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Utility of polygenic risk scores in UK cancer screening:
a modelling analysis

Catherine Huntley*, Bethany Torr*, Amit Sud, Charlie F Rowlands, Rosalind Way, Katie Snape, Helen Hanson, Charles Swanton, John Broggio,
Anneke Lucassen, Margaret McCartney, Richard S Houlston, Aroon D Hingorani, Michael E Jones, Clare Turnbull

Summary

Background It is proposed that, through restriction to individuals delineated as high risk, polygenic risk scores (PRSs)
might enable more efficient targeting of existing cancer screening programmes and enable extension into new age
ranges and disease types. To address this proposition, we present an overview of the performance of PRS tools (ie,
models and sets of single nucleotide polymorphisms) alongside harms and benefits of PRS-stratified cancer screening
for eight example cancers (breast, prostate, colorectal, pancreas, ovary, kidney, lung, and testicular cancer).

Methods For this modelling analysis, we used age-stratified cancer incidences for the UK population from the National
Cancer Registration Dataset (2016-18) and published estimates of the area under the receiver operating characteristic
curve for current, future, and optimised PRS for each of the eight cancer types. For each of five PRS-defined high-risk
quantiles (ie, the top 50%, 20%, 10%, 5%, and 1%) and according to each of the three PRS tools (ie, current, future,
and optimised) for the eight cancers, we calculated the relative proportion of cancers arising, the odds ratios of a
cancer arising compared with the UK population average, and the lifetime cancer risk. We examined maximal
attainable rates of cancer detection by age stratum from combining PRS-based stratification with cancer screening
tools and modelled the maximal impact on cancer-specific survival of hypothetical new UK programmes of
PRS-stratified screening.

Findings The PRS-defined high-risk quintile (20%) of the population was estimated to capture 37% of breast cancer
cases, 46% of prostate cancer cases, 34% of colorectal cancer cases, 29% of pancreatic cancer cases, 26% of ovarian
cancer cases, 22% of renal cancer cases, 26% of lung cancer cases, and 47% of testicular cancer cases. Extending UK
screening programmes to a PRS-defined high-risk quintile including people aged 40-49 years for breast cancer,
50-59 years for colorectal cancer, and 60-69 years for prostate cancer has the potential to avert, respectively,
a maximum of 102, 188, and 158 deaths annually. Unstratified screening of the full population aged 48-49 years for
breast cancer, 58—-59 years for colorectal cancer, and 68-69 years for prostate cancer would use equivalent resources
and avert, respectively, an estimated maximum of 80, 155, and 95 deaths annually. These maximal modelled numbers
will be substantially attenuated by incomplete population uptake of PRS profiling and cancer screening, interval
cancers, non-European ancestry, and other factors.

Interpretation Under favourable assumptions, our modelling suggests modest potential efficiency gain in cancer case
detection and deaths averted for hypothetical new PRS-stratified screening programmes for breast, prostate, and
colorectal cancer. Restriction of screening to high-risk quantiles means many or most incident cancers will arise
in those assigned as being low-risk. To quantify real-world clinical impact, costs, and harms, UK-specific
cluster-randomised trials are required.
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Introduction
There is a renewed focus on improving cancer
control through screening and early diagnosis, following

from overdiagnosis.? Most high-income countries,
including the UK, offer population screening for breast,
cervical, and colorectal cancer, albeit with substantial

recognition of the challenges of effective treatment of
advanced cancers. The UK National Health Service
(NHS) Long Term Plan has set a target that, by 2028,
more than 75% of cancers in the UK should be diagnosed
early (ie, during stage 1 or 2), a 21 percentage point
improvement on the current state of 54%."' The efficacy
of cancer screening is predicated on multiple factors,
including disease incidence, natural history, and harms

variation in the age ranges to which screening is offered,
the type of screening, and its frequency.

Genome-wide association studies (GWASs) have identi-
fied associations between common genetic variants
(mainly single nucleotide polymorphisms [SNPs]) and
the risk of developing different types of cancer. Panels of
these SNPs have been developed to produce polygenic
risk scores (PRSs) in the hope of applying them in
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Research in context

Evidence before this study

We searched PubMed from database inception to Oct 1, 2022,
for articles published in English on the predictive performance of
polygenic risk score (PRS) tools for cancer and their application
in UK screening using the search terms (“PRS” OR "PGS” OR
“polygenic score” OR “polygenic risk score”) AND (“cancer” OR
“malignancy”) AND (“screening”) AND (“UK” OR “United
Kingdom” OR “England”). There is an extensive literature
presenting different PRS tools (models) constructed from sets of
associated single nucleotide polymorphisms (SNPs) for various
cancers using different mathematical approaches. The
performance of these PRS tools is typically quantified by their
predictive accuracy for 5-year or 10-year cancer incidence in
research cohorts, usually combined with the predictive
contribution of age, family history, and other physiological,
lifestyle, and investigational data available for the cohort.
Multiple proposed PRS-stratified screening scenarios have also
been modelled, largely applying multimodal PRS tools derived
from and validated on longitudinal epidemiological cohorts.
Most analyses focus on a single type of cancer. The public health
impact of PRS stratification is often presented as the proportion
of individuals predicted to be shifted up and down between
hypothetical risk categories, sometimes also quantifying the
number of additional cancers detected. PRS modelling analyses
often allude to but do not quantify the potential for future

PRS performance improvement. No modelling analyses were
identified that estimated the annual UK impact of PRS-stratified
cancer screening as absolute numbers of cancer cases detected
and deaths averted.

Added value of this study

In this study, we modelled the application of PRS stratification
using UK metrics to quantify potential absolute annual numbers
of additional cancers detected and deaths averted,
systematically presenting relevant data across eight cancer types
for a range of clinically relevant age strata. We also considered
the UK-specific public health burden, presenting reference age-
stratified population sizes, and modelled the annual volumes of
screening and confirmatory tests, and overdiagnosed cancers,

individualised risk estimation. It is proposed that such
risk estimation could enable the streamlining of existing
population screening programmes, the extension of
screening programmes to those at high polygenic risk
in younger age groups, and increase the feasibility of
previously rejected screening frameworks (eg, prostate-
specific antigen [PSA] screening for prostate cancer).**

To address this proposition, we present an overview of
the performance of PRS tools (ie, models and SNP sets)
for eight example cancers.

Methods

Study design

For this modelling analysis, we used published estimates
of the area under the receiver operating characteristic

for various scenarios. We first conducted our modelling analyses
for PRS tools based on current SNP sets and also present
analyses for projected (future) PRS tools achievable from
hypothetical, larger genome-wide association studies (GWASs).
We explored the specific clinical implementation scenarios for
PRS stratification that we believe to be most logistically credible
for the UK—namely, screening of new predefined age groups
restricted to a PRS-defined subgroup. We modelled screening
for breast cancer (in women aged 40-49 years), colorectal
cancer (in people aged 50-59 years), and prostate cancer (in
men aged 60-69 years). We applied a number of favourable
assumptions, so as to provide credible maximal estimates for
current and future impact of PRS-stratified UK cancer screening.

Implications of all the available evidence

PRS stratification enables the delineation of a PRS-defined
high-risk population quantile modestly enriched for cancer
incidence, presenting an opportunity to improve the efficiency
of screening. For the plausible use cases of breast, prostate,
and colorectal cancer, the potential absolute impact on annual
deaths averted will be modestly improved compared with
applying the equivalent screening resource on the basis of age
alone. If the modelled benefits of PRS stratification are deemed
to justify the logistical costs and other limitations of PRS
stratification (ancestry bias in particular), then independent,
individual-level randomised and cluster-randomised UK trials
must be conducted, powered for all-cause mortality or
legitimate surrogates. This will provide an opportunity to
evaluate issues such as inequity of uptake, unintended
behavioural consequences, and public comprehension of
complex risk data. Larger GWASs than those already done will
improve PRS predictions modestly; predictiveness is inherently
constrained by the low heritability of most common late-onset
cancers. For rare cancers, the absolute numbers of cancer in the
PRS-defined high-risk quantiles remain too modest for
screening to be plausible. PRS stratification does nothing to
improve the performance of cancer-screening tools that are
flawed in regard of overdiagnosis, lead-time bias, or impact on
cancer survival.

curve (AUC) to assess current, future, and optimised
PRSs for each of eight cancer types: breast, prostate,
colorectum, pancreas, ovary, kidney, lung, and testis. For
each of five PRS-defined high-risk quantiles (ie, the
top 50%, 20%, 10%, 5%, and 1%) and according to each
of the three PRS tools (ie, current, future, and optimised)
for eight cancers, we calculated the relative proportion of
cancers arising, the odds ratios (ORs) of a cancer arising
compared with the population average (middle 20%),
and the lifetime cancer risk. We used UK age-stratified
data for cancer incidence and integrated the sensitivity
and specificity of real-world screening tools to model
cancer detection rates for the five PRS-defined quantiles.
We modelled the impact of three hypothetical new
UK programmes of screening: introduction of prostate
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cancer screening for men aged 60-69 years and extension
of current national screening programmes for breast
cancer to women aged 40—49 years and for colorectal
cancer to people aged 50-59 years. In each case, we
compared deaths averted by screening the PRS-defined
high-risk quintile (20%) with deaths averted by screening
the oldest quintile, a randomly selected 20% of the
screening population and the full 10-year age group. We
considered capacity requirements for screening every
year and every 2 years. Additional explanatory details
regarding PRS and measures of cancer screening are in
the appendix (pp 3-5).

Data sources, assumptions, and the full methods are
shown in figure 1 and the appendix (pp 6-12).

Data sources

For each of the eight cancer types, we used the PRS
tools presented by Fritsche and colleagues,” which are
based on SNP sets assembled from the literature and
GWAS databases, for which up to seven PRS methods
had been compared using the UK Biobank to select the
method producing the best AUC (referred to as current
PRS). We used the estimates from Zhang and col-
leagues® for each of the eight cancer types for AUCs
from a hypothetical GWAS with a sample size four times
larger than the largest meta-analysis to date (referred to
as future PRS) and for AUCs for all common genetic
variation underlying disease heritability (referred to as
optimised PRS).

Cancer incidence (2016-18), cancer-specific and age-
specific 10-year survival rates (2008-17), and routes to
diagnosis by tumour type, age, and stage (2018) were
provided by the National Cancer Registration and Analysis
Service, using data from the National Cancer Registration
dataset. Data on the age structure of the UK population

(2016-18) were obtained from the Office for National
Statistics Analysis population estimates tool. Metrics for
the sensitivity and specificity of currently used, real-world
screening tools for each cancer were obtained from
published data from national population screening
programmes or trials and, where available, meta-analyses
(appendix p 13).7*

Statistical analysis

We calculated the cancer ORs and proportion of
cases arising per PRS-defined quantile using methods
described by Wald and colleagues®™ and Hingorani and
colleagues.” Lifetime risks for each cancer were
estimated using the current probability method with
a period approach to account for competing risks.”
To estimate deaths averted, we took the additional
numbers predicted to be detected by screening for each
hypothetical scenario, to which we proportionately
reassigned cancers presenting by other routes. We
then recalculated the relevant stage distributions
and calculated age-specific, stage-specific 10-year net
(cancer-specific) survival for the new revised stage
distributions. Analyses were done using R version 3.6.1
and Excel statistical functions.

Role of the funding source

The funder of this study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

Analyses of PRS-based stratified screening are presented
for eight cancers, examining current, future, and optimised
PRS tools in each case. Analyses assumed full population
uptake for both PRS profiling and subsequent cancer

Current PRS tool (AUC) UK annual cancer
incidence

(by 5-year age bands)

Future PRS tool (AUC)

Published metrics for sensitivity
and specificity of (real-world)
screening tools for each cancer

Age-stratified,
stage-stratified
cancer-specific

Routes to diagnosis:
proportions presenting
by routine, urgent

Input data

Optimised PRS tool (AUC)

Idealised screening tool
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PRS-defined high-risk quantiles of the population (top 50%, 20%, 10%, 5%, and 1%) based on
risk of cancers of the breast, prostate, colorectum, pancreas, ovary, kidney, lung, or testis

Screening of: top 20% based on PRS/oldest 20%/
random 20%, for full 10-year age group:

breast cancer (women age 40-49 years)
prostate cancer (men age 60-69 years)
colorectal cancer (age 50-59 years)

(A) Predictive
enrichment
(1) Odds ratios

(B) Lifetime cancer
risks

Analyses or outputs

(C) Incident cancers arising by
group; cancers detected by
screening

(2) Proportion of cases Annual UK number of cases, by g 1) deaths averted
identified age band 2) screenings
3) diagnostic tests

(D) Survival and service impact of hypothetical
new screening programmes
Annual number of:

4) overdiagnoses

Figure 1: Overview of analyses, data sources, and screening scenarios

AUC=area under the receiver operating characteristic curve. PRS=polygenic risk score.
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screening. Analyses are also simplified by the favourable
assumption that all cancers that are expected to occur
within the screening interval are present at the time of
screening (ie, regardless of screening periodicity, there are
no interval cancers).

Restriction to progressively smaller, high-risk quantiles
(eg, top PRS-defined 20%, 10%, or 1%) increased the
enrichment for cancer (ie, OR for cancer compared with
the population average; table 1; appendix p 14). However,
restriction to a smaller high-risk quantile also increased
the absolute numbers of cancers missed within the
corresponding PRS-defined low-risk group. This so-called
enrichment trade-off is well illustrated for breast cancer:
individuals in the PRS-defined high-risk quintile (20%)
had an OR for breast cancer of 2-13 compared with the
average woman, and this group is estimated to capture
37% of the breast cancers (thus excluding 63%). The PRS-
defined high-risk half (50%), as a group, had an estimated
OR for risk of breast cancer of 1-59 compared with the
average woman. However, restriction of screening to this
group would capture almost 70% of cancers, thus
excluding 30%. The current PRS for breast cancer had an
AUC of 0-64; for the future PRS (AUC=0-69), the PRS-
defined high-risk 50% was estimated to capture 76% of
breast cancers.

For women, the population lifetime risk of breast cancer
was 14-3%; for the PRS-defined top risk quintile, the
lifetime risk of breast cancer was estimated to be 25-3%
(table 1; appendix p 15). For those in the PRS-defined top
1% of risk, which was estimated to capture 4% of cancers
(appendix p 15), the lifetime risk was estimated to be
43.4%, a risk level at which risk-reducing mastectomy
might be considered. For less common cancers, such
as pancreatic, renal, and ovarian cancers, the absolute
lifetime risk in the PRS-defined high-risk groups,
although elevated, was still modest. Prophylactic salpingo-
oophorectomy is offered to individuals at more than
5% lifetime risk of ovarian cancer—for example, women
with germline mutations in BRCAI (lifetime ovarian
cancer risk 41%).* However, compared with a population
lifetime risk of 2-1%, the estimated lifetime risk of ovarian
cancer in the PRS-defined high-risk quintile of the female
population was only 2-7% and in the top 1% was only
3-5% (table 1; appendix p 15).

Screening programmes are typically offered to a pre-
specified age group, selected to balance cancer incidence
and potential gain in life years. In table 2 and the
appendix (pp 16-21), we present cancer incidence for
the top 50%, 20%, 10%, 5%, and 1% of the population by
PRS-defined risk for the eight cancers in relevant age

PRS AUC 0dds ratio for cancer for Percentage of cancers Percentage lifetime cancer risk in
PRS-defined high-risk captured within the PRS-defined high-risk quantile
quantile (vs population PRS-defined high-risk
average) quantile
Top 50% Top 20% Top 50% Top 20% Population  Top 50% Top 20%
average
Current PRS
Breast (women) 0-64 1.59 213 70% 37% 14-3% 19-5% 253%
Prostate (men) 0-70 2.01 2-99 77% 46% 15-2% 22-6% 32:0%
Colorectum (all) 0-62 1-45 1.84 66% 34% 6-7% 8:9% 11-2%
Pancreas (all) 058 1.27 1-50 61% 29% 1.7% 21% 2:5%
Ovary (women) 0-56 119 134 58% 26% 2:1% 2-4% 27%
Kidney (all) 0-52 1.05 1-09 52% 22% 2:0% 21% 2:2%
Lung (all) 055 117 130 57% 26% 77% 8-9% 9:9%
Testis (men) 0-70 2-05 3-07 77% 47% 0-5% 0-8% 13%
Future PRS
Breast (women) 0-69 191 279 76% 44% 14-3% 20-9% 29:3%
Prostate (men) 072 216 332 79% 48% 15-2% 23:1% 33:-5%
Colorectum (all) 0-64 158 210 70% 37% 67% 9-3% 12:2%
Pancreas (all) 0-65 1.64 222 71% 38% 17% 2:4% 33%
Ovary (women) 0-61 143 1.81 66% 33% 2:1% 2-8% 3:5%
Kidney (all) 0-65 1-60 215 70% 38% 2:0% 2:8% 3-8%
Lung (all) 0-61 141 176 65% 33% 77% 10-1% 12.5%
Testis (men) 0-84 476 9-20 92% 71% 0-5% 1.0% 1.9%
AUC for current PRS is as estimated by Fritsche and colleagues® (PRS as per amalgamation of published single nucleotide polymorphism associations). AUC for future PRS is as
estimated by Zhang and colleagues® (PRS projected for GWAS with sample size four times larger than the largest meta-analysis to date). Additional measures are shown in the
appendix (pp 14-15). AUC=area under the receiver operator characteristic curve. GWAS=genome-wide association study. PRS=polygenic risk score.
Table 1: Characteristics of current and future PRS tools for eight cancers
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bands, along with the numbers of cancers that would
be detected for each group using currently used (ie,
real-world) cancer-specific screening tools (albeit using
thresholds or methods with performance superior to
those routinely deployed in NHS screening programmes).
For example, of the 55545 annual cases of breast cancer
in women, 26 320 (47%) arise in women aged 50-69 years,
to whom national screening is currently offered in the
UK. If screening were restricted to the PRS-defined high-
risk quintile, 9823 (37%) of 26320 breast cancers would
be detected in the high-risk group. Thus, given a sensi-
tivity of 70% for digital mammography, the overall
detection rate for the age group would be 6876 (26%) of
26320 cases. If screening were restricted to the PRS-
defined top 50%, 12858 (70%) of 18368 cancers in this
group would be detected on screening. 7952 (30%) of

26320 cancers would occur in those excluded from
screening due to being defined as low-risk. We also
illustrate the impact of screening delivered via a hypo-
thetical idealised cancer screening tool (providing
a sensitivity of 80% for 95% specificity) in the appendix
(pp 22-27).

To illustrate PRS-stratified screening in a lower-
frequency cancer type, we considered PRS-stratified
pancreatic screening initiated in individuals aged
60-74 years, among whom 4100 (39%) of 10452 annual
pancreatic cancer cases arise (table 3). Using a current
PRS, 1180 (29%) of 4100 cancers are predicted to arise
in the PRS-defined high-risk quintile, increasing to
1572 (38%) using a future PRS. Considering an idealised
screening tool of 80% sensitivity, 944 (80%) of 1180 cases
would be detected (increasing to 1257 [80%] of 1572 with

Population Cancers  Top 20% of PRS Top 50% of PRS
size arising
peryear
Number Cancers  Missed Cancers Cancers Number Cancers  Missed Cancers Cancers
requiring inhigh- cancersin ~ missedon  detectedon  requiring inhigh-  cancersin ~ missedon  detected on
screeningin  risk unscreened  screening  screeningin  screeningin  risk unscreened  screeningin  screening in
high-risk group  low-risk in high-risk high-risk high-risk group low-risk high-risk high-risk
group group group group group group group group
Breast cancer
Total aged 40-49 years 4369703 7533 873941 2811 4722 843 1968 2184851 5257 2276 1577 3680
Total aged 50-69 years* 8126689 26320 1625338 9823 16497 2947 6876 4063345 18368 7952 5510 12858
Prostate cancer
Total aged 50-59 years 4355391 5897 871078 2704 3193 1839 865 2177696 4538 1359 3086 1452
Total aged 60-69 years 3461821 16853 692364 7728 9125 5255 2473 1730911 12970 3883 8820 4150
Colorectal cancer
Total aged 50-59 years 8839717 5052 1767943 1702 3350 511 1192 4419858 3350 1702 1005 2345
Total aged 60-74 years* 10175760 16621 2035152 5601 11020 1680 3921 5087880 11021 5600 3306 7715

Screening methods are digital mammography (sensitivity 70%) for breast cancer, prostate-specific antigen (3 ng/mL; sensitivity 32%) for prostate cancer, and faecal immunochemical test (20-50 pg/g;
sensitivity 70%) for colorectal cancer. Numbers of cancers are annual for the UK (population around 66 million). PRS=polygenic risk scores. *Age ranges currently included for national screening in the UK;
the rest are age groups for which we present hypothetical PRS-based risk-stratified screening projections.

Table 2: Modelling of PRS-based risk-stratified screening for breast, prostate, and colorectal cancer, applying current PRS to define a high-risk quantile (top 20% and top 50%)

*Assuming screening sensitivity of 80%.

Population  Cancers Numberin  Current PRS Future PRS
size arisingper  high-risk
year quintile of
population
Missed Cancersin  Cancers Cancers Missed Cancersin  Cancers Cancers
cancersin  high-risk ~ missedon  detectedon cancersin  high-risk ~ missedon  detected on
unscreened  group screeningin  screeningin  unscreened  group screening in  screening in
low-risk high-risk high-risk low-risk high-risk high-risk
group group* group group group* group
Total aged 50-59 years 8839717 1075 1767943 766 309 62 248 663 412 82 330
Total aged 60-74 years 10175760 4100 2035152 2920 1180 236 944 2528 1572 314 1257
All ages 66041278 10452

A high-risk quintile (20%) is defined for two age ranges using current and future PRS tools (the future PRS tool is based on a genome-wide association study with a sample around four times larger than that of
the largest meta-analysis to date). An idealised screening tool is modelled, which has a sensitivity of 80%. Numbers of cancers are annual for the UK (population around 66 million). PRS=polygenic risk scores.

Table 3: Modelling of PRS-based risk-stratified screening for pancreatic cancer (with idealised screening tool)
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Breast cancer Prostate cancer Colorectal cancer
Population metrics and parameter estimates
Age range 40-49 years 60-69 years 50-59 years
Population size 4369703 3461821 8839717
Cancers arising annually 7533 16853 5052
Annual cancer-specific deaths 694 1262 1715
Overdiagnosis rate (proportion of screen-detected cancers) 11% 42% 3-8%
Screening tool (sensitivity/specificity) Digital mammography Prostate-specific antigen: Faecal immunochemical test:
(70%/92%) cutoff 3 ng/mL (32%/85%) cutoff 20-50 pg/g (70%/95%)
Overdiagnosed cancers per one death averted 24 113 0-25
PRS-defined high-risk quintile (20%)
Size of screened group 873941 692364 1767943
Cancers arising outside of screened group 4722 9125 3350
Cancers arising in screened group 2811 7728 1702
Cancers detected in screened group 1968 2473 1192
Cancers missed in screened group 843 5255 511
Screening tests required per year
Screening once a year 873941 692364 1767943
Screening once every 2 years 436970 346182 883971
Confirmatory (diagnostic) tests required per year
Screening once a year 71658 105168 89504
Screening once every 2 years 35829 52584 44752
Additional cancers (overdiagnoses) 243 1791 47
Deaths averted 102 158 188
Overall reduction in deaths 14-7% 12:5% 11-0%
Overall improvement in survival 1-4% 0-9% 37%
Individuals screened for 10 years per one death averted 854 439 940
Oldest quintile (20%)
Size of screened group 937850 702786 1596 060
Cancers arising outside of screened group 5335 12185 3649
Cancers arising in screened group 2198 4668 1403
Cancers detected in screened group 1538 1494 982
Cancers missed in screened group 659 3174 421
Screening tests required per year
Screening once a year 937850 702786 1596060
Screening once every 2 years 468925 351393 798030
Confirmatory (diagnostic) tests required per year
Screening once a year 76390 106212 80716
Screening once every 2 years 38195 53106 40358
Additional cancers (overdiagnoses) 190 1082 39
Deaths averted 80 95 155
Overall reduction in deaths 11-6% 7:5% 9-0%
Overall improvement in survival 11% 0-6% 31%
Individuals screened for 10 years per one death averted 1166 738 1030
Presented are modelled outcomes for screening of PRS-defined high-risk quintile (20%) and the oldest quintile (20%) of the population. Data presented are modelled for the
UK population (around 66 million people) for annual cancers arising, deaths averted, and overdiagnoses. These are inflated estimates based on several favourable
assumptions, which include that all cancers arising in the screening interval are present at time of screening (ie, no interval cancers) and full population uptake for PRS and
screening. Cancer survival is based on UK diagnoses for 2008-17. We include the number of screenings and confirmatory (diagnostic) tests required based on screening once a
year or once every 2 years. PRS=polygenic risk score.
Table 4: Impact of approaches to screening for a specified 10-year age group for cancers of the breast (40-49 years), prostate (60-69 years),
and colorectum (40-49 years)
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a future PRS). With a UK population of 10175760 indi-
viduals aged 60-74 years, 2 035 152 people (the PRS-
defined high-risk quintile) would require screening to
detect these 944 cancers each year. This hypothetical
scenario presupposes the emergence of a screening tool
of this sensitivity and specificity that might meaningfully
affect pancreatic cancer survival.

We modelled a hypothetical new UK screening pro-
gramme for prostate cancer in men aged 60-69 years, an
age window selected to balance disease incidence and life
expectancy. Of the 3461821 men aged 60-69 years,
692364 would be assigned to the high-risk quintile on
the basis of their PRS. Of the 16853 prostate cancers
arising annually in this age group, 7728 (46%) would be
predicted to arise in the PRS-defined high-risk quintile
and 9125 (54%) in the low-risk unscreened population
(table 4). PSA screening at a 3 ng/mL cutoff has
a sensitivity of 32% for a specificity of 85%: thus,
only 2473 (32%) of 7728 prostate cancers arising in the
PRS-defined high-risk quintile would be detected. Of
16853 men aged 60-69 years diagnosed with prostate
cancer annually, 1262 (7%) are expected to die of their
disease within 10 years. Under favourable assumptions,
it is predicted that PSA screening of the PRS-defined

high-risk quintile would avert up to 158 (13%) of
1262 deaths, compared with 95 (8%) from screening the
oldest quintile (20%; table 4). Multi-parametric MRI
offers a sensitivity of 89% for a specificity of 73%,
meaning that screening of the PRS-defined high-risk
quintile would be predicted to increase detected cancers
to 6878 (41%) of 16853 and deaths averted annually to
438 (35%) of 1262 (appendix p 28). For prostate cancer, if
screening were offered once a year (or once every 2 years)
to men aged 60-69 years, 692364 (or 346182) screening
tests would be required annually (table 4). Given that
about 3-6 million MRIs are performed every year in
England across all indications, first-line multi-parametric
MRI screening for just the PRS-defined high-risk quintile
of men aged 60—69 years would require an immediate
19-2% (or 9-6% for screening once every 2 years) national
increase in MRI capacity. This extra capacity is predicted
to cost approximately £208 (or £104) million per year
(estimated from a cost of £301 per multi-parametric
MRI).”* Due to the 73% specificity of multi-parametric
MRI, an additional 191730 (or 95865) follow-up or con-
firmatory tests (typically biopsies) would be required
annually compared with 105168 (or 52584) follow-up or
confirmatory tests for PSA-based screening.

Breast cancer (40-49 years of age)

Prostate cancer (60-69 years of age)

Colorectal cancer (50-59 years of age)
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[ Missed cancers arising in unscreened low-risk group
I Cancers missed on screening in high-risk group
[ Cancers detected on screening in high-risk group: survival outcome unchanged

[ Cancers detected on screening in high-risk group: death averted
[ Cancers detected on screening in high-risk group: overdiagnoses

Figure 2: Modelled outcomes for new screening for 100 individuals who would currently present with incident symptomatic cancers

Presented are outcomes if a new screening programme were offered to the PRS-defined high-risk quintile (20%) of the population for breast cancer aged 40-49 years
(screened using digital mammography), prostate cancer aged 60-69 years (screened using prostate-specific antigen [3 ng/mL]), and colorectal cancer aged

50-59 years (screened using faecal immunochemical test [20-50 pg/g threshold]). Assumptions include full uptake for PRS profiling and screening and that all
cancers in the screened population are present at the time of screening (rather than arising as interval cancers). Cancer survival is based on UK diagnoses for 2008-17.
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Furthermore, it is estimated from PSA screening
studies that 42% of prostate cancers detected are over-
diagnoses.” On the basis of this estimation, for 1-4 men
with prostate cancer detected by screening who would
have otherwise presented symptomatically, one man has
a cancer detected by screening which would have never
manifested disease in his lifetime. For each death
averted via screening, we predicted that 11-3 men will
be overdiagnosed with prostate cancer. There is no
theoretical reason to expect differences in the rate of
overdiagnoses by PRS stratum; thus, in this PRS-
stratified PSA-based screening scenario, we predicted
that there would be an additional 1791 overdiagnosed
prostate cancer cases per year (appendix p 4). Data for
prostate cancer screening for men aged 50-59 years are
also shown in the appendix (p 28).

In a hypothetical extension of UK breast cancer
screening to women aged 40—49 years, 2811 (37%) of
7533 breast cancers occurring annually in women aged
40-49 years would arise in the PRS-defined high-risk
quintile (table 4). Of these 2811, 1968 (70%) might be
detected on digital mammography. Of the 7533 UK
women diagnosed with breast cancer annually in this age
range, 694 (9%) would be expected to die from their
disease within 10 years. Compared with no screening in
this age group, screening of the PRS-defined high-risk
quintile could avert up to 102 (15%) of these 694 deaths,
compared with 80 (12%) deaths from screening of the
oldest quintile (ie, those aged 48—49 years), 55 (8%) from
screening a randomly selected 20% of women, and
274 (39%) from screening all women in this age group
(table 4; appendix p 28). If screening were offered once a
year (or once every 2 years) to a quintile of women aged
4049 years, an estimated 873941 (or 436 970) mammo-
grams and 71658 (or 35829) follow-up biopsies would be
required annually (table 4).

Hypothetical extension of colorectal cancer faecal
immunochemical test (FIT) screening to individuals aged
50-59 years, would avert up to an estimated 188 (11%) of
1715 annual colorectal cancer-specific deaths in the PRS-
defined high-risk quintile (1767943 of 8839717 in this
age group in the population; table 4). By comparison,
we estimated that 155 (9%) of 1715 deaths could be averted
from screening of the oldest quintile (ie, those aged
58-59 years), 112 (7%) from screening a randomly selected
20%, and 558 (33%) deaths from screening everyone in
this age group (appendix p 28).

Modelled outcomes for new hypothetical screening for
breast cancer, prostate cancer, and colorectal cancer per
100 individuals who currently would present with incident
symptomatic cancers are shown in figure 2.

Discussion

We have shown how PRS-defined high-risk groups are
enriched for cancers, but that the inherently modest
predictiveness of PRSs means that, even with optimistic
forecasts for larger GWASs, a substantial proportion

of incident cases will always be excluded from PRS-
stratified screening programmes because they are
deemed to be low risk. We present breast, colorectal,
and prostate cancer as being the most plausible use
cases for PRS stratification on account of the com-
bination of stronger PRS predictiveness and higher
disease frequency than other cancers, along with the
availability of established cancer screening tools. We
illustrate that modest absolute numbers of deaths from
these cancers could potentially be averted in the UK by
introduction of new PRS-stratified screening activities,
as opposed to screening of an equivalently sized group
from the upper end of the respective age range. Their
lower incidence or modest heritability (or both), in
addition to a scarcity of cancer screening tools with
proven efficacy, render other cancers less plausible
as use cases.

Some limitations of our study include applying multiple
assumptions anticipated to overestimate the impact of
screening; accordingly, estimates for the benefit of PRS
stratification will be inflated. All estimates were based on
an assumption of complete uptake of cancer screening.
Thus, the difference between the estimated 102 deaths
that might be averted annually by restricting breast cancer
screening to the top quintile of women aged 40—49 years
according to PRS-defined risk versus the 80 deaths if
screening were restricted to the oldest quintile (ie, those
aged 48—49 years) would be attenuated from 22 to 15 if
breast cancer screening uptake were 70% (appendix p 5).
We assumed that all cancers arising during the screening
window are present at screening; in practice, a proportion
will present as interval cancers, especially if deploying a
longer screening periodicity than that assumed in this
analysis. We used cancer survival data for 2008-17
Disregarding treatment-related improvements in stage-
specific survival since 2008 could result in overestimation
of the survival gain from any screening-related stage shift.
We also model real-world screening tools that are superior
to those currently implemented in the UK (eg, FIT at a
threshold of 20-50 pg/g compared with the current
threshold of 120 pg/g). We assumed cancer screening
performed with equivalent sensitivity in younger age
groups as in older populations (eg, disregarding any
reduction in sensitivity from higher breast density in
younger women). We also assumed complete uptake
of PRS profiling and applied PRS enrichment as per
a population with wholly western European ancestry;
adjusting for these assumptions would attenuate survival
impacts in the PRS-stratified screening scenarios.

In our models, screening sensitivity, overdiagnosis,
biology, and lead time do not differ across PRS quantiles.
This assumption is consistent with PRSs constructed
from SNP associations from GWASs of disease cases
unselected with regard to outcome or lethality, meaning
that the cancers would not be anticipated to differ
systematically between PRS-defined quantiles in their
biology, clinical characteristics, or clinical behaviour.
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In any analyses of PRS-stratified screening, there will
always be contention regarding the PRS tools applied
and accordant AUCs of performance. Although the PRS
tools we used were selected because they had the best
performance among multiple PRS methods, marginal
improvements in AUC might be gained from alternative
mathematical approaches or from addition of newly
reported SNPs. Conversely, we might be criticised
for these AUCs being potentially inflated on account
of having been validated through the UK Biobank, as
some constituent SNPs would have also been identified
in the UK Biobank.”? There will also potentially be
contention regarding the proposed system of clinical
implementation for which PRS stratification is modelled.
Many PRS projections model clinical implementation
in which participating individuals would have risk
analysis integrating a multitude of detailed physiological,
clinical, pedigree, and sometimes investigational risk
factors, after which the individual would be entered into
screening at an individualised age and potentially have an
individualised periodicity of screening.

We recognise that in validation analyses of PRS tools
against cancer incidence in longitudinal cohort data, age
is a powerful predictor of the likelihood of developing
nearly all types of cancer during the following 5 or
10 years (appendix p 29). However, in the context of
prospective design of a screening programme, it would
be inappropriate for the following reasons to simply port
across an AUC that was based on retrospective model
fitting including age at cancer incidence (strongly driven
by predictions of older-onset cancers). First, a screening
programme is intended to provide survival benefit for
the individual and the population. Thus, screening is
typically discontinued as participants approach older age
(ie, 70-75 years) because potential survival benefits
decrease precipitously on approaching population
median life expectancy (approximately age 81 years).
Second, so-called personalised screening delivery at
perfectly individualised initiation age and periodicity
is logistically infeasible. The gains in impact would be
modest compared with more logistically feasible
precision screening based on allocation (according to
risk) to one of three or four prestructured screening
packages. Third, it is likely to be politically unpopular to
remove or reduce screening from existing programmes.
Therefore, we modelled roll out of screening activity
for new prespecified age ranges, which would potentially
be restricted to a PRS-defined high-risk population
subgroup. For example, for breast cancer, we used PRS
stratification to identify a new subgroup of women who
might be offered the existing UK so-called middle-tier
breast cancer screening package (initiation from the age
of 40 years). For the UK’s existing packages of breast
cancer screening defined by the National Institute for
Health and Care Excellence, which vary by age of
initiation (age 25, 40, or 50 years), screening periodicity
(annually or once every 3 years), and screening method

(mammography or MRI), only a few women are in
the middle or highest tiers for screening, with allo-
cation currently just based on reactive ascertainment of
family history and gene mutational status (eg BRCAI
and BRCA2).

Various other lifestyle and epidemiological factors have
also been incorporated into models to predict cancer
incidence in the population, including family history,
smoking status, body-mass index (BMI), alcohol use,
and hormonal risk factors (eg, contraceptive use, age of
menopause, and parity). For example, on validation of the
widely used, multimodal PRS tool BOADICEA against a
well annotated Swedish breast cancer research dataset, an
AUC of 0-69 was attained for the full multimodal model
(incorporating age, PRS, mammographic breast density,
BMI, family history, and endocrine and lifestyle factors)
compared with an AUC of 0- 67 for a model based on PRS
plus age. The AUC was further boosted from 0-69 to
0-70 when data on pathogenic variants in BRCAI,
BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D, and
BARDI were included in the model. As well as having
modest impact on AUC, although well captured in highly
annotated research cohorts, availability is poor for these
types of additional, detailed risk-factor data within routine
health-care records.” Thus, on the basis of logistical
complexity, and the modest additional value of col-
lections of individualised, multimodal risk-factor data,
we modelled screening delivery to a predefined age
range and applied AUCs in our analyses that reflect the
performance of PRS-only tools.

For breast cancer, for example, the total heritability
is estimated to be 31%, meaning that 69% of factors
influencing development of breast cancer are non-
genetic. Furthermore, less than 50% of that breast
cancer heritability is estimated to reside in common
genetic variants identifiable by GWAS. Overall total
heritability is estimated to be 15% for colorectal cancer
and 57% for prostate cancer.” Thus, because most of
the causes of common cancers are non-genetic, the
predictiveness of PRS tools will ultimately be limited by
the modest heritability. This limitation is well illustrated
by the optimised PRS tools we present, in which the
totality of associated common variants is captured.
Moreover, it is unclear whether for even the future PRS
tools we present, the requisite four-times increase in
total case samples will ever be achieved. Thus, we would
propose the future PRS tools presented should be viewed
as indicative of PRS tool performance attainable in the
foreseeable future, reasonably reflecting predictive gains
probably attainable from new studies, improved math-
ematical methods, multimodal risk data, or more
individualised screening windows.

PRS tools to date have been derived from GWASs
conducted predominantly in participants of western
European ancestry, which means that non-European
populations will not be equivalently served by pro-
posed PRS-based screening programmes. Thus, existing
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For more on the Our Future
Health initiative see https://
ourfuturehealth.org.uk/get-
involved/taking-part/

inequalities in screening participation could potentially
be exacerbated.” There might be differential uptake of
PRS profiling across different societal groups relating
to concerns about future potential for genomic dis-
crimination, by insurers and beyond. The cancers
arising in the unscreened (PRS-defined low-risk) group
are of equivalent natural history and lethality to those
arising in the screened high-risk group. Being assigned
as low-risk—or even just as not belonging to the high-
risk group—might offer false reassurance and even
result in individuals disregarding general lifestyle advice
or ignoring relevant symptoms. Conversely, there might
be considerable anxiety associated with assignment as
high-risk, with people not appreciating that the absolute
risks of cancer are still low.” Genetics are often portrayed
in discourse as predictive and clear-cut, and this framing
poses several challenges in the communication around
PRS, given that the majority of the risk for most cancers
will lie in factors that are not genetic and cannot be
measured by PRS.

Research into new screening programmes typically
involves very skewed participation, and the acceptability
and uptake of polygenic risk profiling remains
unexplored for the majority of the UK population. If the
modelled benefits of PRS stratification are deemed to
justify the logistical costs and other limitations of PRS
stratification (in particular, ancestry bias), then as well
as individual-level randomised studies, independent
cluster-randomised UK trials must be conducted in pre-
registered, fully transparent, controlled circumstances,
evaluating the endpoint of all-cause mortality (or a
legitimate surrogate). If these trials show favourable
impact, whole-system considerations and capacity
analyses are still required, comparing PRS-stratified
screening to wider public health interventions, their
comparative merits and hazards, opportunity costs, and
impact on services used by people with symptomatic
or more advanced cancers. It was announced in
October, 2022, that up to 5 million non-randomised
adult NHS patients are to be offered PRS profiling
through the UK Our Future Health research programme
with an option to receive their results; it has yet to be
clarified how or if this programme will address or
evaluate these crucial questions.

PRS stratification does mnot redress the many
major challenges that often thwart cancer screening
endeavours—namely, overdiagnosis of indolent cancers,
poor sensitivity and specificity trade-off for screening
tools, the paradox of age benefit, lead-time bias, and little
impactful reduction in mortality. Given that PRS solely
provides a modest level of risk stratification, it is
improbable that a screening framework significantly
compromised by these shortcomings would suddenly
become a convincing value proposition just because it
was restricted to or withheld from specified PRS-defined
risk quantiles of the population. Only small improvements
in PRS tool performance will be attainable from larger

GWASs, novel methods, and incorporation of other
individualised risk factors. For established screening
frameworks, such as those for breast or colorectal cancer,
restriction of screening to a PRS-defined group would be
compelling if such stratification enabled delineation of,
for instance, 20% of the population in which 90% of the
cancers were concentrated. PRS tools do not achieve such
delineation; they are inherently much weaker. Most
individuals in the high-risk groups never develop the
cancer in question. There is an enrichment trade-off (akin
to Rose’s paradox): when restricting screening to a smaller
PRS-defined high-risk quantile (ie, the top 20% or 10%),
enrichment is stronger, but the majority of cancers will
arise in the low-risk group. If a larger quantile is screened
(eg, the PRS-defined high-risk 50%), fewer cancers are
excluded but enrichment is weaker and there is lesser
overall impact on screening volumes.

Our modelling suggests that PRS stratification might
afford some very modest improvement in screening
efficiency and survival. Robust quantitation of benefits
versus harms requires rigorous, randomised, national-
level investigation also exploring ancestral inequity,
societal acceptability, potential diminution of existing
screening uptake, and logistical costs and complexities.
It is important to remember: “All screening programs do
harm; some do good as well, and, of these, some do more
good than harm at reasonable cost”.*
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