Clinical Epidemiology Dove

ORIGINAL RESEARCH

Screening History and 7-Year Survival in 32,099
Colorectal Cancer Patients: A Population-Based
Cohort Study

Bo-Yu Hsiao ', Chun-ju Chiang"z, Ya-Wen Yang "2, Li-Ju Lin3, Tsui-Hsia Hsu 3, Wen-Chung Lee 124

'Institute of Epidemiology and Preventive Medicine, College of Public Health, National Taiwan University, Taipei, Taiwan; >Taiwan Cancer Registry,
Taipei, Taiwan; 3Health Promotion Administration, Ministry of Health and Welfare, Taipei, Taiwan; “Institute of Health Data Analytics and Statistics,
College of Public Health, National Taiwan University, Taipei, Taiwan

Correspondence: Wen-Chung Lee, Institute of Health Data Analytics and Statistics, College of Public Health, National Taiwan University, Rm. 536,
No. 17, Xuzhou Road, Taipei, 100, Taiwan, Tel +886-2-23511955, Email wenchung@ntu.edu.tw

Background: It is unclear whether colorectal cancer screening history, regardless of stage, is an independent predictor of survival,
and if the screening advantage persists after diagnosis. 32 099 patients with colorectal cancer were enrolled in this population-based
cohort study.

Methods: We used data from the Taiwan Cancer Registry on patients with a first-time diagnosis of colorectal cancer between 2013
and 2015. In addition, we utilized data from a nationwide database of colorectal cancer screening programs to evaluate patients’
screening histories, and sourced outcome data from the National Death Registry, tracking patients up to the last day of 2019.
Results: Compared with fecal immunochemical testing (FIT)-positive patients with a follow-up examination, the adjusted hazard
ratios (95% confidence intervals) for death from colorectal cancer were 1.40 (1.26—1.56) for FIT-positive patients without a follow-up
examination, 1.63 (1.48-1.78) for FIT-negative patients, and 1.76 (1.65—1.89) for never screened patients. The adjusted hazard ratios
for the FIT-positive patients with a follow-up examination increased when diagnosis was delayed by more than 12 months and were
1.2 after a 2-year delay. The adjusted hazard ratios for FIT-negative patients were approximately 2.0, decreased rapidly to 1.6, and
stabilized after the 9th time-to-diagnosis month.

Conclusion: In colorectal cancer patients, screening history prior to diagnosis is an independent prognostic factor, regardless of
cancer stage or other variables. This study recommends that physicians take screening history into account during diagnosis to
optimize follow-up and management for patients at higher risk.
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Introduction

Colorectal cancer is the third most common cancer worldwide in terms of incidence and mortality.' The age-standardized
incidence and mortality rate for colorectal cancer in Taiwan, which were 38.1 and 12.4 (per 10%) in 2019, respectively,
are higher than those in Japan and Korea, and both rates have been increasing.” Screening, a crucial intervention in the
prevention of colorectal cancer that is typically performed in countries where colorectal cancer is prevalent, has been
implemented in Taiwan since 2004.

Screening effectively reduces the incidence of and mortality from colorectal cancer.* ® Previous studies have noted
that a significant proportion of individuals who undergo screening are diagnosed with early-stage cancer, in contrast to
those who are not screened.”® As the detection of cancer at an earlier stage is linked to lower mortality rates,'® prompt
intervention subsequent to identifying preinvasive or early-stage colorectal cancer through screening becomes pivotal in
curbing colorectal cancer-related mortality. Nevertheless, the enduring presence of survival advantages from screening

post-diagnosis, even within the same cancer stage, remains uncertain.
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Previous studies have compared two types of colorectal cancer cases considering stage matching: the “screen-
detected” cases identified through screening methods and the “symptomatically diagnosed” cases detected based on
the appearance of symptoms.''!* The research findings indicate that individuals who underwent colorectal cancer
screening using methods such as colonoscopy or the traditional fecal occult blood testing (FOBT), also known as guaiac-
based FOBT, showed significant survival advantages when diagnosed at more advanced stages.''™'* However, discre-
pancies have arisen in their findings concerning early-stage colorectal cancer. The limited sample sizes (less than 2500
patients) in these studies may account for the significant divergence in their outcomes. Additionally, the applicability of
these studies to the screened population in their respective countries might be compromised due to their hospital-based
and regional study designs. Recently, a Korean population-based cohort study using national screening data compared
survival outcomes between patients at the same stage of cancer who had been screened using the newer fecal
immunochemical testing (FIT) and those who had never undergone screening.'* The study included approximately 35
000 patients with colorectal cancer and found that ever-screened patients had a significantly higher rate of survival than
never-screened patients at every stage (including early stages). However, the study did not consider a colonoscopy
examination, and patients with negative and positive results of FIT were not distinguished in their analysis. We
hypothesized that FIT-positive and FIT-negative patients would differ in their prognosis and should thus be distinguished
in studies.

This study aimed to evaluate the impact of colorectal cancer screening on survival outcomes based on the patient’s
screening history. Additionally, the study sought to determine whether the patient’s screening history could serve as an
independent predictor of survival, regardless of the stage of cancer.

Methods

Colorectal Cancer Screening Program and Dataset

Launched in 2004, Taiwan has a nationwide colorectal cancer screening program that provides a biennial single-sample
FIT to residents aged 50 to 69 years.'> As part of this program, FIT screening kits are delivered through regional health
centers and health bureaus in 25 municipalities, and 1501 hospitals and clinics were enrolled to participate in this
program in 2010. In 2013, the program was expanded to cover individuals up to 74 years old, and the number of
participating hospitals and clinics was doubled from its initial figure in 2010.'® Two FIT kit systems (OC-Sensor, Eiken
Chemical, Tokyo, Japan, HM-Jack, Kyowa Medex, Tokyo, Japan) were utilized in this program. The choice of kit was
determined by the procurement processes of individual municipalities. Both kits had a cutoff concentration of 20 pg of
hemoglobin per gram of feces to define a positive result. This decision was based on a cost-effectiveness analysis from
a community-based pilot study that confirmed the kits” accuracy.'” Participants were randomly assigned to use one of the
different FIT kits. After screening, the FIT results were sent to the screenees through mail or by a physician in the
outpatient clinics. Screenees with a positive FIT result were then referred to within 3 months for their diagnosis to be
confirmed through colonoscopy. Screenees who were not suitable for a colonoscopy were offered alternative diagnostic
methods, such as a double-contrast barium enema and a flexible sigmoidoscopy. Screenees with a negative FIT result or
who completed a diagnostic test were asked to undergo screening again biennially. We observed the data of approxi-
mately 5 million screenees from 2010 to 2019, including their FIT results and the follow-up examination results of
individuals with a positive FIT result.

Study Design and Data Linkage

This population-based cohort study analyzed data from the Taiwan Cancer Registry on patients with a first-time diagnosis
of colorectal cancer between 2013 and 2015. The Taiwan Cancer Registry is a comprehensive, nationwide, population-
based database. Its completeness is calculated by comparing registered cancer cases to potential cases derived from death
certificates, National Health Insurance-designated catastrophic illnesses, and major cancer screening programs; it has
a completeness rate exceeding 98%. The registry also maintains a high level of timeliness, with less than a 14-month
interval between diagnosis and reporting to the central cancer registry system. Furthermore, it has a morphologically
verified rate of 93%, meaning that cancer diagnoses are confirmed through histological or cytological methods. Cases
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solely registered through death certificates make up less than 1% of the total.'®'® Patients with only precancerous lesions
or a diagnosis of colorectal cancer without indication of the stage (6%) were excluded. The patients who lacked stage
information were slightly older and had undergone less chemotherapy, while other characteristics were similar to those
who had stage information. We restricted the analysis to 32 099 patients aged = 50 years in 2010 (the target population of
the colorectal cancer screening program). We used the data obtained from a nationwide colorectal cancer screening
program database to assess the screening history of patients and the data from the National Death Registry to follow up
on patient outcomes until the last day of 2019.

The incidence of colorectal cancer (ICD-0O-3: C18-21) and associated mortality (ICD-10: C18-21) were identified on
the basis of the International Classification of Diseases. The colorectal cancer stages were classified as stage 0
(carcinoma in situ) to stage IV in accordance with the American Joint Committee on Cancer Staging Manual (AJCC).
Level of urbanization for the place of residence of the patients were coded from the highest to the lowest, with each level
corresponding to a metropolis, city, growing town, town, old town, agricultural town, and village, respectively.’ The
hospitals where patients had a diagnosis and were treated were categorized into medical centers, regional hospitals, and
local community hospitals. The site of colorectal cancer was grouped into 4 locations: the distal colon (ie, the splenic
flexure, descending, sigmoid colon, and rectosigmoid junction), the proximal colon (ie, the cecum, ascending, hepatic
flexure, and transverse colon), the rectum and anus (ie, the rectum, anus, canal, and their overlapping sites), and others or
unspecified (ie, the appendix, unspecified, and overlapping sites of the colon). We also examined the treatment methods
of patients with colorectal cancer, especially chemotherapy. Patients with at least one FIT record from 1 January 2010 to
the date of the diagnosis of colorectal cancer were referred to as the ever-screened patients. The ever-screened patients
were categorized into FIT-positive or FIT-negative patients according to their latest FIT results before the diagnosis. The
FIT-positive patients were further divided into 2 groups according to whether a follow-up examination (eg,
a colonoscopy, a double-contrast barium enema, and a flexible sigmoidoscopy) was performed before the diagnosis of
colorectal cancer.

Statistical Analysis

After diagnosis, the cumulative probability curves of death from colorectal cancer between the FIT-positive with/without
a follow-up examination, the FIT-negative, and the never-screened patients were compared using the log rank test. We
used a Cox regression model to evaluate the association between screening history and prognosis (death from colorectal
cancer after diagnosis) with adjustment for various confounding factors (eg, age at diagnosis, sex, urbanization level,
hospital type, treatment, cancer sites, and cancer stage). We also used a Cox regression model for the ever-screened
patients to explore the association between time to diagnosis (ie, from the last FIT) and death from colorectal cancer after
diagnosis. Because the association might be nonlinear, we used a restricted cubic spline (knots placed at the 3rd, 6th, and
12th months) to fit the dose-response curve.

We conducted sensitivity analyses to assess the stability of our results, adjusting for other colorectal cancer staging
systems (including more detailed AJCC, Dukes’, and SEER staging), and for several prognosis-related clinicopatholo-
gical variables (including tumor grading, tumor size, lymph node ratio, circumferential resection margin, perineural
invasion, bowel obstruction, and bowel perforation). Additionally, we took steps to mitigate common biases in screening
impact studies, including competing risks, lead-time bias, and length bias. To account for competing risks, we utilized the
Fine-Gray model.?! To address lead-time and length biases, we implemented correction methods suggested by Duffy
et al’s study.”!

All statistical analyses were performed using SAS software version 9.4 (SAS Institute, Cary, NC, USA).

Ethical Approval and Data Availability

The study protocol was approved by the National Taiwan University Research Ethics Committee (NTU-REC
No0.202101HMO030) and the Data Release Review Board of the Health Promotion Administration, Ministry of Health
and Welfare in Taiwan. The National Taiwan University Research Ethics Committee waived the requirement for
informed consent due to the lack of personal information and secondary data in the study. All methods were performed
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in accordance with the relevant guidelines and regulations. Due to legal restrictions imposed by the government of
Taiwan in relation to the “Personal Information Protection Act”, data cannot be made publicly available.

Results

The characteristics and follow-up outcomes of 32 099 patients with a diagnosis of colorectal cancer for the first time
between 2013 and 2015 are shown in Table 1. The majority of patients were 60 to 64 years old (17.1%), men (58%),
living in areas with higher (metropolis and city) urbanization levels (54.1%), having a diagnosis in medical centers
(54.1%), having cancer at the distal colon (41.3%), and having received treatment (95%) after the diagnosis. According
to the AJCC staging classification (stage 0 to IV), most patients in this study had a diagnosis of stage III cancer (28.5%).
We examined the past screening history for each colorectal cancer patient before their diagnosis up until 2010.
Individuals who participated in screening at least once were classified as “ever-screened”. A total of 13 559 individuals
met this criterion, accounting for 42.2% of the total patient population. Of these patients, 8 797 patients had a positive
FIT result with a follow-up examination at the last screening, 1 826 patients had a positive FIT result without a follow-up
examination and the remaining 2 936 patients had negative FIT results at the last screening. In the follow-up period until
the end of 2019, 17 711 (55.2%) patients were alive, 10 190 (31.8%) patients died from colorectal cancer, and 4 198
(13.1%) died from other causes. Patients who tested FIT-positive and underwent a follow-up examination had higher
proportions of stage 0 (19.0%) and stage I (30.9%) colorectal cancer diagnoses. Conversely, those who tested FIT-
positive but did not undergo follow-up examination, as well as those who tested FIT-negative and those who were never-
screened, had higher proportions of stage III (25.7% to 30.7%) and stage IV (18.8% to 26.0%) colorectal cancer
diagnoses. Additionally, among those tested FIT-positive and received a follow-up examination, 78.8% remained alive
during the follow-up period, while among the never-screened group, 41.5% died from colorectal cancer and 17.0% from
other causes.

The cumulative probabilities of death from colorectal cancer for all patients with stages are shown in Figure 1. For all
patients, regardless of stage, the 7-year (since diagnosis) cumulative probability of death from colorectal cancer in
patients who had never been screened was 47.8%, which was significantly higher than those who were FIT-negative
(29.2%), FIT-positive without a follow-up examination (31.5%), and FIT-positive with a follow-up examination (16.4%).
For every stage (ie, stage 0 to stage IV), the cumulative probabilities of death from colorectal cancer were significantly
different among patients with 4 screening histories. For patients who were never-screened, FIT-negative, FIT-positive
without a follow-up examination, and FIT-positive with a follow-up examination, the 7-year cumulative probabilities of
death from colorectal cancer were 8.9%, 1.8%, 1.9%, and 1.2% for stage 0, 15.4%, 5.5%, 7.7%, and 4.9% for stage I,
29.6%, 18.4%, 18.0%, and 11.0% for stage 11, 47.9%, 33.4%, 27.2%, and 22.5% for stage 111, 91.4%, 86.9%, 87.2%, and
84.5% for stage IV, respectively. We also provide a comparison of survival rates between colorectal cancer patients who
were ever-screened and those who were never-screened (Supplementary Figure S1). The results show that, overall,

patients who were ever-screened had better 7-year survival rates than those who were never screened.

Table 2 presents the hazard rates and hazard ratios for deaths from colorectal cancer. Patients who were never screened,
patients having a diagnosis in local community hospitals, patients with advanced-stage colorectal cancer, patients with
cancer at the proximal colon, patients not receiving treatment after diagnosis, older patients, men, and patients living in
lower urbanization levels had a higher risk of death from colorectal cancer. Compared with FIT-positive patients with
a follow-up examination, the crude hazard ratios (crude-HRs) and rate differences (RDs, per 100 person-year) of death from
colorectal cancer for the patients who were never-screened were 4.06 and 9.8, that for patients who were FIT-negative were
2.09 and 3.3, and that for patients who were FIT-positive without a follow-up examination were 2.24 and 3.8. After
adjustment for other variables (ie, cancer stage, cancer site, hospital for diagnosis, treatment, age at diagnosis, sex, and
urbanization levels), the adjusted hazard ratios (Adj-HRs) decreased but were significantly higher than 1. The Adj-HRs
were 1.76 for never-screened patients, 1.63 for FIT-negative patients, and 1.40 for FIT-positive patients without a follow-up
examination. Overall, colorectal cancer mortality hazard for ever-screened patients was 0.68 times that of never-screened
patients, and the RD was —8.7 (per 100 person-year) (Supplementary Table S1). Similar results were obtained when

different colorectal cancer staging systems were used for adjustment (Supplementary Table S2).
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Table | Baseline Characteristics and Outcomes for Patients Diagnosed with Colorectal Cancer Between 2013 and 2015

Variables Last Screening History of Colorectal Cancer Patients
Total FIT-Positive and FIT-Positive But FIT-Negative Never-Screened
(n=32,099) With a Follow-Up Without a Follow-Up (n=2936) (%) (n=18,540) (%)
(%) Examination Examination
(n=8797) (%) (n=1826) (%)
Age at diagnosis
50-54 1136 (3.5) 478 (5.4) 83 (4.6) 166 (5.7) 409 (2.2)
55-59 4688 (14.6) 1967 (22.4) 343 (18.8) 665 (22.7) 1713 (9.2)
60-64 5492 (17.1) 2451 (27.9) 448 (24.5) 796 (27.1) 1797 (9.7)
65-69 4411 (13.7) 2073 (23.6) 426 (23.3) 661 (22.5) 1251 (6.8)
70-74 4866 (15.2) 1658 (18.9) 447 (24.5) 566 (19.3) 2195 (11.8)
75+ 11,506 (35.8) 170 (1.9) 79 (4.3) 82 (2.8) 11,175 (60.3)
Sex
Men 18,634 (58.0) 5278 (60.0) 1043 (57.1) 1607 (54.7) 10,706 (57.8)
Women 13,465 (42.0) 3519 (40.0) 783 (42.9) 1329 (45.3) 7834 (42.3)
Urbanization levels
Metropolis 7702 (24.0) 2108 (24.0) 394 (21.6) 683 (23.3) 4517 (24.4)
City 9654 (30.1) 2691 (30.6) 558 (30.6) 893 (30.4) 5512 (29.7)
Growing town 6209 (19.3) 1865 (21.2) 383 (21.0) 601 (20.5) 3360 (18.1)
Town 4862 (15.2) 1235 (14.0) 270 (14.8) 420 (14.3) 2937 (15.8)
Old town, agricultural town, and 3672 (11.4) 898 (10.2) 221 (12.1) 339 (11.6) 2214 (11.9)
village
Hospital levels
Medical centers 17,341 (54.1) 4942 (56.33) 988 (54.2) 1606 (54.8) 9805 (53.0)
Regional hospitals 14,300 (44.6) 3744 (42.7) 805 (44.1) 1305 (44.5) 8446 (45.6)
Local community hospitals 404 (1.3) 88 (1.0) 31 (1.7) 22 (0.8) 263 (1.4)
Colorectal cancer stage (AJCC)
0 3323 (10.4) 1675 (19.0) 168 (9.2) 436 (14.9) 1044 (5.6)
| 6279 (19.6) 2719 (30.9) 340 (18.6) 696 (23.7) 2524 (13.6)
I 6824 (21.3) 1452 (16.5) 376 (20.6) 498 (17.0) 4498 (24.3)
11l 9145 (28.5) 2175 (24.7) 561 (30.7) 754 (25.7) 5655 (30.5)
v 6528 (20.3) 776 (8.8) 381 (20.9) 552 (18.8) 4819 (26.0)
Colorectal cancer site
Distal colon 13,265 (41.3) 4079 (46.4) 824 (45.1) 865 (29.5) 7497 (40.4)
Proximal colon 8649 (26.9) 2186 (24.9) 443 (24.3) 800 (27.3) 5220 (28.2)
Rectum and anus 9655 (30.1) 2426 (27.6) 533 (29.2) 1176 (40.1) 5520 (29.8)
Others or unspecified 530 (1.7) 106 (1.2) 26 (1.4) 95 (3.2) 303 (1.6)
Treatment
No 1594 (5.0) 175 (2.0) 72 (3.9) 104 (3.5) 1243 (6.7)
With chemotherapy 15,966 (49.7) 3690 (42.0) 1029 (56.4) 1538 (52.4) 9709 (52.4)
With other therapies 14,539 (45.3) 4932 (56.1) 725 (39.7) 1294 (44.1) 7588 (40.1)
Outcomes
Alive 17,711 (55.2) 6929 (78.8) 1156 (63.3) 1936 (65.9) 7690 (41.5)
Die of colorectal cancer (CRC) 10,190 (31.8) 1221 (13.9) 505 (27.7) 765 (26.1) 7699 (41.5)
Die of other causes (non-CRC) 4198 (13.1) 647 (7.4) 165 (9.0) 235 (8.0) 3151 (17.0)

Notes: All variables related to the patient (including age, sex, urbanization levels, colorectal cancer stage, cancer site, treatment, diagnostic hospital levels) were investigated
at the time of colorectal cancer diagnosis.
Abbreviations: AJCC, The American Joint Committee on Cancer; FIT, fecal immunochemical test; CRC, colorectal cancer.

Table 3 presents the results of the stratified analysis by cancer stage. With or without adjusting for other variables, we found
that the risk of death from colorectal cancer in never-screened patients was significantly higher than that in FIT-positive
patients with colonoscopy examination at every stage (stage 0 to IV, Crude-HRs: 6.96, 5.13, 3.75, 2.84 and 1.61; Adj-HRs:
3.62, 1.83, 2.06, 1.93, and 1.36). The risk of death from colorectal cancer in the FIT-negative patients were also higher (for
stage I or above) or significantly higher (for stage II or above) than that in the FIT-positive patients with a follow-up
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Figure | Cumulative Probability of Colorectal Cancer Death by Screening History and Colorectal Cancer Stages.
Notes: (A) All Patients Regardless of Stages; (B) Stage 0; (C) Stage I; (D) Stage II; (E) Stage IlI; (F) Stage IV.

examination (stage 0 to IV, Crude-HRs: 0.92, 1.48 1.65, 1.74, and 1.36; Adj-HRs: 0.87, 1.26, 1.49, 1.70, and 1.40). In addition,
FIT-positive patients without a follow-up examination had an increased risk of death from colorectal cancer (stage 0 to IV,
Crude-HRs: 1.79, 1.42 1.86, 1.31, and 1.20; Adj-HRs: 1.48, 1.28, 1.79, 1.22, and 1.24). The comparison results between ever-
screened and never-screened patients by cancer stages are presented in Supplementary Table S1.
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Table 2 Hazard Rates and Hazard Ratios for Death Due to Colorectal Cancer

Variables Person- | Number Hazard Rates, Per Crude Hazard Adjusted Hazard Adjusted Hazard Adjusted Hazard
Years of Death 100 Person-Years Ratio (95% CI)? Ratio (95% CI)® Ratio (95% CI)® Ratio (95% CI)®

Screening history

FIT-positive

With a follow-up examination 42,4904 | 1221 29 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Without a follow-up examination 7524.6 505 6.7 2.24 (2.02-2.49) 2.23 (2.01-2.47) 1.98 (1.78-2.20) 1.40 (1.26—1.56)

FIT-negative 12,2552 | 765 6.2 2.09 (1.91-2.29) 2.11 (1.92-2.30) 1.94 (1.77-2.12) 1.63 (1.48-1.78)

Never-screened 60,562.0 | 7699 12.7 4.06 (3.824.31) 3.41 (3.19-3.65) 2.86 (2.67-3.06) 1.76 (1.65-1.89)
Colorectal cancer stage (AJCC)

0 16,415.1 | 87 0.5 1.00 (Reference) 1.00 (Reference)

| 302039 | 452 1.5 2.82 (2.24-3.55) 2.72 (2.17-3.43)

Il 29526.9 | 1353 4.6 8.49 (6.83—-10.54) 8.54 (6.86—10.63)

n 362674 | 3003 83 15.08 (12.18-18.66) 19.49 (15.69-24.22)

v 104189 | 5295 50.8 79.40 (64.22-98.18) 100.58 (80.95-124.96)
Colorectal cancer site®

Distal colon 52,095.8 | 3963 7.6 1.00 (Reference) 1.00 (Reference)

Proximal colon 30,830.6 | 3026 9.8 1.26 (1.21-1.33) .15 (1.10-1.21)

Rectum and anus 38,173.8 | 2988 7.8 1.02 (0.98-1.07) 1.10 (1.05-1.16)

Others or unspecified 1732.0 213 12.3 1.57 (1.37-1.81) 0.87 (0.76—1.00)
Hospital levels

Medical centers 68,241.6 | 5276 77 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

Regional hospitals 53,0319 | 4743 8.9 .14 (1.10-1.19) 1.07 (1.03-1.12) 1.15 (1.11-1.20)

Local community hospitals 1362.7 157 1.5 1.44 (1.23-1.69) 1.14 (0.97-1.34) 1.20 (1.02—1.41)
Treatment

No 2620.6 924 35.3 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

With chemotherapy 60,197.1 | 6416 10.7 0.35 (0.33-0.37) 0.43 (0.40-0.46) 0.33 (0.30-0.35)

With other therapies 60,014.5 | 2850 47 0.16 (0.15-0.18) 0.21 (0.20-0.23) 0.57 (0.53-0.62)
Age at diagnosis

50-54 5447 .4 291 53 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

55-59 20,886.6 | 1149 5.5 0.98 (0.87-1.12) 0.98 (0.86—1.11) 0.99 (0.87-1.13) 0.99 (0.87-1.12)

60-64 24,379.9 | 1281 5.3 0.94 (0.83-1.07) 0.97 (0.86—1.11) 1.01 (0.89-1.14) 0.98 (0.86—1.11)

65-69 18,5135 | 1135 6.1 1.08 (0.95-1.23) 1.18 (1.03-1.34) 1.19 (1.05-1.36) 1.23 (1.08-1.40)

70-74 19,3534 | 1430 74 1.29 (1.14-1.46) 1.18 (1.04-1.34) 1.23 (1.08-1.40) 1.27 (1.12-1.44)

75+ 34,251.5 | 4904 14.3 2.33 (2.07-2.63) 1.42 (1.26-1.60) 1.55 (1.38-1.75) 1.66 (1.47-1.88)

(Continued)
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Table 2 (Continued).

Variables Person- | Number Hazard Rates, Per Crude Hazard Adjusted Hazard Adjusted Hazard Adjusted Hazard
Years of Death 100 Person-Years Ratio (95% CI)* Ratio (95% CI)® Ratio (95% CI)® Ratio (95% CI)®
Sex
Men 70,587.7 | 5907 8.4 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Women 52,2445 | 4283 8.2 0.99 (0.95-1.03) 0.96 (0.92-0.99) 0.95 (0.92-0.99) 0.90 (0.87-0.94)
Urbanization levels
Metropolis 29,846.9 | 2358 79 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
City 37,447.7 | 3032 8.1 1.03 (0.97-1.08) 1.03 (0.98-1.09) 1.02 (0.97-1.08) 1.03 (0.97-1.09)
Growing town 23,838.6 | 1973 83 1.05 (0.99-1.11) .11 (1.05-1.18) .11 (1.04-1.18) 1.08 (1.02-1.15)
Town 18,100.2 | 1604 8.9 .11 (1.04-1.19) 1.09 (1.03-1.17) 1.07 (1.01-1.14) 1.04 (0.97-1.11)
Old town, agricultural town, and village 13,5989 | 1223 9.0 1.12 (1.05-1.20) 1.09 (1.02-1.17) 1.05 (0.97-1.12) 1.04 (0.97-1.12)

Notes: All variables related to the patient (including age, sex, urbanization levels, colorectal cancer stage, cancer site, treatment, diagnostic hospital levels) were investigated at the time of colorectal cancer diagnosis. “Simple Cox
regression model. ®Adjusted for other variables in the multiple Cox regression. “Colorectal cancer site: Distal colon (splenic flexure, descending, sigmoid colon, and rectosigmoid junction); Proximal colon (cecum, ascending, hepatic

flexure, and transverse colon); Rectum and anus (rectum, anus, canal, and their overlapping sites); Others or unspecified (appendix, unspecified, and overlapping sites of the colon).
Abbreviations: AJCC, The American Joint Committee on Cancer; FIT, fecal immunochemical test.
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Table 3 Hazard Ratios for Death Due to Colorectal Cancer by Colorectal Cancer Stage

Variables

Stage 0

Stage |

Stage Il

Crude Hazard
ratio (95% CI)?

Adjusted Hazard
ratio (95% CI)°

Crude Hazard
ratio (95% CI)*

Adjusted Hazard
ratio (95% CI)°

Crude Hazard
Ratio (95% CI)?

Adjusted Hazard
Ratio (95% CI)°

Screening history
FIT-positive
With a follow-up examination
Without a follow-up examination
FIT-negative
Never-screened
Colorectal cancer site®
Distal colon
Proximal colon
Rectum and anus
Others or unspecified
Hospital levels
Medical centers
Regional hospitals
Local community hospitals
Treatment
No
With chemotherapy
With other therapies
Age at diagnosis
50-54
55-59
60-64
65-69
70-74
75+
Sex
Men
Women

1.00 (Reference)
1.79 (0.52-6.10)
0.92 (0.31-2.74)
6.96 (4.07-11.89)

1.00 (Reference)

0.89 (0.51-1.54)
0.87 (0.53-1.43)
No cases

1.00 (Reference)
1.39 (0.90-2.17)
6.37 (2.67-15.18)

1.00 (Reference)
1.44 (0.53-3.92)
0.10 (0.06-0.16)

1.00 (Reference)
1.58 (0.19-13.12)
1.38 (0.17-11.45)
2.73 (0.35-21.53)
5.20 (0.69-39.27)
14.11 (1.95-102.32)

1.00 (Reference)
1.18 (0.77-1.81)

1.00 (Reference)
1.48 (0.43-5.06)
0.87 (0.29-2.62)
3.62 (1.79-7.30)

1.00 (Reference)
0.80 (0.46—1.41)
0.63 (0.37-1.07)
No cases

1.00 (Reference)
0.92 (0.57-1.47)
2.80 (1.06-7.40)

1.00 (Reference)
4.03 (1.27-12.81)
0.16 (0.09-0.30)

1.00 (Reference)
1.43 (0.17-11.93)
1.28 (0.15-10.70)
2.65 (0.34-21.02)
3.48 (0.45-26.61)
4.15 (0.54-31.85)

1.00 (Reference)
1.10 (0.70-1.71)

1.00 (Reference)
1.42 (0.80-2.50)
1.48 (0.97-2.24)
5.13 (4.02-6.54)

1.00 (Reference)
1.18 (0.92-1.53)
1.39 (1.13-1.72)
1.22 (0.50-2.98)

1.00 (Reference)
1.47 (1.22-1.77)
1.78 (0.92-3.47)

1.00 (Reference)
0.48 (0.35-0.66)
0.15 (0.11-0.19)

1.00 (Reference)
0.59 (0.26-1.33)
1.02 (0.48-2.17)
1.40 (0.66-2.97)
1.85 (0.88-3.87)
6.17 (3.05-12.46)

1.00 (Reference)
0.85 (0.70-1.03)

1.00 (Reference)
1.28 (0.72-2.26)
1.26 (0.83-1.92)
1.83 (1.31-2.56)

1.00 (Reference)
1.08 (0.84-1.39)
1.28 (1.03-1.59)
1.22 (0.50-2.98)

1.00 (Reference)
1.33 (1.10-1.61)
1.25 (0.63-2.45)

1.00 (Reference)
0.60 (0.43-0.83)
0.23 (0.18-0.31)

1.00 (Reference)
0.60 (0.26-1.37)
1.06 (0.50-2.26)
1.48 (0.70-3.14)
1.77 (0.84-3.71)
3.64 (1.73-7.59)

1.00 (Reference)
0.79 (0.65-0.96)

1.00 (Reference)
1.86 (1.34-2.57)
1.65 (1.21-2.24)
3.75 (3.10-4.53)

1.00 (Reference)
0.88 (0.77-1.01)
1.40 (1.23-1.59)
1.10 (0.72-1.67)

1.00 (Reference)
1.41 (1.26-1.57)
2.41 (1.60-3.62)

1.00 (Reference)
0.12 (0.10-0.15)
0.18 (0.15-0.22)

1.00 (Reference)
1.08 (0.66—1.77)
0.97 (0.60-1.59)
1.36 (0.83-2.21)
1.72 (1.07-2.77)
3.75 (2.38-5.90)

1.00 (Reference)
0.87 (0.78-0.97)

1.00 (Reference)
1.79 (1.29-2.47)
1.49 (1.10-2.03)
2.06 (1.66-2.56)

1.00 (Reference)
0.88 (0.77-1.01)
1.44 (1.27-1.64)
1.41 (0.92-2.14)

1.00 (Reference)
1.33 (1.19-1.49)
2.00 (1.32-3.01)

1.00 (Reference)
0.20 (0.16-0.24)
0.24 (0.19-0.29)

1.00 (Reference)
1.07 (0.65-1.76)
0.98 (0.60-1.61)
1.43 (0.88-2.33)
1.63 (1.01-2.62)
2.65 (1.674.21)

1.00 (Reference)
0.81 (0.72-0.90)

(Continued)
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Table 3 (Continued).

Variables

Stage 0

Stage |

Stage Il

Crude Hazard
ratio (95% CI)?

Adjusted Hazard
ratio (95% CI)°

Crude Hazard
ratio (95% CI)®

Adjusted Hazard
ratio (95% CI)°

Crude Hazard
Ratio (95% CI)?

Adjusted Hazard
Ratio (95% CI)°

Urbanization levels

Metropolis 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

City 0.98 (0.48-2.01) 0.87 (0.42-1.82) 0.99 (0.76-1.29) 0.94 (0.72-1.23) 1.10 (0.95-1.28) 1.02 (0.88-1.18)

Growing town 1.80 (0.89-3.61) 2.44 (1.21-4.95) 1.32 (1.00-1.73) 1.54 (1.17-2.03) 1.10 (0.93-1.29) 1.15 (0.97-1.35)

Town 241 (1.21-4.78) 2.23 (1.09-4.57) 1.22 (0.90-1.66) 1.08 (0.79-1.47) 1.35 (1.14-1.60) 1.12 (0.94-1.33)

Old town, agricultural town, and village | 1.96 (0.92—4.16) 2.06 (0.94-4.51) 1.45 (1.06-1.99) 1.24 (0.90-1.72) 1.18 (0.97-1.44) 0.96 (0.78-1.17)
Variables Stage lll Stage IV

Crude hazard ratio (95% CI)®

Adjusted hazard ratio (95% CI)®

Crude hazard ratio

(95% CI)®

Adjusted hazard
ratio (95% CI)°

Screening history
FIT-positive

With a follow-up examination
Without a follow-up examination

FIT-negative

Never-screened
Colorectal cancer site®

Distal colon

Proximal colon

Rectum and anus

Others or unspecified
Hospital levels

Medical centers

Regional hospitals

Local community hospitals
Treatment

No

With chemotherapy

With other therapies
Age at diagnosis

50-54

55-59

60-64

1.00 (Reference)
1.31 (1.07-1.60)
1.74 (1.47-2.05)
2.84 (2.56-3.16)

1.00 (Reference)
1.32 (1.21-1.45)
I.15 (1.06-1.25)
1.48 (1.07-2.05)

1.00 (Reference)
1.19 (1.11-1.28)
1.71 (1.29-2.26)

1.00 (Reference)
0.23 (0.20-0.27)
0.63 (0.54-0.74)

1.00 (Reference)
1.01 (0.80-1.27)
0.98 (0.78—-1.24)

1.00 (Reference)
1.22 (1.00-1.49)
1.70 (1.44-2.01)
1.93 (1.71-2.17)

1.00 (Reference)
1.20 (1.10-1.32)
1.19 (1.09-1.30)
1.57 (1.13-2.19)

1.00 (Reference)
1.15 (1.07-1.23)
1.37 (1.04-1.82)

1.00 (Reference)
0.29 (0.25-0.34)
0.58 (0.50-0.68)

1.00 (Reference)
1.04 (0.83-1.32)
1.02 (0.81-1.28)

1.00 (Reference)
1.20 (1.05-1.38)
1.36 (1.20-1.53)
1.61 (1.48-1.76)

1.00 (Reference)
1.27 (1.19-1.36)
0.96 (0.89-1.02)
0.99 (0.84-1.17)

1.00 (Reference)
1.13 (1.07-1.20)
1.31 (1.03-1.66)

1.00 (Reference)
0.33 (0.30-0.37)
0.94 (0.85-1.05)

1.00 (Reference)
1.03 (0.87-1.22)
1.02 (0.86—1.20)

1.00 (Reference)
1.24 (1.08-1.42)
1.40 (1.23-1.58)
1.36 (1.24-1.50)

1.00 (Reference)
1.22 (1.14-1.30)
0.96 (0.90-1.03)
0.77 (0.65-0.91)

1.00 (Reference)
1.07 (1.01-1.13)
0.90 (0.70-1.15)

1.00 (Reference)
0.35 (0.32-0.39)
0.88 (0.79-0.98)

1.00 (Reference)
0.98 (0.83-1.15)
0.95 (0.80-1.12)
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65-69

70-74

75+
Sex

Men

Women
Urbanization levels

Metropolis

City

Growing town

Town

Old town, agricultural town, and
village

121 (0.96-1.53)
.44 (1.15-1.81)
273 (2.21-3.37)

1.00 (Reference)
0.95 (0.89-1.03)

1.00 (Reference)

1.02 (0.93-1.13)
1.04 (0.93-1.16)
1.01 (0.90-1.14)
110 (0.97-1.24)

131 (1.04-1.66)
1.42 (1.13-1.78)
1.82 (1.47-2.27)

1.00 (Reference)
0.89 (0.83-0.96)

1.00 (Reference)

1.02 (0.92-1.12)
1.08 (0.97-1.21)
0.98 (0.87-1.10)
1.01 (0.89-1.15)

1.26 (1.07-1.49)
131 (1.11-1.55)
.80 (1.54-2.10)

1.00 (Reference)

1.02 (0.97-1.08)
1.00 (Reference)
1.03 (0.95-I.11)
1.03 (0.95-1.12)
1.09 (0.99-1.19)
1.10 (1.00-1.21)

.14 (0.97-1.35)
112 (0.95-1.32)
1.27 (1.09-1.49)

1.00 (Reference)
0.94 (0.89-0.99)

1.00 (Reference)

1.04 (0.96-1.12)
1.04 (0.96-1.14)
1.04 (0.95-1.14)
1.04 (0.94-1.14)

Notes: All variables related to the patient (including age, sex, urbanization levels, colorectal cancer stage, cancer site, treatment, diagnostic hospital levels) were investigated at the time of colorectal cancer diagnosis. “Simple Cox
regression model. ®Adjusted for other variables in the multiple Cox regression. “Colorectal cancer site: Distal colon (splenic flexure, descending, sigmoid colon, and rectosigmoid junction); Proximal colon (cecum, ascending, hepatic

flexure, and transverse colon); Rectum and anus (rectum, anus, canal, and their overlapping sites); Others or unspecified (appendix, unspecified, and overlapping sites of the colon).

Abbreviations: FIT, fecal immunochemical test.
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Supplementary Table S3 presents hazard rates and hazard ratios for death from colorectal cancer in different

categories of time to diagnosis (ie, from the last FIT). Figure 2 shows the dose-response curves of the time to diagnosis
and death from colorectal cancer. The Adj-HR of death from colorectal cancer among FIT-positive patients with a follow-
up examination was approximately 1.0. However, the Adj-HR increased when the diagnosis was delayed by more than 12
months and was 1.2 after a 2-year delay. The Adj-HR of death from colorectal cancer in FIT-positive patients without
a follow-up examination remains relatively stable, ranging from 1.3 to 1.4. The Adj-HRs of FIT-negative patients were
approximately at 2.0, decreased rapidly to 1.6, and stabilized after 9 months.

— FIT-negative
20 — FIT-positive, without a follow-up examination

— FIT-positive, with a follow-up examination
1.9

16

15

Adjusted hazard ratio

1.2

1.1

08 T T T T T
0 3 6 9 12 18 24

Months between FIT and diagnosis

Figure 2 Dose-response Curves of the Time to Diagnosis (from the Last Fecal Inmunochemical Testing) and Colorectal Cancer Death.
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We detailed the results of accounting for competing risks, lead-time bias correction, and length bias adjustment in
Supplementary Table S4. Relative to FIT-positive patients who underwent a follow-up examination, the Adj-HRs for

colorectal cancer death—after accounting for competing risks (Model 2)—were 1.38, 1.55, and 1.69 for FIT-positive
patients without follow-up, FIT-negative patients, and those who were never screened, respectively. After lead-time bias
correction (Model 3), these Adj-HRs decreased to 1.10, 1.26, and 1.37, respectively. Similarly, the crude hazard ratios
(Crude-HRs) also saw a decline after correcting for length bias (Model 4), settling at 1.87, 1.83, and 3.53, in contrast to
the initial Cox model (Model 1). Supplementary Figure S2 illustrates the overall impact of lead-time bias correction for

patients who have ever been screened, and the potential estimation ranges for length bias correction are provided in
Supplementary Tables S5-S7.

Discussion

This study revealed that, after adjusting for cancer stage and other variables, the mortality risks for colorectal cancer
patients are ranked as follows: FIT-positive patients with follow-up examinations have the lowest risk, followed by FIT-
positive patients without follow-up, then FIT-negative patients, and finally, patients who were never screened have the
highest risk. Unlike previous studies that compared prognoses between only two categories of patients—either screen-

d""!3 or ever-screened versus never-screened'® our research offers a more

detected versus symptomatically-diagnose
detailed stratification of patients’ mortality risks. Specifically, we observed that patients who underwent screening,
irrespective of their FIT results, consistently demonstrated lower mortality risks compared to those who were never
screened. The results remained consistent when adjusted for cancer stage using various staging systems (Supplementary
Table S2), and they were stable across different demographics and clinical variables such as age, sex, cancer site,

treatment, and clinicopathological status,”* (Supplementary Table S8). This suggests that a patient’s screening history

prior to diagnosis serves as an independent prognostic factor™ irrespective of cancer stage or other influencing variables.

Furthermore, we found that screening had survival benefits with respect to other causes of death (Supplementary
Table S9). A plausible reason could be that individuals who participate in the screening program are generally more
health-conscious. Additionally, we observed that the primary causes of death were malignant neoplasms (31%) and
circulatory system diseases (19%). Previous studies have shown that approximately 25% to 30% of patients with
colorectal cancer had liver metastases within 6 months of diagnosis and nearly 50% throughout their lives.**** In
addition, patients with colorectal cancer had an increased risk of cardiovascular diseases.”®*’ Additional studies are
warranted to examine whether colorectal cancer screening can reduce metastases to the liver (or other sites) and prevent
cardiovascular diseases by reducing the incidence of colorectal cancer and associated mortality. On the other hand, we
utilized a competing risk model (Fine and Gray model) to evaluate the relationship between screening history and

colorectal cancer mortality (Model 2 in Supplementary Table S4). Our analysis revealed a slight reduction in the effect of

screening history, but the relationship remained significant.

This study revealed that colorectal cancer patients who were FIT-positive and had follow-up examinations exhibited
the best survival outcomes. This is primarily attributed to the fact that this group mainly consists of asymptomatic screen-
detected colorectal cancer patients. Early treatment in asymptomatic FIT-positive patients with a follow-up examination

1.2® A previous study also observed this phenomenon.'' However, patients without a follow-up

can yield better surviva
examination may have developed symptoms at the diagnosis and lose the full benefit of screening, which resulted in
poorer survival (Adj-HR = 1.40 compared with those with a follow-up examination). The risk of postponed diagnostic
examination increases, a trend also substantiated by our observation that FIT-positive patients, even with follow-up
examinations, faced an amplified risk of succumbing to colorectal cancer if their diagnosis occurred more than 1 year
after their screening results, subsequent to adjustments for cancer stage and other confounding factors (Figure 2).
Previous analyses of time-to-diagnosis primarily focused on FIT-positive patients, revealing that individuals who
underwent colonoscopy more than 6 months after a FIT-positive result exhibited a notably elevated risk of advanced-
stage colorectal cancer.”” The delay in diagnostic examination can be attributed to a variety of factors, including limited
colonoscopy capacity following the expansion of FIT screenings after 2010,*® lack of patient awareness about the
significance of positive FIT results, limitations in healthcare services, extended waiting times that result in patient drop-
off, and financial constraints that make examinations unaffordable for some individuals.*' A recent study also assessed
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the time to diagnosis among those who had undergone screening.'* However, it is important to emphasize that the study
focused on individuals who had participated in screening previously, without distinguishing between different FIT results
or evaluating whether follow-up examinations were conducted.

In this study, we observed that FIT-negative patients diagnosed early with colorectal cancer faced a higher risk of
mortality compared to those diagnosed later (Figure 2). These early-diagnosed patients received their cancer diagnosis
shortly after obtaining a negative FIT result. There are two plausible explanations for this outcome. First, the negative
FIT results could be false negatives. Second, these patients’ diseases might have progressed rapidly from the initial

emergence of cancer cells to requiring medical intervention,***

potentially resulting in a worse prognosis. Furthermore,
as a group, the FIT-negative patients had even poorer survival compared to those who were FIT-positive. The majority of
these FIT-negative patients fell under the category of interval cancer cases.** These patients already showed symptoms at
the time of their diagnosis, leading to a poorer prognosis compared to FIT-positive patients, irrespective of whether or not
they had undergone follow-up examinations. In this context, we also conducted a comparative analysis of colorectal
cancer mortality risk among three categories of patients: screen-detected patients (those diagnosed through a positive FIT
result and a follow-up examination), symptomatic interval cancer patients (those diagnosed within 2 years following their

most recent negative FIT result), and never-screened patients (Supplementary Table S10). Consistent with prior study,

screen-detected patients exhibited higher survival rates than interval cancer patients.'> However, a notable departure from
previous research was our observation of interval cancer patients demonstrating a more favorable survival trend
compared to never-screened patients. This could potentially be attributed to heightened symptom awareness or overall
health consciousness among FIT-negative patients.

Nevertheless, the apparent survival benefit of screening should still be interpreted cautiously. First, while the
screening effect refers to the scenario in which screened patients are diagnosed earlier in the disease progression
compared to their never-screened counterparts, the comparison of survival rates between these groups is frequently
influenced by the argument that screened patients have effectively advanced the starting point for measuring survival—a
phenomenon known as the lead-time bias. To address this bias, we referred to a study that evaluated transition rates of
every colorectal cancer stage based on this Taiwanese population-based screening.®> Using that transition rates, we
adjusted for possible lead time in screen detection among FIT-positive patients with follow-up examinations.?' After
lead-time correction, there remains a significant difference in crude hazard rates between FIT-positive patients with
a follow-up examination and never-screened patients (Model 3 in Supplementary Table S4); the time to diagnosis within

12 months among FIT-positive patients with a follow-up examination showed the lowest risk of colorectal cancer
mortality (Supplementary Table S11), and ever-screened patients exhibited a significant survival advantage over never-

screened patients (Supplementary Figure S2). Second, length time bias may also be present in our results. Slow-growing

tumors were more likely to be detected through screening than fast-growing tumors; therefore, a survival benefit was
present among the screened patients. We corrected length bias and performed sensitivity analyses.?! After the correction,
the screening effect slightly decreased but still remained significantly different from those who were never-screened
(Model 4 in Supplementary Table S4). Finally, compared with patients who were never-screened, patients who had been

screened were usually more health-conscious and had better compliance to treatment once they had a disease, which may
result in better survival. However, in this study, we found that screened patients differed in their prognosis with respect to
their FIT results and whether they underwent a follow-up examination.

This study has several limitations. First, we only obtained screening data after 2010. The never-screened patients in this study
might have participated in screening or underwent the endoscopy before 2010. If so, we underestimated the effect of screening.
Second, several crucial prognostic factors for colorectal cancer were not adjusted for in this study, such as family history of
colorectal cancer and a patient’s socioeconomic status. Unfortunately, this information was unavailable in the databases.

In recent years, stool deoxyribonucleic acid (SDNA) testing has shown greater sensitivity in detecting colorectal
cancer and advanced adenomas compared to the FIT, offering potential as a promising alternative for non-invasive
screening.>®>” This method could address the limitations associated with FIT’s false-negative outcomes that can occur
with a single non-bleeding stool sample.*® While sSDNA testing has not yet been definitively proven as an effective
screening tool for colorectal cancer,*” it has been adopted for screening purposes in countries like the United States,*” the
United Kingdom,*' Canada,*? and Australia.** Future research could explore survival outcomes for patients detected via
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sDNA testing, comparing these with outcomes for patients detected using FIT and subsequent colonoscopy. If sSDNA
testing is found to produce better outcomes, it may serve as an alternative to invasive colonoscopy in screening protocols.

In conclusion, this 7-year follow-up of 32 099 patients with colorectal cancer showed that screening using FIT has
benefits in addition to stage shift: patients in the same stage of colorectal cancer who were screened had better survival
than those who were not. However, patients with a negative FIT result and patients with a positive FIT result without
a follow-up examination were at higher risk of death from colorectal cancer. FIT-negative interval cancer patients are
often symptomatic at diagnosis, resulting in a poorer prognosis. The risk of death also increased for patients with
colorectal cancer with a positive FIT result and a follow-up examination but with delayed diagnosis by more than 12
months. In colorectal cancer patients, screening history prior to diagnosis is an independent prognostic factor, regardless
of cancer stage or other variables. This study recommends that physicians take screening history into account during
diagnosis to optimize follow-up and management for patients at higher risk.
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