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Abstract

The incidence of colorectal cancer (CRC) is indrea#/orldwide. CRC has high mortality when
detected at advanced stages, yet it is also hgelyentable. Given the difficulties in implementing
major lifestyle changes or widespread primary pnéoa strategies to decrease CRC risk, screening
is the most powerful public health tool to reducertality. Screening methods are effective but have
limitations. Furthermore, many screen-eligible pessremain unscreened. We discuss established
and emerging screening methods, and potentiakgiest to address current limitations in CRC
screening. A quantum step in CRC prevention mighte with the development of new screening
strategies, but great gains can be made by degldy@available CRC screening modalities in ways

that optimize outcomes while making judicious ukesgources.
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Screening can greatly reduce colorectal cancer jdi@lence and mortality. So, have we solved
the CRC problem? The increasing incidence of CR@dmade and in younger persons indicates
that many challenges remain. Screening has noirelted CRC. Primary prevention is difficult, so
CRC control efforts rely largely on screening. Aamately one-third of screen-eligible Americans
have not been screengdn estimated 46%—63% of deaths from CRC in théedrStates (US) have
been attributed to missed screening opporturftigserefore, the effectiveness of a screening
strategy depends not only on screening test pedoce characteristics, but also on patient
adherence. The burden of CRC might be further rediwdth successful deployment of the
screening strategies we already have, which we kmork, as well as innovations in screening

methods or risk stratification and personalize@sging.

Screening Strategies

Although CRC is the second leading cause of cateath in the US, CRC incidence and
mortality have been decreasing substantially dvempast several decadds is estimated that
much of this reduction can be attributed to scregnivith removal of precancerous polyps and
detection of early stage CRC.

CRC is the only cancer for which screening has Ipeewen to reduce cancer mortality in
average-risk women and average-risk men. Sevaegsing tests are available, each with
strengths and limitations. The quality of evidetwsupport these screening tests varies.
Randomized controlled trials have found significattuctions in CRC mortality among patients
screened by guaiac-based fecal occult blood tgsBBTSs) or flexible sigmoidoscopy, whereas
observational studies support the effects of feanelunochemical tests (FITs) and screening

colonoscopies in reducing deaths. Data are avaifabi only cross-sectional studies of the



effects of multi-target stool DNA (mt-sDNA) testchnomputed tomography colonography
(CTC), comparing performance characteristics withse of colonoscopy. There have been no
head to head studies to demonstrate that any ehis ®uperior to another for reducing CRC

mortality or incidence.

Sool-based tests

The gFOBT uses the pseudoperoxidase activity ofehtendetect the presence of blood in stool.
Dietary modification and avoidance of non-steroigati-inflammatory drugs and vitamin C are
recommended to avoid false-positive and false-megatsults, respectivefTest takers are
asked to collect 3 stool samples for each screewommgd. Data from 5 randomized controlled
trials, comprising more than 440,000 participanith\i1-30 years of follow up, support the
efficacy of this test.

Screening with gFOBTSs every 2 years (bienniallgueed CRC mortality by 9%—22%
over 2—-9 rounds of screening (Tabl€'1j.in a study that directly compared annual or bighni
gFOBTSs to usual care in the US, annual screenisigjtesd in a greater reduction in CRC
mortality than biennial screening over 30 year$43% 22%)’ CRC incidence was reduced by
20% with annual screening vs 17% with biennial sieg over 18 years of follow-up.There
were greater reductions in CRC-specific mortalityoag men than women in some studi@e
gFOBT used in these studies (Hemoccult 1) det€RE with lower levels of sensitivity than
available gFOBTSs (which detect CRC with 62%—79%sgeiity and of 87%—-96% specificity)
(Table 2)**°

The FIT has largely replaced gFOBT due to the iredadvantages of the FIT, which

uses an antibody to detect human globin and ietbex not affected by diet. Only 1 stool



sample is required for many available FITs, andissihave demonstrated significantly greater
adherence to FIT than the gFOBTThere have been no randomized controlled studigseo
effectiveness of FIT in reducing CRC mortality ocidence. However, a study that examined
staggered initiation of biennial FIT screening asroegions in Italy found a 22% reduction in
CRC mortality in regions that offered FIT early quaned with regions that delayed FIT
screening (Table Y. Observational cohort studies reported a 10% rémfuat CRC incidenc¥
and a 62% reduction in CRC mortality attributaliletT *° A meta-analysis of test characteristic
studies reported that FIT detected CRC with a gbsémnsitivity of 79% and specificity of 94%
(Table 2)?° These studies are based on 1-time application amedpwith colonoscopy and do
not account for potential detection of neoplasidutare rounds of screening. Based upon
superior test characteristics, lack of need fotagdyeor medication modification, and greater
adherence, annual FIT is recommended over gF&BT.

CRC is associated with genetic and epigenetic #&fRgRC cells are shed into the
stool, and their DNA alterations can be detectealvéler, the CRC cell DNA must be
distinguished from bacterial DNA, which is much m@bundant. The mt-sDNA test combines a
FIT with assays for abnormally methylated regiohBNA associated with colorectal
carcinogenesi$ Subjects taking the test are not required to laeyedietary or medication
modifications, though test completion requires mgibf a test kit to the subject, who must then
return a FIT and stool sample in buffer. Navigatstgpplied by the manufacturer, help improve
adherence.

There have been no randomized controlled studidseoéffects of mt-sDNA test on
CRC mortality and incidence. A study compared ttssofl 1-time use of mt-sDNA vs FIT in

9989 average-risk adults who underwent colonosesge reference standard. The mt-sDNA



test detected CRC and advanced adenoma with 92884iisity, vs 73.8% sensitivity for the

FIT, but with only 86.6% specificity, compared wi#.9% for the FIT (Table Zf. The mt-

SDNA test detected sessile serrated pobiis mm with 42.4% sensitivity compared with 5.1%
sensitivity for the FIT. There are limited datatbe appropriate surveillance interval, though the
manufacturer recommends screening every 3 yeassndtt clear how to manage patients with

abnormal results from the mt-sDNA test but nornesglilts from colonoscopy.

Direct visualization
Flexible sigmoidoscopy provides direct visualizataf the distal portion of the colorectum and
the opportunity to biopsy and/or remove polyps. Bbpreparation consists of enemas with or
without oral magnesium citrate, and no sedatiagedsliired. Four long-term (11-17 years)
randomized controlled trials compared effects efifble sigmoidoscopy with no screeniti.
A meta-analysis (n=458,002) found that flexiblensagdoscopy decreased CRC morality by
27% (95% Cl, 18%—-34%), compared to no screenidd-al? years of follow up, in intention to
screen analyses (Table¥Moreover, CRC incidence was reduced by 21% ( 9594 5%
25%) with flexible sigmoidoscopy compared with moegning. In per-protocol analyses,
flexible sigmoidoscopy resulted in 38%—43% redudiocn CRC mortality and 31%—-33%
reductions in CRC incidenéé.?®

The reduction in CRC mortality and incidence wamsicant for only distal CRC, with
an incidence rate ratio of 0.63 (95% ClI, 0.49-0&#hpared with 0.90 ( 95% ClI, 0.77-1.04) for
proximal CRC This mortality reduction benefit appears to beatgefor men than woméet,
possibly due to differences in neoplasia distrimutiFlexible sigmoidoscopy is recommended

every 5 years.



Colonoscopy, which is indicated after other lesssgive tests are positive, can also be
used for primary screening. Colonoscopy requiretady modification and administration of a
purgative preparation. Most individuals undergamooiscopy with sedation, requiring the
assistance of someone to transport them afterrde@gure. No randomized trials have been
completed that evaluated the efficacy of colonogcbpt the NordICC study, a randomized trial
that is underway in Northern Europe, is compariolgioscopy to no organized screenifig”
Cohort and case—control studies found an associbgtween lower endoscopy and reduced
CRC mortality and incidence (Tablef)*? A large prospective cohort study of nearly 89,000
nurses and other health care professionals foutddtier 24 years of follow up, colonoscopy
was associated with a 68% reduction (95% CI, 55%%)46 CRC-specific mortality compared
with no exposure to colonoscopylndividuals who underwent colonoscopy with polyjeay
were found to have a 43% reduction in CRC incidesarapared to those with no lower
endoscopy.

Although CRC screening tests are often comparesltmoscopy, colonoscopy can miss
lesions as well. In studies comparing colonoscop@TC, or to colonoscopy enhanced by
knowledge of CTC results, the estimated per-pessmsitivities ranged from 89.1% to 94.7%
for adenomas10 mm and from 74.6% to 92.8% for adenom@snm (Table 2} A systematic
review of tandem colonoscopy studies reported naites of 26% for adenomas (95% CI, 23%—
30%), 9% for advanced adenomas (95% CI, 4%-16%)2@#0 for serrated polyps ( 95% ClI,
16%—-40%]"® Screening colonoscopy is recommended every 1Gyear

CTC also allows for visualization of the entirea@ctum. CTC is typically performed

after administration of a bowel preparation an@wmrgent to radiographically tag stool for

digital subtraction. C@insufflation is achieved via a rectal balloon eaér. There are no studies



evaluating the effect of CTC on CRC incidence ortality. In a meta-analysis that compared
the effects of CTC with those of colonoscopy, tee-person sensitivity of CTC for adenomas
>10 mm ranged from 66.7% to 93.5%, with specifieiyues ranging from 96.0% to 97.9%
(Table 2)*2 For adenomasé mm, sensitivity ranged from 72.7% to 98.0%, veifiecificity
values ranging from 79.6% to 93.1%. In a randomizattrolled trial that compared CTC with
colonoscopy for population screening, detectiohigh-risk sessile serrated lesions (dysplastic
and/or>10 mm) was significantly lower with CTC (0.8%) thaith colonoscopy (4.3%): CTC

is mostly used after incomplete colonoscopy andrfdividuals at high risk for colonoscopy, but
some centers use it for primary screening. Theaistadiation associated with contemporary
CTC protocols is probably minimal, but the balan€benefit vs harm of detecting extracolonic
findings remains uncertain. CTC is recommendedyebvsfrears.

The US Food and Drug Administration (FDA) approegolood-based test that detects
circulating methylated DNA encoding septin 9, aspta marker of CRC. This test is only
approved for individuals who have been offered éaclined the screening tests recommended
by the US Preventive Services Task Force (USP$TIR)a large prospective study, this test
detected CRC with 48.2% sensitivity and 91.5% djuétyi. *® When archived samples were
retested with a next-generation assay, it idewti@arly-stage CRC with 59% sensitivity and
later-stage CRC with 87% sensitivity, and spedifivalues of 799’ A meta-analysis of studies
of this assay found a pooled sensitivity of 67% apekcificity of 89% for detection of CRE.

Capsule colonoscopy involves ingestion of a laiifjesized camera that records images
during its transit through the intestine. Highljeetive bowel preparation is required, typically
involving use of booster doses and/or a prokinegent. This procedure is not recommended for

screening by the USPSTF, or approved by the FDéfast-line screening test, though it is



approved for patients with incomplete colonoscoespite adequate bowel preparation. Studies
of capsule colonoscopy are limited to test-charétte studies compared to colonoscopy. In a
study of 695 individuals who underwent capsule sokzopy followed by standard colonoscopy,
the per-person sensitivity for cancer was 100%} (patients), while the per-person sensitivities
were 92% and 88% for adenon&d mm and>6 mm adenomas, respectively, with specificity
of 95% and 82% for10 mm and>6 mm adenomas, respectivéfyAs with CTC, sessile

serrated polyps were difficult to detect, accoumfior 26% of false-negative results in patients

with polyps>6 mm.

Effectiveness studies vs test-characteristic studies

Comparisons of colonoscopy’s benefits in cohortligtsito the intent to screen results of gFOBT
or flexible sigmoidoscopy in randomized trials acenpromised by selection bias. Individuals
who undergo colonoscopy have, by definition, pegréeceening adherence. Studies that compare
one-time application of screening tests to coloopgdmt-sDNA and FIT) do not reflect the
real-world implementation of these tests. For examm data are available on the programmatic
application of annual FIT compared with every 3xy@aeening with the mt-sDNA test.

Modeling studies have attempted to address thesgtiqus, but are limited by the absence of

actual implementation data.

Programmatic Issues
The effectiveness of screening depends not onthescreening test characteristics, but also on
patient adherence. Worldwide, organized CRC scnggmiograms are proliferating. Although

most CRC screening in the US is opportunistic,aleae a few examples of organized screening
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(such as Kaiser Permanente and the Veterans Heditimistration). In opportunistic screening,
tests that are performed infrequently (such asmasoopy), and therefore require fewer
reminders, gain appeal. In organized screeninds toddentify screen-eligible individuals (such
as clinical reminders in the electronic health rdf@and to promote adherence, such as
navigators, are required. Through the use of diepiatient annual FIT outreach, with
colonoscopy as a secondary option, Kaiser Permamémorthern California increased the
proportion of individuals up to date with screenfrgm 38.9% to 82.7% over 15 yedfsThis

was associated with a 25.5% reduction in annual @Ridence and a 52.4% reduction in CRC
mortality as well as an increase in the rate obiwoscopy after a positive FIT from 41.1% to
83.1%.

Test specificity has important implications for grammatic screening. Tests with lower
specificity will result in a larger number of falpesitives, leading to additional diagnostic
evaluations with their risks and costs. It remambe seen how providers and patients will deal
with normal colonoscopies after abnormal non-invasicreening, as some have advocated

repeat screening earlier than would otherwise bemenended’ >2

Compar ative Effectiveness

We must use caution in comparing results of studlieifferent screening modalities because of
differences among study populations and in the r&itoe rates achieved with specific
implementation strategies. No long-term comparidzete/een screening alternatives have been
completed, but 4 large randomized controlled tiatsunderway® >>>°*The Veteran
Administration’s CONFIRM trial and the Spanish CONBPREYV trial are comparing one-time

colonoscopy vs annual or biennial FIT, respectivahyd the Swedish SCREESCO trial is comparing
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one-time colonoscopy vs 2 rounds of FIT vs a neri@ntion control. The NordICC trial is

comparing colonoscopy vs no organized screening.

No trial will ever be conducted to compare allesering options against each other. Even if
such a trial were ever launched, how would we eatala new, promising test? A consensus has
emerged that, building on the effectiveness ofesureg demonstrated in randomized trials of
gFOBT and sigmoidoscopy, it is reasonable to com@RC screening tests to each other based on
their test performance characteristics, includieigstivity for early-stage CRC and advanced

precancerous lesions, and specificfty.

Available comparative data include results from fihst rounds of testing in randomized
trials, with lesion detection as a surrogate markemputerized models have been developed to
make long-term projections of clinical outcomes (Céases and deaths prevented, and life-years

gained).

Sngle-round vs programmatic screening and the importance of participation

In the first-round of the COLONPREYV study, partaiion rates in the FIT and colonoscopy groups
were 34.2% and 24.6%, respectivélyn those actually screened, detection rates fonel
colonoscopy were 0.3% vs 0.5% for CRC and 2.4%.¥&9dor advanced adenoma. However, in the
intent to screen analysis, which accounts for ifferéntial participation, detection rates for RIS
colonoscopy were 0.1% vs 0.1% (not significant)@&RC and 0.9% vs 1.9% (significant) for
advanced adenoma. It is anticipated that the pnograticeffectiveness of the FIT intervention will
improve over subsequent cycles, as FIT is offegadneevery 2 years and more CRCs and advanced

adenomas are detected.
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In a randomized trial of CTC vs colonoscopy in Netherlands, participation rates in the
CTC and colonoscopy groups were 34% and 22%, résplsc’’ In those actually screened,
detection rates for CTC vs colonoscopy were 0.5%.5%o (not significant) for CRC and 5.6% vs

8.2% (significant) for advanced adenoma.

Longitudinal participation patterns through muldplycles of fecal testing have been
described® *° These include consistent screeners; intermitEneesers with late entry, drop out, or
intermittent participation; and consistent non-geggers. The participation patterns attained in the
ongoing prospective trials will have implicatiorms the interpretation of the trials’ results. FHT i
being offered yearly in CONFIRM and every 2 year€OLONPREYV over 10 years, and 2 years
apart for only 2 rounds in SCREESCO; furthermdne,EIT arms include programmatic invitations
every cycle, while colonoscopy is being offeredyomce, although in CONFIRM, the follow up of
those who fail to complete their colonoscopy i$ teflocal policy, allowing for heterogeneity in
subsequent efforts to enhance adheréhbreopportunistic screening, it is common for patseto
present for colonoscopy after several unsuccesstoimmendations by primary care providers to
screen, sometimes over years. Repeated invitatmogist yield higher cumulative participation rates
than once-only invitations. Interpretations of thention-to-screen results in the ongoing trials w
need to consider whether the participation pattebserved, which reflect the specific study

populations and invitation protocols, can be gelimyd to other settings.

Estimating long-term compar ative effectiveness with modeling

Multiple CRC screening models have been developatbiwide to address questions that are
unlikely to be answered directly by clinical trials the US, 3 models from the National Cancer

Institute’s Cancer Intervention and Surveillanceddiing Network (CISNET) consortium have
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informed the USPST® ®*and American Cancer Society (ACS) screening giridsf?®*

Table 3 shows the long-term effects of screenin@B& incidence and mortality that is
projected for 5 screening modalities, with optirpatticipation over time, by the 3 CISNET
model§ ®*and a fourth model that has been validated agpinspective trials of gFOBT and
sigmoidoscopy? ¢’ The estimated CRC incidence reductions with anRikand colonoscopy, for
instance, range from 47% to 72% and from 62% to ,8@%pectively; the estimated CRC mortality
reductions with annual FIT and colonoscopy rangefir2% to 81% and from 77% to 90%,
respectively. In general, models tend to prediat,tamong those participating consistently in
screening, colonoscopy every 10 years yields ttgee$ reductions in CRC incidence and mortality,
but the programmatic effects of other modalitiegrapches that of colonoscopy (see Table 3). As
expected, and desired, models’ predictions of coaipe effectiveness are greatly affected if

differential participation patterns are assumedvben strategies.

Cost Effectiveness

Three systematic reviews (published in 2000, 2@h@, 2016), covering 1993—201%6'° assessed the
multiple cost-effectiveness analyses of CRC scregtiiat have been performed worldwide,
including regional epidemiology data and costs (@dl). These analyses tend to focus on high-
income countries, reflecting the availability ofoeirces and the relative burden of disease and

public health priorities vs low-income countriés’

The apparently small averagains in discounted life-years per person predibiethe
models (Table 4) reflect relatively large gainsimdiscounted life-years by the small percentage of

people who benefit by avoiding CRC-associated defitided by the entire populatidils it
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reasonable for models to predict that CRC scregmialpngs life? An insightful meta-analysis of
screening sigmoidoscopy randomized trials repaateslative risk of all-cause mortality of 0.975 for
screening vs contrdf It is therefore reasonable for modeling studiesraject reductions in overall

mortality even if individual trials are not powertxdetect it.

There are four principal conclusions. Compared wialscreening, all screening modalities
are generally predicted to be cost effective (seald4)?®’° As the costs of treatments for advanced
CRC have increased, with proportionately modesigyai survival, the cost effectiveness of CRC
screening has improved, with many strategies bemprost-saving in the U%."% > "When
participation levels are the same among stratetfiese is no uniformly favored strate@y/°
Established strategies are generally favored avergng strategies such as CTC and mt-sDNA

tests®® 7©

In a analysis of the effects of participation reaes program costs, opportunistic FIT was
cost saving’ An organized FIT program with higher participatiates was substantially more
effective and was highly cost effective, but wadamger cost saving, due to the additional program
costs, including infrastructure and outreach, neglito improve adheren@éGiven the high cost of
the mt-sDNA test compared with FIT, the patientmapprogram included with the mt-sDNA test

would need to yield high participation levels, tila to FIT, for mt-sDNA test to be competiti¥e.

A recent analysis focusing on the latest ACS CR€eatng recommendation concluded that
screening initiation at age 45 years vs 50 yedikal/ to be cost effective, with costs/QALY gadhe
of $33,900 for colonoscopy and $7700 for EfHowever, substantially greater benefits and also
cost savings could be realized if the same resswgeld instead be used to improve participation
among unscreened older pers&hi.remains to be seen whether we can screen yopegple and

improve screening rates in older people, or whetfeeface resource constraints and trade-offs.
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The total budget effects of CRC screening depends screening program’s costs balanced
against CRC treatment costs averted, costs froarganized population management program, and
the phase of implementation (initial launch vs dyestate), because it can take years for screening
programs to realize savings in averted CRC caagr®m costs can be consideraBlé®In the US,
navigation for 1-time screening colonoscopy magds saving, and navigation for a program of
repeated colonoscopic screening is estimated tigbdy cost effectivé® A modeling study
indicated that screening at ages 50-64 under coamhersurance in the US yields substantial

clinical and economic benefits that accrue priryaatiages 65 under Medicar&

Harms of Screening

The shadow of the Telemark sigmoidoscopy study taweg the early years of CRC screenfhg.
In that study of modest sample size, screeningedsed CRC incidence, but higher overall
mortality was observed in the screening group (148a)nscreened patients (9%). More recent,
larger, randomized trials have provided reassurtmatethe Telemark study results were an
aberration’*

The principal harms of CRC screening relate topthiential complications of lower
endoscopy. A recent systematic review reportedgubosk estimates of 4% for perforation and
8% for major hemorrhage per 10,000 screening caloopies: The risks with polypectomy are
higher® In a population-based study from California, taes of myocardial infarction, stroke,
and serious pulmonary events after colonoscopy e&reind no higher than after low-risk
comparator procedures, so they are unlikely tocaffee benefit-to-risk balance of

colonoscopy?
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Emerging Screening Strategies

Changes to screening paradigms could come frordetielopment of new tests. Blood tests are
widely adopted, evidenced by the frequent use ®@ptiostate-specific antigen test to detect prostate
cancer, despite the unenthusiastic recommendatiomthe USPSTE® In addition, disruptive
enhancements could be developed for establisha@gites, such as colonoscopy or FIT. Finally,

new visualization strategies, including next-getieracapsule endoscopy, could be used.

Circulating tumor DNA (ctDNA), also called cell-eDNA or liquid biopsy** are sequences
of DNA detected in the circulation derived from tontells undergoing apoptosis. Fragments of
DNA with variants or mutations found in cancer s&an be specific markers of tumors. However,
the number of mutant DNA fragments found in plasfdes among tumor typ&%.2°Levels of
ctDNA can indicate the overall tumor burd@fi” ®8(higher levels correlating with larger or more
advanced tumors), but some patients with advangedrs do not have detectable ctDRFA®
Moreover, for any specific tumor type, it is nodéat why some patients have detectable ctDNA and
others do not. The number of ctDNA fragments caadw as 1 single mutant fragment per 1 ml
plasma, so digital genomic technology with nextegation sequencing and massive parallel
sequencing are used to amplify the mutant ctDNArfrants. These systems can be used to
determine whether the mutated fragment of DNA céora a cancer cell or was a random error of

DNA polymerase in a normal céfl.%

Circulating tumor cells are intact tumor cells thah be purified from blood using
physicochemical or cell surface molecules. Usitggaly sensitive technique for ctDNA
guantification and to avoid technical issues relatepurification of circulating tumor cells,
researchers found no samples to contain circulatimgr cells but no ctDNA® However, in many

samples, ctDNA could be detected when circulatimydr cells were abseft Tests for ctDNA are
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therefore more promising for identification of atis with CRC.

For persons with a diagnosis of cancer, ctDNA analgnight be used to determine their
prognoses or in surveillance for recurrence. Inepés with stage 2 CRC, detection of ctDNA after
surgery increased risk of recurrence 18-fold comgavith no detection of DNA! The assay for
ctDNA also more accurately identified patients wathge 2 CRC who are candidates for adjuvant
chemotherapy than did clinical characteristickcreased levels of ctDNA preceded increased sevel
of carcinoembryonic antigefi.ctDNA also provided clues into the mechanisms titey
resistance to EGFR blockade in patients who oljjelgtiresponded to therapy but subsequently

relapsed®

Researchers identified a collection of 61 mutatimnamplifications in 16 genes that can be
used to screen for 8 cancers, including ovaryr lisemmach, pancreas, esophagus, colorectal, lung,
or breast (the CancerSEEK parf8IBecause the test for ctDNA does not detect mabt-stage
tumors with a high level of sensitivity, researchigrcluded in the test assays for 8 protein
biomarkers that can be detected in blood. The hiotdgor a positive result was set high for each
protein marker, to maximize specificity and avadsé-positive results, in recognition that each
protein increases sensitivity by a small amouna tase—control study of 1005 patients with stage
1-3 tumors and 812 individuals without cancer (oalsj, this test identified patients with cancer
with 70% sensitivity and >99% specificity; resuismged from 98% sensitivity in detection of
ovarian and hepatocellular cancers to 33% in detect breast cancer. This test identified patients

with CRC with 66% sensitivit§°

These mutations and proteins are markers of settaralr types, so it is not clear how to
follow up patients with positive results from tiést. A machine-learning algorithm was able to

localize the source of the cancer to 1 of 2 anataités in a median of 83% of patiefits\
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prospective study is underway at the Geisinger tH&aénter, in collaboration with Johns Hopkins
University, to evaluate levels of ctDNA and protein blood samples from 10,000 women, 6575
years old (the DETECT trial). Subjects with 2 cang#&/e positive test results will be evaluated for

the predicted site of neoplasia and undergo imaanadyses_(https://www.geisinger.org/sites/detect-

study). Subjects will be followed for clinical sigof cancer for at least 2 years.

Epigenetic markers

Epigenetic changes are alterations that affectessgion of mMRNA or protein but not DNA
sequences. Epigenetic changes include alteratioD®A methylation (increases or decreases at
certain loci), in histones, and in translation d®NAs via interactions with non-coding RNAS.
Epigenetic markers could be used to predict dispesgression or response to treatment, or in

screening.

Changes in DNA methylation can alter gene expresdibe average CRC cell has hundreds
to thousands of abnormally methylated getiémsed on methylome analyses. Some of these alter
transcription of genes that contribute to tumoriggs or tumor progressichA panel of markers
might someday be used in screening for CRC. Althaugrkers of abnormal methylation patterns
have been associated with transformation and tui@eelopment, methylation changes are heritable

and can accumulate in aging and inflammatory cadit compromising specificity.

An assay to detect changes in methylation asdhen9 gene in plasma samples has been
approved by the FDA for CRC screening. The assantifies patients with CRC with approximately

70% sensitivity, with a 10%—-20% false-positive ra@ it may have limited practical utility.

Modification in histone proteins affects the 3-diamal structure of nucleosomes and
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transcription of multiple genes. Technical limitats in assessing histone modifications limit our
ability to determine whether histone modificati@mas be used to identify cancer cells. Exploratory

studies have been perform&d°but further research is needed.

Approximately 80% of the genome is transcribed mdo-coding RNAs, which include
microRNAs and long non-coding RNASThese RNA molecules are not transcribed into pmste
but regulate gene expression at the transcripti@andlpost-transcriptional level. Changes in miRNA
levels and activities have been observed in caredes. MicroRNAS levels might be used as markers
of cancer, due to their stability, small size, &aifpin-loop structure that protects them from
degradation. It is easy to extract microRNAs frgge@mens including blood, stool, and saliva, and
microRNAs are secreted by tumors into the circatatind gastrointestinal tratt’° However, lack
of standardization in measurement has hamperedgtagitical application. Changes in levels of
individual microRNAs and panels of miRNAs have basaociated with different cancers, but these

assays are not ready for use in the cliffic .

Levels of specific proteins have also been assettiaith cancet’ but no 1 protein or panel
of proteins identifies patients with cancer witlifeient levels of sensitivity for clinical use.
Combination assays for specific proteins and ctDhight increase the sensitivity of tumor

detection, with higher levels of specificity.

Volatile organic compounds (VOCSs) are metaboliteg tan be detected by smell. VOC
patterns are altered in stool, urine, and breatipses of patients with cancer, and a specially&di
Labrador retriever was able identify patients ViRC *®°*VOCs have been explored as biomarkers
of CRC in small, case—control studi@8In a gas mixture, VOCs are analyzed by gas
chromatography-mass spectrometry, and researcheesdeveloped a sensor array called an

electronic nose. With a pattern detector, the iiddial components cannot be determified®
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Studies are needed to validate VOCs as biomarké€ZR@€, as well as to standardize analytic
techniques, determine reproducibility of assaysd, identify potential confounding factors such as

diet, microbiome, and medication use.

Improving FIT, colonoscopy and capsules

The FIT is used in CRC screening programs worldwidiest FITs approved by the FDA are
qualitative, but quantitative FITs have well-docuntesl merits? It is possible to combine
guantitative FITs with basic demographic informatto create a smarter FIT, with greater
predictive power for advanced neopla$isThe combination of fecal hemoglobin concentration
and patient age and sex identified patients wittaaded neoplasia with positive-predictive
values that ranged from 21% to 76% and an 11-falthtion in advanced neoplasia risk across
categories®® Such approaches are advantageous because thelizamin existing screening
infrastructures, and allow prioritization of refals to colonoscopy.

Colonoscopy is the final common pathway of all C&eening tests, and arguably the
most effective single-application method for prevwem CRC. Its major drawbacks are its
operator dependency, reflected in the inverse &gsmt between adenoma detection rate and
post-colonoscopy CRC risk, its significant burdematients, and its high ca$f: **Strategies
to improve colonoscopy include adjuncts to increaseosal exposure (cap, Endocuff,
AmplifEye, EndoRings, G-EYE), technologies that @n¢e imaging (dye-based
chromoendoscopy and electronic chromoendoscopiydimg NBI, FICE, iScan, BLI), wider
viewing angles (FUSE, Saneso 36@stem), and non-device techniques (water-based
colonoscopy, dynamic position changes, secondilotike proximal colon). Most mucosal

exposure devices and chromoendoscopy have ovesitlye effects on neoplasia detectfdn.
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198 A new methylene blue-MMX oral preparation thapénding FDA approval might offer
practical advantages over traditional dye-basedmbendoscop}’ It is not clear whether these
adjuncts are more helpful to low-level or high-ledgetectors, or whether they offer significant
advantages over non-device interventions, sucka@ms look in the right colon or water-based
methods-°® ®To optimize CRC screening, we need to focus orrdwipg performance in low-
level detectors, because lower detection proviees protection against CRC, and because
improved detection of diminutive lesions by highdedetectors is of uncertain clinical benefit.
Available colon capsules are passive viewing deweh applications that are limited to
patients with incomplete colonoscopy or who dectitieer screening test® The required
arduous colon preparation is a limitation. HoweWee, technology is advancing rapidly,
including magnetically controlled or self-propelleapsules’® Reliable optical biopsy and

therapeutic capabilities could change paradigms.

Future Directions

The maximum preventable fraction of CRC cases &adhd that screening can achieve is probably
high, but it is not clear how high (Figure 1A).threory, frequent non-invasive monitoring could
detect most incipient CRCs, or at worst, CRC aanty stage. On the other hand, accurate
identification of low-risk colorectums and successlearance of all relevant neoplasia even in high
risk colorectums could allow for relatively infregpt re-testing, given the long dwell-times from

polyp to CRC.

The demise of screening colonoscopy has beengbeedalmost from its inception. It has not
happened. This could change quickly depending noviations around non-invasive alternatives,

and how well they are accepted by patients. All GR2ening roads ultimately lead to colonoscopy,
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and colonoscopies prevent CRC because they inplolgpectomy, so it is the responsibility of
endoscopists to perform colonoscopies with skijfFe 1A)—whether during primary screening,

follow-up of non-invasive screening test resultsysillance, or symptom evaluation.

Artificial intelligence (Al) could revolutionize seening in general, and endoscopy
specifically*** *?Computer-aided detection and histologic diagnsgitems are available and
have shown promising resufts:**®However, adequate mucosal exposure and lesionti@se
will remain operator dependent. The most immedyatd is developing a real-time colonoscopy
Al system that combines high detection sensitiviitgh characterization accuracy, and fast
processing time. However, Al-assisted colonoscapyd:go further—if Al systems could
reliably rate the adequacy of inspection and lesgsection, and provide real-time feedback to
ensure adequate performance (incompletely visuhBegment—recommend re-examination;
residual polyp at margin—recommend resection arekegnination), it might be possible to
certify a colonoscopy as: excellent visualizatialhyelevant lesions detected and removed. This
might provide confidence to prolong screening amyeillance intervals. Such a paradigm could
resolve the conundrum of the high polyp detectowyhich patients who are presumably at low
CRC risk after multiple successful polypectomies surveyed intensively unnecessarily,
precisely because of polyp multiplicity.

Regardless of screening strategy, patient participavill always be a key determinant
of success. This is a social and behavioral chgdéleas screening is a personal choice that is
ideally based on informed decision making. Orgathizegrams have advantages over
opportunistic screening. However, the full potdrienefit of outreach, navigation, and rapidly
evolving digital innovations, such as smart phopgliaations, have not yet been realized. In the

US, a national CRC screening program could be éx¢ lnig step, but that is a major challenge
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given the healthcare system. The effects of comalencentives on screening participation,
such as the aggressive direct to consumer and prioaae, physician-centered campaigns
promoting the mt-sDNA test, are not completely cl&de will need to determine the effects of
such incentives on test choice, in addition to merations based on test performance
characteristics, interval, cost and acceptabiljtyphtients.

There is evidence for overutilization and undéiation of screening and surveillance.
Risk stratification and personalized screening @¢@timize outcomes while making the best
use of resource$* Although it is not clear whether other guideling follow the ACS
recommendation to lower the CRC screening initratige to 45 years, the recommendation
could be replaced by a sophisticated risk-stratiits approach that is based on multiple factors.
For many older patients, the risks of screeningsamdeillance outweigh the benefits, but
screening of some older patients might be warranted

CRC is a prime example of a public health sucdé&sshould be proud of the research
that has brought us here, and of what we can dihné&population today. As we strive to do
better, we must not compromise the gains that easchieved with current paradigms. We can
envision sophisticated strategies for risk stredtfion and personalization, and complex quality
metrics beyond the adenoma detect rate, as whllasd screening strategies that change over
the course of life. However, efficacy in the idsatting with optimal implementation might be
different from effectiveness in the messy real @dsgee Figure 1). Highly efficacious strategies
that are impractical to implement could harm sciegparticipation, resulting in lower overall
impact on CRC outcomes. On the other hand, sophietl new strategies that harness
technological innovation and the growing undersitagof factors motivating human behavior

could be revolutionary.
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Figure 1. Considerationsfor CRC screening.

1a) Even with new screening tests, colonoscopy potipectomy is likely to remain the
cornerstone of CRC prevention. We must ensurefigkifispection, lesion characterization, and
lesion removal, whether in primary screening, f@llop of non-invasive screening test results,
surveillance, or symptom evaluation. 1b) Risk-dfication and personalization, additional
guality metrics beyond the adenoma detection matether innovations such as hybrid screening
programs that coalesce to produce increasinglyistigdited and effective screening strategies
must avoid excessive complexity, resource-consumpénd other limitations that could
decrease screening participation and inadvertéatlgn CRC control efforts. 1¢) New strategies

that are efficacious and practical to implementi@¢@avolutionize CRC screening.
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Table 1. Effects of Screening on CRC Incidence and Mortality

Screening Test

Evidence Sources

Reduction
CRC Incidence

n Reduction in
CRC Mortality

Reduction in
Overall Mortality

stool-based tests

gFOBT ** randomized controlled trials 17%—-20% 9%—22% noekie
demonstrated
FITH observational studies, 10% 22%—62% unknown
test characteristic studies
FIT-DNA (mt-sDNA test) test characteristic studiesmpared unknown unknown unknown
to fit and colonoscopy

direct visualization tests

flexible sigmoidoscopy *" " randomized controlled trials intent to treat: intent to treat: 2%—4% in
27% (17%-23%)] 21% (22%— individual

per protocol:
31%—-33%

31%);
per protocol:
38%-43%

studies; 2.5% in
meta-analysis

colonoscopy* observational studies cohort: 40%- cohort: 29%- unknown
69% 88%
case—control: | case—control:
31%-91% 60%—70%
CTC test characteristic studies unknown unknown nomk

gFOBT guaiac fecal occult blood test, FIT fecal immachemical test, mt-sDNA multitarget stool DNA, €dmputed tomography
Note: due to differences in study methodologiels @annot be directly compared. Randomized colettidrials generally report

results on an intent to screen basis whereas aigaral studies generally compare persons who wedgrscreening with persons
who did not, raising concerns about self-seledtias.




Table 2. Performance of ModalitiesIncluded in USPSTF Recommendations

Sensitivity Specificity
Screening Test Programmat|cColorectal| Advanced| Advanced Non- Non- (2 minus
Frequency Cancer | Adenoma| Serrated | advanced| advanced| positivity
Polyp Adenoma| Serrated rate in
Polyp normal
colon)
stool-based tests
gFOBT* - annually 62%-79% 87%-96¢
FIT? annually 79% 23.8% 5% 7.6% 94%
FIT-DNA (mt-sDNA test)’ every 3 years any, 42.4% 42.4% 17.2% 86.6
92.3%; (includes
stages large
1-3, sessile
93.3% serrated
polyp)
direct visualization tests
flexible sigmoidoscopy every5y within its reach, may be similar to colonoscopy
(or10vyif
combined with
annual FIT)
colonoscopy” % every 10 years 89.1%— range of | 74.6%— | range of
94.7% detection 92.8% detection
(size cutoff rates: (size rates:
10mm) 0.5-1.5% cutoff 6%—-20%
6mm)
cTct 1= every 5 years 89% 86% 3% for>10
(82%— (78%— mm
96%) 95%) adenoma:
(size cutoff (size 94%
10mm) cutoff (89%—
6mm) 100%);




for =6 mm

adenoma:
88%
(82%—
94%)
serology tests
methylated septin 9 gene** not defined any 11.2% 91.5%
48.2%;
stages
1-3
45.1%

Note: Considerations beyond test performance traad clinicians make decisions, including testlaites, patient requirements,
and interpretation of test results, have been leetagcently-*

** In the USPSTF recommendation statement, theetahl characteristics of colorectal cancer screestiragegies includes the
footnote “Although a serology test to detect metlgdiSEPT9 DNA was included in the systematic evidence revigwg, screening
method currently has limited evidence evaluatisgige (a single published test characteristic stuelyinclusion criteria, which
found it had a sensitivity to detect colorectal@amf <50%). It is therefore not included in ttable.”



Table 3. Projected L ong-term Compar ative Effectiveness of CRC Screening Strategies With Optimal Participation

Colorectal Cancer Incidence, Colorectal Cancer Mortality,
% Reduction vs No Screening % Reduction vs No Screening

SIimMCRC | MISCAN CRC- Ladabaum| SimCRC | MISCAN CRC- Ladabaum et
61, 65 61, 65 SP”\FL 65 et a|.66, 67 61, 65 61, 65 SP”\fil, 65 a|.66, 67

[

Colonoscopy every 10 year

" 81% 62% 88% 70% 87% 79% 90% 77%
ages 50-75 years

FIT yearly, ages 50-75 years 67% 47% 72% 57% 81% 72% 81% 2%

mt-sDNA every 3 years,

63% 43% 68% 52% 78% 68% 76% 67%
ages 50-75 years

CT colonography every 5

7% 51% 78% 67% 85% 72% 82% 7%
years, ages 50-75 years

Sigmoidoscopy every 5 68% 56% 59% 44% 74% 72% 62% 49%
years, ages 50—75 years

SIMCRC, Simulation Model of Colorectal Cancer; M Microsimulation Screening Analysis for Colorakc€ancer; CRC-SPIN,
Colorectal Cancer Simulated Population model ferdence and Natural history.

SIMCRC, MISCAN and CRC-SPIN are part of the Natid@a@ncer Institute’s Cancer Intervention and Sulaete Modeling
Network (CISNET) consortium.

CT computed tomography, FIT fecal immunochemicst, teit-sDNA multitarget stool DNA



Table 4. Cost Effectiveness of CRC Screening strategies vs No Screening

Annual Biennial FS every 5| C010N0Scopy cT mt-SDNA
FOBT FOBT Annual FIT | Biennial FIT earsy every 10 | colonography test every 3

9 9 y years every 5 years  years
Systematic Review 2010-2017, 33 studies (17 Eurbp&jorth America, 4 Asia, 1 Australia), 2018'$'
LY gained 0.01-0.12 0.01-0.05 0.01-0.15 0.01-0.10 .02®.14 0.02-0.18 -- --
SQ#;( . 0.07-0.49 | 001-0.32| 001-0.8d  001-0.70  0.01-0.07 .02:0.22 . .
Cost/LY CS - $4000;| CS - $3000; CS -$9000;| CS - $4000;| CS - $7000; $2C;SOE)O' CS - $16.000 $9,000 -
gained [$50,000] | [$45,000] | [$24,000] | [$24,000] | [$67,000] ($52.000] ’ $11,000

CS- $3000 -
Cost/QALY CS- CS - $5,000; CS - $8000; $15,000 -
: CS - $6,000 ’ ' CS - $7000 ' $15,000; $11,000; '

gained $15,000 [$33,000] [$45,000] $40.000] | [$59,000] $30,000
Review 1993-2009, 32 unique models (10 Europe, ddHNAmerica, 5 Asia, 3 Australia), 2016°$
LY or
QALY 0.01-0.16 0.01-0.03 -- 0.01-0.11 0.02-0.18 -- --
gained
Cost/LY or CS- CS-
Cost/QALY | $26,000; gfgggb CS - $26,000 $30,000; | CS - $32,000 CS - $36,000 ;5620860
gained [$53,000] ' [$57,000] ’
Systematic Review for USPSTF 1993-2001, 7 studid$S), 2000 $
Cost/LY $6000- __ B} $12,000- |  $9,000- __ i}
gained $18,000 $39,000 $22,000

CS, cost saving; FS, flexible sigmoidoscopy; LYedyear; USPSTF, US Preventive Services Task FQée.Y, quality-adjusted

life-year.

Notes: Ranges reported in published studies anersihgingle values judged to be outliers at the l@gd of the range are shown
separately in brackets. Costs are rounded to nekt6680, and LYs and QALYs are rounded to near€sdt, Gnd all reflect annual
discounting, usually at rates 3%—5%.
All potentially relevant published studies wereluted in the systematic reviews. Some studies te@dife-years, and some quality-
adjusted life-years, so both outcomes are shown.



All currencies were converted to US dollars andaied to a given year, which differed in each review
Columns are not directly comparable to each otkeabse not all studies in a review contributed/gryecell or explicitly compared
all strategies to each other.
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