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Supplemental material
This supplemental material consists of further explanatory text that complements the article.

“An efficient strategy for evaluating new non-invasive screening tests for colorectal cancer: The
guiding principles.”

The numbering system relates to the relevant Principle and the item being addressed in that
principle (as pointed to in the main article).

4. Nature of precursor lesions most important to detect

4.1 Relevant precursor lesions

The concept that not all conventional adenomas are of equal relevance has existed for some
decades(1) and, coupled with the early observations that adenomas of simple tubular structure and
small size (<10 mm) identify a low risk of metachronous CRC(2, 3), the concept of the “advanced
adenoma” to identify those adenomas with the greatest risk of progression to CRC if left untreated,
has become accepted as a target for screening when the goal is to reduce CRC incidence. The United
States Multi-Society Task Force (USMSTF) defines an advanced adenoma as one with “size 210 mm,
with tubulovillous or villous histology, or with high-grade dysplasia in the absence of invasive CRC”
(4). Recent studies have shown that the highest risk (for metachronous neoplasia) was associated
with high-grade dysplasia or size 220 mm (5, 6).

More recently, the alternative pathway to CRC via the serrated pathway has been established (7).
So-called serrated polyps (SP) include hyperplastic polyps (HP), sessile serrated lesions (SSL) and
traditional serrated adenomas or polyps (TSP) but not all serrated lesions pose an obvious risk for
CRC. Those SP considered to identify an increased risk are: HP and SP 210 mm, any SP with dysplasia
and any TSP (all collectively referred to here as advanced serrated lesions?, ASL)(8).

4.2 Non-invasive test sensitivity for precursor lesions

High-quality FIT can detect between 25-42% of conventional advanced adenomas(9) given a single
test, although sensitivity compounds to more than 60% with repeated annual testing(10) and the
cumulative adenoma yield of five consecutive biennial FIT screening rounds was shown to be equal
to the yield of a single colonoscopy(11). Repeated testing at appropriate intervals plays an essential
role in detecting precursor lesions. Sensitivity increases (i.e., compounds) with the increasing
number of screening rounds(10). This is likely to be due to the intermittency of bleeding and
because dwell times before clinical presentation and diagnosis for many of these lesions exceed the
intervals between tests. FIT technology is not as sensitive for ASL (12, 13). Detection of advanced
precursor lesions is significantly improved, although at the cost of a lower specificity, using the non-
invasive multitarget stool test (mtsDNA), which tests for fecal hemoglobin (i.e. incorporates FIT) and
neoplasia-derived DNA(12).

6. Outcomes to be estimated in a screening population

! The terminologies are not finally settled and some authorities refer to these as serrated polyps even though
they are not necessarily polypoid in shape.
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6.1 Acceptability

Several demographic, ethnic, cultural, social, health access, and economic variables influence
participation in screening. For example, those of lower socio-economic status are less likely to seek
screening or participate than the more affluent(14). Thus, there might be an interaction between the
test type and the variables that affect participation. It is important to not only determine the overall
test participation rate but also the rates in socio-economic, underprivileged and ethnic subgroups
underserved populations — to determine if any inequities gap is widening. If Phase 3 studies require
that all participants undergo colonoscopy, it will only be possible to undertake a qualitative
evaluation of non-invasive test preference. Such will fail to fully assess ease of use and logistics of
using the test, since the study’s requirement that all undergo colonoscopy will compromise the
initial simplicity of the non-invasive test as the design will exclude individuals not willing to undergo
primary screening colonoscopy.

6.2 Program goal considerations

As discussed in Principles 4 and 5, because the ability to separate inconsequential from
consequential lesions remains limited, we need to better understand the natural history defining
those precursor lesions with the highest risk of progression. Detection of advanced precursor lesions
is therefore an imperfect surrogate outcome for the impact of screening on CRC incidence, as even
advanced precursor lesions are seen in many more people than those who eventually develop
CRC(12). It should be noted that an accurate test that differentiates well between advanced and
non-advanced precursors, would also serve to identify those in whom colonoscopic surveillance is
most efficiently deployed. Ensuring a high quality of colonoscopy in the screening setting is important to
minimize overtreatment and reduce the risk associated with (the necessary) polypectomy,(15).

6.3 Modelling outcomes

Early-stage modelling based on proxies/surrogate measures for long-term efficacy (mortality and/or
incidence) might be an option after Phase 1 and 2 when it has to be decided whether, or not, to
proceed to evaluation in a screening population. Such proxies would include lesion detection rates,
number needed to colonoscope to detect one individual with either CRC or advanced precursor, and
cost to detect one CRC or advanced precursor. Relative cost-effectiveness can be inferred from
specificity for the neoplastic outcomes of importance (CRC and advanced precursor lesions).
However, as Phase 2 studies will involve enriched populations with consequent biases (see Principle
10), accurate estimates of sensitivity and specificity will not be evident until Phase 3 studies are
performed.

It remains to be determined whether these or other potential early-stage quantitative
proxies/surrogates are better than a holistic judgment (i.e. evaluation in unbiased intended-use
populations) regarding the potential merits of emerging screening technologies, especially as there
is considerable risk of bias in Phase 1 and 2 studies. Rigorous exploratory analyses in established
models can be pursued and are relatively straightforward to undertake using Phase 3 findings,
although they can be time- and labor-intensive. Whether novel proxies or rigorous exploratory
modelling are applied using Phase 2 data, the results should not be over-interpreted. Most
importantly, such initial explorations (in Phases 1 and 2) should not lead to the abandonment of a
test.
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7. Expectations of a new non-invasive test.

7.1 The population benefit of screening

gFOBT initially set the standard expected of a new non-invasive test in mass population
screening(16). The gFOBT Hemoccult, offered biennially, was shown to reduce CRC mortality by 15-
20% on an intention-to-screen (ITS) basis (17) (18) (19) (20) (21) and by >40% on a per-protocol test-
completion basis(20). ITS mortality benefit increased to 33% with rehydration of Hemoccult offered
annually(22), although specificity fell considerably. Screening with rehydrated Hemoccult was
subsequently shown to lead to a 20% ITS reduction in CRC incidence after 18 years of follow-up (19)
due to the detection and removal of precursor lesions at follow-up colonoscopy.

7.2 Summary of evidence supporting the use of FIT

CRC mortality and incidence benefits have been observed for FIT in case-control and cohort studies,
as well as population-based implementation evaluations(15). A series of case-control studies from
Japan showed a reduction in mortality in those who screened with FIT compared to those who were
not screened (23). More recently, a large prospective cohort study reported a reduction in mortality
comparing screened with unscreened individuals (24). FIT use has also resulted in a shift to an earlier
stage at diagnosis (25). Other recent population screening programs using a FIT have confirmed this
benefit of CRC incidence reduction in ecological studies in Italy (26, 27) and the USA(28). Several of
these published studies have adjusted for lead time, length time and selection biases. A Dutch RCT
showed FIT had a higher CRC detection rate than gFOBT(29).While well-designed
experimental/formal RCTs are important to demonstrate efficacy, performance in real-world settings
as cited above, is best shown in pragmatic comparative effectiveness RCTs in screening practice,
supported by observational studies to provide real world evidence, even though adjustment for
potential biases requires careful design considerations.

7.3 Efficacy of screening by flexible sigmoidoscopy

Four RCTs evaluating the benefit of flexible sigmoidoscopy (FS) screening consistently demonstrated
that endoscopic excision of colorectal adenomas is associated with a substantial and long-lasting
(over 15 — 18 years) reduction in CRC incidence (18%-23%) and mortality (26%-31%) on an ITS
basis(30-34). Per-protocol analysis showed, among participants, a 33%-35% and a 39%-41%
reduction in CRC incidence and mortality respectively (30, 33). Furthermore, even though the
observed protective effect of FS screening was mainly limited to the distal colon, with a slight
reduction in proximal CRC incidence observed only at 12-year follow-up in some subgroups of the
target population (men and women younger than 60 years)(35), such studies clearly show that
removal of precursor lesions reduces CRC incidence.

7.4 Evidence for benefit of screening colonoscopy

A substantial body of observational data has suggested that colonoscopy screening can reduce CRC
incidence and mortality(15). Furthermore, since FS screening reduces CRC mortality and incidence,
one would expect a similar, or even larger, benefit from colonoscopy since colonoscopy examines
more of the colon. The recently reported findings of the 10-year follow-up of the first RCT of
colonoscopy vs no screening (36) provide additional evidence that participation in colonoscopy
screening reduces CRC mortality and incidence. The trial found no benefit to population CRC mortality
on an ITS basis (screening participation rate of 42%), despite a greater detection of CRC and a
significant 18% incidence reduction in the intervention group. However, there was a 50% reduction in
CRC mortality and a 31% reduction in CRC incidence was observed in the per protocol analysis (i.e.
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those who underwent screening colonoscopy). It should be noted that such benefit is no greater than
that achieved by flexible sigmoidoscopy (see above).

8. An adjustable test positivity threshold accommodates different program goals.

8.1 Challenges with endpoint flexibility

Regulatory processes (i.e., those required by government agencies for obtaining approval to market
and use a test) may require the stipulation of a single test positivity threshold with corresponding
sensitivity, specificity, and “general test utility”2 for detecting neoplasia in a screening population.
Most jurisdictions require that health claims align with the chosen positivity threshold. But there is a
risk that a test approved for use but configured for a specific threshold might have diagnostic
accuracy and associated colonoscopy workload that does not align with program goals.

Manufacturers, while needing to comply with local regulatory approval guidelines are encouraged to
provide for adjustment of the positivity threshold. This may be achievable by seeking regulatory
approval for test performance across the measurement range (i.e., the range of thresholds that
meet the analytical quality specifications) of the assay.

This is desirable not only for tests based on a single marker, but also for algorithms that generate a
result from multiple factors or markers. Most existing algorithms are fixed, but it is possible that
different combinations of weightings of algorithm components could be developed to give some
capacity to choose a diagnostic accuracy that best suits a program. Providing transparency in the
algorithm would allow programs to make adjustments if desired.

9. Predicting value by paired comparison to a proven non-invasive screening test.
9.1 Approach to comparing test accuracy

The approach to undertaking an initial direct head-to-head comparison of a new test with a proven
comparator (see Fig. 2(16)), is based on the proposition that the two critical questions concerning
diagnostic accuracy are (37, 38):
1) detection (sensitivity) — a test that is more sensitive in practical terms returns more true-
positive results, and
2) the burden associated with detection (1 minus specificity) — a more specific test, in practical
terms, returns fewer false-positive results.
There are several ways to address these two questions, with varying degrees of complexity,

The simplest is when participants perform both tests and every test-positive case (by either or both
tests) undergoes colonoscopic diagnostic verification. This distinguishes true- from false-positive
results (38-40) as shown in the upper section of Table 2. It identifies relative sensitivity and relative
false-positive rates. The obvious limitation is that it fails to identify the nature of missed lesions
because not all cases are colonoscoped.

2 This vague and ill-defined concept of test utility is used by some regulatory authorities to refer to the need to
understand the implications of false-positive results.
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Consequently, to get estimates of absolute sensitivity and specificity, it is necessary that all cases
undergo colonoscopy, using either the single-cohort paired testing or the parallel cohort design (see
Figure 2 and lower section of Table 2 in main manuscript). While estimates of diagnostic accuracy
are verified by colonoscopy in all cases, undertaking these early evaluations remain subject to a
range of biases that mean that these initial accuracy estimates might not hold true in an unbiased
screening population (see Principle 9).

10. Evaluation proceeds through increasingly complex phases.

10.1 Design considerations for Phases 1 and 2:

The population size for Phase 1 studies is generally 100-200, where approximately 50 should have
CRC(16). They should include cases with all relevant stages of colorectal neoplasia (with adequate
numbers of those with earlier stage CRC in whom treatment is more likely to be beneficial). Phase 2
studies involve a larger number of individuals, at least several thousand, who will ideally undergo
paired (or parallel) testing (new and comparator test) — see Fig. 2 in main article. It is helpful to
include the spectrum of non-neoplastic diseases (e.g., inflammatory bowel conditions, diverticular
disease, non-neoplastic polyps and non-colorectal neoplasms), especially when evaluating blood
tests, since this will expose confounding variables that may influence test results independent of the
presence of colorectal neoplasia.

In Phase 1 and Phase 2 studies, there is risk of selection bias if enriched for cases with neoplasia. For
example, it has been reported that sensitivity for cancer can be higher than that which will
subsequently become apparent in a typical screening population(41). When enriching populations,
sources of selection bias include factors such as age range not being typical for screening,
symptomatic cases not being excluded, cases being at high risk for neoplasia, having returned a
recent positive screening test and the timing of recruitment (e.g., tests done after colonoscopy and
possibly after biopsy). Sourcing cases from screening programs or using a nested case-control design
will reduce the risk of bias, but may reduce ability to determine how other diseases relate to test
positivity.

Comparative testing in a paired manner reduces the population size because of improved statistical
power for detecting differences. Paired testing can avoid imbalances in non-neoplastic variables that
might affect test results when comparing tests. Furthermore, it circumvents selection and
verification bias which can be introduced in studies on absolute test accuracy where all subjects
undergo colonoscopy, if, for example, adherence to diagnostic verification is higher in test positives
than in test negatives when studying parallel cohorts(42).

10.2 Design considerations for Phase 3:

The first study design to consider is when a jurisdiction requires absolute estimates of sensitivity
and specificity (common in the SOS context). It requires that all participants must perform the non-
invasive test and undergo screening colonoscopy regardless of test result.

Here, all participants must agree to screening colonoscopy and undergo at least the new non-
invasive test. The new test could be compared with a fecal immunochemical test (FIT) test either in a
single cohort undertaking paired testing or else in two cohorts randomized to the new or
comparator non-invasive test. However, such studies are subject to limited generalizability since
they require an individual to be willing to undergo a screening colonoscopy as well as perform the
non-invasive test(s) and assume that colonoscopy is 100% accurate. The comparison to FIT will make
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the recruitment process even more complex and the possibility of verification bias has to be
considered(43). Subjects might be more or less willing to continue to colonoscopy depending on
what they are informed about the new, yet-to-be established test. Furthermore, the population
size will need to be in excess of 10,000 to guarantee good estimates of sensitivity for cancer,
especially stage | and Il cancers(12, 41) (14, 44). While this is costly, the frequency of neoplastic
lesions in the population will be apparent, accuracy estimates will be precise, population test
positivity will be clear, test performance in all types of precursor lesions will be obtained, differences
in the distribution of stage of neoplastic lesions will be apparent for each test, missed lesions will be
readily identified, numbers needed to screen to detect a lesion will be apparent. The implications for
sensitivity and specificity according to fine adjustment of the test threshold for positivity will be
readily described. However, population participation rates cannot be estimated with such a study
design.

Researchers need to be aware that the provisional positivity threshold set after Phase 2 studies
might not, in Phase 3 studies, deliver the outcomes desired of the screening program. Major risks
include inadequate sensitivity, especially for precursor lesions, unacceptably low specificity, or a test
positivity rate (and follow-up colonoscopy workload) that is not practical. Pilot studies using a lower
positivity threshold may be warranted to enable exploration of performance over a range of
thresholds.

Consequently, likely CRC and precursor lesion detection rates according to the willingness to
participate (i.e., an ITS basis) will be unobtainable. This will limit modelling the benefit of the new
test for mortality and incidence. However, much smaller studies with actual participation (not just
the intention to screen) as the sole endpoint can be undertaken(16, 45), provided that other study
designs are assessing test performance.

The second study design to consider is when a jurisdiction requires intention-to-screen (ITS)
outcomes (expected in PBOS contexts). Here, the new and comparator tests are compared, thus
allowing for determining the respective participation rates and how the relative detection of lesions
depends on participation with each test. Relativity between the new and comparator non-invasive
tests may be the major issue especially assessed by ITS outcomes.

The first is an efficient comparative design where a single cohort performs both tests (better power
for comparing accuracy, but relative participation rates are unobtainable) although there may be
selection bias given people are required to do both tests. As long as all those positive by either test
undergo follow-up colonoscopy for diagnostic assessment, relative detection rates (intention-to-
screen and/or participant basis) and associated variables are obtainable from test results as detailed
in Principle 4. The relative frequency of neoplastic lesions in the population on an intention-to-
screen basis will be apparent. Regarding cancer and advanced precursor detection, the power to
detect differences between tests or to demonstrate non-inferiority is obtainable with smaller study
groups when paired testing is undertaken, as compared to parallel cohorts. Weaknesses include
failure to obtain unbiased absolute estimates of test accuracy and to immediately identify the nature
of missed invasive lesions, although this can be assessed if all are followed up for a time duration
corresponding at least to the screening interval(46). Follow-up by linkage to population-based
cancer registries for all subjects examined can also provide information on test accuracy for CRC
without requiring colonoscopy for all participants.

An alternative design is for two separate cohorts to be randomized to the new or comparator test
(and relative participation and detection rates are determined). This specifically addresses whether a
new non-invasive test can replace the comparator test in use in that jurisdiction.
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It is also essential to ascertain test technical failure rates of a new test, whether they relate to
sample collection, handling and transport, or processing within the laboratory, although it would be
hoped that such problems would have become apparent in Phases 1 or 2.

For either instance, screening program outcomes detailed in Principle 11, can be used to determine
whether the new test is worthy of application in the applicable screening context.

10.3 Design considerations for Phase 4:

Comparative evaluation is still relevant in Phase 4, particularly where the comparator is the usual
screening strategy applicable in that environment. Comparative effectiveness RCTs are ideal for
comparing the new to established tests when carried out in a real screening setting(47, 48), whether
of single or multiple rounds of screening. Modelling studies mimicking such RCTs and based on high-
quality observational data from Phases 3 and 4 can also be informative. The outcomes to be
monitored are provided under Principle 11.

New tests might not require the same testing frequency as established tests. The re-test interval can
be explored in parallel cohorts and willingness to participate again with the new test. If tests with
different re-test intervals are being compared, then cumulative detection rates over time, and
associated burden of detection, can be determined. However, methods for reporting participation
over multiple screening rounds have yet to be well applied to CRC screening(49).

12. Analytical specifications, standards, and performance

12.1 Sources of Laboratory Standards

The Clinical and Laboratory Standards Institute (CLSI) has developed guidelines documenting a test's
required analytical performance characteristics (50, 51). These are global, but, in addition, local
guidelines and requirements exist, such as the Quality System Requirements (QSR) of the USA. These
specify how the evaluation of analytical performance characteristics should be performed (applying
the documented techniques) and the information that test manufacturers should provide in their
“Instructions for Use”.

The International Organization for Standardization (ISO) has prepared and published a set of
standards in ISO 15189 that guide researchers (ISO 15189:2022)(52). These guidelines specify the
requirements for competence and quality that are particular to medical laboratories. 1SO 15189 also
defines all aspects of the performance of a test. Ideally, the sites at which tests are performed
should be accredited to 1ISO 15189 standards. Should ISO standards not be mandated, such as in the
USA, then appropriate regional regulatory alternatives must be applied.
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