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INTRODUCTION

Cancer treatment with chemotherapy and radiotherapy has 
continually drawn concern regarding its association with cogni-
tive impairment. Although cognitive impairment after chemo-
therapy, known as “chemo-brain,” has attracted considerable at-
tention among researchers, it remains incompletely understood 
[1-3]. Chemo-brain was first identified and studied in patients 
with breast cancer who underwent chemotherapy in the 1980s 
[2], and although some studies have reported potential adverse 
cognitive effects of chemotherapy [2], a meta-analysis of studies 
on breast cancer survivors in 2017 reported no overall association 
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[1]. Research on chemo-brain in colorectal cancer, however, is 
relatively sparse. A single-arm study that enrolled about 80 Span-
ish colorectal cancer patients reported a 50% increased incidence 
of cognitive decline. In this study, patients received an oxaliplatin/
fluorouracil regimen [4]. However, a subsequent prospective 
study in the United States including 362 colorectal cancer patients 
reported that chemotherapy did not increase the risk of cognitive 
impairment in cancer patients [5]. 

In regards to radiotherapy, fewer studies have assessed post-ra-
diotherapy cognitive impairment—or “radio-brain”—in colorec-
tal cancer patients. Two studies conducted in Northern Europe 
suggested that radiotherapy induces cognitive impairment in rec-
tal cancer patients [6,7]. However, a Swiss study of 60 patients in-
dicated that there was no increased risk of cognitive impairment 
after radiotherapy [8]. Therefore, evidence for radio-brain in rec-
tal cancer patients is, as of yet, inconclusive, and further in-depth 
studies of a more extensive population are required.

It has been hypothesized that older patients with cancer are 
vulnerable to cognitive impairment after chemotherapy [9], as 
their cognitive reserve—the capacity of the brain to sustain exter-
nal and internal neuropathological burdens [10]—is diminished 
[11]. A meta-regression from our previous systematic review and 
meta-analysis on cognitive decline after chemotherapy in colorec-
tal cancer patients suggested that older colorectal cancer patients 
are more likely to suffer from cognitive impairment after receiv-
ing chemotherapy [12], further supporting this hypothesis. How-
ever, the studies that we previously reviewed utilized relatively 
small and selected populations (n< 500). To support our results, 
epidemiological evidence from a nationwide, representative study 
with a large sample is needed.

In this study, we aimed to evaluate the adverse cognitive effects 
of cancer treatment by conducting a longitudinal analysis of a 
representative population of Korea. Additionally, we investigated 
age heterogeneity in the effects of chemotherapy and radiotherapy 
in patients with colorectal cancer.

MATERIALS AND METHODS

Participant selection
Administrative data for medical service usage among colorectal 

cancer patients were obtained from the Korea National Health 
Information Database (NHID) from January 1, 2002 to Decem-
ber 31, 2018. The NHID is a public database on healthcare servic-
es maintained by the National Health Insurance System (NHIS) 
of Korea, which is a universal health insurance system that covers 
the medical expenditures of approximately 98% of all Korean citi-
zens [13]. The database includes representative and comprehen-
sive information on medical use among Korean patients, includ-
ing insurance eligibility, diagnostic codes, prescribed medications 
and procedures, and billing records [14]. 

Patients with 2 or more International Classification of Diseases, 
10th revision (ICD-10) diagnostic codes for colorectal cancer 
(C18-C20) and 1 or more admission records between 2004 and 
2018 were defined as colorectal cancer patients. In order to ex-
clude prevalent cases who had been diagnosed before NHID fol-
low-up and to include incident cases only, we set a washout period 
of 2 years and excluded patients diagnosed in 2002-2003 [15]. From 
the original database, 40% of colorectal cancer patients were ran-
domly selected (n= 148,929). We excluded patients aged 18 years 
or younger (n= 81), those diagnosed with cognitive impairment 
before colorectal cancer diagnosis (n= 8,225), and those without 
administrative records for tumor resection (n= 45,320) (Figure 1). 
In total, 95,303 patients were included in the final analysis (66,733 
colon cancer cases and 28,570 rectal cancer cases).

Assessing colorectal cancer treatment and cognitive 
impairment

Cognitive impairment was defined as the presence of at least 1 
ICD-10 diagnostic code for dementia or minor cognitive impair-
ment [16,17]. The ICD-10 codes for dementia and minor cogni-
tive impairments are listed in Supplementary Material 1. The 
claim codes for the cancer treatment modality, including surgical 

Figure 1. Flow chart of participant inclusion and exclusion.

Randomly selected 40% of
Korean colorectal cancer patients

diagnosed in year 2004-2018
(n=148,929)

Participants included in final analysis
(n=95,303)

Colon cancer cases
(n=66,733)

Rectal cancer cases
(n=28,570)

Exclusion criteria
   - Age at diagnosis ≤18 (n=81)
   - Diagnosed with dementia before colorectal cancer (n=8,225)
   - No administrative records of primary tumor resection (n=45,320)
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resection, chemotherapy, and radiotherapy, were reviewed and 
confirmed by a colorectal surgeon (CWK), a medical oncologist 
(HK), and 2 epidemiologists (SJJ, KK). For chemotherapy, regi-
mens that are recommended for first-line chemotherapy in the 
National Comprehensive Cancer Network (NCCN) Guidelines 
2019 were included for analysis (oxaliplatin, capecitabine, 5-fluo-
rouracil [5-FU], irinotecan; the administrative codes are listed in 
Supplementary Material 2). Patients with at least 1 label for a 
chemotherapy regimen were considered to be chemotherapy re-
cipients. The date of the first insurance claim for colorectal cancer 
was considered as the date of colorectal cancer onset.

Covariates
Monthly insurance premiums were used as a proxy variable for 

socioeconomic status. The participants’ monthly insurance pre-
mium payment records at baseline were collected, and the partici-
pants were divided into subgroups according to quintile values of 
monthly insurance premiums (cut-offs: 18,700, 31,110, 44,169, 
and 63,749 Korean won/mo in 2004). Medical Aid recipients who 
did not pay a premium due to their poor economic situation were 
classified into a separate subgroup. The Charlson comorbidity in-
dex values at baseline were calculated to assess medical comor-
bidities [18]. Participants with ICD-10 diagnostic codes corre-
sponding to individual comorbidities were considered to have 
those comorbidities (Supplementary Material 3). 

Statistical analysis
We classified participants according to the cancer treatment 

modality in accordance with claim records for cancer treatment 
as follows: in colon cancer, (1) primary resection only and (2) pri-
mary resection with chemotherapy; in rectal cancer, (1) primary 
resection only, (2) primary resection with chemotherapy, (3) pri-
mary resection and radiotherapy, and (4) primary resection with 
concurrent chemoradiotherapy (CCRT). Using these categories, 
we described the baseline characteristics of the participants by 
presenting mean and standard deviation values for continuous 
variables and numbers and percentages of participants for dis-
crete variables.

We hypothesized that treatments were provided according to 
the 2019 NCCN guidelines for colorectal cancer treatment and 
that participants with the same treatment modality were likely to 
have a similar tumor burden [19,20]. To control for possible con-
founding by tumor burden, we excluded patients without claim 
codes for surgical resection, thereby excluding patients with inop-
erable tumors (reflecting a higher tumor burden) and chronic pa-
tients receiving palliative treatment only. 

Hazard ratios (HRs) and their 95% confidence intervals (CIs) 
for chemotherapy and radiotherapy were estimated using a time-
dependent competing risk survival analysis model, with chemo-
therapy and radiotherapy being considered as time-dependent 
variables and all-cause mortality considered as a competing risk 
[21-24]. To avoid immortal time bias, chemotherapy and radio-
therapy were constructed as time-dependent variables, and fol-

low-up periods were classified as primary resection with chemo-
therapy/radiotherapy/CCRT only after patients received the cor-
responding treatments [25-27]. For instance, if a patient was diag-
nosed with cognitive impairment after surgical resection and be-
fore chemotherapy, the follow-up period of the patient was classi-
fied as surgical resection only. Cox regression was conducted by 
applying the ‘proc phreg’ procedure in SAS version 9.4 (SAS Insti-
tute Inc., Cary, NC, USA). Time-dependent variables were creat-
ed by ‘if else’ statements in the ‘proc phreg’ procedure. Censoring, 
the event (cognitive impairment), and the competing risk (all-
cause mortality) were coded as 0, 1, and 2 respectively (Supple-
mentary Material 4). We also estimated HRs for chemotherapy 
regimen combinations for colorectal cancer treatment, including 
FOLFOX (folate, 5-FU, and oxaliplatin), FOLFIRI (folate, 5-FU, 
and irinotecan), FOLFOXIRI (folate, 5-FU, oxaliplatin, and iri-
notecan), CapeOx (capecitabine and oxaliplatin), capecitabine 
only, 5-FU only, and irinotecan only. Considering left truncation, 
the date of colorectal cancer diagnosis was used as the date of fol-
low-up initiation. Age interaction terms were added to the model 
to assess the moderating effects of age, and conditional HRs of 
chemotherapy and radiotherapy by age points were estimated 
[28]. All models were adjusted for age, sex, comorbidities, and the 
monthly insurance premium. 

For sensitivity analyses, we redefined cognitive impairment 
cases as patients with 2 or more corresponding diagnostic codes 
for cognitive impairment and repeated the survival analyses. Ad-
ditionally, we performed landmark analyses by conducting time-
fixed Cox regression with lag times of 6 months, 12 months, and 
18 months [29]. All statistical analyses were conducted using SAS 
version 9.4.

Ethics statement
The study protocols were approved by the Institutional Review 

Board of Yonsei University Health System, Seoul, Korea (approval 
No. 4-2019-0425). Informed consent was waived for this study, 
since personal information that can be used to identify individu-
als registered to NHID was removed. All procedures contributing 
to this work complied with the ethical standards of the relevant 
national and institutional committees on human experimentation 
and with the 1975 Declaration of Helsinki, which was revised in 
2008.

RESULTS

Characteristics of the study population
Among the 66,733 patients with colon cancer at baseline 

(2004), 14,146 (21.2%) received adjuvant or neoadjuvant chemo-
therapy until 2018. The mean follow-up duration was longer in 
patients who did not receive chemotherapy than in those who re-
ceived it (5.57 vs. 3.21 years, p< 0.001). Capecitabine, oxaliplatin, 
5-FU, and irinotecan were administered to 3,228 (22.8%), 9,928 
(70.2%), 7,709 (54.5%), and 2,444 (17.3%) chemotherapy recipi-
ents, respectively. The incidence rates of cognitive impairment 
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e)were 22.17 per 1,000 person-years in chemotherapy non-recipi-

ents and 14.48 per 1,000 person-years in chemotherapy recipi-
ents. The all-cause mortality rates were 49.05 per 1,000 person-
years in chemotherapy non-recipients and 96.52 per 1,000 per-
son-years in patients who received chemotherapy (Table 1).

Among the 28,570 patients with rectal cancer included in the 
analyses, 2,604 (9.1%) received chemotherapy, 8,098 (28.3%) re-
ceived radiotherapy, and 3,161 (11.1%) received CCRT before or 
after surgical resection. The mean follow-up duration (in years) 
was relatively longer in the primary resection and resection-radi-
otherapy combination groups and shorter in the resection-chem-
otherapy combination and resection-CCRT combination groups. 
Among 5,765 chemotherapy and CCRT recipients, capecitabine, 
oxaliplatin, 5-FU, and irinotecan were administered to 1,734 
(30.1%), 3,289 (57.0%), 3,499 (60.7%), and 1,228 (21.3%), respec-
tively. The incidence rate of cognitive impairment was highest in 
the resection only group (23.16 per 1,000 person-years), while 
mortality was highest in the resection-CCRT combination group 
(123.66 per 1,000 person-years) (Table 1).

Effects of chemotherapy and radiotherapy on 
cognitive impairment

In colon cancer patients, chemotherapy did not increase the 
risk of cognitive impairment (HR, 0.92; 95% CI, 0.83 to 1.03). In 
rectal cancer patients, neither chemotherapy (HR, 0.88; 95% CI, 
0.75 to 1.04) nor radiotherapy (HR, 0.91; 95% CI, 0.84 to 0.99) 
was positively associated with cognitive impairment. Folate ad-
ministration during chemotherapy was negatively associated with 
cognitive impairment in both colon cancer (HR, 0.66; 95% CI, 
0.45 to 0.97) and rectal cancer (HR, 0.52; 95% CI, 0.31 to 0.88) 
(Table 2). The age-specific HRs of chemotherapy and radiothera-
py were larger in older patients, but were not significant in any 
age spectra. The protective effect of folate administration was 
more prominent in older adult patients (Figure 2).

When analyzed by regimen, the FOLFOX regimen was nega-
tively associated with cognitive impairment in both colon cancer 
(HR, 0.44; 95% CI, 0.32 to 0.60) and rectal cancer (HR, 0.53; 95% 
CI, 0.34 to 0.82). The FOLFOXIRI regimen showed lower HRs in 
rectal cancer (HR, 0.49; 95% CI, 0.26 to 0.91), but not in colon 
cancer (HR, 0.85; 95% CI, 0.58 to 1.27). In general, patients who 
received the CapeOx or capecitabine-only regimen showed in-
creased hazards for cognitive impairment, although the magni-
tude of the association varied by primary cancer site (Table 2). 
The age-specific HRs for FOLFIRI and FOLFOXIRI were higher 
in older patients than in younger patients, although the HRs were 
non-significant in all age spectra. The direction of the interaction 
between the effects of the CapeOx regimens and age was positive 
in colon cancer, but negative in rectal cancer. The capecitabine-
only regimen and radiotherapy did not show significant interac-
tions with age (Figure 3).

The sensitivity analysis showed similar results to those of the 
main analysis. When cognitive impairment was redefined as hav-
ing 2 or more corresponding ICD-10 codes, the estimated HRs of 
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Table 2. Estimated hazard ratios of chemotherapy regimens and radiotherapy on cognitive impairment (n=95,303)1

Variables Colon cancer (n=66,733) Rectal cancer (n=28,570)

Surgical resection only 1.00 (reference) 1.00 (reference)
Chemotherapy, overall 0.92 (0.83, 1.03) 0.88 (0.75, 1.04)
Folate therapy, overall 0.66 (0.45, 0.97) 0.52 (0.31, 0.88)
Chemotherapy, by regimen

FOLFOX 0.44 (0.32, 0.60) 0.53 (0.34, 0.82)
FOLFIRI 1.22 (0.77, 1.94) 1.43 (0.87, 2.35)
FOLFOXIRI 0.85 (0.58, 1.27) 0.49 (0.26, 0.91)
CapeOx 1.33 (0.82, 2.18) 1.60 (0.93, 2.76)
Capecitabine only 1.37 (1.16, 1.62) 1.01 (0.76, 1.34)
5-FU only 0.86 (0.54, 1.37) 0.71 (0.47, 1.05)
Oxaliplatin only 0.73 (0.60, 0.89) 0.91 (0.65, 1.29)

Values are presented as hazard ratio (95% confidence interval). 
Overall, chemotherapy and radiotherapy were not significantly associated with cognitive impairment in colorectal cancer. Folate therapy was nega-
tively associated with cognitive impairment. When analyzed by regimen, FOLFOX and FOLFOXIRI decreased the risk of cognitive impairment, while 
the CapeOx and capecitabine-only regimens were positively associated with cognitive impairment.
FOLFOX, folate, 5-fluorouracil (5-FU). oxaliplatin; FOLFIRI, folate, 5-FU, irinotecan; FOLFOXIRI, folate, 5-FU, oxaliplatin, irinotecan; CapeOx: capecit-
abine, oxaliplatin.
1All models are adjusted for age, sex, Charlson comorbidity index, and monthly insurance premium.

Figure 2. Age-specific hazard ratios of chemotherapy and radiotherapy for cognitive impairment (A) colon cancer and (B) rectal cancer.

2.5

2

1.5

1

0.5

0
40 50 60 70 80

Es
tim

at
ed

 h
az

ar
d 

ra
tio

Age (yr)

Chemotherapy
Folate therapy

A

2.5

2

1.5

1

0.5

0
40 50 60 70 80

Es
tim

at
ed

 h
az

ar
d 

ra
tio

Age (yr)

Chemotherapy
Radiotherapy
Folate therapy

B

Figure 3. Age-specific hazard ratios of chemotherapy regimen and radiotherapy for cognitive impairment (A) colon cancer and (B) rectal 
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CapeOx: capecit abine, oxaliplatin.
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neity according to age in cognitive decline among colorectal can-
cer patients after treatment. This is one of only a few studies to 
utilize nationwide data in an attempt to investigate chemothera-
py-related and radiotherapy-related cognitive dysfunction in 
colorectal cancer patients. However, this study does have some 
limitations. First, several chemotherapeutic agents are not covered 
by the NHIS, which might have caused selection bias; in particu-
lar, most non-covered regimens are for second-line treatment or 
palliative treatment in advanced cancer. To minimize selection 
bias, we excluded patients without primary cancer resection re-
cords, which could include substantial missing values. 

Second, due to administrative challenges in obtaining medical 
records, the validity of the date of cognitive impairment onset 
might be questioned. As the data were collected for medical in-
surance administration and not for research, information on dis-
ease and mortality might have been misclassified [14]. Addition-
ally, there might be concerns about the adequacy of assessment 
and treatment for cognitive impairment. During the process of 
cancer treatment, it is likely that patients and physicians are more 
focused on controlling neoplasms than on controlling complica-
tions. However, since chemo-brain is a well-known complication 
that is widely acknowledged by physicians and cancer survivors 
[3,38], it is unlikely that cognitive impairment after cancer treat-
ment would be left uncontrolled. Additionally, the reliability of 
cognitive impairment diagnosis in the Korean NHID has been 
validated [39].  

Lastly, due to the study design, selective survival bias is possi-
ble. Since the mean follow-up time was shorter in chemotherapy 
or radiotherapy recipients, their chances of developing cognitive 
impairment would be decreased. To address potential selective 
survival bias, we applied time-dependent competing risk survival 
models [21,22,24,40]. Evidence from a randomized clinical trial 
comparing patients with different clinical cancer stages would 
provide a better understanding of the true associations.

In conclusion, our results from a representative nationwide da-
tabase of Korea suggest that chemotherapy and radiotherapy do 
not impose marked adverse cognitive effects in colorectal cancer 
patients. Our study provides evidence that contributes to a better 
understanding of the nature of cancer treatment-related cognitive 
impairment in colorectal cancer patients. A large-scale rand-
omized clinical trial with a longer follow-up period is needed to 
thoroughly investigate the complex mechanisms of adverse effects 
in cancer treatment. Regular follow-up assessing cognitive func-
tion after cancer treatment could help prevent cognitive impair-
ments in older patients with low cognitive reserve.  

SUPPLEMENTARY MATERIALS

Supplementary materials are available at http://www.e-epih.org/.
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chemotherapy and radiotherapy did not show significant differ-
ences from the main analyses (Supplementary Material 5). In 
landmark analyses, as the time lag increased, the estimated HRs 
of chemotherapy decreased and protective effects of folate therapy 
became more prominent (Supplemental Material 6). The interac-
tion trends detected in landmark analyses were similar to those of 
the main analyses (Supplemental Material 7). Landmark analyses 
by regimen showed similar trends to those of the main analyses 
(Supplemental Material 8).

DISCUSSION

Overall, chemotherapy and radiotherapy did not increase the 
risk of cognitive impairment in colorectal cancer. While the 
CapeOx and capecitabine-only regimens increased the risk, the 
FOLFOX and oxaliplatin-only regimens were negatively associat-
ed with cognitive impairment. The FOLFORI regimen was likely 
to be beneficial in younger patients, but increased the risk of cog-
nitive impairment in older patients. Radiotherapy was not associ-
ated with an increased risk of cognitive impairment. 

The findings of our analyses imply that the characteristics of 
the primary tumor, both biological and psychosocial, play an im-
portant role in the manifestation of chemotherapy-related cogni-
tive impairment. It is well known that a significant proportion of 
breast cancer patients suffer from depression and anxiety, which 
lead to dysfunctional cognition and general fatigue [30]. A recent 
meta-analysis reported that around 32% of breast cancer patients 
suffer from depression [31]. In contrast, the results from a sys-
tematic review on depression and anxiety in colorectal cancer pa-
tients reported that only around 6% of colorectal cancer patients 
are affected by depression [32]. These differences in the psycho-
logical consequences of tumors, alongside variance in the biologi-
cal action of chemotherapeutic agents [33,34], could have resulted 
in the varying directions of associations in our study. A large-
scale randomized clinical trial on colorectal cancer patients and 
further research on the mechanisms of chemotherapy-related 
cognitive impairment are warranted to achieve a better under-
standing of these phenomena.

Adverse effects of chemotherapy appear to be more likely in 
older patients. Cognitive reserve, which reflects the capacity of 
the brain to withstand the effects of external events, toxins, or dis-
eases that can affect cognitive function [10], is known to be asso-
ciated with the vulnerability of the brain to the neurotoxicity of 
chemotherapeutic agents [35]. It has been postulated that cancer 
treatments interact with aging of the brain and accelerate cogni-
tive decline, as brain images of cancer treatment receivers showed 
structural changes in the brain that were indicative of aging 
[36,37]. However, since several chemotherapeutic agents did not 
increase the risk of cognitive impairment even in older patients, 
care must be taken when interpreting our results.

Our study provides evidence of adverse cognitive effects of can-
cer treatment in colorectal patients from real-world data. Our re-
sults from a representative population of Korea suggest heteroge-
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