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Abstract

Background: An emerging body of research suggests that noncentral nervous system cancer may negatively impact the brain
apart from effects of cancer treatment. However, studies assessing cognitive function in newly diagnosed cancer patients
cannot exclude selection bias and psychological effects of cancer diagnosis. To overcome these limitations, we investigated
trajectories of cognitive function of patients before cancer diagnosis.

Methods: Between 1989 and 2013, a total of 2059 participants from the population-based Rotterdam Study were diagnosed
with noncentral nervous system cancer. Cognitive assessments were performed every 3 to 5 years using a neuropsychological
battery. The general cognitive factor was composed of individual cognitive tests to assess global cognition. Using linear mixed
models, we compared change in cognitive function of cancer case patients before diagnosis with cognitive change of age-
matched cancer-free control subjects (1:2). In addition, we performed sensitivity analyses by discarding assessments of con-

trol subjects 5 years before the end of follow-up to exclude effects from potential undiagnosed cancer. All statistical tests

were two-sided.

Results: The Word Learning Test immediate recall declined faster among case patients than among control subjects (—0.05,
95% confidence interval = —0.09 to —0.01 vs 0.01, 95% confidence interval = —0.01 to 0.03; P for difference = .003). However,
this difference was not statistically significant in sensitivity analyses. Furthermore, no statistically significant differences
were observed in change of other individual cognitive tests and of the general cognitive factor.

Conclusions: In this study, we evaluated cognitive function in a large group of cancer patients prior to diagnosis, thereby
excluding the psychological impact of cancer diagnosis and biased patient selection. In contrast to previous studies
shortly after cancer diagnosis, we found no difference in change of cognitive function between cancer patients and

control subjects.

About 20% to 30% of the patients with noncentral nervous sys-
tem (non-CNS) cancer report cognitive problems following can-
cer diagnosis and cancer treatment that can persist into the
survivorship period (1-3). Whereas most studies focused on the
effects of chemotherapy on the brain, more recent evidence
shows that newly diagnosed cancer patients may already per-
form lower than expected on cognitive tests prior to cancer
treatment, including surgery (4-9). Although these patients
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have just been confronted with a cancer diagnosis, cognitive
impairment persists after statistical correction for psychological
distress and fatigue. This suggests that shared risk factors for
both cancer and cognitive impairment, such as genetic suscep-
tibility, aging, and lifestyle, could contribute to the development
of cognitive impairment in cancer patients (10). Also, tumor
growth itself may cause cognitive impairment, for instance,
through inflammatory or vascular processes (5,11).
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If the previously reported cognitive impairment in newly di-
agnosed cancer patients is related to shared risk factors for both
cancer and cognitive impairment or to a growing, yet undiag-
nosed, cancer, it is conceivable that future cancer patients
would already demonstrate altered cognitive function com-
pared with cancer-free controls some time before cancer diag-
nosis. Based on this reasoning, it is expected that cancer
patients’ cognitive function declines faster prior to cancer diag-
nosis than cognitive function of controls.

Understanding the origin of cognitive impairment in cancer
patients is essential for prevention and treatment. We aimed to
contribute to this understanding by evaluating cognitive func-
tion of cancer patients longitudinally prior to the clinical mani-
festation of the disease. We evaluated the longitudinal change
of cognitive function to learn about the effect of shared risk fac-
tors and cancer itself as determinants of cognition. This ap-
proach is superior to a cross-sectional comparison of absolute
cognition levels prior to diagnosis because it includes all avail-
able assessments. Using the unique context of a population-
based cohort, we compared cognitive trajectories between indi-
viduals prior to cancer diagnosis and individuals who remained
cancer-free during follow-up.

Methods

Setting

We used data from the Rotterdam Study, a Dutch population-
based prospective cohort. The initial cohort (RS-I) started in
1989 with 7983 participants aged 55 years and older who reside
in the district Ommoord in Rotterdam, the Netherlands. The co-
hort was expanded with 3011 participants in 2000 (RS-II), fol-
lowed by an additional inclusion of 3392 participants aged
45years and older in 2006 (RS-III).

Participants were interviewed at home by a trained research
assistant, followed by two visits to the research facility for labo-
ratory assessments, imaging, and physical examinations.
Follow-up examinations are aimed to take place every 3 to 5
years. The design of the Rotterdam Study has been previously
described in detail (12).

The Rotterdam Study has been approved by the Medical
Ethics Committee of the Erasmus Medical Center and by the
Ministry of Health, Welfare and Sport of the Netherlands.
Written informed consent was obtained from all participants.

Study Population

Of the 14 926 participants of the Rotterdam Study, we excluded
those with a history of cancer at study entry (n =566), prevalent
dementia at study entry (n =521), those who were insufficiently
screened for prevalent dementia (n=601), a history of stroke
(n=2341), and those without informed consent to access medical
records for follow-up (n=165), leaving 12 732 eligible partici-
pants (Figure 1).

Cases

Of the 2308 participants who were diagnosed with cancer during
follow-up (between 1989 and 2013), we excluded those with pri-
mary CNS cancer (n=15), dementia before cancer diagnosis
(n=62), stroke before cancer diagnosis (n=99), and participants
without cognitive test results prior to cancer diagnosis (n=73),
resulting in 2059 case patients.
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Controls

From participants who remained cancer-free during follow-up
(n=10 424), we excluded cognitive test results after dementia or
stroke diagnosis. Although this exclusion resulted in a lower
number of assessments, it did not change the number of cancer-
free participants, because participants with a history of dementia
or stroke at study entry were already excluded (Supplementary
Table 1, available online). Subsequently, we excluded participants
without cognitive test results before the end of follow-up
(n=224), leaving 10 200 participants as eligible control subjects.

Matching Procedure

Each case patient was individually matched with two randomly
selected cancer-free control subjects at the age of diagnosis of
the case patient (index age). A participant was eligible as a con-
trol subject if he or she had at least one cognitive assessment
before index age and no dementia or stroke diagnosis prior to
index age. To avoid overmatching, we only matched on index
age (13). Assessments of control subjects after the index age
were discarded (Supplementary Table 1, available online).
Matching started with the oldest case patient and was per-
formed without replacement for each cognitive test separately.

Ascertainment of Cancer

Cancer incidence up to January 1, 2014, was based on medical
records of general practitioners (including hospital discharge
letters) and through linkage with Dutch Hospital Data,
Netherlands Comprehensive Cancer Organization, and histol-
ogy and cytopathology registries in the region. Incident cancer
was defined as any primary malignant tumor, excluding non-
melanoma skin cancer. Diagnoses were coded independently by
two physicians according to the International Classification of
Diseases, 10th revision (14). In case of discrepancy, consensus
was sought through consultation with a physician specialized
in internal medicine. Date of diagnosis was based on date of bi-
opsy (solid tumors) and laboratory assessment (hematologic
tumors), or—if unavailable—date of hospital admission or dis-
charge letter. Level of uncertainty of diagnosis was defined as
follows: certain (pathology confirmed), probable (clinical diag-
nosis based on imaging or elevated tumor markers), and possi-
ble (suspicion based on symptoms or physical examination).
Only pathology-confirmed cancers were included in the primary
analysis. In sensitivity analyses, we included case patients with
probable or possible cancer and excluded control subjects who
had probable or possible cancer.

Cognitive Function Assessment

Cognitive function was assessed by a neuropsychological test
battery during research center visits. Up to 2013, the following
tests were administrated: Mini-Mental State Examination,
Letter-Digit Substitution Test, Word Fluency Test, Stroop Test
(reading, naming, and interference), Purdue Pegboard Test
(right, left, and both hands), and 15-Word Learning Test (WLT;
immediate recall, delayed recall, and recognition) (15-20).

A measure of global cognitive function was established by
the general cognitive factor based on the Letter-Digit
Substitution Test, Word Fluency Test , Stroop Test interference,
sum-score of individual Purdue Pegboard Tests, and WLT
delayed recall and was identified as the first unrotated
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Rotterdam Study participants
(N=14 926)

Excluded

History of cancer (n=566)
History of dementia (n=521)

Not sufficiently screened for
history of dementia (n=601)
History of stroke (n=341)

Eligible participants
(n=12732)

No informed consent (n=165)

Participants with incident cancer
(n=2308)

Participants without incident cancer
(n=10 424)

Excluded
CNS cancer (n=15)
Dementia before cancer (n=62)
Stroke before cancer (n=99)
No cognitive test results before
cancer diagnosis (n=73)

Excluded
No cognitive test results before
censoring (n=224)

I Incident cancer case patients (n=2059) I

I Cancer-free control subjects (n=10 200) I

Eligible case patients per cognitive test
MMSE (n=2059)
LDST (n=1256)
WFT (n=1263)
Stroop Test naming (n=1237)
Stroop Test reading (n=1234)
Stroop Test interference (n=1231)
PPT (n=904)
WLT immediate recall (n=782)
WLT delayed recall (n=782)
WLT recognition (n=784)
General cognitive factor (n=701)

Eligible control subjects per cognitive test
MMSE (n=10 182)
LDST (n=8074)
WFT (n=8114)
Stroop Test naming n=7994)
Stroop Test reading (n=7985)
Stroop Test interference (n=7968)
PPT (n=7145)
WLT immediate recall (n=6892)
WLT delayed recall (n=6892)
WLT recognition (n=6899)
General cognitive factor (n=6425)

Matching of case patients and control subjects

Included case patients per cognitive test
MMSE (n=2059)
LDST (n=1256)
WFT (n=1263)
Stroop Test naming (n=1237)
Stroop Test reading (n=1234)
Stroop Test interference (n=1231)
PPT (n=904)
WLT immediate recall (n=782)
WLT delayed recall (n=782)
WLT recognition (n=784)
General cognitive factor (n=701)

Included control subjects per cognitive test*
MMSE (n=4118)
LDST (n=2512)
WFT (n=2526)
Stroop Test naming n=2474)
Stroop Test reading (n=2468)
Stroop Test interference (n=2462)
PPT (n=1808)
WLT immediate recall (n=1564)
WLT delayed recall (n=1564)
WLT recognition (n=1568)
General cognitive factor (n=1402)

Figure 1. Flow chart of study population, separately for cancer case patients and control subjects per cognitive test. “The number of assessments discarded after de-
mentia or stroke diagnosis and after matching are presented in Supplementary Table 1 (available online). CNS = central nervous system; LDST = Letter-Digit
Substitution Test, MMSE = Mini-Mental State Examination; PPT = Purdue Pegboard Test; WFT = Word Fluency Test; WLT = Word Learning Test.

component of a principal component analysis, which explained
at least 46.1% of the total variance in individual cognitive tests
(21). The general cognitive factor was only computed if all five
individual tests were completed.

The total number of individuals differed per cognitive test
because of different moments of implementation of cognitive
tests in the examination program or because of missing data
(Figure 1). All available cognitive test results prior to index age
were included for analysis. An overview of the cognitive tests is
provided in Supplementary Table 2 (available online).

Measurement of Covariates

During the home interview, we assessed education level (pri-
mary: primary education; lower: lower or intermediate general

education, or lower vocational education; intermediate: inter-
mediate vocational education or higher general education; or
higher: higher vocational education or university), smoking sta-
tus (never, current, or former), and alcohol use (yes or no).
Symptoms of depression were evaluated with the Center for
Epidemiologic Studies Depression scale (CES-D), which was con-
verted to a sum-score (22). Body mass index (BMI; kg/m?) was
computed from measurements of height and weight.

Statistical Analysis

Differences in characteristics between case patients and control
subjects were investigated using the independent samples t test
(for continuous variables with a normal distribution), the
Wilcoxon signed-rank test (for continuous variables with a


https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz178#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz178#supplementary-data

skewed distribution), and the ;? test (for categorical variables).
Next, we investigated the difference in cognitive change be-
tween case patients and control subjects. Each cognitive test
was modeled with a two-level linear mixed model with the test
result as the outcome and each observation representing one
individual cognitive test result. Cognitive test results were
transformed, if necessary, to reach an approximate normal dis-
tribution. When a transformation did not change the statistical
significance, results were reported based on untransformed val-
ues for interpretation purposes.

Covariates were case-control status (cancer = 1 for case patients,
cancer = 0 for control subjects) and time of cognitive assessments
expressed as time to index age (eg, ime = 0 for time at index age,
time = —5 for 5Syears prior to index age). An interaction term be-
tween these two variables reflects whether the change in cognitive
function over time differs between case patients and control subjects.
Other covariates related to both change in cognitive function (23-28)
and cancer (29-31) were age at first test (continuous), sex (women or
men), education level (primary, lower, intermediate, or higher),
smoking status (never, current, or former), alcohol use (yes or no),
CES-D sum-score (continuous), and BMI (continuous). In case of
time-varying covariates—that is, smoking status, alcohol use, CES-D
sum-score, and BMI—values of covariates measured closest to the
date of cognitive assessment were used.

Missing data on covariates were generally between 0% and
2%, except for the CES-D sum-score, which was missing in 16%
of the total study population. Missing values were replaced with
mean (continuous) or mode (categorical) values of the observed
data (case patients and control subjects combined). The model
used is described in more detail in the Supplementary Methods
(available online).

We performed separate analyses for the most frequent can-
cer sites (breast, prostate, colorectal, and lung) for which the
matching procedure was repeated, with breast cancer case
patients matched to female control subjects, and prostate can-
cer case patients to male control subjects only. In addition, we
investigated whether change in cognitive function was different
in case patients who had metastasized cancer at diagnosis com-
pared with control subjects, excluding case patients with un-
known tumor stage (n =718 out of 2059).

To investigate the robustness of our findings, we conducted
two sensitivity analyses: including case patients and excluding
control subjects with probable or possible cancer (ie, cancer not
confirmed by pathology) and discarding assessments of control
subjects less than 5 years before the end of follow-up to mini-
mize effects of potential undiagnosed cancer.

P values calculated with the independent samples t test,
Wilcoxon signed-rank test, y* test, and linear mixed model were
two-sided. A P value of less than .05 was considered statistically
significant for the analyses to investigate differences in character-
istics between case patients and control subjects and for the analy-
ses using linear mixed models with the general cognitive factor as
the primary outcome. Multiple testing for individual cognitive tests
was accounted for by using the Bonferroni method so that a P
value of less than .005 was considered statistically significant.

Statistical analyses were performed using SPSS (32) and the
“nlme” package from R software Version 3.3.2 (33).

Results

Characteristics of Participants

At the first cognitive assessment, case patients were older than
control subjects and were more often men and current smokers
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(Table 1). Furthermore, control subjects had a higher education
compared with case patients. Mean (SD) age at cancer diagnosis
was 73.8years (8.3). Most frequently diagnosed cancer sites
were prostate (31.7% among men), breast (29.2% among
women), colorectal (16.0%), and lung (12.1%). Of the case
patients with a known tumor stage (n=1341), 280 had metasta-
sized cancer at diagnosis (20.9%). More details are presented in
Supplementary Table 3 (available online).

Change in Cognitive Function Prior to Cancer Diagnosis

The WLT immediate recall declined among case patients by
0.05 units per year prior to index age (95% confidence interval
[CI] = —0.09 to —0.01), whereas it increased by 0.01 units per
year among control subjects (95% CI = —0.01 to 0.03; Paifference
=.003; Table 2). The difference was statistically significant after
correction for multiple testing and corresponds to 2.4years of
age, given a decline in the WLT immediate recall of 0.25 units
per 10 years (21). Although the change over time was different,
there was no statistically significant difference between case
patients and control subjects at index age. Furthermore, no sta-
tistically significant difference in change between case patients
and control subjects was observed for the other nine individual
cognitive test scores. Also, on the general cognitive factor, no
statistically significant difference was found between case
patients and control subjects (P = .61; Figure 2): case patients de-
creased by 0.02 units per year (95% CI = —0.05 to 0.00) vs 0.03
units per year among control subjects (95% CI = —0.04 to —0.02).

Separate analyses by cancer site revealed relatively homoge-
neous cognitive trajectories of both individual cognitive tests
and the general cognitive factor (Table 3). Also, no statistically
significant differences in cognitive change were observed for
cancer case patients with metastasized disease at cancer diag-
nosis compared with cancer-free control subjects.

Sensitivity Analyses

After inclusion of case patients (n=143) and exclusion of eligi-
ble control subjects with probable or possible cancer, case
patients still declined faster on the WLT immediate recall com-
pared with control subjects (0.04 vs 0.00 units per year; P = .009).
No statistically significant differences were observed for other
cognitive test scores (Supplementary Table 4, available online).

After discarding assessments of control subjects less than 5
years before the end of follow-up to exclude effects of poten-
tially undiagnosed cancer, there was no statistically significant
difference in change on the WLT immediate between case
patients and control subjects (P = .87; Supplementary Table 5,
available online). The score of the WLT delayed recall declined
by 0.04 units per year (95% CI = —0.12 to 0.04) among case
patients compared with an increase by 0.03 units per year
among control subjects (95% CI = —0.02 to 0.08). However, this
difference was not statistically significant after correction for
multiple testing (P = .04).

Discussion

This study investigated change in cognitive function among
non-CNS cancer patients prior to cancer diagnosis using the
unique setting of a large population-based study. There is a key
need to understand the causes of cognitive impairment after
non-CNS cancer. Case patients did not performed less as well
over time in their ability to learn a list of words compared with
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Table 1. Characteristics of cases and their matched cancer-free con-
trols at time of first cognitive assessment

Study population

Case patients Control subjects

Characteristic (n=2059) (n=7403)* Pt

Age, median (IQR), y 64.7 (60.2-71.5) 62.5 (58.3-70.6) <.001

Sex, No. (%) <.001
Women 980 (47.6) 4446 (60.1)
Men 1079 (52.4) 2957 (39.9)
Education, No. (%) <.001
Primary 349 (16.9) 1067 (14.4)
Lower 847 (41.1) 3155 (42.6)
Intermediate 607 (29.5) 2040 (27.6)
Higher 256 (12.4) 1141 (15.4)
Smoking, No. (%) <.001
Never 452 (22.0) 2149 (29.0)
Current 500 (24.3) 1458 (19.7)
Former 1107 (53.8) 3796 (51.3)
Alcohol use, No. (%) .99
No 374 (18.2) 1344 (18.2)
Yes 1685 (81.8) 6059 (81.8)
CES-D sum-score, mean (SD) 13.0 (4.0) 13.8 (4.1) <.001
BMI, median (IQR), kg/m? 26.7 (24.5-29.2) 27.0(24.6-29.7) <.001
Age at time of cancer 73.8(8.3)

diagnosis, mean (SD), y

*Control subjects were matched to case patients per individual cognitive test.
Some control subjects were matched to case patients for different cognitive
tests, whereas other control subjects were only matched to case patients for one
cognitive test. The control subjects in this table represent all individual control
subjects used for the different cognitive test analyses. BMI = body mass index;
CES-D = Center for Epidemiol Studies Depression scale; IQR = interquartile
range.

tTwo-sided P values were calculated using the independent samples t test (for
continuous variables with a normal distribution), the Wilcoxon signed-rank test
(for continuous variables with a skewed distribution), and the y’test (for categor-
ical variables) to investigate differences in characteristics between case patients
and control subjects. A P value <.05 was considered statistically significant.

cancer-free control subjects. However, this difference disap-
peared in sensitivity analyses when excluding the effects of po-
tentially undiagnosed cancer. We therefore found no evidence
in the current study that cognitive function changes differently
over time between individuals who will be diagnosed with can-
cer and individuals who will remain free of cancer.

The hypothesis that cancer outside the CNS does impact the
brain resulting in alterations of cognitive function has been
posed by several studies that investigated cognitive function in
cancer patients after diagnosis (34) and prior to any type of
treatment including surgery. Five out of six studies
observed cognitive impairment in patients compared with ei-
ther study-specific control subjects or normative data (4-9).
These observations, differentially explained by inflammation
processes triggering neurotoxic cytokine responses, vascular
changes, or oxidative stress (1,5,35), have been supported by
preclinical studies showing that tumor-bearing, treatment-
naive rodents can have impaired declarative memory (36-38).
However, at this moment, we do not exactly know if and in
what way processes may affect cognitive function and if specific
cognitive domains may be particularly vulnerable.

How can we explain the disconnect between the current
results and these previous findings? First, although most stud-
ies carried out after diagnosis and prior to subsequent treat-
ment tried to adjust for the psychological impact of being

Cancer diagnosis
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Figure 2. Trajectories of the general cognitive factor scores reflecting global cog-
nitive function for cases (prior to cancer diagnosis) and controls (prior to end of
follow-up).

recently confronted with a cancer diagnosis, residual confound-
ing can still be a concern (39-41). This confounder is nonexis-
tent in the current study. Second, recruiting patients who have
been diagnosed recently with cancer can be challenging, result-
ing in small sample sizes and susceptibility for selection bias,
whereas our study consisted of a large unselected group of both
case patients and control subjects (42,43). Third, our results may
not be directly comparable to previous studies because of differ-
ences in study design. In the current study, we looked at cogni-
tive changes over time in the years preceding a cancer
diagnosis, whereas the other studies only measured cognitive
function once shortly after diagnosis. Also, in preclinical stud-
ies, cognitive function is assessed within a short time frame af-
ter the tumor has reached a certain size (36). Fourth, cancer
patients in our study were somewhat older (mean age at diag-
nosis was 73.8years) than patients in previous studies [mean
age generally ranged from 48.6 to 60.5years (4-8), only in one
study was the mean age 79.8 years (9)]. It is questionable, how-
ever, whether this difference in age contributes to the discrep-
ant results, because it would require the mechanism of
cognitive impairment in cancer patients to be dependent on
age.

Because we did not observe statistically significant differen-
ces in trajectories of cognitive function between cancer case
patients and control subjects prior to cancer diagnosis, a strong
role of shared risk factors for both cancer and cognitive impair-
ment prevalent in our study population is less plausible.
However, cancer itself could still be considered as a potential
underlying cause for subtle cognitive impairment before diag-
nosis, because we have not evaluated cognitive function repeat-
edly within a short time frame, for example, in the weeks
directly preceding cancer diagnosis.

This latter point is one of several limitations that we faced.
Because of the design of the Rotterdam Study in which cogni-
tion is intended to be assessed every 3 to 5 years, we could not
investigate cognitive function within smaller time frames di-
rectly preceding cancer diagnosis. Furthermore, by using linear
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mixed models, we assumed a linear change in cognitive func-
tion, which may have led to model misspecification if cognitive
change is not linear. However, including time squared in the
model did not improve the model fit and resulted in less power
to detect differences in cognitive change. Therefore, we have
chosen not to include nonlinear parameters in the model. In ad-
dition, we investigated the average cognitive trajectories by
which we may not have been able to identify subgroups of
patients who do have steeper cognitive declines prior to cancer
diagnosis. Lastly, we did not have information about the loca-
tion of metastases at time of cancer diagnosis and could there-
fore not exclude participants with brain metastases. However,
we did not observe that cognitive function changed differently
among case patients with metastasized disease than among
control subjects.

In addition, our study has multiple and unique strengths. It
is a population-based cohort with standardized ascertainment
of cognitive function and cancer incidence, providing the oppor-
tunity to investigate change in cognitive function prior to cancer
diagnosis. We studied an unselected sample of case patients
and control subjects, thereby minimizing the effects of selection
bias. By using linear mixed models, we were able to investigate
the change in cognitive function per year. Furthermore, our
study has by far the largest number of participants in this re-
search area. Most previous studies had a sample size of 56 up to
174 patients (4-8), and even the largest study with 341 patients
(9) is much smaller than the current study. This enabled us to
investigate cognitive trajectories for different cancer sites.
Lastly, we investigated the trajectory of the general cognitive
factor in addition to the trajectories of the individual cognitive
tests, because we did not have an indication for a specific cogni-
tive domain to be affected.

In conclusion, we found no evidence that cognitive function
declines differently over time among individuals who will be di-
agnosed with cancer prior to disease manifestation than among
individuals who will remain cancer-free. Our results suggest
that the role of shared risk factors for both cancer and cognitive
impairment on cognitive function in cancer patients is limited.
Future research needs to confirm our findings and to evaluate
cognitive function within a short period before cancer diagnosis
to estimate the effects of undiagnosed cancer on cognitive func-
tion more accurately.
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