
R E S E A R CH A R T I C L E

C a n c e r E p i d em i o l o g y

Psychosocial factors, health behaviors and risk of cancer
incidence: Testing interaction and effect modification in an
individual participant data meta-analysis

Maartje Basten1,2,3,4 | Kuan-Yu Pan3,5,6 | Lonneke A. van Tuijl7,8 |

Alexander de Graeff9 | Joost Dekker3,5 | Adriaan W. Hoogendoorn3,5 |

Femke Lamers3,5 | Adelita V. Ranchor7 | Roel Vermeulen10 |

Lützen Portengen10 | Adri C. Voogd11,12 | Jessica Abell13 |

Philip Awadalla14,15,16 | Aartjan T. F. Beekman3,5 | Ottar Bjerkeset17,18 |

Andy Boyd19 | Yunsong Cui20 | Philipp Frank13 | Henrike Galenkamp21 |

Bert Garssen7 | Sean Hellingman22 | Martijn Huisman23,24,25 | Anke Huss10 |

Melanie R. Keats26 | Almar A. L. Kok3,5,23,25 | Steinar Krokstad27,28 |

Flora E. van Leeuwen29 | Annemarie I. Luik30 | Nolwenn Noisel31 |

Yves Payette31 | Brenda W. J. H. Penninx3,5 | Ina Rissanen1 |

Annelieke M. Roest32 | Judith G. M. Rosmalen33,34 | Rikje Ruiter30,35 |

Robert A. Schoevers34 | David Soave14,22 | Mandy Spaan29 | Andrew Steptoe13 |

Karien Stronks21,36 | Erik R. Sund17,27,28 | Ellen Sweeney20 | Emma L. Twait1 |

Alison Teyhan19 | W. M. Monique Verschuren1,37 | Kimberly D. van der Willik29,30 |

Mirjam I. Geerlings1,25,38,39,40

Correspondence

Maartje Basten, Department of Health

Sciences, Vrije Universiteit Amsterdam,

Amsterdam, The Netherlands.

Email: m.g.j.basten@vu.nl

Funding information

KWF Kankerbestrijding, Grant/Award Number:

VU2017-8288; UK Medical Research Council,

Grant/Award Number: 217065/Z/19/Z;

Wellcome, Grant/Award Number: 086118;

National Institute on Aging, Grant/Award

Number: R01AG017644; National Institute for

Health and Care Research, Grant/Award

Abstract

Depression, anxiety and other psychosocial factors are hypothesized to be involved in

cancer development. We examined whether psychosocial factors interact with or modify

the effects of health behaviors, such as smoking and alcohol use, in relation to cancer

incidence. Two-stage individual participant data meta-analyses were performed based on

22 cohorts of the PSYchosocial factors and CAncer (PSY-CA) study. We examined nine

psychosocial factors (depression diagnosis, depression symptoms, anxiety diagnosis, anxi-

ety symptoms, perceived social support, loss events, general distress, neuroticism, rela-

tionship status), seven health behaviors/behavior-related factors (smoking, alcohol use,
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physical activity, body mass index, sedentary behavior, sleep quality, sleep duration) and

seven cancer outcomes (overall cancer, smoking-related, alcohol-related, breast, lung,

prostate, colorectal). Effects of the psychosocial factor, health behavior and their

product term on cancer incidence were estimated using Cox regression. We pooled

cohort-specific estimates using multivariate random-effects meta-analyses. Additive and

multiplicative interaction/effect modification was examined. This study involved 437,827

participants, 36,961 incident cancer diagnoses, and 4,749,481 person years of follow-up.

Out of 744 combinations of psychosocial factors, health behaviors, and cancer outcomes,

we found no evidence of interaction. Effect modification was found for some combina-

tions, but there were no clear patterns for any particular factors or outcomes involved. In

this first large study to systematically examine potential interaction and effect modifica-

tion, we found no evidence for psychosocial factors to interact with or modify health

behaviors in relation to cancer incidence. The behavioral risk profile for cancer incidence

is similar in people with and without psychosocial stress.

K E YWORD S

cancer incidence, health behaviors, individual participant data meta-analysis, interaction/effect
modification, psychosocial factors

What's new?

Depression, anxiety, and other psychosocial factors can affect behavior and physiological func-

tion in ways that potentially contribute to cancer. Whether these factors serve an etiological

role in cancer development, however, remains uncertain. The present study investigated

whether psychosocial factors interact with or modify the effects of health behaviors in relation

to cancer incidence. A total of 744 combinations of psychosocial factors, health behaviors, and

cancer outcomes were analyzed, and no interaction or effect modification was identified. The

results suggest that people who experience psychosocial stress are not particularly vulnerable

to the negative effects of unhealthy behaviors on cancer development.

1 | INTRODUCTION

Cancer development is a multifactorial process where multiple environ-

mental and genetic factors are involved and are hypothesized to interact

with each other. Factors that may be involved in this multifactorial pro-

cess include depression, anxiety and other psychosocial factors, such as

the experience of a loss event or poor social support. These factors have

long been hypothesized to be related to increased cancer incidence.2–10

Although results have been inconclusive, several meta-analyses have

identified a relation between, for example, depression and overall cancer

incidence2,4,7,9 or site-specific cancer incidence, including lung cancer.2,4,9

To date, the potential interacting and modifying mechanisms between

psychosocial factors and health behaviors in relation to cancer incidence

remain poorly investigated and understood.11–13

In 2017, the PSYchosocial factors and CAncer (PSY-CA) consor-

tium, involving 18 prospective cohort studies, was launched to perform

individual participant data (IPD) meta-analyses on the association of

depression, anxiety and other psychosocial factors with cancer inci-

dence.14 This consortium was established to overcome shortcomings of

previous meta-analyses, including large differences in conceptualization

and assessment of psychosocial factors across studies, limited

adjustment for potential confounders and the likelihood of publication

bias. In addition, the aim was to create a large study population to be

able to study potential mechanisms leading to cancer incidence. So far,

the PSY-CA study indicated that depression and anxiety were associ-

ated with higher risk of lung cancer and smoking-related cancer, but not

with breast, prostate, colorectal, alcohol-related or overall cancer.15

Depression, anxiety and psychosocial stress may lead to changes in

neuroendocrine regulation and immune response which may subse-

quently affect mutation, viral oncogenes, cell proliferation and DNA

repair.16,17 These hypothesized biological pathways overlap with those of

health behaviors leading to cancer incidence.18–21 Psychosocial factors

and health behaviors may each reinforce the same biological mechanisms

or act at different stages in the same disease process. Subsequently, this

may lead to interaction, that is an increased combined risk among people

with depression, anxiety or psychosocial stress and unhealthy behavior.22

Identification of statistical interaction between psychosocial factors and

health behaviors may guide the development of hypotheses regarding

potential biological interaction in cancer development.

Alternatively, in the absence of a direct association between psy-

chosocial factors and cancer incidence, psychosocial factors may mod-

ify the relation between health behaviors and cancer incidence. For
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example, the effect of smoking on the risk of cancer incidence may be

stronger among those who experience depression compared to those

without depression. Such a modifying role of depression may be

explained by stronger inhalation among individuals with depression23

or by clustering of smoking and other health behaviors related to can-

cer incidence within this group.23–27 Investigating potential modifica-

tion effects will indicate whether individuals who experience

depression, anxiety, or psychosocial stress should be prioritized in

cancer prevention or screening programs.

We aimed to examine interaction and effect modification of psychoso-

cial factors and health behaviors/behavior-related factors in their associa-

tion with incident cancer within the large PSY-CA consortium. We

hypothesized that, either through interaction or effect modification, the risk

of developing cancer among people with depression, anxiety or psychoso-

cial stress (low social support or the experience of a recent loss event) and

unhealthy behavior (smoking, alcohol use, low physical activity or high body

mass index (BMI)) is greater than the sum of the individual effects of psy-

chosocial factors and unhealthy behaviors on cancer incidence. We also

explored interaction and effect modification for several additional psychoso-

cial factors and health behaviors/behavior-related factors.

2 | MATERIALS AND METHODS

2.1 | Study design

This study involved pre-planned two-stage IPD meta-analyses per-

formed by the PSY-CA consortium. The PSY-CA study consists of

18 prospective cohort studies from the Netherlands, UK, Norway, and

Canada. Three cohorts included multiple sub cohorts that were consid-

ered separately, resulting in 22 cohorts for analysis (Table 1) Cohort ref-

erences are presented in Supplementary text S50). All cohorts

harmonized their data to obtain consistent coding of variables using

cohort-specific data harmonization instructions following the MAEL-

STROM guidelines.28 The first stage of the meta-analysis involved run-

ning standardized analyses on harmonized datasets for each cohort. In

the second stage, meta-analyses were performed to pool the effect esti-

mates of all cohorts. A detailed description of the PSY-CA study, includ-

ing ethics approval, study protocol and power calculations, has been

published previously.14 Details of the protocol for this meta-analysis

were registered on PROSPERO (www.crd.york.ac.uk/PROSPERO)

under ID: CRD42020181623 (submitted at 13 October 2020).

2.2 | Study population

Cohort studies were selected for the PSY-CA consortium based on the

following criteria: (1) a valid and reliable measure of one or more psy-

chosocial factors ascertained from validated measures or from measures

used in previously published studies; (2) a reliable measure of cancer

diagnosis derived through linkage with national or regional cancer regis-

tries during follow-up or possible to attain; and (3) availability of data on

sex, age, smoking and alcohol. All relevant cohorts in the Netherlands

were approached and invited to take part in PSY-CA. In order to

increase the number of cohorts, international cohorts that fulfilled the

inclusion criteria were identified through the BioShare consortium

(which is now linked to the Public Population Project in Genomics and

Society; http://www.p3gconsortium.org/about-p3g) and Integrative

Analysis of Longitudinal Studies of Aging and Dementia network (www.

ialsa.org/). More details on cohort selection are provided elsewhere.14

For each cohort, we excluded participants based on the following cri-

teria: (1) missing data on all psychosocial factors, (2) refusal of linkage to

external cancer registries, and (3) history of cancer at baseline (except

for non-melanoma skin cancer). Additionally, to reduce the risk of

reverse causation, participants with any cancer incidence during the first

year of follow-up were excluded from the analysis.

2.3 | Psychosocial factors

The following psychosocial factors were considered for our primary

analyses: depression symptoms, depression diagnosis (yes/no), anxiety

symptoms, anxiety diagnosis (y/n), recent loss event (y/n) and perceived

social support. These factors were chosen for our primary analyses

given the rather clear distinction between concepts and the focus on

these factors in prior research.14 In exploratory analyses we also studied

relationship status (in a relationship vs. single), general distress, and neu-

roticism. Depression symptoms, anxiety symptoms, perceived social

support and neuroticism included continuous sum scores which were

ascertained from validated measures or measures previously published

by the cohort. Depression diagnosis (including major depressive disor-

der and dysthymia) and anxiety diagnosis (generalized anxiety disorder,

social anxiety, panic disorder and agoraphobia) were based on clinical

interviews or, if not available, on symptom questionnaires using vali-

dated clinical cut-offs. General distress was assessed using the five-item

Mental Health Inventory total score (MHI-5) obtained from the Short-

form health survey (SF-36) or the RAND36.29 Recent loss event was

defined as the loss of an immediate family member or partner in the

past 12 months. Cohort-specific details on psychosocial factor assess-

ments are provided in Supplementary Tables S1 and S2. To improve

comparison of various questionnaires used across cohorts, all continu-

ous scores were converted to z-scores.

2.4 | Health behaviors

The following health behaviors and behavior-related factors (here

together described as health behaviors) were considered for our pri-

mary analyses given the consistent evidence of their association with

cancer14: number of cigarettes per week (or equivalent of other

tobacco smoking), number of alcoholic drinks per week, assessed or

self-reported BMI and hours of physical activity per week. In explor-

atory analyses, we also studied pack years, current smoker (y/n), ever

smoker (y/n), hours of sedentary behavior per week (or hours of TV

watching per week), sleep quality, short sleep duration (≤6 h per

night), and long sleep duration (≥9 h per night). For number of
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alcoholic drinks, we created two variables, one including non-drinkers

and one excluding non-drinkers. Physical activity and sleep quality

were reversely coded so that a higher score represents less physical

activity/lower sleep quality. Continuous scores were converted to

z-scores in each cohort. Extreme values were truncated to three times

the interquartile range above the third quartile or below the first quar-

tile. Cohort-specific details on the availability and assessment of

health behaviors are provided in Supplementary Table S3.

2.5 | Cancer outcomes

Cancer cases, including cancer type and date of diagnosis, were identi-

fied through linkage with data from national or regional cancer regis-

tries. In two cohorts (Rotterdam Study and CARTaGENE), information

from registries was supplemented with data on hospital visits, insur-

ance claims, and General Practitioner records. Seven cancer inci-

dences were considered: overall cancer, breast cancer, colorectal

cancer, lung cancer, prostate cancer, smoking-related cancers and

alcohol-related cancers as listed by the International Agency for

Research on Cancer14,30 (Supplementary Table S4).

2.6 | Covariates

The following sociodemographic characteristics were available for all

cohorts: sex, country of birth (whether or not the participant or their

parents were born in the country in which the study was carried out),

education (categorized into “low,” “medium” and “high”) and birth year.

For HUNT 3, profession level was used as a proxy indicator for educa-

tion. Birth year was included in regression models as a categorical vari-

able to adjust for cohort effects, with the number of categories

depending on the range of birth years and number of cancer cases for

each cohort. Additionally, the following potential confounders for the

association between either psychosocial factors and/or health behav-

iors and cancer incidence were considered: self-reported history of anti-

depressants use, as it has previously been found to be associated with

site-specific cancer incidence,31–34 and self-reported family history of

cancer (any, breast, prostate, lung, or colorectal cancer of the partici-

pant's parents, siblings, and/or children). For breast cancer as outcome,

the following covariates were additionally included: parity (categorized

into 0, 1–2 and ≥3 pregnancies), age at menarche, menopausal status

(pre-menopausal vs. postmenopausal), and oral contraceptive pill use

(number of years used, ever use [y/n] or baseline use [y/n], depending

on the data available). The availability and assessment of these covari-

ates differed across cohorts, see Supplementary Table S5.

2.7 | Statistical analysis

In stage one of the IPD meta-analysis, regression analyses were con-

ducted separately for each cohort by local researchers using pre-

programmed R scripts. Multivariable Cox regression models were used in

all analyses with age as the underlying time variable (allowing for left trun-

cation and right censoring of event times due to diagnosis of another type

of cancer, death, loss to follow-up, or end of follow-up) and cancer diag-

nosis as outcome. To examine the potential interaction or effect modifica-

tion between psychosocial factors and health behaviors, we included the

psychosocial factor, the health behavior and the product term of the psy-

chosocial factor and health behavior as independent variables into the

model. Two models were tested for each combination of psychosocial

factor, health behavior and cancer outcome: (1) a minimally-adjusted

model including sociodemographic covariates available across all cohorts:

birth year, sex, education, and country of origin; and (2) a maximally-

adjusted model including sociodemographic covariates, other health

behaviors (smoking, alcohol use, physical activity and BMI) and other

potential confounders depending on cancer outcome and availability

within the cohort. For each model, effect estimates of the psychosocial

factor, health behavior, their product term and their variances and covari-

ances were saved for stage two. Our primary analyses included 168 com-

binations of six psychosocial factors, four health behaviors and seven

cancer outcomes involved. In exploratory analyses 588 models were

tested including additional psychosocial factors and health behaviors.

Stage two involved meta-analyses, aggregating the results from

all cohorts. For each meta-analytic model, we included the effect esti-

mates of all cohorts which were considered to have enough cancer

events to provide reliable estimates for that specific cancer outcome.

Therefore, we selected models including at least 10 cancer events

and, for categorical psychosocial factors and health behaviors, at least

five expected events in the smallest category of either the psychoso-

cial factor and/or health behavior category (based on the observed

cohort-specific cancer incidence). Additionally, models were excluded

if they did not converge or where infinite betas for the psychosocial

factor, health behavior or the product term were estimated (3%).

These issues were predominantly due to overfitting and occurred

most often in maximally-adjusted models and in the smaller cohorts.

For each combination of psychosocial factor, health behavior and

cancer outcome, the estimated cohort-specific regression coefficients for

the psychosocial factor (B1), health behavior (B2) and product term (B3)

and their variances and covariances were entered into a multivariate

random-effects meta-analysis. Between-cohort variation was estimated

using restricted maximum likelihood (REML) and was quantified using I2

and Cochrane's Q. Interaction and effect modification were studied on a

multiplicative and additive scale.35 Positive multiplicative interaction is

present if the combined effect of two exposures is larger than the prod-

uct of the individual effects. Positive additive interaction is present if the

combined effect of two exposures is larger than the sum of the individual

effects of the two exposures. Examination of multiplicative interaction

was based on the pooled effect estimate of the product term (B3). To

test interaction and effect modification on an additive scale we calcu-

lated the Relative Excess Risk due to Interaction (RERI) based on the

pooled coefficients, using the following formula: RERI = eB1+B2+B3 – eB1

– eB2 + 1.35,36 The RERI can range from minus infinity to infinity.

RERI = 0 reflects no interaction; RERI >0 reflects positive interaction;

and a RERI <0 reflects negative interaction. As a measure of the magni-

tude of the interaction effect, we calculated the attributable proportion

1748 BASTEN ET AL.
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(AP), that is the proportion of the effect of both exposures on the addi-

tive scale that is attributable to interaction, using the following formula:

AP = (eB1+B2+B3 – eB1 – eB2 + 1)/(eB1+B2+B3).35 The 95% CI of the RERI

and AP were calculated using the Delta method based on the pooled

variance–covariance matrix.37 The RERI and AP were not calculated if a

psychosocial factor or health behavior was associated with decreased

risk of cancer (i.e., a preventive effect) as these measures can only be val-

idly calculated if both exposures increase the risk of cancer.38 Further-

more, a preventive effect of the psychosocial factor or health behavior

provides sufficient evidence to reject our hypothesis on interaction or

effect modification.

Interpretation of results was done at the aggregate level by examin-

ing patterns for certain psychosocial factors, health behaviors or cancer

outcomes across models and was not based on single significant associ-

ations. We therefore did not adjust p-values for multiple comparisons

and used a conventional p-value cutoff of .05 for identifying associa-

tions. Interaction was determined if both the psychosocial factor and

the health behavior were associated with the cancer outcome indepen-

dently of each other in combination with a significant positive RERI esti-

mate. The psychosocial factor was considered as an effect modifier if

only the health behavior was associated with the cancer outcome and a

significant positive RERI estimate was found.

3 | RESULTS

3.1 | Cohort characteristics

Combining the 22 cohorts and sub cohorts resulted in a total of

437,827 participants involved. Mean age at baseline per cohort ran-

ged between 28 and 76 years and 25% to 100% were female

(Table 1). Maximum time of follow-up ranged between 6 and 39 years

across cohorts with a total of 4,749,481 person years of follow-up

and 36,961 cancer incidences (Table 2).

TABLE 2 Follow-up duration and cancer incidence per cohort.

Follow-up time Cancer incidence

Cohort
Maximum years
of follow-up

Total person
years

Overall
cancer

Breast
cancer

Lung
cancer

Prostate
cancer

Colorectal
cancer

Smoking-related
cancers

Alcohol-related
cancers

ALSPAC 23.9 281,117 367 172 8 – 8 49 186

AMIGO 5.6 68,616 381 85 28 46 40 129 142

Atlantic PATH 9.8 14,036 73 20 5 7 7 24 28

CARTaGENE 10.4 239,614 3901 530 397 434 299 1348 1046

ELSA 15.9 118,140 2269 221 200 262 223 797 529

EPIC-MORGEN 20.0 364,018 2522 472 225 304 323 986 881

EPIC-Prospect 23.9 266,996 3287 984 235 – 443 1179 1502

HELIUS 8.5 103,017 424 81 31 53 32 143 126

HUNT 2 24.0 1,173,206 10,488 1185 895 1805 1560 4314 3001

HUNT 3 12.6 145,252 619 95 43 109 66 212 181

LASA 26.2 39,168 879 80 106 101 111 423 236

Lifelines 12.6 1,123,699 6139 1431 313 553 599 1739 2218

NESDA 14.9 29,567 223 35 19 10 20 85 63

OHS 39.0 434,377 2341 451 123 423 166 779 691

OMEGA-II 9.3 50,424 352 155 10 – 10 44 167

RS 1 12.9 25,202 513 48 87 53 84 311 160

RS 2 13.0 18,519 309 48 38 58 39 146 103

RS 3 8.9 25,214 219 39 25 22 34 113 94

UCC-SMART-2 12.0 9711 208 4 22 25 20 86 39

UHP 1 19.2 60,897 289 64 19 30 30 98 102

UHP 2 16.4 23,053 113 29 6 11 6 33 39

Whitehall-II 13.1 67,566 1045 90 34 248 105 283 226

Total – 4,749,481 36,961 4594 2369 4183 3395 10,954 9029

Abbreviations: ALSPAC, Avon Longitudinal Study of Parents and Children; AMIGO, Dutch Occupational and Environmental Health Cohort Study; ELSA,

English Longitudinal Study of Ageing; EPIC, European Prospective Investigation into Cancer and Nutrition; HELIUS, Healthy Life in an Urban Setting;

HUNT, Nord-Trøndelag Health Study; LASA, Longitudinal Aging Study Amsterdam; UHP, Utrecht Health Project; NESDA, Netherlands Study of

Depression and Anxiety; OHS, Ontario Health Study; RS, Rotterdam Study; UCC-SMART-2, Utrecht Cardiovascular Cohort—Second Manifestations of

Arterial Disease 2.
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3.2 | Interaction and effect modification

Figures 1–4 present the results for psychosocial factors interacting

with number of cigarettes (Figure 1), number of alcoholic drinks

(Figure 2), physical activity (Figure 3) and BMI (Figure 4) based on the

minimally-adjusted models correcting for sex, birth year, education

and country of origin. Results for maximally-adjusted models are pro-

vided in Supplementary Figures S6–S9. Out of 168 models, we found

F IGURE 1 Depression, anxiety, psychosocial stress and number of cigarettes per week and their interaction in relation to cancer incidences,
based on minimally-adjusted models. All models were adjusted for sex, birth year, country of origin and education. The RERI was not calculated if a
psychosocial factor or health behavior was associated with decreased risk of cancer (i.e., a preventive effect). k: number of cohorts and sub cohorts
included in meta-analysis; PY (events): total person years and number of cancer incidences for all cohorts combined; B: beta coefficient; RERI:
Relative Excess Risk due to Interaction (with graphically displayed 95% CI); I2: statistical measure of between study heterogeneity. NA, not available.
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no statistical evidence for interaction effects between psychosocial

factors, health behaviors and cancer incidence. We found four small

modification effects that were statistically significant. First, the effect

of number of cigarettes on overall cancer incidence was larger among

persons with lower perceived social support (RERI: 0.03, 95% CI: 0.01

to 0.05; AP: 3%, 95% CI: 1% to 4%; multiplicative effect: HR: 1.03,

F IGURE 2 Depression, anxiety, psychosocial stress and number of alcoholic drinks per week and their interaction in relation to cancer
incidences, based on minimally-adjusted models. All models were adjusted for sex, birth year, country of origin and education. The RERI was not
calculated if a psychosocial factor or health behavior was associated with decreased risk of cancer (i.e., a preventive effect). k: number of cohorts
and sub cohorts included in meta-analysis; PY (events): total person years and number of cancer incidences for all cohorts combined; B: beta
coefficient; RERI: Relative Excess Risk due to Interaction (with graphically displayed 95% CI); I2: statistical measure of between study
heterogeneity. NA, not available.
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95% CI: 1.01 to 1.04; Figure 1). Similarly, the effect of number of ciga-

rettes on lung cancer incidence was also larger among persons with

lower perceived social support (RERI: 0.05, 95% CI: 0.01 to 0.09; AP:

3%, 95% CI: 0% to 5%; multiplicative effect: HR: 1.01, 95% CI: 0.98 to

1.04; Figure 1). Both modification effects remained in the maximally-

adjusted models (Supplementary Figure S6). Third, the effect of

F IGURE 3 Depression, anxiety, psychosocial stress and hours of physical activity per week and their interaction in relation to cancer
incidences, based on minimally-adjusted models. Physical activity was reversely coded so that a higher score represents less physical activity. All
models were adjusted for sex, birth year, country of origin and education. The RERI was not calculated if a psychosocial factor or health behavior
was associated with decreased risk of cancer (i.e., a preventive effect). k: number of cohorts and sub cohorts included in meta-analysis; PY
(events): total person years and number of cancer incidences for all cohorts combined; B: beta coefficient; RERI: Relative Excess Risk due to
Interaction (with graphically displayed 95% CI); I2: statistical measure of between study heterogeneity. NA, not available.
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alcoholic drinks on alcohol-related cancer incidence was larger among

people with an anxiety diagnosis (RERI: 0.14, 95% CI: 0.00 to 0.28;

AP: 12%, 95% CI: 1% to 22%; multiplicative effect: HR: 1.14, 95% CI:

1.01 to 1.28; Figure 2). This modification effect did not reach signifi-

cance in the maximally-adjusted model (Supplementary Figure S7).

Fourth, the effect of BMI on colorectal cancer incidence was larger

F IGURE 4 Depression, anxiety, psychosocial stress and body mass index (BMI) and their interaction in relation to cancer incidences, based on
minimally-adjusted models. All models were adjusted for sex, birth year, country of origin and education. The RERI was not calculated if a
psychosocial factor or health behavior was associated with decreased risk of cancer (i.e., a preventive effect). k: number of cohorts and sub
cohorts included in meta-analysis; PY (events): total person years and number of cancer incidences for all cohorts combined; B: beta coefficient;
RERI: Relative Excess Risk due to Interaction (with graphically displayed 95% CI); I2: statistical measure of between study heterogeneity. NA, not
available.
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among persons with higher depressive symptoms, but only when the

multiplicative scale was considered (RERI: 0.04, 95% CI: �0.001 to

0.08; AP: 4%, 95% CI: �0.03% to 7%; multiplicative effect: HR: 1.04,

95% CI: 1.001 to 1.08; Figure 4) and this effect remained in the

maximally-adjusted model (Supplementary Figure S9).

Substantial between-study heterogeneity (I2 >50%) was found

predominantly for models including number of cigarettes and lung,

smoking-related or overall cancer as outcome. In all cohorts number

of cigarettes was associated with increased risk of these cancer out-

comes, but effect sizes varied.

In exploratory analyses, including an additional 576 models, we

tested potential interaction/effect modification for additional psycho-

social factors (general distress, neuroticism and relationship status)

and health behaviors (smoking, ever smoked, pack years, sedentary

behavior, short sleep duration, long sleep duration, sleep quality and

alcohol use among persons who consume at least one alcoholic drink

per week). For 12 exploratory models involving either sleep quality or

sleep duration, interaction and effect modification could not be tested

due to insufficient data across cohorts. Two small additive interaction

effects were identified in the minimally-adjusted models: the com-

bined effects of depression symptoms and pack years on lung cancer

incidence (RERI: 0.04, 95% CI: 0.00 to 0.08; AP: 2%, 95% CI: 0% to

4%; HR: 0.98, 95% CI: 0.96 to 1.00) and of anxiety diagnosis and pack

years on lung cancer incidence (RERI: 0.22, 95% CI: 0.02 to 0.43; AP:

9%, 95% CI: 2% to 17%; HR: 0.97, 95% CI: 0.88 to 1.05) were larger

than the sum of the individual effects (Supplementary Figure S22). For

depression symptoms and pack years, this additive effect remained

significant in the maximally-adjusted model (RERI: 0.05, 95% CI: 0.00

to 0.09; Supplementary Figure S23). Modification effects of psychoso-

cial factors on health behaviors were found for 13 minimally-adjusted

models. Five psychosocial factors increased the effect of ever smoked

on lung cancer incidence, but only for depression symptoms this mod-

ification effect remained significant in the maximally-adjusted model

(Supplementary Figures S20, S21, S44 and S45). All other modification

effects were small and did not show a distinct pattern of certain com-

binations of psychosocial factors, health behaviors or cancer out-

comes involved (see Supplementary Figures S10–S49).

4 | DISCUSSION

This IPD meta-analysis of 22 cohorts and sub cohorts is the first large

study to systematically examine potential interaction and effect modi-

fication of various psychosocial factors and health behaviors, in rela-

tion to cancer incidence. We examined a large number of potential

interactions for seven cancer outcomes but found only support for

one of them in exploratory analyses. A few instances of effect modifi-

cation of psychosocial factors on the relation between health behav-

iors and cancer incidence were found but effect estimates were small

and results were inconsistent across factors and cancer outcomes

involved. Overall, these results provide no support for different

effects of health behaviors on cancer risks in people with and without

depression, anxiety or psychosocial stress.

To date, few studies have examined interaction or effect modifi-

cation between depression or other psychosocial factors and health

behaviors in relation to cancer incidence and reported inconclusive

findings.11–13 Previous studies were limited by only examining effects

of psychosocial factors within subgroups without formally testing for

subgroup differences. In addition, when interaction or effect modifica-

tion was tested in these studies, this was done on a multiplicative

scale, while interaction on an additive scale often better reflects bio-

logical interaction and is more relevant to public health.35,39 Most pre-

vious research contained too small samples to study interaction or

effect modification as much larger sample sizes are required to iden-

tify interaction effects compared to main effects.40,41

The absence of interaction between psychosocial factors and

health behaviors leading to cancer incidence is contrary to our hypothe-

sis. One potential explanation is that the pathways of psychosocial fac-

tors leading to cancer incidence do not overlap with biological

pathways of health behaviors leading to cancer development. The role

of previously hypothesized biological mechanisms16,17 may be limited.

Instead, the relation between psychosocial factors and cancer incidence

may be more likely to be explained by behavioral pathways. For exam-

ple, depression and anxiety may lead to increased smoking, alcohol use

and other unhealthy behaviors23–27 which subsequently increase the

risk of cancer incidence.18–21 Within the PSY-CA study we indeed

found evidence for such a behavioral pathway: smoking, and to a lesser

extent also physical inactivity, partially mediated the relation of depres-

sion and anxiety with lung and smoking-related cancer incidence.42

An alternative explanation may be that interaction between psy-

chosocial factors and health behaviors may only appear when people

suffer from psychosocial stress and have unhealthy behaviors for a

prolonged period of time.43 In the present study, psychosocial factors

and health behaviors were assessed only one point in time. Longitudi-

nal studies using repeated measures of psychosocial stress and health

behaviors may be able to shed light on this potential explanation.

However, we regard this an unlikely explanation for the current

results given the substantial stability of depression and anxiety symp-

tom scores over time as previously reported.44 In addition, we also

examined interaction effects for relatively stable factors, like neuroti-

cism, which is considered a trait, or for pack years, which is a summary

measure of history of smoking behavior.

Regarding the modifying role of psychosocial factors, we found

that for a few specific combinations our (statistical) definition of effect

modification was met. However, these are likely chance findings given

the absence of multiple testing correction, the small effect sizes and

the absence of a distinct pattern for specific psychosocial factors,

health behaviors or cancer types. Based on our findings, there is no

indication that individuals who experience depression, anxiety or psy-

chosocial stress are particularly vulnerable to the negative effects of

unhealthy behaviors on cancer development. The behavioral risk pro-

file for cancer incidence is similar to those without depression, anxiety

or psychosocial stress. As unhealthy behaviors are more prevalent

among these individuals,23–27 and unhealthy behaviors are risk factors

for a range of health outcomes beyond cancer, they nevertheless are

an important target population for promotion of healthy lifestyles.
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A major strength of this study is the utilization of harmonized IPD

of multiple large cohort studies, which provided sufficient statistical

power to study potential interaction and effect modification for a

large number of psychosocial factors and health behaviors.14 Second,

all cohorts had a prospective study design and excluded individuals

with a diagnosed cancer at baseline. Third, assessment of depression,

anxiety and other psychosocial factors were predominantly based on

validated instruments. Fourth, site-specific cancers as well as

smoking-related, alcohol-related and overall cancers were examined.

Fifth, cancer incidence was derived through linkage with national or

regional cancer registries with high levels of coverage. Finally, we

included a wide range of health behaviors and behavior-related fac-

tors and adjusted for many potential confounding factors.

Limitations include that the results are based on complete-case

analyses as participants with missing values on psychosocial factors,

health behaviors and covariates were excluded from the models.

Although multiple imputation was considered to deal with missing

values under the Missing At Random assumption, developing

cohort-specific multiple imputation models for 22 cohorts was con-

sidered being unfeasible. Second, for some combinations of psycho-

social factors (such as loss events), health behaviors and cancer

outcomes, statistical analyses were underpowered to detect poten-

tially small effects, or models could not be tested at all due to too

few cancer cases within cohorts. Finally, other cohorts may have

met the inclusion criteria for the PSY-CA consortium but were

unknown to the consortium members, did not come up in the litera-

ture review or were not included due to cost-related or ethical

issues. PSY-CA is set-up in such a way that additional cohorts can

be added in the future.

In conclusion, within the large PSY-CA study, we found no evi-

dence that depression, anxiety, and other psychosocial factors interact

with or modify the effects of health behaviors in relation to cancer

incidence. In addition, this study suggests that people who experience

depression, anxiety or psychosocial stress are not particularly vulnera-

ble to the negative effects of unhealthy behaviors on cancer

development.
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