment of thromboembolic
disease, is a challenging medication to use be-
cause of the highly variable responses among
patients and even within an individual patient,
with a number of factors influencing the re-
sponses including age, diet, weight, and use of
interacting medications. Patients on warfarin
require frequent monitoring of blood clotting
activity as measured by the prothrombin time—
international normalized ratio (INR), particu-
larly in the first few weeks after initiation of the
drug when the patient’s ultimate stable thera-
peutic dosing is still being determined. There is
significant risk of either bleeding if the dosing is
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too high or thromboembolism if the dosing is
too low.

DNA sequence variants in two genes,
CYP2C9 (cytochrome P450 2C9) and VKORCI
(vitamin K epoxide reductase complex subunit
1), have been shown to account for much of
the interindividual variation in stable therapeu-
tic dosing of warfarin (Wadelius et al. 2007;
Gage et al. 2008; International Warfarin Phar-
macogenetics Consortium et al. 2009). CYP2C9
encodes the hepatic enzyme responsible for
converting warfarin into an inactive form.
VKORCI—the pharmacological target of war-
farin—controls the function of an enzyme com-
plex that produces the active form of vitamin
K. An initial trial evaluated an algorithm that
used the CYP2C9 and VKORCI polymorphisms
to predict an optimal starting warfarin dose for
anticoagulation (Anderson et al. 2007). When
compared with the usual practice (choosing a
starting dose based on one’s best clinical judg-
ment), the pharmacogenomic algorithm did
not change the number of out-of-range INRs
during the initiation period, although it did
reduce the numbers and sizes of dosing changes
needed to achieve stable therapeutic dosing.

Several subsequently published small pro-
spective clinical trials suggested that addition
of genetic information could improve the safety
and efficacy of warfarin initiation (e.g., number
of out-of-range INRs, time to stable therapeu-
tic dosing), but none were adequately powered
to assess clinical outcomes (Caraco et al. 2008;
Eckman et al. 2009; Huang et al. 2009). The
Medco-Mayo Warfarin Effectiveness Study
(MM-WES) was the first large warfarin geno-
typing study and was designed to test whether
the use of genotype information would reduce
the incidence of hospitalizations from adverse
effects of warfarin, whether bleeding or throm-
boembolism (Epstein et al. 2010). This study
was unique in that it took place within a com-
munity practice setting rather than within the
context of a randomized prospective study with
strict inclusion and exclusion criteria. About
900 patients who were initiating warfarin ther-
apy submitted DNA samples for determination
of CYP2C9 and VKORCI genotypes. This infor-
mation was given to their providers, and the
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patients were followed for 6 months. Historical
controls from the same community practice
setting but who had initiated warfarin therapy
the previous year, numbering about 2700, were
used as the primary comparison group.

MM-WES reported a 31% reduction of
hospitalization in the genotyped patients com-
pared with the control patients (P < 0.001),
with a 28% reduction of hospitalization caused
by bleeding or thromboembolism. This striking
result notwithstanding, there are aspects of the
study that can be fairly criticized (e.g., the lack
of randomization and the use of historical rath-
er than contemporaneous controls).

In two prospective randomized trials com-
paring a clinical algorithm for determining the
dosing for warfarin initiation to a pharmacoge-
nomic algorithm using CYP2C9 and VKORCI
genotypes, there were trends toward reduced
clinically significant bleeds with the use of
pharmacogenetic algorithms, although no sig-
nificant differences in the percentage of time in
the therapeutic INR range were observed (Kim-
mel et al. 2013; Verhoef et al. 2013). In anoth-
er prospective randomized trial comparing a
pharmacogenetic algorithm with a nonalgo-
rithmic, loading-dose regimen, the pharmaco-
genetic algorithm yielded a significantly greater
percentage of time in the therapeutic INR range
and significantly fewer supratherapeutic INR
measurements (Pirmohamed et al. 2013).

Although additional research studies of var-
ious designs will be needed to confirm that war-
farin genotyping results in clinical benefit in a
cost-effective manner, the early results suggest
that anticoagulation could emerge as the first
widely adopted pharmacogenomic application
in cardiovascular medicine. However, the recent
availability of alternative oral anticoagulants,
such as dabigatran that have fixed dosing and
do not require INR monitoring, could ultimate-
ly preempt the widespread use of a pharmaco-
genomic test for warfarin if the drug should fall
into disfavor.

Clopidogrel

Another cardiovascular pharmacogenomic ap-
plication for the prediction of response to ther-

apy involves the antiplatelet agent clopidogrel,
which is widely used in postacute coronary syn-
drome (ACS) care, particularly after percutane-
ous coronary intervention (PCI). Patients dis-
play variable responses to clopidogrel therapy,
linked to the conversion of clopidogrel into
its active metabolite by the hepatic cytochrome
P-450 2C19 enzyme. A number of DNA se-
quence variants in the CYP2C19 gene encoding
this enzyme have been identified, with some
of the variants resulting in reduced function
of the enzyme (Gurbel et al. 2003; Hulot et al.
2006; Angiolillo et al. 2007).

Three large studies of mostly post-ACS
and/or post-PCI patients on clopidogrel thera-
py genotyped the CYP2CI19 gene and identified
at least one reduced-function variant in ~30%
of individuals. In all three studies, carriers of
reduced-function variants experienced signif-
icantly higher rates of cardiovascular death,
myocardial infarction, and stroke (Collet et al.
2009; Mega et al. 2009; Simon et al. 2009). In one
study, reduced-function variant carriers also
displayed lower plasma levels of the active me-
tabolite of clopidogrel (Mega et al. 2009), con-
sistent with reduced activity of the cytochrome
P-450 2C19 enzyme. These studies prompted
the release of a “boxed warning” label for clopi-
dogrel by the U.S. Food and Drug and Admin-
istration (FDA) indicating that individuals
carrying two reduced-function CYP2C19 vari-
ants (termed “poor metabolizers”) experience
diminished effectiveness of the drug at standard
dosing, and that alternative therapeutic strate-
gies should be considered in these patients.

Subsequent studies have challenged the util-
ity of CYP2C19 genotype data. One study that
used data from participants in clinical trials that
compared the effects of clopidogrel versus pla-
cebo on cardiovascular outcomes found that
the relative risk reduction seen with clopidogrel
treatment was similar for carriers of reduced-
function CYP2CI9 variants and noncarriers
(Paré et al. 2010). However, very few of the par-
ticipants had undergone PCI with stent place-
ment. A different pharmacogenetic study in
which the majority of participants underwent
PCI with stent placement found that carriers
of reduced-function CYP2C19 variants experi-
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enced a higher event rate on clopidogrel than
noncarriers within 30 d of initiation of therapy,
although in the long term there was no differ-
ence in the event rate on clopidogrel (Wallentin
et al. 2010). Together, these studies suggest that
(1) the effect of reduced-function CYP2CI9
variants is more relevant in the acute setting
rather than the long term, and (2) CYP2CI19
genotype testing may be more useful in high-
er-risk patients who have undergone PCI with
stent placement.

To assess whether the latter is true, a meta-
analysis of nine clopidogrel pharmacogenomic
studies comprising mostly PCI patients was un-
dertaken. This study of almost 10,000 partic-
ipants taking clopidogrel found that carriers
of reduced-function CYP2C19 variants experi-
enced a 57% increase in risk of cardiovascular
death, myocardial infarction, or ischemic stroke
compared with noncarriers; with respect to the
most serious complication of PCI, stent throm-
bosis, there was almost triple the risk of this
outcome in reduced-function CYP2CI9 variant
carriers (Mega et al. 2010). In contrast, other
meta-analyses that included studies with low-
er-risk patients did not find significant relation-
ships between CYP2C19 genotype and clinical
events (Bauer et al. 2011; Holmes et al. 2011).
Unlike with warfarin, there have not yet been
any published reports from large clinical trials
assessing whether the use of CYP2C19 genotype
data improves clinical outcomes, although such
trials are now underway. Such studies will be
needed to determine whether routine post-
ACS genotyping of CYP2C19 will be cost effec-
tive and beneficial to patients. In the meantime,
providers may wish to consider alternative ther-
apy—that is, newer medications, such as prasu-
grel and ticagrelor—when treating post-PCI pa-
tients who are known to have reduced-function
CYP2CI9 variants.

Statins

Statins, used for the primaryand secondary pre-
vention of cardiovascular disease, are some of
the most widely prescribed drugs in the world.
As such, there is significant interest in identify-
ing DNA sequence variants that help predict

Personalized Genomes

either the efficacy of or adverse effects from stat-
ins in individual patients. GWAS of individuals
with statin-induced myopathy have identified
a DNA sequence variant in the SLCOIBI gene,
which encodes an organic anion transporter
that regulates the hepatic uptake of statin drugs
that confer up to 17 times the risk of myopathy
(SEARCH Collaborative Group et al. 2008). The
large difference in relative risk (though not ab-
solute risk, given the rarity of statin-induced
myopathy) conferred by this DNA sequence
variant suggests that a screening test could be
helpful in predicting which patients are at risk of
getting myopathy before they are started on stat-
ins (Voora et al. 2009). Clinical studies to assess
this potential pharmacogenomic application
are now underway.

CONCLUDING REMARKS

As should be evident from this article, the ap-
plication of personalized genomes to the pre-
vention and treatment of cardiovascular disease
remains in rapid evolution. It seems likely that
genetic data will prove to be more useful in
pharmacogenomic applications than in cardio-
vascular risk prediction, at least in the near fu-
ture, but further studies are clearly needed be-
fore genetic data should be incorporated into
cardiovascular clinical practice in any context.
One interesting consideration is the timing of
obtaining genetic information from patients.
As things stand now, one of the impediments
to the use of genetic data is the need to obtain
the data at the point of care, which entails costs
and delays that may reduce the cost effectiveness
of the application of the genetic data to the
point that it is prohibitive. However, with the
cost of whole-genome sequencing falling below
several thousand U.S. dollars per sample (at the
time of this writing), it may soon be that every
patient will have his or her genome sequence
determined routinely on admission to a hospi-
tal or even at the time of birth, and knowledge of
that individual’s every common and rare DNA
sequence variant will be immediately available
to a provider. As cardiovascular risk prediction
becomes more sophisticated and new pharma-
cogenomic applications emerge, personalized
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genomes will undoubtedly play a significant
role in everyday clinical practice.
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