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Abstract

Introduction

Screening for colorectal cancer (CRC) is effective in reducing both incidence and mortality.
Colonoscopy and stool tests are most frequently used for this purpose. Sigmoidoscopy is an
alternative screening measure with a strong evidence base. Due to its distinct characteris-
tics, it might be preferred by subgroups. The aim of this systematic review is to analyze the
cost-effectiveness of sigmoidoscopy for CRC screening compared to other screening meth-
ods and to identify influencing parameters.

Methods

A systematic literature search for the time frame 01/2010-01/2023 was conducted using the
databases MEDLINE, Embase, EconLit, Web of Science, NHS EED, as well as the Cost-
Effectiveness Registry. Full economic analyses examining sigmoidoscopy as a screening
measure for the general population at average risk for CRC were included. Incremental
cost-effectiveness ratios were calculated. All included studies were critically assessed
based on a questionnaire for modelling studies.

Results

Twenty-five studies are included in the review. Compared to no screening, sigmoidoscopy is
a cost-effective screening strategy for CRC. When modelled as a single measure strategy,
sigmoidoscopy is mostly dominated by colonoscopy or modern stool tests. When combined
with annual stool testing, sigmoidoscopy in 5-year intervals is more effective and less costly
than the respective strategies alone. The results of the studies are influenced by varying
assumptions on adherence, costs, and test characteristics.
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Conclusion

The combination of sigmoidoscopy and stool testing represents a cost-effective screening
strategy that has not received much attention in current guidelines. Further research is
needed that goes beyond a narrow focus on screening technology and models different,
preference-based participation behavior in subgroups.

Introduction

Colorectal cancer (CRC) is one of the most common tumorous diseases in developed coun-
tries: in 2020, it accounted for 10.3% of cancer cases and 9.9% of cancer-associated deaths in
Europe, ranking third and second respectively [1]. Screening has the potential to reduce both
CRC incidence and CRC mortality. Since most intestinal tumors develop along the adenoma-
carcinoma sequence over a long period of time, CRC can be detected at early stages or even be
prevented by removing precursor lesions [2]. The majority of European countries have imple-
mented organized or opportunistic screening following the recommendation of the European
Council [3]. The most common screening methods in Europe include immunochemical or
guaiac-based fecal occult blood tests (FIT / gFOBT), as well as structural examinations of the
bowel by colonoscopy. Newer methods, such as DNA testing or CT-colonography, are not reg-
ularly used in Europe [4, 5]. The European Colorectal Cancer Screening Guidelines Working
Group recommends that individuals aged 50 to 74 years undergo annual to biennial FIT or
gFOBT, which is low-cost and approved as a screening measure throughout the entire Euro-
pean Union [6, 7]. A meta-analysis of randomized controlled trials (RCTs) shows a significant
reduction in CRC mortality with stool tests [8]. With their low sensitivity for adenomas, stool
tests are primarily detection tests for cancer. A positive finding must be followed by a complete
colonoscopy [9].

Endoscopic procedures, such as colonoscopy or sigmoidoscopy, are superior to non-inva-
sive stool tests in terms of detecting CRC and adenomas [9]. Colonoscopy is considered the
gold standard, as the procedure can be both diagnostic and therapeutic. During colonoscopy,
which consists of an endoscopic visualization of the entire colon, precursor lesions can be
directly removed. Sigmoidoscopy is an alternative endoscopic procedure during which only
the distal segment of the bowel is examined. Although colonoscopy is part of CRC screening
in several European countries, such as Germany or Poland, incidence and mortality reductions
as a result of colonoscopy have so far been demonstrated only by observational studies [5, 10].
First results of an RCT examining colonoscopy in Poland, the Netherlands, and Sweden pub-
lished in October 2022 indicated that, over a 10-year period, colonoscopy resulted in a smaller
reduction in incidence compared with results from observational studies [11]. A reduction in
mortality was not clearly demonstrated. However, it is possible that the effectiveness of colo-
noscopy could not be adequately surveyed because of the relatively short follow-up period and
low participation rate (42%). Per-protocol analysis showed a greater incidence and mortality
reduction [11]. For sigmoidoscopy, recent RCTs are available, which in a meta-analysis result
in an incidence and mortality reduction of 24% and 26%, respectively [12].

Over the past few decades, with the growing implementation of colonoscopy in health care,
sigmoidoscopy has increasingly fallen into disuse. In Europe, sigmoidoscopy is used for popu-
lation-based screening only in the Italian region Piedmont [3], although it is stated in several
European guidelines as a reasonable measure [4]. A possible reason for the shift away from sig-
moidoscopy is its weakness in detecting proximal lesions compared to colonoscopy. However,
due to a lack of evidence demonstrating the relevance of proximal lesions for CRC screening,
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it is questionable whether colonoscopy can be considered superior to sigmoidoscopy as a result
of its ability to detect such neoplasms. When differentiated by location, colonoscopy is associ-
ated with no significant incidence and mortality reduction of proximal neoplasms [10, 13-15]
or a significantly smaller reduction compared with distal carcinomas [16]. The reason for this
may be the histological nature of the upper intestinal segment. This area more frequently sees
the growth of sessile serrated adenomas, which are more difficult to detect and at the same
time associated with a more rapid carcinogenesis. As a consequence, CRC is mostly detected at
a higher stage in this bowel section. Only a minority of carcinomas arise from this form of pre-
cursor lesions along the alternated serrated pathway [17].

As all screening strategies incorporate specific advantages and disadvantages, there is no
universally ideal method. The appropriateness of a screening strategy depends on many fac-
tors. For example, the setting, the available resources, and the willingness of the respective tar-
get population to participate must be taken into account [18]. In particular, participation rates
are still low in Europe and often below the minimum target of 45% as defined by the European
Union [6, 19].

Because the choice of screening modality is highly preference-sensitive, procedural charac-
teristics are a critical determinant of anticipated participation. Reservations seem to be more
prevalent with invasive procedures than with stool tests [20]. In the case of colonoscopy,
patients often describe the extensive preparation (drinking up to 2 liters or more of laxatives
and concurrent dietary restrictions) as burdensome. Furthermore, the necessary sedation
leads to an inability to work on the day of the examination, and the need for an accompanying
person creates additional organizational effort [21]. For sigmoidoscopy, on the other hand, an
enema is usually sufficient as preparation and sedation is not strictly necessary [22]. Risks such
as major bleeding or perforations are less pronounced compared to colonoscopy [23]. Due to
its inherent characteristics, sigmoidoscopy may be better accepted by patients and is thus
more likely to be utilized.

In the face of ever-evolving medicine, scarce resources, and low participation, the question
emerges to which extent it may be appropriate to shift focus to sigmoidoscopy, an evidence-
based strategy which is possibly preferred by subgroups. Decision-analytical modeling pro-
vides valuable information on optimal resource allocation, especially when the events of inter-
est are far in the future. When costs and effects are contrasted, all current CRC screening
methods appear to be cost-effective or even cost-saving compared to no screening offer. There
is disagreement about which strategy is optimal in terms of cost-effectiveness [24-28]. Previ-
ous systematic reviews have focused on the question of the most cost-effective single strategy,
mostly assuming perfect adherence. Since the potential of sigmoidoscopy lies in complement-
ing less-sensitive procedures (stool test) or strategies with preference-related low participation
(colonoscopy), such a consideration is insufficient. It is therefore useful to consider the perfor-
mance of sigmoidoscopy in combination with other strategies, as well as to identify the most
influential modeling parameters. The validity of the results depends on the representation of
the natural history of the disease, the modeled effectiveness of screening, and the data used
[29]. There are significant underlying structural and qualitative differences between models.
However, this was only captured narratively [18] or pertained primarily to reporting quality
[26, 28].

The aim of this systematic review is to analyze the cost-effectiveness of sigmoidoscopy for
CRC screening either alone or in combination with other strategies compared to current and
newer screening methods and to identify relevant influencing parameters. It is also the first
review in the field of CRC screening to provide a comprehensive quality assessment of model-
ing studies using instruments by the International Society for Pharmacoeconomics and Out-
comes Research (ISPOR) [30].
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Methods

The protocol for this systematic review was registered in Prospero (CRD42020189934). The
methodology was based on the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA), though not all items are applicable to economic evaluations [31]. The
research question was worded as follows:

Is sigmoidoscopy in colorectal cancer screening cost-effective compared to other commonly
used screening strategies and what are relevant factors influencing the results?

Search strategy

The databases MEDLINE, Embase, EconLit, Web of Science, the British National Health Ser-
vice Economic Evaluation Database (NHS EED), as well as the Cost-Effectiveness Registry
(Tufts Medical Center) were systematically searched in March 2020. The search was updated
in August 2021 and January 2023, ultimately covering the time frame of 01/2010 to 01/2023.
The search strategy consisted of 2 blocks, describing Colorectal Cancer Screening and Eco-
nomic Evaluation respectively (S1 Fig). In each block, various search terms, including both
controlled vocabulary (MeSH Terms) and free terms, were linked with the Boolean operator
“OR”. The blocks were then combined with the operator “AND”. The search syntax for each
database can be found in the appendix (S2 Table).

Study selection

Studies were considered if they met the a priori defined inclusion criteria. Only full economic
analyses that examined the general population at average risk for CRC and compared sigmoid-
oscopy as a screening strategy to either no screening or at least one other generally available
screening measure were eligible for inclusion. Studies were included if they reported long-
term outcomes such as life years gained (LYG) or quality-adjusted life years (QALY). Accord-
ingly, studies were excluded if they investigated a non-screening population (e.g., CRC
patients) or a specific target group (e.g., high risk population), or if they had no adequate com-
parator. Partial economic evaluations and studies that only reported non-comparable out-
comes, such as cost per patient screened or cost per cancer detected, were also excluded.
Congress abstracts, duplicate publications, and gray literature were not eligible for inclusion.
The language was limited to English or German.

Two independent researchers screened the retrieved results. After all duplicate items were
removed, title and abstract were assessed for eligibility. If the studies appeared suitable, full
texts were obtained and reviewed based on the inclusion and exclusion criteria. Disagreement
on inclusion was discussed within the research team and a final consensus was reached.

Data extraction and analysis

Data extraction was performed by one reviewer and checked for accuracy by a second
reviewer. Discrepancies were resolved within the research team, if necessary. The data was
recorded in tabular form and included study population, investigated screening strategies,
methodological approach and structure, perspective, time horizon, adherence rate, discount
rate, and methods for sensitivity analysis. Discounted cost and effectiveness measures were
extracted per person for each CRC screening strategy, including only base case values. The
incremental costs and effectiveness (LYG or QALY gained) of other commonly analyzed strat-
egies compared to sigmoidoscopy were calculated. If a strategy was equally or more costly and
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less effective, it was considered as dominated. Similarly, if a strategy was less costly and equally
or more effective, that strategy was referred to as cost-saving. For non-dominated compari-
sons, the incremental cost-effectiveness ratio (ICER) was derived, stating the incremental cost
per LYG or per QALY gained. Alternatively, ICERs were extracted when reported in the study.

ICER = COSt Sigmoidoscopy - COSt

Effectiveness gpiioscapy — EffeCtiveness copumaror

Comparator

Cost conversion

To improve the comparability of the studies, all cost estimates were adjusted to 2019 US-$
using country-specific consumer price indices (CPI). If a study did not state the base year for
costs, 2 years prior to publication was assumed as the base year. When necessary, local cur-
rency units were subsequently converted to US-$ using Purchasing Power Parity (PPP) con-
version factors [32, 33]. CPI and PPP data were obtained from the World Bank Database [34].

Quality assessment

The critical appraisal of the studies was undertaken by 2 independent researchers with a ques-
tionnaire by the International Society for Pharmacoeconomics and Outcomes Research
(ISPOR) [30]. The questionnaire is a recommended tool for assessing the relevance and credi-
bility of modeling studies based on the 7 main dimensions: validation, design, data, analysis,
reporting, interpretation, and conflict of interest. Each domain consists of 1 or more questions
and can be judged as strength, neutral or weakness depending on the responses. If the study
demonstrated convincing credibility in all sub-questions, the domain was rated as a strength.
If there were minor concerns but they did not limit the overall credibility, the domain was
rated as neutral. In the case of issues that were a potential constraint on credibility, the domain
represented a weakness. Disagreement between the reviewers was resolved by discussion
within the research team. Based on the domain ratings, the credibility of each study was
assessed as sufficient or insufficient for the review.

Results

The database search yielded 5.048 records (Fig 1). After removing duplicates, 283 full-text arti-
cles were assessed for eligibility. The majority of articles were excluded because sigmoidoscopy
was not evaluated or no (full) economic analysis was conducted. Other reasons included lack
of an adequate comparator group, non-comparable outcomes according to the exclusion crite-
ria, publication of an abstract with no full article, and language other than English or German.
For articles excluded after full-text review, see S2 Table in the supplement. Ultimately, 25 arti-
cles could be included in the systematic review.

1.1 Study characteristics

The majority of the included studies were conducted in the USA [35-46], and 2 in Canada [47,
48] (Table 1). In 7 models investigated CRC screening in European countries, namely France
[49, 50], UK [51, 52], Ireland [53], Italy [54], and Ukraine [55]. A total of 3 studies came from
Asian countries: 2 from Hong Kong [56, 57] and 1 from Singapore [58]. A single study was
conducted in Australia [59]. Fifteen studies employed a Markov Model to estimate the cost-
effectiveness. The remaining 10 studies used microsimulation as a modeling approach. The
majority of these 10 studies utilized at least 1 of 3 models developed by the US Cancer Inter-
vention and Surveillance Modeling Network (CISNET) named CRC-SPIN, MISCAN and
Sim-CRC [38, 42, 43, 45, 46]. US studies using microsimulation thus applied identical
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Fig 1. Flow diagram of study selection.

https://doi.org/10.1371/journal.pone.0290353.g001

modeling techniques and assumptions and differed mainly in the input parameters or popula-
tions examined. To reduce the risk of ‘double counting’ and overestimating single models,
studies were grouped by modeling approaches.

In 6 studies, the analyses were conducted from a societal perspective [36, 37, 45, 46, 50, 58].
The other studies took a third-party payer perspective, with the exception of 2 studies where
the perspective was not declared and remained unclear [56, 57]. Almost all studies followed
the modeled cohort for a lifetime to capture the long-term effects of CRC screening. Shorter
time horizons varied between 12 and 35 years [35, 36, 54, 56]. The discount rate was between
3% and 5% among all studies that reported discounting. QALY gained were the most fre-
quently analyzed outcome, described by 13 studies [36, 37, 39-41, 44, 45, 47, 48, 50, 53, 55, 58].
A further 9 studies reported LYG [35, 38, 42, 43, 46, 49, 54, 57, 59]. Both LYG and QALY were
reported in 3 studies [51, 52, 56]. The screening period, meaning the time frame where screen-
ing measures were actively performed, covered at least the period from 55 to 70 years of age in
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18 studies. Screening started as early as 45 years of age in 1 study [41], while the earliest screen-
ing age in another study was as high as 76 [45], with 50 being the most common starting age.
Most studies had a screening period of either 26 or 31 years.

Structural assumptions

When comparing the validity of the models, some structural aspects are of particular impor-
tance: the displayed carcinogenesis and the type and localization of lesions modeled. These
aspects can lead to crucial differences in CRC detection between endoscopic procedures and
stool tests, but also between colonoscopy and sigmoidoscopy.

In 2 studies, the natural history of CRC was not modeled [52, 54] (Table 1). All other mod-
els depicted the adenoma-carcinoma sequence. De novo carcinoma without previous adeno-
matous lesions were additionally included in 8 studies [37, 39-41, 44, 49, 52, 53]. Only 1
microsimulation also modeled the serrated pathway and therefore explicitly included sessile
serrated adenoma as a precursor lesion of CRC [59]. Moreover, modeling of lesions was per-
formed differently across models. Most studies classified either 2 (14 studies) [36, 37, 39-41,
44, 47,48, 50-53, 55, 56] or 3 types of adenomas (7 studies) [38, 42, 43, 45, 46, 49, 59]. Two
studies modelled only 1 stage of adenoma [35, 58]. While 11 studies differentiated adenomas
solely by size [38-46, 49, 59], 9 studies composed risk types, some of which also included his-
tology [36, 37, 47, 48, 51-53, 55, 56]. The CRC-SPIN microsimulation modeled adenoma
growth as continuous growth rather than set health states. 16 studies that modeled the natural
history explicitly addressed the localization of lesions. A separate modeling of all sections of
the intestine was only conducted in microsimulations [36, 38, 42, 43, 45, 46, 59]. Two Markov
models and 1 microsimulation included distal and proximal adenomas as different health
states [50, 51, 53]. An indirect approach to localization using different fractions of lesions
within reach of the respective endoscope was performed in 6 articles, which are primarily
adaptions of 2 modeling approaches [39-41, 44, 48, 55].

Quality assessment

The overall credibility of the studies was sufficient (Fig 2). Only the study by Lam et al. [56]
was excluded from the result synthesis due to severe weaknesses in almost all domains. The
most critical domain across the models was validation, even though most authors ensured suf-
ficient external validity. In 3 studies, serious concerns for validity were present, as it was
unclear whether the results of the models are coherent with independent data [54, 55, 57]. Val-
idation issues were mostly based on the lack of internal validity, as almost no model docu-
mented technical verification of equations and debugging exercises ensuring all assumptions
were correctly implemented in code. While the model designs and included data were gener-
ally appropriate for the course of CRC, limitations resulted from the often unclear process of
model development and data identification. Analysis was assessed as a strength in 11 studies
[37, 39, 40, 44, 47, 49-54] and as neutral in 12 studies [35, 36, 38, 41-43, 45, 46, 55, 57-59], due
for example to lack of probabilistic sensitivity analysis. Reporting and interpretation was pre-
dominantly satisfactory. Only the technical documentation was absent in the majority of mod-
els, making replication of the results difficult. Eight studies raised the distinct possibility of a
conflict of interest [39-41, 43, 46, 48, 51, 54].

1.2 Cost-effectiveness results

In the models, sigmoidoscopy was explored within different screening strategies. As a single-
intervention strategy, a 5-year interval was the most common (13 studies) [35-40, 42, 43, 47-
49, 57, 58]. A number of 5 studies investigated sigmoidoscopy at a 10-year interval [49-52, 59]
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Fig 2. Results of the quality assessment of the retrieved modelling approaches based on the ISPOR
“Questionnaire to assess relevance and credibility of modeling studies for informing health care decision making”
[30].
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and 7 as a once-only measure [44, 45, 52-54, 58, 59]. Cost-effectiveness results of these other
intervals are displayed in the appendix (S1 File). In addition, sigmoidoscopy was assessed in
combination with stool testing (8 studies) [35, 38-40, 46, 48, 55, 58]. Models with a societal
perspective did not differ in the overall results from third-party payer models.

Sigmoidoscopy every 5 years

Compared to ‘no screening’, 5-yearly sigmoidoscopy was in the majority of studies less costly
and more effective, and therefore cost-saving (Table 2). Sigmoidoscopy always yielded higher
QALY or LYG than no screening, with the highest ICER being $50,027.19 per LYG [57]. Sig-
moidoscopy was in all studies less effective than the gold-standard endoscopic procedure colo-
noscopy and in 5 studies associated with higher cost per patient [35, 36, 38, 43, 47]. ICER were
mostly below $67,000, favoring colonoscopy. One study reported significantly higher incre-
mental cost of approximately $107,365.00 per LYG with colonoscopy compared to sigmoidos-
copy [49]. Regarding stool tests, the results were less consistent. Annual guaiac-based FOBT
dominated sigmoidoscopy in 7 comparisons within 4 studies [38, 40, 43, 48], but in 6 cases sig-
moidoscopy was associated with higher effectiveness and incremental cost below $26,000 per
LYG or QALY [38, 47, 49]. Most models showed that modern annual FIT was more effective
and less costly than sigmoidoscopy [36, 38-40, 43, 47]. In 4 non-dominated comparisons with
FIT, incremental cost varied between $20,182.42 and $194,487.07 per LYG [43, 47, 49, 58].
Only the studies by Barzi et al. [35] and Telford et al. [48] showed that sigmoidoscopy was
cost-saving compared to both FOBT and FIT. Biennial FOBT or FIT was evaluated in only a
few studies with mixed results when compared to sigmoidoscopy (S1 File). Overall, there was a
tendency for sigmoidoscopy to be favored over low-sensitivity FOBT but dominated by higher
sensitivity FOBT and FIT. Most of the variability of the stool test results was therefore attribut-
able to differences in sensitivity assumptions.

In 10 different models, sigmoidoscopy was analyzed alongside newer screening strategies,
such as DNA testing [35, 37, 39, 42, 43, 47, 48, 58], CT-colonography [35, 38, 47, 48, 58] or
capsule endoscopy [49] (Table 3). DNA (stool) tests were conducted at an interval of either 2
[35,39], 3 [37, 42, 43, 47, 48] or 5 years [42, 58]. While sigmoidoscopy was cost-saving in most
comparisons, some studies came to the opposite conclusion, with sigmoidoscopy being associ-
ated with a smaller effect than DNA testing. However, ICERs for DNA testing were rather
high, between $61,310.88 and $200,018.32 per QALY or per LYG, respectively [37, 42, 43, 58].
Compared to CT-colonography, 5-yearly sigmoidoscopy was associated with lower cost, but
also lower effectiveness. The lowest incremental costs were $21,407.95 per LYG [38]. Barzi
et al. analyzed the only modeling approach where sigmoidoscopy was dominated by CT-colo-
nography [35]. This was also the only study where the interval of the comparator intervention
was 10 years. In all other studies examining this strategy as a comparator, both CT-colonogra-
phy and sigmoidoscopy were conducted every 5 years. Only Hassan and colleagues included
capsule endoscopy, generating no conclusive results [49].

Sigmoidoscopy in combination with stool tests

Similarly to sigmoidoscopy alone, combinatorial strategies were also more effective or even
cost-saving compared to no screening (S1 File). Seven models evaluated 5-yearly sigmoidos-
copy in combination with annual guaiac-based FOBT [35, 38-40, 46, 48, 55, 58] (Table 4).
When comparing this strategy to the standard colonoscopy, results were mixed. Although sig-
moidoscopy was cost-saving in 5 cases compared to colonoscopy [38-40, 46], it was dominated
in 3 studies [35, 38, 55] and both less expensive and less effective in the remaining models [38,
46, 48]. The highest incremental cost was $78,776.30 per LYG [38]. When comparing the
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combinatorial strategy of sigmoidoscopy plus annual FOBT with the respective strategies
alone, the evaluations showed a clear improvement of LYG or QALYs. In 4 models, the addi-
tion of FOBT annually resulted in cost-savings while gaining LYG or QALY per patient com-
pared to sigmoidoscopy alone [38, 40]. Compared with FOBT alone, the combination with
sigmoidoscopy resulted in incremental cost of $143.37 to $88,088.28 per LYG or QALY

[38, 40].

Five-yearly sigmoidoscopy in combination with annual FIT was evaluated in 6 models [35,
38-40, 46, 58]. Results of the comparison of this strategy with colonoscopy were similar to
those of the combination with FOBT. Incremental cost varied even within 1 modeling
approach between $14,179.73 and $102,164.54 [38, 46]. Compared with 5-yearly sigmoidos-
copy, the combination with FIT was not cost-saving, but in almost all models yielded higher
effectiveness levels with ICERs between $796.98 and $56,703.30 [38-40, 58]. Sigmoidoscopy in
conjunction with FIT was more expensive, but also more effective than FIT alone. The incre-
mental cost ranged between $12,527.49 per LYG and $259,330.20 per QALY [38, 40].

The evaluation of 5-yearly sigmoidoscopy plus biennial or triennial stool tests was not sig-
nificantly different from combinations with annual FOBT and FIT, although only 3 models
considered these strategies (S1 File).

1.3 Contributing factors and drivers of cost-effectiveness

In comprehensive modeling approaches, certain parameters have greater influence on cost-
effectiveness results, which is estimated in sensitivity analyses (SA). The most often investi-
gated parameters in the included articles are displayed in Table 5. All models conducted deter-
ministic sensitivity analysis (DSA), including one-way, multi-way or scenario SA.
Additionally, in about half of the studies, probabilistic sensitivity analysis (PSA) was performed
to represent uncertainty in parameter estimation.

Adherence rate as well as costs of screening measures and cancer treatment varied in most
models. The adherence rate to screening varied between 19% and 100%. Perfect or near perfect
conditions with uptake rates over 90% across all strategies were assumed in 6 models (11 arti-
cles) [36, 38-46, 57], and only 9 studies differentiated adherence between screening measures
[35, 37,47, 50, 52-55, 57]. Unit cost of screening measures was heterogeneous among models.
The lowest cost of sigmoidoscopy was $ 71.24 [50], while the highest cost assumption was over
25-fold more costly [59]. The sources for the unit costs were based on Medicare reimburse-
ment values between the years 2007 and 2014 in 9 studies [35-41, 43, 45]. Other costing
sources used were local schemes [47-54, 57, 58] as well as expert opinions [55] or unspecified
assumptions [51]. Another influential parameter was the cost of cancer treatment. In particu-
lar, the cost in higher stages differed significantly across models. For example, the cost of treat-
ing stage IV or distant CRC ranged from $12,171.14 [51] to $190,680.95 [47]. Also, the
difference within a model between localized/stage I CRC and the highest stage was extremely
heterogeneous, ranging from barely doubling to a 40-fold increase in cost.

Different assumptions about test performance characteristics of sigmoidoscopy influenced
the cost-effectiveness results, which were investigated in several sensitivity analyses. For both
sensitivity and specificity, there was a wide variation in the values assumed, with possible
implications for detection rates and thus the effectiveness of the screening measures evaluated.
Most models differentiated sensitivity for different types of precursor lesions as well as for
CRC. For adenomas, sensitivity of sigmoidoscopy ranged from 22% to 97%, and for CRC from
48% to 95%. Specificity was mostly close to 100% with the lowest assumption being 60%.

The modeled risk reduction through screening measures indicates important information
about the effectiveness of CRC screening strategies, as endoscopic measures may prevent CRC
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development by removing precursor lesions. While the lifetime risk for developing CRC ran-
ged from 0.06% to 6.4% (mean 4.88%; median 5.53%), the risk reduction of sigmoidoscopy
varied more significantly. While in 1 study, the use of sigmoidoscopy led up to a 68.23% lower
risk of developing CRC [39], another study reported an increased CRC risk due to overdiagno-
sis in the elderly (-0.62% risk reduction) [45].

Although SAs mostly supported the results of the base-case analysis, the effect on sigmoid-
oscopy was not always considered or reported. Given the fact that the models were highly het-
erogeneous, it was not possible to estimate the effect of the characteristics on the results.
Nonetheless, the consideration of the most influential parameters revealed potential rationales
for variations in the results.

Discussion

This systematic review included the results of 25 studies. Sigmoidoscopy, both as a stand-alone
strategy and in combination with stool testing, was cost-effective and in some cases cost-saving
compared to no screening. In a direct comparison of effectiveness and cost to other commonly
used screening strategies, sigmoidoscopy tended to be inferior to colonoscopy and FIT and
had a more favorable cost-effectiveness ratio only when compared with the low-sensitivity
gFOBT. At the same time, sigmoidoscopy combined with annual stool testing was more effec-
tive and less costly than the respective individual strategies. Adherence, cost assumptions, and
test characteristics had the highest impact on cost-effectiveness.

Other systematic reviews have come to similar conclusions. For example, several reviews
did not identify sigmoidoscopy as the optimal (single) strategy in any case [24-28]. Some of
the included studies evaluated stool testing as the preferred strategy over endoscopic proce-
dures such as colonoscopy or sigmoidoscopy. However, this is only true when considering sin-
gle strategies. For the first time, the present review also focused on combined strategies of stool
testing and sigmoidoscopy, demonstrating a higher benefit at low additional cost compared to
the single application of the respective screening measures. Almost all studies that considered
combinations of stool test and sigmoidoscopy were conducted in the USA. Combinatorial
strategies have so far been of minor interest in systematic reviews of cost-effectiveness models.
Only Patel and Kilgore identified a superiority of the combination of sigmoidoscopy and stool
testing compared to the respective individual strategies when exclusively considering US cost-
effectiveness modeling studies from 2007-2014 [27]. It is unclear whether a combination of
colonoscopy with stool tests would similarly influence cost-effectiveness compared to colonos-
copy alone. No evidence is available to show whether combining sigmoidoscopy with FIT or
gFOBT leads to a significantly greater reduction in incidence and mortality than sigmoidos-
copy alone, as RCT's have primarily examined single sigmoidoscopy [60].

Although the overall quality of the studies was satisfactory, in some cases there was no com-
prehensive validation of the results, which particularly included internal validation. Conse-
quently, the results could not be fully assessed. Furthermore, the process of data identification
was not presented transparently, which gave rise to the suspicion of cherry-picking of input
studies. A narrative review of the quality of CRC modeling studies revealed similar deficien-
cies: for studies from a period of 1999-2014, the main criticisms of the authors were the over-
simplification of carcinogenesis and insufficient, as well as outdated, evidence as input to the
models [18]. In an assessment of the reporting quality of recent modeling studies using the
Consolidated Health Economic Evaluation Reporting Standards (CHEERS) checklist, Mendi-
vil et al. also criticized the choice of models and the methods used to identify effectiveness data
as being the least well reported [26].
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It is uncertain to what extent the effects of sigmoidoscopy and specifically the differences to
colonoscopy were adequately represented in models. This is also reflected in the large hetero-
geneity of contributing factors. Differences in modeling approaches and structural representa-
tion of CRC development, as well as the superficial consideration of localization, made it
difficult to compare results. Only 1 study included alternative pathways of CRC development
in its modeling [59]. In contrast, the majority reduced carcinogenesis to the adenoma-carci-
noma sequence. This is particularly critical because recent analyses have found differential effi-
cacy of sigmoidoscopy by subgroups [61]. According to this analysis, sigmoidoscopy is an
effective screening measure especially for men and younger women. In women older than 60
years, the effectiveness of sigmoidoscopy in reducing mortality and incidence decreased signif-
icantly. This was attributed in part to the different incidence of distal and proximal carcinomas
in men and women, which in turn is influenced by different histology and carcinogenesis.
Proximal advanced neoplasms without distal lesions are more common in women than in
men [62, 63]. Consequently, effectiveness of sigmoidoscopy in men and younger women as an
important input parameter might be underestimated in the previous modeling approaches,
leading to a systematic underestimation of its cost-effectiveness. Future models should con-
sider the age- and sex-specific data at least in sensitivity analyses.

In addition, sigmoidoscopy is a less standardized procedure that can reach either to the
descending colon or up to the left flexure [64]. In some cases, biopsies were taken during sig-
moidoscopies, while in other cases this exclusively took place during colonoscopies. Often, the
models left unclear what assumptions were made in this regard. There is uncertainty as to
what accounts for the differences in test characteristics of sigmoidoscopy in the models. More-
over, it should be noted that, similarly to stool tests, sigmoidoscopies must be followed by a
complete colonoscopy in case of abnormal findings. This is necessary because the characteris-
tics of adenomas found in the rectum and sigmoid correlate with the likelihood of the presence
of proximal neoplasia [65]. The cost of colonoscopy is assumed to be significantly variable,
with implications for cost-effectiveness [28]. For example, in France, the presence of an anes-
thesiologist is a requirement, resulting in significantly higher colonoscopy costs in contrast to
countries that do not have such a provision [49]. The overall cost structure for screening and
treatment cost is affected by multiple factors, which can lead to significant international differ-
ences. Even for models from the same country, variations in costs are significant contributors
to differences in cost-effectiveness.

The nature of decision-analytic models is a simplification of reality. Thus, the investigated
studies often used ideal-typical assumptions, such as complete participation and adherent
behavior at follow-up. Annual stool tests in particular require a high degree of reliability.
Although noninvasive screening methods have higher participation than endoscopic methods
[19, 66], complete participation and adherence by a large proportion of the relevant population
is an idealized presumption. SAs of the models identified adherence as one of the major factors
influencing cost-effectiveness. Bibliometric analysis of CRC models also supported this finding
[26]. In view of this, patient behavior regarding the choice of screening method is a key deter-
minant when considering the early detection of CRC. It is expected that the willingness to par-
ticipate is higher for procedures that correspond to individual preferences. Preference
elicitations for CRC screening revealed dissent on the preferred measure and differences by
subgroups [67-69]. No model compared systems that offered multiple methods patients could
choose between based on their age and sex. This creates a relevant research gap, as the real
implications on health care systems remain vague.

The present systematic review has limitations. The restriction of the selected databases may
have led to a systematic omission of studies. In addition, the review did not limit the origin of
the models. The included countries differ significantly in their health care policies and in

PLOS ONE | https://doi.org/10.1371/journal.pone.0290353  August 18, 2023 21/26


https://doi.org/10.1371/journal.pone.0290353

PLOS ONE

Sigmoidoscopy in colorectal cancer screening

income of the population. The majority of studies reviewed were from the USA. This could
have led to a bias in the results. The models set different cost-effectiveness thresholds, which
were not included in the review. As various screening strategies in terms of intervals and com-
binations were analyzed in the models, the number of studies per comparison was low in some
cases. Comparability is therefore limited. The influencing factors and drivers of cost-effective-
ness could not be evaluated quantitatively due to the great heterogeneity of the studies. This
also makes general clinical application of the results rather difficult.

Conclusions

Sigmoidoscopy is a reasonable and cost-effective method for detection and prevention of
CRC. Yet, in direct head-to-head comparison with other screening methods, it is often domi-
nated. When combined with stool testing, however, it shows a significant gain in benefit at a
low cost per utility gained. Further research is necessary to examine whether this combination
should be promoted more and recommended in guidelines. Particularly for health care sys-
tems where multiple methods are available, sigmoidoscopy may represent a method preferred
by subgroups. However, there is a lack of policy models that extend beyond a mere comparison
of technologies and include preferences of the relevant population. Future decision-analytical
models should incorporate such behavioral economic considerations. The analysis of sub-
groups will provide an essential contribution to current understanding and thus be of particu-
lar importance for decision-makers in different health care settings.
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