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Abstract
Background Colonoscopy as a common screening practice to prevent colorectal cancer lacks strong evidence. 
NordICC, the first randomized trial of colonoscopy screening, reported no clear clinical benefit for colonoscopy in the 
intention-to-screen population with suggested benefit in the risk of colorectal incidence and cancer-specific mortality 
in the per-protocol analyses. However, although the study was designed to perform survival analysis, no survival 
outcomes were reported since the underlying assumption for hazard ratio was not valid. We aimed to assess whether 
colonoscopy screening is associated with improved survival outcomes compared with usual care.

Methods We reconstructed patient-level data from the Kaplan-Meier estimator of the primary endpoints reported 
in NordICC for the intention-to-screen and adjusted per-protocol populations. The restricted-mean survival time 
difference (RMST-D) and restricted-mean time loss ratio (RMTL-R), which are robust alternatives to the hazard ratio 
without specific model assumptions, were calculated for colorectal cancer incidence and death.

Results In this study, no significant difference in colorectal cancer incidence over 10 years was found in the 
intention-to-screen population (RMST-D: -0.68 days, 95% CI -3.9–2.6; RMTL-R: 1.04, 95% CI 0.88–1.22) or in the per-
protocol analysis population (RMST-D: -2.9 days, 95% CI -6.5–0.67; RMTL-R: 1.15, 95% CI 0.97–1.35). In the intention-
to-screen population, inviting individuals to colonoscopy did not improve colorectal-cancer death (RMST-D: -0.29 
days, 95% CI -1.6–1.0; RMTL-R: 1.07, 95% CI 0.78–1.48). Over 10 years, in the per-protocol analysis, individuals who 
underwent colonoscopy survived an average of 1.1 more days free of colorectal cancer, but this difference was not 
statistically significant (RMST-D: 95% CI -0.13–2.3; RMTL-R: 0.72, 95% CI 0.49–1.07).

Conclusions In this reanalysis of the NordICC data, no evidence of improvement in survival outcomes for 
participants invited to undergo colonoscopy compared to usual care was identified, even when assuming that 
all invited participants did undergo colonoscopy. Thus, our results do not support the use of colonoscopy as a 
population-wide screening test as a mean to decrease colorectal cancer incidence or death.
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Introduction
Colonoscopy is the gold standard for colorectal cancer 
screening in the United States and other countries; yet, 
the benefits of this procedure in preventing colorec-
tal cancer are unclear [1]. The recent landmark Nordic-
European Initiative on Colorectal Cancer (NordICC) trial 
reported a small reduction in the risk of colorectal can-
cer and a nonsignificant reduction in the risk of death for 
those offered colonoscopy [2]. An adjusted per-protocol 
analysis, estimating the effect if all screened individuals 
had actually undergone colonoscopy following the invita-
tion, reported a greater benefit for colonoscopy, including 
a reduced risk of colorectal cancer death. The contrast-
ing results between the intention-to-screen and the per-
protocol analyses complicated the interpretation of the 
results and the conclusion about the role of the test.

Notably, the NordICC study publication reported risk 
ratios (RRs) and not hazard ratios (HRs), which is prob-
lematic and potentially misleading as the RRs do not 
account for the timing of events. In contrast to studies 
in which the factor of time might be less important (e.g., 
success rates of surgical procedures), time is often the 
most important factor in cancer screening trials.

Not using HRs, as originally planned, was justified 
because the proportional hazards assumption—i.e., that 
the hazards remain constant throughout the study—was 
not met, which is an underlying assumption for the HR 
approach. Therefore, using standard Cox modeling for 
calculating the HR was not feasible. The violation of the 
proportional hazards in NordICC is evident from the 
reported survival curves that cross each other, indicating 
that the effect of the intervention changed directions over 
time [2]. Alternative measures that do not require spe-
cific underlying model assumptions to hold, such as the 
proportional hazards assumption, include the restricted-
mean survival time (RMST) and restricted mean time 
lost (RMTL). RMST is the numeric expression of the area 
under the Kaplan-Meier curve up to a specific truncation 
timepoint (tau), whereas RMTL is the numeric expres-
sion of the area above the Kaplan-Meier curve up to tau. 
As such, the RMST and RMTL take into account all the 
survival data up to the truncation timepoint [3–6]. A 
commonly used truncation timepoint is the maximal fol-
low-up time. The difference between study arms can be 
numerally expressed as the RMST difference (RMST-D), 
which is the area between the two survival curves. Thus, 
RMST-D represents the absolute difference between the 
effects of the two arms, and its units are in time. Another 
way to express the difference between study arms is 
through the ratio of RMST or RMTL values (RMST-R, 
RMTL-R). Using ratios and not differences is conceptu-
ally closer to HR and can be particularly useful in scenar-
ios where the event rates are low [3–8].

The objective of the current study was to reanalyze the 
NordICC trial data using the RMST/RMTL approach in 
order to assess whether colonoscopy screening is associ-
ated with improved survival outcomes.

Methods
We used the intention-to-screen and adjusted per-pro-
tocol results of the primary endpoints, namely, risk of 
colorectal cancer and colorectal cancer-related death 
as reported in the NordICC study publication [2]. The 
Kaplan-Meier curves in the inset demonstrating the data 
on an enlarged Y axis were extracted using WebPlot-
Digitizer [9] and reconstructed using the reconstructKM 
package in R (R Foundation for Statistical Computing) 
[10]. This strategy enables the estimation of survival data 
at the individual patient-level with only minor differences 
between reconstructed and published data [10, 11].

The RMST-D was calculated by subtracting the RMST 
of the control arm (usual care) from that of the inter-
vention arm (patients who were offered colonoscopy; 
“invited group”), with tau defined as the minimum of the 
last observed time in each of the two groups. RMST-R 
and RMTL-R were calculated by determining the RMST 
and RMTL ratios, respectively, using the intervention 
arm as the numerator, and applying the same tau used 
for the RMST-D calculation. The proportional hazards 
assumption was assessed using the Schoenfeld residu-
als test, with a p-value < 0.05 indicating a proportional 
hazards violation. Bootstrapping was used to calculate 
95% confidence intervals (CI) of the RRs. The bound-
ary for significance was defined as p < 0.05 obtained with 
two-sided unadjusted Wald test using the R package 
survRM2. All analyses were performed in R version 4.0.3.

Results
We examined the presence of the proportional hazards 
assumption and found violations in the intention-to-
screen (p < 0.001) and per-protocol analyses (p < 0.001) of 
the cumulative incidences of colorectal cancer, and per-
protocol analysis of colorectal cancer death (p = 0.0013). 
The exception was the analysis of colorectal cancer death 
in the intention-to-screen population which showed 
weaker evidence of violating the assumption  (p = 0.051). 
For this population, the HR was 0.91 (95% CI, 0.69–1.21; 
p = 0.5). The violations in proportional hazards assump-
tion in most of the analyses impede interpretations of 
the HR and support the use of alternative RMST-based 
measures. Figure  1A shows the reconstructed cumula-
tive risk of colorectal cancer in the intention-to-screen 
population, comparing the invited group to the usual-
care group. The cumulative incidences of colorectal 
cancer were higher in the invited group until approxi-
mately 6 years of follow-up, after which cumulative inci-
dences became lower in the usual-care group. The same 
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pattern was observed in the per-protocol analysis, dem-
onstrated in Fig.  1B. Overall, there was no significant 
difference between the mean or ratio of colorectal can-
cer incidence over 10 years (RMST-D: -0.68 days, 95% 
CI, -3.9–2.6; RMST-R: 0.9998, 95% CI, 0.9989–1.0010; 
p = 0.68). The results remained similar for the per-pro-
tocol analysis (RMST-D: -2.9 days, 95% CI, -6.5–0.022; 
RMST-R: 0.9992, 95% CI, 0.9982–1.0000; p = 0.11). The 
reconstructed cumulative risk of death from colorectal 
cancer in the invited groups as compared with the usual-
care group is shown in Fig. 2. In the intention-to-screen 
analysis, no significant difference was observed in the 
mean or ratio colorectal cancer-specific survival over 10 
years (RMST-D: -0.29 days, 95% CI, -1.6–1.00; RMST-R: 
0.9999, 95% CI, 0.9996–1.0000; p = 0.67). In the per-pro-
tocol analysis, that estimated the effect of screening if all 
participants who were assigned to screening did undergo 
colonoscopy during the 10-year follow-up period, there 
was no significant difference in the mean or ratio colorec-
tal cancer-specific survival (RMST-D: 1.1, 95% CI, -0.13–
2.3; RMST-R: 1.0000, 95% CI, 1.0000–1.0010; p = 0.08). 
Of note, no appreciable difference between the curves in 
the per-protocol analysis can be observed even after sub-
stantially expanding the Y-axis (15-fold). Furthermore, 

we evaluated the ratio of RMTL and did not observe a 
statistically significant difference across any of the pop-
ulations (Table 1). Specifically, the ratio of RMTL in the 
per-protocol analyses was 1.15 (95% CI, 0.97–1.069; 
p = 0.10) for colorectal cancer incidence and 0.72 (95% CI, 
0.49–1.069; p = 0.10) for colorectal cancer death. Table 1 
shows the comparison of RMST and RMTL by arm as 
well as between-group differences.

Discussion
For more than two decades, colonoscopy has been the 
predominant form of screening for colorectal cancer in 
many Western countries. Unlike randomized controlled 
trials which have provided support for fecal occult blood 
testing and sigmoidoscopy in reducing colorectal cancer 
death or death from any cause, the effect of colonoscopy 
as a screening test is still unclear [1, 12].

In the NordICC trial, colonoscopies were offered to 
one-third of 84,585 study participants who were random-
ized to receive such an invitation and followed for 10 
years [2]. The study reported that of those offered colo-
noscopy, only 42% underwent the procedure. The analy-
sis of the intention-to-screen population demonstrated 
that those offered colonoscopy were 18% less likely to 

Fig. 1 Restricted-mean survival time difference of the cumulative risk of colorectal cancer at 10 years. (A) Intention-to-screen analysis (B) Per-protocol 
analysis. Restricted-mean survival time difference (RMST-D) is shown in days. The inset shows the same data on an enlarged y-axis by 15-fold
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develop colorectal cancer (RR, 0.82; 95% CI, 0.70–0.93) 
but the risk from dying from the disease was nearly the 
same for both groups (RR, 0.90; 95% CI, 0.64–1.16). Only 
in the per-protocol analysis where all participants invited 

to undergo a colonoscopy were assumed to have done 
so, was a greater benefit observed with a reduction of 
colorectal cancer incidence by 31% and that of colorec-
tal cancer death by 50% in the colonoscopy group (RR, 

Table 1 Restricted-mean survival measures of colorectal cancer incidence and death
Restricted-mean survival measure by arm
Endpoint Population Group RMST, d RMTL, d
CRC incidence Intention-to-screen Control 3636.6 (3634.8-3638.4) 0.64 (0.58–0.70)

Intervention 3635.9 (3633.2-3638.7) 0.66 (0.57–0.75)
Per-protocol Control 3635.5 (3633.7-3637.2) 0.65 (0.59-0.71)

Intervention 3632.5 (3629.4-3635.6) 0.74 (0.64–0.85)
CRC death Intention-to-screen Control 3652.2 (3651.4-3652.9) 0.13 (0.11–0.15)

Intervention 3651.9 (3650.8–3653.0) 0.14 (0.10–0.18)
Per-protocol Control 3652.1 (3651.4-3652.9) 0.13 (0.11–0.15)

Intervention 3653.2 (3652.2-3654.2) 0.09 (0.062–0.13)
Between-group differences of restricted-mean survival measures
Endpoint Population RMST-D, d RMST-R p RMTL-R p
CRC incidence Intention-to-screen -0.68 (-3.9-2.6) 1.000 (0.999–1.001) 0.68 1.035 (0.88–1.22) 0.68

Per-protocol -2.9 (-6.5-0.67) 0.999 (0.998-1.000) 0.11 1.15 (0.97–1.35) 0.10
CRC death Intention-to-screen -0.29 (-1.6-1.00) 1.000 (1.000–1.000) 0.67 1.07 (0.78–1.48) 0.67

Per-protocol 1.1 (-0.13-2.30) 1.000 (1.000-1.001) 0.08 0.72 (0.49–1.07) 0.10
CRC, colorectal cancer; RMST, Restricted-mean survival time; RMST-D, difference of RMST; RMST-R, ratio of RMST; RMTL, Restricted-mean time lost; RMTL-R, ratio of 
RMTL

Fig. 2 Restricted-mean survival time difference of the cumulative risk of death from colorectal cancer at 10 years. (A) Intention-to-screen analysis (B) 
Per-protocol analysis. Restricted-mean survival time difference (RMST-D) is shown in days. The inset shows the same data on an enlarged y-axis by 15-fold
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0.69; 95% CI, 0.55–0.83; and RR, 0.5; 95% CI, 0.27–0.77, 
respectively) [2].

The analysis in NordICC utilized RR, despite its limi-
tation for time-to-event data, due to the violation of the 
proportional hazards assumption, which rendered the 
HR calculation uninterpretable. In contrast, we used 
measures that assess absolute (RMST-D) or relative 
(RMST-R, RMTL-R) differences between study arms. 
The RMST/RMTL approach, conceptualized decades 
ago,   only gained limited traction in the last decade. It 
is robust and similar to the HR approach incorporating 
survival data from all patients. However, unlike HR, it is 
always calculable and clinically interpretable because it is 
not constrained by any specific model assumptions [3–8].

Our results show that colonoscopy was not associated 
with a significant difference in colorectal cancer-inci-
dence in the intention-to-screen thereby confirming the 
primary NordICC findings about the lack of colorectal 
cancer-related death benefit. Treatment effect sizes in 
per-protocol analyses are often larger but can be asso-
ciated with potential biases such as uncontrolled con-
founding, including inflammatory bowel disease, family 
history of cancer and genetic predisposition. Further-
more, most research designs and analyses not adhering to 
prespecified rules (as occurred in the adjusted analysis in 
NordICC) allow flexibility, with the potential to influence 
results and claim important signals [13]. In fact, given 
the unplanned covariate adjustments amended close 
to the publication and the modeling of the effect if all 
screened individuals had undergone the procedure, this 
analysis constitutes post-hoc simulation more than a per-
protocol analysis. Despite these potential biases that may 
inflate any potential effect size, our findings still suggest 
no benefit in the per-protocol analysis. The lack of signifi-
cant signal in the sensitivity analysis of colorectal cancer 
mortality (RR, 0.72; 95% CI, 0–3.70) as reported in Nor-
dICC supports our findings [2]. Even if we assumed the 
results of the per-protocol population to be significant, 
the estimated cancer-specific survival benefit of colo-
noscopy was 1.1 days corresponding to 26  hours over a 
period of 10 years. While the average survival difference 
may not be the most suitable measure of effectiveness for 
screening tests, the ratios in RMST or RMTL which are 
more comparable to the HR [7, 8, 14], support no ben-
efit in these outcomes. The per-protocol analysis of all-
cause mortality was not reported but the benefit is safely 
assumed to be even smaller.

The NordICC investigators explained their find-
ings regarding the absolute risk of colorectal cancer 
death being lower than expected by the recent decline 
in colorectal cancer risk [2]. Although in certain coun-
tries with high socioeconomic index, the incidence of 
colorectal cancer was stable or even declined, globally 
the incidence of colorectal cancer demonstrates a clear 

upward trend [15, 16]. The NordICC investigators also 
explained their unanticipated finding by the consider-
able improvement in the prognosis of colorectal can-
cer patients due to advancements in treatment options. 
Indeed, recent advances in various therapeutic modali-
ties such as surgery, radiation therapy, targeted therapy, 
and immunotherapy have contributed to improved prog-
nosis in colorectal cancer [17]. Improved prognosis due 
to advances in treatment diminishes the need for earlier 
detection if survival benefit is not established. Screening 
in the absence of survival benefit could be justified only 
if benefit in quality-of-life is demonstrated, although, in 
NordICC, this was not explored. Improved quality-of-life 
could be achieved if early detection leads to less surgeries 
or systemic treatments; however, the screening itself can 
lead to overtreatment, which is a concern for colorectal 
cancer as well as other cancers such as breast, lung, and 
prostate [18–20].

Our reanalysis of the NordICC study which shows no 
favorable impact of colonoscopy screening on colorectal 
cancer incidence or colorectal cancer-specific death, even 
upon assuming that all invited patients did undergo the 
procedure, brings into question the effectiveness of colo-
noscopy as a population-wide screening, as well as the 
presumption that colorectal cancer develops from benign 
polyps that can be effectively detected and removed dur-
ing endoscopy to prevent cancer development. Beyond 
the explanations provided by the NordICC investiga-
tors, other reasons linked to the study design/conduct 
may have affected the NordICC results. These include 
potential suboptimal colonoscopy in some sites, and 
dilution of the usual-care group as individuals who were 
not offered colonoscopy may have had other colorectal 
cancer screening tests or even a colonoscopy elsewhere 
[21]. Importantly, high-risk individuals with established 
risk factors such as inflammatory bowel disease, family 
history, or genetic predisposition are more likely to ben-
efit from screening [22]. Precision risk-based screening 
strategies using risk factors beyond age, are being consid-
ered in order to optimize the use of healthcare resources 
and to avoid the physical risk, psychological impact, and 
costs associated with colonoscopy for individuals who 
are unlikely to benefit from such screening. Pilot studies 
looking at screening decisions based on individualized 
risk have been performed to evaluate the feasibility of 
using such an approach [23, 24]. Randomized clinical tri-
als evaluating the effectiveness of such an approach with 
respect to survival are warranted.

There are limitations to our work. We calculated sur-
vival estimates using reconstructed individual patient 
data as the data are not readily available. However, the 
methods we used were validated with high accuracy 
and reproducibility in previous studies [11, 25–28]. This 
analysis could not adjust for the chosen confounders in 
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the NordICC study, such as age, sex, and smoking sta-
tus. Also, the replication of the per-protocol analysis is 
not assumption-free, as we lack patient-specific covari-
ate data linked to failure times and adherences. To assess 
the magnitude of this limitation, we compared our results 
with the NordICC reported risk ratios for the per-proto-
col analysis. Despite this constraint, our unadjusted risk 
ratio (colorectal cancer-incidence: 0.69; 95% CI, 0.55–
0.84; colorectal cancer mortality: 0.51; 95% CI, 0.25–0.79) 
was found to be very similar to the reported adjusted per-
protocol analysis (colorectal cancer-incidence: 0.69; 95% 
CI, 0.55–0.83; colorectal cancer mortality: 0.50; 95% CI, 
0.27–0.77).

Conclusions
This reanalysis of the NordICC study data demonstrated 
no improvement in survival outcomes for participants 
who were invited to undergo colonoscopy compared to 
usual care, even when assuming 100% adherence to test-
ing. Although the NordICC study is still ongoing and lon-
ger follow-up is required, our findings suggest that there 
is currently no evidence to support recommending colo-
noscopy as a population-wide screening test to prevent 
colorectal cancer or death.
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