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Personalized profiles for disease risk
must capture all facets of health

Mark McCarthy & Ewan Birney

To provide individual care
and prevent disease, we

need to go beyond genetics
inrisk scores and include
metrics that follow a person’s
changing environment

and health.

roviding the best possible care for
an individual means having a better
understanding of their risks of devel-
oping disease. The goal is to have per-
sonalized answerswhenpeople need to
know whether, forinstance, preventive surgery
makes sense, a given medicine is likely to be
risky oracertain diet should berecommended.

Information on genetic risk represents
one promising approach to providing these
answers. Genomic data, gathered across mil-
lions of individuals, have revealed thousands
of DNA sequence variants associated with
commondiseases such as diabetes, heart dis-
ease, schizophrenia and cancer. These clues
to disease risk can be combined to generate
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‘polygenicscores’, which provide ameasure of
the degreetowhichanindividualis genetically
predisposed to developing each such disease’.

Agrowing chorus of scientists and clinicians
emphasize the value of such genetic profil-
ing as an integral part of a person’s medical
record® Others argue that the clinical benefits
have been massively overstated>. This debate
often fails to recognize that the challenge is
not merely to improve understanding of
genetic risk, but to capture more about the
interwoven, multifaceted factors that play
into disease risk (see ‘Path to personalization’).

Here, we argue that clinical medicine must
learn to develop more-holistic measures of
individualrisk, both geneticand non-genetic,
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and to combine these with clinical data over
time to deliver better care.

Limited measures

Although current polygenic scores hold clin-
ical promise, they come with several limita-
tions. They leave out many sources of relevant
data, and work best for the predominantly
white, wealthy populations in which most
genetic studies have been performed. The
emphasis on genetic risk diverts attention
away from non-genetic factors that might be
equallyimportant for disease risk and progres-
sion. Risk estimation on the basis of polygenic
scoresalonealsofailstoincorporatereal-time
measurements of clinical state that are espe-
ciallyimportantin diseases linked to ageing.

Both authors are strongly invested in the
value of human genetics as a tool for under-
standing disease mechanisms, and are enthu-
siastic about the contribution that genetic
profiling will make to personalizing care. M.M.
isanendocrinologist who has focused onunder-
standing the genetics of type 2 diabetes, and
leads human genetic research at the biotech-
nology firm GenentechinSouth San Francisco,
California. E.B. is the deputy director-general
ofthe European Molecular Biology Laboratory
(EMBL) and director of the EMBL European
Bioinformatics Institute near Cambridge, UK,
and has played a pivotal part in the design and
analysis of multiple genome projects.

To gain amore accurate assessment of indi-
vidual health risks (that is, to make medicine
truly personalized), researchers and clinicians
must integrate disparate types of datafroma
wider diversity of populations. First, research-
ers need to expand measures of genetic risk
by embracing more-diverse populations,
cataloguing the full spectrum of variants, and
understanding the environmental context in
which these variants act. Second, researchers
and clinicians need to be able to consider both
geneticand non-geneticrisk factors (for type 2
diabetes, for example, these would encompass
hundreds of genetic markers and measures of
diet, exercise and socio-economic status along-
side measures of current clinical state, such as
glucose levels). Finally, the field needs to move
away fromitstendencyto collapse alltheserich,
individual-level data into rigid clinical catego-
ries. Rather than classifying anindividual as sim-
plybeingataverage or highrisk fora condition
suchas coronary artery disease, researchersand
clinicians should consider a gradation of risk.
Andinstead of trying to categorize peopleinto
discrete subtypes of disease, we should appre-
ciate that common disease typically involves
several processes running in parallel*.

Inclusive genetics

Polygenic scores for late-onset diseases are
mostly builtaround the commonrisk variants
that have emerged from large-scale genetic
studies. In contrast to the rare, high-impact
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genetic variants that underlie diseases such
ascysticfibrosis and sickle-cell anaemia, these
generally have subtle effects that limit their
clinical value when considered one at a time.
However, wheninformation fromhundreds or
thousands of relevant disease-risk variants is
combined, we can capture a substantial slice
ofindividual variationin disease risk**. In Euro-
pean populations, for example, someone in
the highest 1% of polygenic risk for coronary
artery disease is at least ten times more likely
todevelop the disease thanis someoneinthe
lowest 1% (ref. 5).

These polygenicscores have the potential to
inform individual decisions about screening,
lifestyleinterventions and therapeutic choices.
For example, rather than all women starting
to have annual mammography screening at
45yearsold (ascurrently recommended by the
American Cancer Society), polygenic scores for
breast cancer risk could be used to tailor sched-
ules so that women with the highest genetic
risk are screened earlier and more intensively
than are those with below-average risk®.

“Researchers should commit
toadopting amore-holistic
perspectiveintheir work.”

Thereliability of these scores depends onthe
accuracy and inclusivity of the geneticinforma-
tion that goes into them. Most data currently
used to construct polygenic scores come dis-
proportionately from individuals of recent
European descent. However, scores generated
in one population typically perform poorly
when deployed in another: a polygenic score
for body mass index (BMI) constructed from
Europeanindividuals loses more than 60% of its
predictive power when applied to individuals
of more-recent African descent, for example’.

Another concern is that common genetic
variants tell only part of the story of genetic
risk. For many diseases, rare variants also con-
tribute, often havingamuch greaterimpacton
risk than any single common variant. Notable
examples include effects of rare variants in
the genes BRCAI and BRCA2 on breast and
ovarian cancer risk, and of those in LDLR,
APOB and PCSK9 on coronary artery disease
(mediated through the effects of these vari-
ants on lipid levels). Polygenic scores that do
notincorporate these rare, ‘high penetrance’
variants will provide misleading estimates
of overall genetic risk for those who carry
the high-impact version (or allele) of the
genes responsible. Equally, the clinical con-
sequences of inheriting a high-impact allele
are modulated by an individual’s polygenic
background: in some diseases, carriers of
high-impact alleles who have a favourable
polygenic background have a diseaserisk that
is at or below the population average®’.
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The solution is to integrate both common
and rare variants into a single genetic risk
score. Historically, research at the common
andrareendsof theallele-frequency spectrum
has involved different groups of researchers
deploying distinct techniques (genotyping
arraysand targeted sequencing, respectively).
However, whole-genome sequencing is swiftly
becoming the default genetic assay. This shift
is eroding the artificial distinction between
‘rare’ and ‘common’ variants, and is making it
much easier to consider the entire spectrum of
geneticrisk atonce. Thiswill, forexample, allow
carriers of high-risk alleles for breast cancer
to make better decisions about screening and
prophylactic surgery. Crucially, however, rare
variants vary more between ancestriesthando
common variants, and the pursuit ofequitable
geneticinformationwill depend even moreon
collectinginclusive global dataongenetic var-
iation and disease risk in diverse populations.

Getting holistic

Thereismore todisease risk than genetics. For
most common, late-onset diseases, individ-
ualrisk is heavily influenced by non-genetic
factors. Often collectively labelled as envi-
ronmental, these might include factors as
varied as diet, socio-economic status, access
to health care, the status of personal relation-
ships and gut-microbiome diversity.

Itis not straightforwardto measure and inte-
gratethesefactorsintorisk estimates. Even for
well-understood factors, such as smoking, diet
and exercise, the lifelong impact on disease
risk cannot easily be assembled from ‘snap-
shot’ measurements, such as steps walked or
estimated calories consumed inthe past week.
What’s more, even when epidemiological asso-
ciationsare strong, it can be challenging to pin
downthefactorsthatare causal: consider ongo-
ing debates about how dietary components,
such as carbohydrate and fat intake, influence
diseaserisk. Many exposures that mightberel-
evanttodisease are simply hard to reconstruct,
forexample prenatal nutrition and exposure to
pathogens or antibiotics during infancy.

Complexsocietal factors, such asaccess to
health care, education, effective sanitation or
housing, have a profound impact on individ-
ual patterns of disease. As with genetic risk,
data gathered from wealthier populations
can translate poorly into disease prediction
in disadvantaged communities'. Unless sci-
entificleaders, funders, industry and societies
work together to rebalance the populations
involved in data generation and clinical vali-
dation, existing health disparities will be per-
petuated and perhaps even amplified.

Genetic and non-genetic risk factors often
interact in ways that can be hard to disentan-
gle. For example, genetic variants that alter
the function of nicotinic receptors influ-
ence smoking behaviour, and, as a conse-
quence, are associated with individual risk



of smoking-related diseases. The metabolic
disease phenylketonuriais astriking example
of how modifying the environment can modu-
late the consequence of genetic variation: the
devastating consequences of inherited defects
inthe causative PAH gene can be mitigated by
adopting a diet low in phenylalanine.

Clinical measurements, particularly when
gathered over time, represent another route
for improving risk estimation. Consider two
peopleaged 50, both with polygenic scoresin
thetop 10% of genetic risk for type 2 diabetes.
Oneis sedentary and overweight, the other
active and slim. One might reasonably expect
theformertobe atgreater risk of diabetes than
the latter. But now assume that yearly meas-
urements of glycosylated haemoglobin (which
reflectaperson’sglucose levels over the previ-
oustwo to three months) have remained firmly
inthe normal range for the firstindividual for
morethanadecade, butshowasteadyincrease
towards the diabetic range for the second.
That makes the second individual much more
likely to become diabetic.

Ingeneral, clinical datacollected repeatedly
over time — from sources such as blood tests,
imaging and wearable devices — reveal how
broad-brush predictions derived from genetic
and non-geneticrisk factorsareactually playing
outinagivenindividual, and makeit possible to
chart personal trajectories from health to dis-
ease. Theinclusion of real-time clinical dataalso
helpsto counter the fatalism that canseepinto
theinterpretation of genetic risk. Itemphasizes
how, eveninthose withthe highest geneticrisk,
interventions can mitigate disease progression.
Suchintegrated assessments are also readily
incorporated into clinical practice. For exam-
ple, cholesterol measurements are already
widely used to stratify cardiovascular risk pre-
cisely because they integrate diverse genetic
and environmental factors, as well as dynamic
measurements of current clinical state.

Preserving complexity

Medicine has historically focused on categoriz-
ing disease. Personalized medicine has often
followed the same path, subdividing people
into perceived disease subtypes, or establish-
ingarbitrary divisions in continuous measure-
ments (such as high and lowrisk). Such efforts
assume that the highly variable manifestations
of disease can best be explained by allocating
individuals to distinct groups, and that each
disease subtype has its own set of causes.
However, most common diseases represent
aconfluence of disordered processes, several
of which are likely to be at play in any given
individual. For instance, premature coronary
artery disease typically occurs amid ablend of
abnormal processes, including disordered glu-
cose metabolism, elevated lipids, high blood
pressure and chronic inflammation. The pre-
cise mix will differ from one personto another,
and even across a person’s lifetime. Only in

PATH TO PERSONALIZATION

To tailor health care to individuals, information from
various sources must be brought together. These data,
both genetic and environmental, should be drawn
from diverse populations.

Environmental factors Genetic data
« Lifestyle

- Income

« Access to health care
- Exposures

« Culture

- ‘Rare’ genetic
variants

« ‘Common’ genetic
variants

« Diverse populations

Predictions about
disease risk

Clinical measurements
over time (cancer
screening, fitness checks,
blood tests and so on)

Dynamic personal
profile of disease risk
and status

Personalized medicine
— meaning individual
recommendations
about screening,
prevention and treatment

relatively few individuals (for example, those
with familial hypercholesterolaemia) can pre-
mature disease be attributed to asingle cause.

When many causes contribute to disease
inanindividual, it makes more sense to track
each process involved, rather than collapsing
rich quantitative informationinto aset of rigid,
often-arbitrary, disease or risk categories.
Even though clinical decision-making often
demands binary decisions (such as to treat or
notata particular time point), these might not
map neatly onto categories defined years pre-
viously. Thereisthe danger that these become
‘once-and-for-all’ labels in the medical record
that define future health care for thatindivid-
ual and divert attention away from personal
differencesin disease trajectory. Amore quan-
titative approach would, for example, render
moot unproductive debates about the most
appropriate definition of metabolic syndrome,
or howbest to use ancestry to define which BMI
thresholds constitute overweight and obese.

Tracking multiple measurements reveals
the ebb and flow of each individual’s status
withrespect tohealthand disease. Then, when
it becomes necessary to make a binary clini-
cal decision — whether or not to operate, or
whethertotrydrugAorB—boththeindividual
and the physician canrely on muchricher and
more up-to-date information than on catego-
ries assigned years previously.

Moving forward

How do we get there? Researchers should
commit to adopting a more-holistic perspec-
tive in their work. Researchers, funders and
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industry need to embrace greater diversity
in the design and implementation of studies,
focusing not only ongender and ethnicity, but
also on social, cultural and economic factors
thatinfluence disease riskand access to health
care.Recent moves by major funders toencour-
age more-diverse participation in population
cohortsand biobanks are welcome, but reduc-
ing the diversity of modern populations to
census-defined categories does not dojustice
tothe complex, admixed ancestries of somany.

Efforts to base personalized medicine on
risk-factor prediction alone will fall short.
Allinvolved in this endeavour — researchers,
industry, funders, governments and citizens
—willneed to come together to enable the col-
lection of large, rich data sets that go beyond
static one-time measurements and which
capture individual health trajectories. Such
effortsare, however, destined to fail unless the
dataare collected in standardized formats and
shared inways that allow information from dif-
ferent studies and populations to be combined
and compared. This will inevitably bring the
realms of research and clinical care together,
and will require us to address fundamental
questions about data ownership, privacy,
equality of access, fairness and social respon-
sibility. Global efforts to create such standards
arein place, for example the Global Alliance
for Genomics and Health (www.ga4gh.org).

Achieving this more-holistic mindset will
take time and effort. But the resulting under-
standing of disease and framing of personal
risk will be deeper, broader and much better
equippedtobring the promise of personalized
medicine into routine health care.
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