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Abstract

Purpose. As part of a clinical trial comparing the utility of computed tomographic colonography (CTC) and optical
colonoscopy (OC) for post colorectal cancer resection surveillance, we explored the diagnostic yield and costs of a
strategy of CTC followed by OC if a polyp is observed (abbreviated CTC_S), versus OC 1 year following curative
bowel resection, using the detection of actionable polyps on OC as the criterion. Methods. Using data from 231
patients who underwent same-day CTC followed by OC, we created a decision tree that outlined the choices and out-
comes at 1-year clinical follow-up. Colorectal polyp prevalence, sensitivity, and specificity of CTC were compared
with five exemplary studies and meta-analyses. Detection criteria were derived for �6 mm or �10 mm polyps. OC
was the gold standard. Costs were gleaned from cataloging components of the cases at the principal investigator’s
institution. Analyses included marginal cost of the OC strategy to detect additional actionable polyps and number of
polyps missed per 10,000 patients. Results. At our prevalence of 0.156 for �6 mm (0.043 �10 mm), CTC_S would
miss 779 �6 mm actionable polyps per 10,000 patients (�10 mm: 173 per 10,000). Cost to detect an additional �6
mm polyp in this cohort is $5,700 (�10 mm: $28,000). Sensitivity analyses demonstrate that any improvement in per-
formance characteristics would raise the cost of OC to detect more actionable polyps. Similar results were seen using
Medicare costs, or when literature values were used for performance characteristics. Conclusion. At an action thresh-
old of �6 mm, OC costs at least $5,700 per extra polyp detected relative to CTC_S in patients undergoing surveil-
lance after colorectal cancer surgery, on the order of incremental cost-effectiveness ratios found for other clinical
problems involving short-term events.
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Approximately 100,000 persons in the United States
undergo colorectal cancer (CRC) resection each year,
intended to cure the malignancy.1 Over one million
patients are survivors of this procedure, and thus are
candidates for post-resection surveillance.2 Strategies are
aimed at detecting adenomatous (conventional and ser-
rated) polyps in the colon or extraluminal (metastatic)
disease.3 At 1 year post-resection, several approaches are
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endorsed by professional organizations; all include opti-
cal colonoscopy (OC) at 1 year, and guidelines for ima-
ging studies vary.4 If recommended, these take the form
of computed tomography (CT) of the chest, abdomen,
and pelvis annually or semiannually for up to 5 years.

Computed tomography colonography (CTC), also
known as ‘‘virtual colonoscopy,’’ combines CT scanning
with image reconstruction software that generates a
high-quality visualization of the entire colorectum. In
essence it recapitulates the abdominal and pelvic CT
while also providing a virtual image of the bowel lumen.
This suggests that CTC might substitute for CT + OC
in the surveillance setting. For this reason, we conducted
a multi-institutional prospective trial comparing CTC
(including standard surveillance CT) to OC in 231
patients 1 year after colonic resection.5 Patients under-
went both procedures on a single outpatient visit, so that
performance characteristics of CTC could be determined
in a cohort wherein all subjects had the ‘‘gold standard’’
test. In addition, we cataloged all components of both
procedures at the primary institution, in order to gener-
ate accurate costs of CTC and OC. In this article, we
report, from a health care provider perspective, perfor-
mance characteristics of the surveillance tests and cost to
detect actionable colonic polyps (or ‘‘yield’’) at 1 year
post-resection.

Methods

Model

We constructed a simple decision tree to reflect the clinical
problem (Figure 1). The decision is whether to perform
CTC, and proceed to OC if an actionable polyp is detected,
or to perform OC alone. In clinical practice, actionable
polyps are defined as lesions of �6 mm detected on CTC,

which would require OC and polypectomy. It is important
to note that CTC cannot reliably differentiate between ade-
nomatous polyps (conventional or serrated), the precursors
of CRC versus hyperplastic polyps that have little or no
malignant potential. The two branches of the decision
node in Figure 1 reflect the problem.

The upper branch, CTC, leads to a chance node:
either an actionable polyp is seen on the radiological test
or no lesion is detected. Each branch of the chance node
leads to a second uncertainty. The upper branch, denoted
‘‘Positive CTC,’’ leads to OC, which then divides denot-
ing the presence or absence of an actionable polyp.
Finding a polyp on OC after CTC reflects a ‘‘true posi-
tive’’ surveillance test, whereas ‘‘Negative’’ signifies a
‘‘false positive’’ CTC.

The lower branch of the CTC strategy, denoted
‘‘Negative CTC,’’ leads directly to the final chance node,
‘‘Adenoma’’ or ‘‘Negative.’’ In this yield model, a nega-
tive CTC leads to observation. If the test actually has
missed an actionable polyp, that is a ‘‘false negative,’’ the
deleterious outcome of the model. Otherwise the CTC is
a ‘‘true negative,’’ a successful screen.

The lower branch of the decision node, OC, leads
directly to the definitive chance node. OC is defined as the
gold standard test: either an actionable polyp is detected
or is not detected. This is reflected by the two branches at
the lower right of the decision tree in Figure 1.

The objective of the problem is to minimize false nega-
tive CTCs, or maximize yield, at an acceptable cost of the
surveillance procedures.

Clinical Data Collection

Five US academic medical centers contributed patients
to the study. Eligible subjects were adult men and women
with CRC, stages 0 to III at diagnosis, with uncompli-
cated colonic resection, referred for surveillance proce-
dures between 9 and 16 months after surgery.5 CTC was
performed first, and then OC on the same day. In the
event that a lesion was detected on CTC but not found
on the initial OC, a study coordinator informed the
endoscopist who reexamined the relevant colonic seg-
ment. This enhanced colonoscopy, an approach used in
other CTC studies,6,7 was taken as the gold standard.
Polyps underwent histological analysis by pathologists at
the study institutions, and lesions were matched between
CTC and OC to determine performance characteristic.

Data Used in the Analysis

Table 1 contains baseline and range data, taken from the
clinical trial.5 Per-patient data were collected from the

Figure 1 Yield problem decision model.

2 MDM Policy & Practice 00(0)



trial; subsequent decisions are made based on whether
any polyp is detected, not based on how many lesions are
seen. We considered two action thresholds for polyps: 6
mm and 10 mm. For polyps �6 mm the prevalence was
36/231 patients. Sensitivity for the lower action threshold
was 0.500 (95% confidence interval [CI] = 0.323–0.677);
specificity 0.918 (95% CI = 0.877–0.959). Ten of the 231
patients had an actionable polyp �10 mm. At a thresh-
old of �10 mm, sensitivity increased to 0.600 (95% CI =
0.246–0.954). Specificity was 0.973 (95% CI = 0.949–
0.997).

A study coordinator examined the charts and clinical
items used for each patient seen at the lead study site.
CTC demonstrated little variability, in terms of equip-
ment and supplies, and in time for professional review
(including scanning for extraluminal disease). Average
costs were $155 for CTC (range $140 to $185). OC costs
depended on whether biopsies were taken; OC without
biopsy averaged $675 (95% CI = $659 to $691). OC
with biopsy consumes more time and generates pathol-
ogy costs, and thus averaged $996 (95% CI = $897 to
$1,115).

Values of efficacy parameters used for sensitivity
analysis are shown in Table 2. In addition to the range
estimates from the clinical study, a few published reports
present sensitivity and specificity of CTC in the surveil-
lance setting. Kim and colleagues demonstrated sensitivity

for adenomatous polyps of 0.800 (95% CI = 0.686–0.881)
and specificity of 0.931 (95% CI = 0.904–0.952) in a series
of 548 patients with 12% demonstrating polyps.8 Amitai
and colleagues achieved 100% per patient sensitivity and
71% specificity for polyps .5 mm in a small single-
institution study of patients referred by medical oncolo-
gists for evaluation.9 Prevalence of polyps was 50%. A
recent meta-analysis of CTC for surveillance focuses on
anastomotic recurrence and second (metachronous) colon
cancers; unfortunately polyp detection is not discussed in
the review.10 A meta-analysis of CTC in the screening set-
ting reported consensus sensitivity of 0.70 and specificity
of 0.93 for actionable polyps �6 mm.11

For an alternative approach to the cost structure we
utilized Medicare reimbursement data from Pyenson12

updated to reflect 2017 regional payments. CTC reimbur-
sement is set at $288, OC without biopsy averages $882,
and OC with biopsy $1,230.

Results

Baseline Case

Figure 2 shows the decision tree folded back using base-
line data from Table 1 for the detection of actionable
polyps �6 mm. At a prevalence of 15.6% reported in the
trial, CTC would lead to positive findings in 14.7% of

Table 1 Data Used in the Analysis

Variable Actionable Polyps �6 mm Actionable Polyps �10 mm Data Source

Prevalence 0.156 0.043 Study/literature
CTC sensitivity (95% CI) 0.500 (0.323–0.677) 0.600 (0.246–0.954) Study/meta-analysis
CTC specificity (95% CI) 0.918 (0.877–0.959) 0.973 (0.949–0.997) Study/meta-analysis

CTC Costs OC Costs

Adenoma $155 (140–185) $996 (897–1115)
No adenoma $155 (140–185) $675 (659–691)

CI, confidence interval; CTC, computed tomographic colonography; OC, optical colonoscopy.

Table 2 Data From Other Studies: Polyps �6 mm

Study Prevalence Sensitivity Specificity

Kim et al. (2010)8 0.12 0.785 (0.683–0.887) 0.931 (0.904–0.952)
Amitai et al. (2009)9 0.50 1.00a 0.71a

Mulhall et al. (2005)11 — 0.48b 0.92b

aNo confidence intervals provided.
bMeta-analysis consensus estimates; various prevalences.
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patients. Of these 52.9% would have an adenoma con-
firmed on OC. Patients having a negative CTC would
experience a false negative proportion of 0.091. Thus, the
overall yield of CTC_S (CTC followed by OC) is 0.078,
for an overall cost per patient of $279. Taking OC as the
gold standard, its yield is simply the prevalence in this
cohort: 0.156. Cost of the OC strategy would average
$725 per patient.

Figure 3 replicates the model with baseline data for
the detection of actionable polyps �10 mm. At the trial
prevalence of 4.3%, CTC would appear positive in 5.2%
of patients. Half of the positive CTCs would be true ade-
nomas. False negatives would occur in 1.8%. The yield
of CTC_S in polyps �10 mm is 0.026, for an overall cost
per patient of $198. Cost of the OC cohort would aver-
age $689.

Cost-effectiveness calculations compare the baseline
costs and yields for the two polyp size models. For the

detection of actionable polyps �6 mm, the cost differen-
tial is $725 2 $279, or $446. The yield differential is
0.156 2 0.078, or 0.078. Marginal cost to detect one
more polyp at 1 year is $446/0.078, or $5725. For action-
able polyps �10 mm the incremental cost-effectiveness
ratio (ICER) is $491/0.017, or $28,350 to detect an addi-
tional larger polyp.

Another way to think of yield in this model is the
number of actionable lesions missed by CTC_S. In
Figures 2 and 3, the chance of a missed polyp is the prod-
uct of the probability of a negative CTC and the poster-
ior probability of an adenoma in that case. Multiplying
0.853 by 0.091 would lead to 779 missed polyps per
10,000 individuals tested in the �6 mm scenario. For
actionable polyps �10 mm the corresponding value is
0.948 3 0.019, or 173 per 10,000 individuals.

Sensitivity Analysis

Figure 4 shows a graph of the marginal cost to detect an
additional lesion �6 mm, through the range of preva-
lence from 0.05 through 0.5, holding the performance
characteristics of CTC constant. As the likelihood of an
actionable polyp increases, the OC strategy becomes pro-
gressively cheaper relative to CTC_S.

The Mulhall meta-analysis presented sensitivity and
specificity values for actionable polyps �6 mm that were
extremely close to ours. When sensitivity and specificity
values from the Kim study are used, the ICER for OC
rises to $12,200 per actionable polyp detected at the base-
line prevalence, and CTC_S would miss 335 lesions. As
the prevalence rises, the ICER for OC drops steeply, to
$6,900 at a prevalence of 0.25 and $2,500 at 0.5 (com-
pared to $3,500 and $1,600 using values from the present
study).

Using regional Medicare costs, CTC_S costs $445 per
case when detecting polyps �6 mm, whereas the OC
strategy costs $936, for a cost to detect an additional
polyp of $6,300. For polyps �10 mm, the ICER is
$32,000. These are of the same order as the base case.

Discussion

This analysis is based on our study of CTC and OC in
patients 1 year after surgical resection of colorectal can-
cer. We are modeling the long-term follow-up of this clin-
ical problem, to include frequency of surveillance and
detection of extraluminal lesions and the downstream
health and utility consequences of missing adenomas.13

Nevertheless, some insights can be gleaned from the 1-
year analysis.

Figure 2 Baseline analysis: 6 mm polyp.

Figure 3 Baseline analysis: 10 mm polyp.
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The cost-effectiveness metric, ‘‘cost to detect an addi-
tional polyp,’’ is nonstandard. There are no appropriate
league tables to which we can compare our results to
other medical procedures. However, the notion of ‘‘cost
per event,’’ which we define in this article as ‘‘yield,’’ is
arising in other areas. Dennis and associates conducted a
trial of intermittent pneumatic compression to reduce
deep vein thrombosis in poststroke patients. They found
that the direct cost of preventing a deep vein thrombosis
was £1,282 per event.14 Zelman and colleagues recently
examined the value of loop-mediated isothermal amplifi-
cation for malaria detection in Indonesia, and reported
an ICER of $5,900 per additional malarial infection
detected.15 Both these assessments were considered cost-
effective by the authors.

We too believe that our yield metric is appropriate for
modeling an intermediate endpoint. Is OC worth $5,000
to $6,500 to detect an additional polyp of 6 mm or
greater? The ICER is on the order of the reports
described above. Is missing 780 polyps per 10,000 sur-
veyed too many? The literature is silent about what size
a polyp must be to mandate action. A general consensus
exists that polyps greater than 10 mm need to be found;
in our study, the cost to detect an additional large polyp
with OC is $28,350 compared to CTC_S. This suggests
that CTC, which would miss 173 large polyps per
10,000, has a possible role in patients undergoing surveil-
lance. For 6 mm polyps the marginal cost-effectiveness
of OC is lower (i.e., better). Any improvement in the sen-
sitivity of CTC would raise the ICER for OC, and thus
improve the perceived value of CTC_S.

Another limitation is that we took component costs
from a single institution, and used relative value units as
the basis for physician costs (the largest contributor to
case-by-case variation). However, using Medicare reim-
bursement as a proxy for costs led to similar results in
our analysis.

Collecting costs and cataloging the components of
procedures was straightforward in this clinical trial. By
doing so we avoided a common problem in cost-
effectiveness analysis: finding values relevant to the study
under consideration. We suggest that building a cost
analysis into clinical protocols is worthwhile, especially if
giving thought to performing cost-effectiveness calcula-
tions after the trial results are in.

Although long-term modeling remains to be done in
this problem, we conclude that a strategy of CTC at 1
year post colon cancer resection, to be followed by OC if
positive, has a role in surveillance and for the detection
of polyps �10 mm may be cost-effective relative to diag-
nostic procedures in other medical domains.

Authors’ Note

Presented in part at the 39th Annual North American Meeting
of the Society for Medicine Decision Making, October 2017.

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016.

CA Cancer J Clin. 2016;66(1):7–30.
2. Mariotto AB, Rowland JH, Ries LA, Scoppa S, Feuer EJ.

Multiple cancer prevalence: a growing challenge in long-

term survivorship. Cancer Epidemiol Biomarkers Prev.

2007;16(3):566–71.
3. Desch CE, Benson AB 3rd, Somerfield MR, et al; Ameri-

can Society of Clinical Oncology. Colorectal cancer sur-

veillance: 2005 update of an American Society of Clinical

Oncology practice guideline. J Clin Oncol. 2005;23(33):

8512–9.
4. Young PE, Womeldorph CM, Johnson EK, et al. Early

detection of colorectal cancer recurrence in patients under-

going surgery with curative intent: current status and chal-

lenges. J Cancer. 2014;5(4):262–71.
5. Weinberg DS, Pickhardt PJ, Bruining DH, et al. Com-

puted tomography colonography vs colonoscopy for color-

ectal cancer surveillance after surgery. Gastroenterology.

2018;154(4):927–34.
6. Pickhardt PJ, Choi JR, Hwang I, et al. Computed tomo-

graphic virtual colonoscopy to screen for colorectal neopla-

sia in asymptomatic adults. N Engl J Med. 2003;349(23):

2191–200.
7. Cotton PB, Durkalski VL, Pineau BC, et al. Computed

tomographic colonography (virtual colonoscopy): a

Figure 4 Sensitivity analysis: prevalence of actionable polyps
�6 mm.

Beck et al. 5



multicenter comparison with standard colonoscopy for
detection of colorectal neoplasia. JAMA. 2004;291(14):
1713–9.

8. Kim HJ, Park SH, Pickhardt PJ, et al. CT colonography
for combined colonic and extracolonic surveillance after
curative resection of colorectal cancer. Radiology. 2010;
257(3):697–704.

9. Amitai MM, Fidder H, Avidan B, et al. Contrast-
enhanced CT colonography with 64-slice MDCT com-
pared to endoscopic colonoscopy in the follow-up of
patients after colorectal cancer resection. Clin Imaging.
2009;33(6):433–8.

10. Porte F, Uppara M, Malietzis G, et al. CT colonography
for surveillance of patients with colorectal cancer: systema-
tic review and meta-analysis of diagnostic efficacy. Eur

Radiol. 2017;27:51–60.
11. Mulhall BP, Veerappan GR, Jackson JL. Meta-analysis:

computed tomographic colonography. Ann Intern Med.
2005;142(8):635–50.

12. Pyenson B, Pickhardt PJ, Sawhney TG, Berrios M. Medi-
cal cost of colorectal cancer screening: CT colonography vs
optical colonoscopy. Abdom Imaging. 2015;40:2966–76.

13. Kuntz KM, Popp J, Beck JR, Zauber A, Weinberg DS.

Cost-effectiveness of post-diagnostic surveillance strategies

after resection of colorectal cancer: is there a role for com-

puted tomography colonography? Paper presented at: 39th

Annual North American Meeting, Society for Medical

Decision Making; October 22-25, 2017; Pittsburgh, PA.

Available from: https://smdm.confex.com/smdm/2017/meet

ingapp.cgi/Paper/11116
14. Dennis M, Sandercock P, Graham C, Forbes J; CLOTS

(Clots in Legs Or sTockings after Stroke) Trials Collabora-

tion; Smith J. The Clots in Legs Or sTockings after Stroke

(CLOTS) 3 trial: a randomised controlled trial to determine

whether or not intermittent pneumatic compression reduces

the risk of post-stroke deep vein thrombosis and to estimate

its cost-effectiveness. Health Technol Assess. 2015;19(76):

1–90.
15. Zelman BW, Baral R, Zarlinda I, et al. Cost and cost-

effectiveness of malaria reactive case detection using loop-

mediated isothermal amplification compared to micro-

scopy in the low transmission setting of Aceh Province,

Indonesia. Malar J. 2018;17(1):220.

6 MDM Policy & Practice 00(0)


