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BACKGROUND Cardiovascular disease (CVD) and cancer share many common risk factors; patients with CVD also may

be at risk of developing cancer.

OBJECTIVES The aim of this study was to derive and externally validate prediction models for the estimation of

lifetime and 10-year risk for total, colorectal, and lung cancer in patients with established CVD.

METHODS Data from patients with established CVD from the UCC-SMART cohort (N ¼ 7,280) were used for model

development, and from the CANTOS trial (N ¼ 9,322) for model validation. Predictors were selected based on previously

published cancer risk scores, clinical availability, and presence in the derivation dataset. Fine and Gray competing

risk-adjusted lifetime models were developed for the outcomes total, colorectal, and lung cancer.

RESULTS Selected predictors were age, sex, smoking, weight, height, alcohol use, antiplatelet use, diabetes, and

C-reactive protein. External calibration for the 4-year risk of lung, colorectal, and total cancer was reasonable in our

models, as was discrimination with C-statistics of 0.74, 0.64, and 0.63, respectively. Median predicted lifetime and

10-year risks in CANTOS were 26% (range 1% to 52%) and 13% (range 1% to 31%) for total cancer; 4% (range 0% to 13%)

and 2% (range 0% to 6%) for colorectal cancer; and 5% (range 0% to 37%) and 2% (range 0% to 24%) for lung cancer.

CONCLUSIONS Lifetime and 10-year risk of total, colorectal, and lung cancer can be estimated reasonably well in

patients with established CVD with readily available clinical predictors. With additional study, these tools could be used in

clinical practice to further aid in the emphasis of healthy lifestyle changes and to guide thresholds for targeted diag-

nostics and screening. (J Am Coll Cardiol CardioOnc 2020;2:400–10) © 2020 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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AB BR E V I A T I O N S

AND ACRONYM S

AIC = Akaike’s Information

Criterion

CI = confidence interval

CVD = cardiovascular disease

CRP = C-reactive protein

SD = standard deviation
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T reatment for cardiovascular disease (CVD)
has improved substantially over the past de-
cades, with more patients surviving CVD and

living long enough to develop other diseases such as
cancer. Besides an increased risk of new cardiovascu-
lar events, patients with established CVD have a
higher risk of cancer compared with the general pop-
ulation (standardized incidence ratio of 1.19; 95%
confidence interval [CI]: 1.10 to 1.29 adjusted for
age, sex, and calendar year) (1), most likely due to
shared risk factors including obesity, smoking, and
low-grade inflammation (2,3). Furthermore, even
though CVD is still the leading cause of mortality
worldwide among adults, in some higher- and
middle-income countries, cancer has become the pre-
dominant cause of death, partly due to improved pre-
vention and treatment of CVD (4).

Given one’s absolute individual cancer risk varies,
several risk prediction models have been developed
to estimate the absolute risk for incident cancer of a
specific type, notably lung cancer and breast cancer
(5–9). However, no prediction models are available for
patients with established CVD specifically. Further-
more, from a patient’s perspective, risk of any cancer
might be a more relevant metric, and no risk predic-
tion models estimate total cancer risk. Furthermore,
classic risk prediction models estimate prognosis in
terms of absolute 5- or 10-year risk of cancer, and may
not identify those patients who have a relatively low
5- or 10-year absolute risk, but a high cumulative
lifetime risk (10). Finally, traditional 10-year risk
prediction scores often do not consider the competing
risk of noncancer mortality, and are prone to several
types of bias (11). Especially in a population of pa-
tients with established CVD, the competing risk of
noncancer mortality including cardiovascular death
should be taken into account to prevent over-
estimation of cancer risk.

Estimating individualized probabilities could help
in patients’ and clinicians’ understanding of cancer
risk. As several modifiable risk factors are related to
cancer (2) as well as to CVD, discussing these cancer
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risks with patients could potentially aid in
emphasizing healthy lifestyle changes, such
as smoking cessation or weight loss. The aim
of the current study was to develop and
externally validate prediction models to es-
timate the 10-year and lifetime risk for total,
colorectal, and lung cancer in patients with
established CVD.
METHODS

STUDY POPULATIONS. Model development was
conducted in the UCC-SMART (Utrecht Cardiovascu-
lar Cohort–Second Manifestations of ARTerial dis-
ease) study, an ongoing prospective cohort study,
including 18- to 79-year-old patients referred to the
University Medical Center Utrecht with clinically
manifest vascular disease or atherosclerotic risk fac-
tors. The cohort was initiated in 1996 and is still
recruiting patients annually. For the current study
7,280 patients age 45 to 80 years with clinically
manifest vascular disease and who gave permission
for data requests to other medical authorities
were included.

External model validation was performed in the
CANTOS (Canakinumab Anti-Inflammatory Throm-
bosis Outcomes Study; NCT01327846), a double-blind,
placebo-controlled, randomized clinical trial, that
included 10,061 participants with a myocardial
infarction at least 1 month before study entry and
elevated C-reactive protein (CRP) concentration
($2 mg/l). Eligible patients were randomized to
receive either placebo or canakinumab at a dose of
50 mg, 150 mg, or 300 mg (12). For the current study
9,322 patients were included, after exclusion of pa-
tients younger than 45 years or older than 80 years.
Detailed descriptions of the UCC-SMART cohort and
the CANTOS trial have been published elsewhere
(12–14). The studies were approved by institutional
review boards and all participants provided written
informed consent. An overview of eligibility criteria is
provided in Supplemental Table 1.
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OUTCOMES. During follow-up, participants enrolled
in the UCC-SMART cohort received biannual ques-
tionnaires, gathering information on occurrence of
recurrent CVD, bleeding events, incident diabetes
mellitus, and end-stage renal disease. Additional in-
formation was collected from the hospital or general
practitioner’s records. An endpoint committee of 3
physicians adjudicated all clinical events indepen-
dently and conflicting classifications were resolved
through consensus. For data on cancer incidence, the
UCC-SMART database was linked to the Dutch Na-
tional Cancer Registry (INKL), a national registry
receiving notifications of all new cancer diagnoses in
the Netherlands through the Nationwide Network
and Registry of Histopathology and Cytopathology,
and hospital discharge diagnoses.

Participants in the CANTOS trial were followed for
incident CVD as well as cancer diagnoses. Even
though the primary endpoint of the trial was CVD
incidence, patients’ records were investigated for
cancers reported during follow-up, as prespecified in
the trial safety monitoring plan. Incident cancer re-
ports were adjudicated by an endpoint committee of
oncologists, blinded to treatment allocation (15). An
overview of cancer diagnoses during follow-up for
both study populations is provided in Supplemental
Tables 2 and 3. For the current study, total cancer
was defined as any invasive neoplasm, excluding
nonmelanoma skin cancer. As lung and colorectal
cancer are the most common (not sex specific) can-
cers worldwide (16), these were chosen as separate
outcomes. For the endpoint of total cancer, only first
diagnoses of cancer were counted. For lung and
colorectal cancer, the first diagnosis of that particular
cancer type was included, possibly being the second
or third primary diagnosis of cancer for a certain pa-
tient during follow-up.

DATA PREPARATION AND PREDICTOR SELECTION.

Missing data (per variable #1.1% for UCC-SMART
and #0.2% for CANTOS) were singly imputed by
weighted probability matching using multivariable
regression for the baseline and outcome data. Com-
plete case analysis yielded similar model coefficients.
Continuous variables were truncated at the 1st and
99th percentile to limit the effect of outliers on the
model coefficients (i.e., leverage) (17). To prevent
overfitting, predictors were preselected based on
presence in previously published risk prediction
models of multiple cancer types. Antiplatelet use
(aspirin, P2Y12-ADP receptor antagonist, or other,
such as dipyridamole) was added as a predictor, due
to its inclusion in multiple previously published
prediction models for colorectal cancer and due to
the common use of antiplatelet therapy in patients
with CVD. Furthermore, it was required that the
variables were readily clinically available, as well as
present in the derivation dataset. This led to the
following predictors: age, sex, smoking status,
weight, height, alcohol use, use of antiplatelet
medication, and diabetes mellitus (Supplemental
Table 4 details an overview of predictor selection).
In addition, CRP was added as a predictor after a
literature search for predictors of cancer was per-
formed (3,15,18,19). Definitions of the predictors in
the UCC-SMART cohort and CANTOS trial are pro-
vided in Supplemental Table 5.

DEVELOPMENT OF A PREDICTION MODEL FOR

TOTAL CANCER, COLORECTAL CANCER, AND LUNG

CANCER. Methods have been described in detail
previously (10,11). Three separate complementary
Fine and Gray competing risk-adjusted sub-
distribution hazard functions (20,21) were developed
in the UCC-SMART cohort for 10-year and lifetime risk
predictions of: 1) total cancer; 2) colorectal cancer;
and 3) lung cancer, with consideration for the
competing risks of: 1) noncancer death; 2) non–
colorectal cancer death; and 3) non–lung cancer
death, respectively. As the endpoints colorectal and
lung cancer included potential second or third pri-
mary diagnoses of cancer for a particular patient, the
competing risks for these outcomes did not include
other cancer types. The models were developed with
left truncation: age rather than follow-up time was
used as the underlying time scale. This way, patients
contributed person-years between age at study entry
and age at study exit, resulting in overlapping ob-
servations that allow for lifetime predictions across
the range of baseline ages. Because a limited number
of patients and events in certain age groups led to
instability of predictions, the age range at baseline
was restricted to 45 to 80 years.

The proportional hazards assumption was assessed
visually by plotting scaled Schoenfeld residuals
against time, and interactions with age (underlying
time scale) were added to the model when a violation
was observed. Log and quadratic associations be-
tween continuous predictors and the outcome vari-
able were assessed by comparing model fit based on
Akaike’s Information Criterion (AIC) (17), and trans-
formations were applied when appropriate to
improve robustness of the model. AICs of models
with and without addition of CRP as a predictor were
compared to assess differences in model fit. Co-
efficients of the predictors were adjusted to account
for optimism using a shrinkage factor acquired by
bootstrapping with 1,000 bootstrap samples.
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INDIVIDUAL CANCER RISK PREDICTIONS. Individ-
ual 10-year and lifetime risk of total, colorectal, and
lung cancer, as well as life expectancy without cancer
were estimated using the respective models. These
predictions were derived from an individual lifetable
with 1-year time intervals (22). First, starting at the
baseline age for each patient, the risk of the event of
interest (at) and the risk of the competing event (bt)
was calculated for each following life-year. Next, for
each subsequent age year the probability of being
healthy and alive at the start of that time interval (age
year) (etþ1) was calculated by multiplying the sur-
vival probability (et) by the event-free survival prob-
ability during that year (1 � at � bt). These steps were
repeated from the age at baseline of an individual
patient to the maximum age of 90 years, and together
these predictions form an individual lifetable (10,23).
The cancer-free life expectancy was determined as
the age at which the median estimated cancer-free
survival curve is 50%. For 10-year and lifetime risk
of cancer, the cumulative cause-specific risks were
truncated at 10 years after the age at baseline, and at
the age of 90 years, respectively.

INTERNAL AND EXTERNAL VALIDATION OF VALIDATION

OF THE MODELS. Internal validation of the total can-
cer, colorectal cancer, and lung cancer models was
performed at 10 years of follow-up in the UCC-SMART
data. External validation of the total, colorectal, and
lung cancer models was evaluated in outcome data
from the CANTOS trial at 4 years of follow-up
(approximation of the median follow-up time in the
CANTOS trial) by implementing the 4-year baseline
hazard from the derivation dataset (UCC-SMART). To
adjust for treatment effects of canakinumab, hazard
ratios of treatment effects of canakinumab on cancer
outcomes and their competing mortality were deter-
mined and added to the respective models. Discrim-
ination was assessed using Harrell’s c-statistic for
survival data, and goodness of fit was assessed by
calibration plots of the predicted versus observed
risks. For the calibration plot, patients were divided
into equal groups of increasing predicted risk. Based
on the number of events, patients were divided into
10 equal groups for the total cancer model, and pa-
tients were divided into 6 equal groups for the colo-
rectal and lung cancer models. Observed risks were
estimated in these groups by using a cumulative
incidence function, accounting for competing risks.
Recalibration was performed based on the expected
to observed ratio. Predicted risks in the CANTOS trial
were estimated after recalibration. The Brier score
was calculated for 4-year predictions in CANTOS,
with confidence intervals based on the percentile
method with 1,000 bootstrap samples
with replacement.

For comparison, simple models for total, colo-
rectal, and lung cancer with sex and smoking status
as the only predictors and with age as the underlying
time scale were developed in the UCC-SMART study
and externally validated in the CANTOS study popu-
lation by the same methodology.

All analyses were performed in R statistical software,
version 3.5.1, for model development, and 3.6.0. for
external validation analyses (packages Hmisc, rms,
cmprsk, car). To facilitate the use of this model in
clinical practice, an online calculator will be developed.

RESULTS

Baseline characteristics of the UCC-SMART and
CANTOS study populations are shown in Table 1. Dur-
ing a median follow-up time of 8.1 years (interquartile
range 4.5 to 12.1 years), a total number of 1,143 first
cancers were diagnosed in patients enrolled in the
UCC-SMART cohort. Lung cancer occurred in 258 pa-
tients and colorectal cancer in 180 patients. Incidence
rates for total cancer and noncancer mortality as a
competing event were 1.97 (95% CI: 1.85 to 2.08) and
1.91 (95% CI: 1.80 to 2.02) per 100 person-years,
respectively. Median follow-up time of the CANTOS
trial was 3.8 years (interquartile range: 3.2 to 4.5
years), during which a total number of 509 incident
cancers were diagnosed, 123 lung cancers, and 72
colorectal cancers. Incidence rates of total cancer and
noncancermortality were 1.48 (95%CI: 1.35 to 1.61) and
2.21 (95% CI: 2.05 to 2.37), respectively. An overview of
incidence rates is shown in Supplemental Table 6.

DEVELOPMENT OF LIFETIME RISK PREDICTION

MODELS FOR COLORECTAL, LUNG, AND TOTAL

CANCER IN UCC-SMART. Results of model develop-
ment are shown in Supplemental Tables 7 to 10.
Transformations of continuous predictors, and in-
teractions with age for continuous as well as cate-
gorical predictors are shown in Supplemental Table 7.
Age-specific baseline survival is shown in
Supplemental Table 8. Subdistribution hazard ratios
and shrinkage factors are shown in Supplemental
Table 9, and model formulas of the total cancer,
colorectal cancer, and lung cancer models are pro-
vided in Supplemental Table 10. The AIC was lower
for total cancer, colorectal cancer, and lung models
with CRP compared with the same model
without CRP.

INTERNAL AND EXTERNAL VALIDATION OF TOTAL,

COLORECTAL, AND LUNG CANCER MODELS. Inter-
nal validation showed good agreement between the
predicted and observed 10-year risk for total,

https://doi.org/10.1016/j.jaccao.2020.07.001
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TABLE 1 Baseline Characteristics of UCC-SMART and CANTOS Study Populations

UCC-SMART
(N ¼ 7,280)

CANTOS
(N ¼ 9,322)

Male 5,470 (75) 6,869 (74)

Age, yrs 62 � 9 62 � 8

Former smoking 3,582 (49) 4,437 (48)

Current smoking 2,146 (29) 2,197 (24)

Alcohol consumption >0 and <10 U/weeks 3,850 (53) 1,654 (18)

Alcohol consumption >10 U/weeks 2,173 (30) 1,124 (12)

Medical history

Cerebrovascular disease 2,128 (29) 712 (8)

Coronary heart disease 4,530 (62) 9,322 (100)

Peripheral vascular disease 1,300 (18) 844 (9)

Diabetes mellitus 1,321 (18) 3,829 (41)

Physical examination and laboratory measurements

Body mass index, kg/m2 27 � 4 31 � 6

Systolic blood pressure, mm Hg 140 � 20 130 � 16

Diastolic blood pressure, mm Hg 81 � 11 78 � 9

LDL cholesterol, mmol/l 2.7 (2.1–3.5) 2.1 (1.7–2.8)

C-reactive protein, mg/l 2.0 (0.9–4.4) 4.2 (2.8–7.1)

Creatinine, mmol/l 91 � 23 86 � 29

Medication

Lipid-lowering medication 5,038 (69) 8,711 (93)

Blood pressure-lowering medication 5,549 (76) 7,591 (81)

Antiplatelet therapy 5,652 (78) 8,488 (91)

Anticoagulants 816 (11) 718 (8)

Values are n (%), mean � SD, or median (25th and 75th percentile).

CANTOS ¼ Canakinumab Anti-Inflammatory Thrombosis Outcomes Study; LDL ¼ low density lipoprotein;
UCC-SMART ¼ Utrecht Cardiovascular Cohort-Second Manifestations of ARTerial disease.
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colorectal, and lung cancer (Supplemental Figure 1).
C-statistics were 0.61 (95% CI: 0.59 to 0.63), 0.61 (95%
CI: 0.57 to 0.66), and 0.74 (95% CI: 0.70 to 0.77),
respectively, in the UCC-SMART study population.

External calibration plots in Figures 1A to 1C show
reasonable agreement between the predicted and
observed 4-year risk for total, colorectal, and lung
cancer in the CANTOS study population. The expected
to observed ratios of the event of interest and
competing event were 1.06 and 0.99 for the total can-
cer model, 1.16 and 0.85 for the colorectal cancer
model, and 0.60 and 0.99 for the lung cancer model,
accounting for differences in baseline risk. Assessment
of discrimination provided a C-statistic of 0.63 (95%CI:
0.61 to 0.66) for the total cancer model, 0.64 (95% CI:
0.58 to 0.70) for the colorectal cancer model, and 0.74
(95% CI: 0.70 to 0.78) for the lung cancer model in
the CANTOS data. Supplemental Figures 2 to 4
show calibration plots and C-statistics for the
competing risks and cancer-free survival of the total,
colorectal, and lung cancer models. The Brier score for
4-year predictions of total, colorectal, and lung cancer
was 0.052; 95% CI: 0.048 to 0.057, 0.008; 95% CI:
0.006 to 0.010, and 0.013; 95% CI: 0.010 to 0.016,
respectively.
Compared with a simple model with sex and smok-
ing status as the only predictors and with age as the
underlying time scale, the full model had a better fit
according to the likelihood ratio tests for total and lung
cancer (p ¼ 0.005 and p < 0.001, respectively). For the
colorectal cancer model, the full model did not improve
model fit (p ¼ 0.174). Although the C-statistics of the
simple models in CANTOS were similar or even slightly
higher; 0.65; 95% CI: 0.62 to 0.67 for total cancer, 0.65;
95% CI: 0.62 to 0.66 for colorectal cancer, and 0.74; 95%
CI: 0.70 to 0.79 for lung cancer, and although calibra-
tion was similar for colorectal and lung cancers, cali-
bration was worse for total cancer and for the
competing risks (Supplemental Figure 5). As calibration
is a more clinically relevant performance measure for
risk prediction accuracy than the C-statistic (24), the
full model for total cancer was considered superior. As
all predictors are needed for estimations of total cancer
risk, the advantage of a simple model with a limited
number of predictors was no longer relevant, and full
models were used for risk predictions of total, colo-
rectal, and lung cancer.
PREDICTED 10-YEAR AND LIFETIME RISK OF CANCER.

Median predicted absolute 10-year risks were 13%
(range 1% to 31%) for total cancer, 2% (range 0% to 6%)
for colorectal cancer, and 2% (range 0% to 24%) for
lung cancer in the CANTOS study population. In the
UCC-SMART study population, predicted 10-year risks
were 16% (range 2% to 33%) for total cancer, 2% (range
0% to 5%) for colorectal cancer, and 2% (range 0% to
20%) for lung cancer. Median predicted absolute life-
time risks were 26% (range 1% to 52%) for total cancer,
4% (range 0% to 13%) for colorectal cancer, and 5%
(range 0% to 37%) for lung cancer in the CANTOS study
population. In the UCC-SMART study population,
median predicted absolute lifetime risks were 35%
(range 2% to 59%) for total cancer, 5% (range 0% to 11%)
for colorectal cancer, and 7% (range 0% to 32%) for lung
cancer. Median predicted 10-year and lifetime risks per
age group with a 5-year interval for the UCC-SMART
and CANTOS study populations are provided in
Supplemental Table 11. The distribution of lifetime
risks for total, colorectal and lung cancer for UCC-
SMART and CANTOS study populations is shown in
Figures 2A to 2C.

As an example, for a 50-year-old man with average
values of UCC-SMART for all other predictors, his
predicted lifetime risk of total cancer is 48% if he is a
current smoker, 45% if he is a former smoker, and
35% if he has never smoked. The predicted lifetime
risks of colorectal cancer for this 50-year old male are
6% (current smoker), 7% (former smoker), and 6%
(never smoker). This 50-year old male has a predicted
lifetime risk of lung cancer of 18% if he is a smoker,

https://doi.org/10.1016/j.jaccao.2020.07.001
https://doi.org/10.1016/j.jaccao.2020.07.001
https://doi.org/10.1016/j.jaccao.2020.07.001
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FIGURE 1 External Calibration in the CANTOS Trial Population of Cancer Models Before and After Recalibration

Calibration plots are shown of the predicted versus observed 4-year risk of total (A), colorectal (B), and lung cancer (C) in the CANTOS

(Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) study population, before and after recalibration. The study population is

divided into quantiles based on the predicted risk, and ordered according to increasing predicted risk. The diagonal dotted line represents

perfect calibration.
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FIGURE 2 Distribution of Predicted Lifetime Risk for Total Cancer, Colorectal Cancer,

and Lung Cancer
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Histograms show the distribution of the predicted lifetime risk for total (A), colorectal

(B), and lung cancer (C) in the UCC-SMART (Utrecht Cardiovascular Cohort–Second

Manifestations of ARTerial disease) and CANTOS (Canakinumab Anti-Inflammatory

Thrombosis Outcomes Study) populations. The predicted lifetime risk is the predicted

risk of incident cancer up to the age of 90 years. Presented predicted risks are esti-

mated by the full models for total, colorectal, and lung cancer.

van ’t Klooster et al. J A C C : C A R D I O O N C O L O G Y , V O L . 2 , N O . 3 , 2 0 2 0

Cancer Risk Prediction in Patients With Established CVD S E P T E M B E R , 2 0 2 0 : 4 0 0 – 1 0

406
10% if he is a former smoker, and 4% if he is a never
smoker. In order to facilitate risk predictions in clin-
ical practice, the prediction model is available in the
Supplemental Appendix.
DISCUSSION

The present study demonstrates that the lifetime and
10-year risk of total, colorectal, and lung cancer can
be estimated reasonably well in individual patients
with established CVD (Central Illustration). Although
discrimination was moderate with C-statistics of 0.63
to 0.74, calibration of the total, colorectal, and lung
cancer models was reasonable. Given the wide dis-
tribution of predicted lifetime risks for total cancer
and lung cancer (Figures 2A to 2C), these models can
enable the identification of patients at the highest
risk for cancer. Innovative and notable aspects of our
work include the applicability to patients with
established CVD specifically; the relative ease of use
with readily clinically available predictors; the pre-
diction of the combined endpoint total cancer; the
external validation; and the estimation of lifetime
risks with adjustment for competing risks.

Several risk prediction models with clinical pre-
dictors have previously been published for specific
types of cancer, including lung (5,6), colorectal
(6,25–28), and breast (6–9) cancers. None of these
models were developed for patients with established
CVD specifically, even though these patients are at
higher risk for total and lung cancer compared with
the general population, with standardized incidence
ratios of 1.19 (95% CI: 1.10 to 1.29) for total cancer and
1.56 (95% CI: 1.31 to 1.83) for lung cancer (1), due to
similar risk factors for CVD and cancer (2). Further-
more, the endpoint total cancer has a different dis-
tribution of cancer types in patients with established
CVD (1), and patients with established CVD are at
higher risk for the competing risks (i.e., dying from
CVD) compared with the general population (29),
emphasizing the need for a prediction model in pa-
tients with established CVD specifically. It has even
been hypothesized that CVD itself influences cancer
development, for example through cardiac excreted
factors in heart failure (30,31), potentially leading to a
higher baseline risk independent of traditional risk
factors. Even though cancer is a very heterogeneous
disease and prognoses are divergent for the various
cancer types, from a patient’s perspective, risk of any
cancer is relevant, with respect to the potential mor-
tality and morbidity associated with the malignancy,
frequent hospital visits, demanding treatments (32),
and psychological distress (33,34). Furthermore, in
patients with CVD, specific cancer types are more
common, including cancers of the respiratory tract
(1), leading to restricted variation in cancer types.

Our cancer prediction models performed reason-
ably well, and calibration plots before and after
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recalibration were similar. Only lung cancer risk was
slightly underestimated in the CANTOS population
before recalibration, probably due to variations in
smoking habits, or genetic factors causing a higher
baseline risk. The higher discriminative power of the
lung cancer model (C-statistic 0.74) compared with
the total and colorectal cancer models (C-statistics
0.63 and 0.64, respectively), is possibly due to the
strong relation between the predictor smoking status
and lung cancer. For the prediction of lung and
colorectal cancer, a simple model with just age, sex,
and smoking status could be sufficient; however, for
total cancer and the competing risks, the full model
was necessary to achieve the most accurate pre-
dictions. For lung cancer, even though the calibration
plot showed a 4-year risk of �3% in the highest risk
group, the model allowed for a widespread lifetime
risk distribution, assigning lifetime risks up to 37% to
a small proportion of patients. As young patients
generally have a low 10-year risk of cancer, despite
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high-risk factor levels, lifetime risk predictions might
provide more accurate estimations of their “true”
risk. The lifetime risk of cancer estimated by the total
cancer model ranged from 1% to 52%, enabling iden-
tification of patients at the highest risk. Median
predicted risks for total cancer were higher in the
UCC-SMART study population, corresponding with a
higher observed incidence rate for total cancer (1.97
vs. 1.48 per 100 person-years), most likely due to
more current smokers in UCC-SMART compared with
CANTOS (29% vs. 24%). The distribution of colorectal
cancer risk predictions is slightly limited, possibly
partly due to absence of family history of colorectal
cancer as a predictor in the model, and this model
might be less appropriate for selecting patients at
very high risk for colorectal cancer.

C-reactive protein was included in the risk pre-
diction models based on previous observational
research showing a relation between CRP and inci-
dent (lung) cancer (3,18,19), and based on results from
the CANTOS trial demonstrating that lowering
inflammation with an IL-1b inhibitor lowered the
incidence of lung cancer and lung cancer mortality
(15). Implementing CRP as a marker of low-grade
inflammation in risk scores for determining cancer
risk could lead to more accurate predictions. In cur-
rent models for total, colorectal, and lung cancer, CRP
improved model fit based on the AIC. Previous
research has shown that CRP improved discrimina-
tion in a prediction model for lung cancer in the
general population, but only for diagnoses within the
first 2 years after measuring CRP (18). In the current
models for total and lung cancer, an interaction with
age resulted in a higher coefficient of CRP with
increasing age, potentially representing a higher
predictive value of CRP closer to cancer diagnosis.

There are multiple potential applications of this
work, which each require further study. Personalized
risk assessment is considered informative and moti-
vational by patients (35), and effective risk commu-
nication can lead to changes in behavior (36).
Although observed effects of personalized risk
communication on healthy behavior changes have
been small and evidence is inconsistent (37), effects
are dependent on risk information (36). Lifetime risk
predictions for cancer, especially in patients at a
younger age, could potentially aid in discussions on
the importance of healthy lifestyle habits, including
smoking cessation. Future prospective studies are
needed to evaluate lifestyle improvements and clin-
ical outcomes in patients at high risk for cancer
identified by these current models. Moreover, we
hypothesize that these models could be used to
further inform screening. Results from a recent lung
cancer screening trial (NELSON [Nederlands–Leuvens
Longkanker Screenings Onderzoek]) showed that
screening for lung cancer could reduce lung cancer
mortality in men (cumulative rate ratio for death from
lung cancer at 10 years of 0.76; 95% CI: 0.61 to 0.94)
(38). The NELSON trial included 50- to 74-year-old
current or former smokers who had smoked more
than 15 cigarettes a day for more than 25 years or
more than 10 cigarettes a day for more than 30 years,
and showed a 10-year risk for lung cancer of approx-
imately 6% in the screening group (incidence rate of
5.58 cases per 1,000 person-years) (38). Similarly, it
could be hypothesized that patients with stable CVD
with a high 10-year predicted risk of lung cancer may
benefit from screening computed tomography imag-
ing of the chest. A predicted 10-year lung cancer risk
of 6% (close to the 90th percentile in CANTOS) that
corresponds to the observed risk in the NELSON
study, could potentially be used as one threshold. In
addition, application of the predicted lung cancer risk
could be used to inform thresholds for targeted di-
agnostics in patients with early symptoms and high
predicted 10-year risks, potentially leading to earlier
detection and treatment of cancer.

STUDY STRENGTHS AND LIMITATIONS. Strengths of
the present study include the large study populations
for both the derivation and external validation of the
cancer risk prediction models. Another important
strength is the competing risk-adjusted analyses,
preventing overestimation of the event of interest,
especially in a population of patients with established
CVD. Furthermore, by using age as the underlying
time scale in the models, predictions are not limited
by follow-up time in the derivation cohort and life-
time predictions are enabled. Last, the prediction
model is available in the Supplemental Appendix.
Limitations, however, should be considered. These
include the smaller number of lung cancer and colo-
rectal cancer in the development and validation study
populations. Furthermore, external validation in the
CANTOS trial could be performed only up to 4 years
due to limited length of follow-up, although internal
validation of 10-year predictions in UCC-SMART
showed good calibration. Previous studies have
shown that lifetime predictions based on the current
methodologies provide adequate estimates for up to
at least 17 years (10), and the advantage of CANTOS is
the large number of patients with CVD and detailed
information on incident cancer. C-statistics for the
total cancer, colorectal cancer, and lung cancer
models were moderate (0.62 to 0.74), comparable to
previous cancer risk predictions models (5,7,25) and
recurrent CVD risk prediction models in patients with
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established vascular disease (24,39,40). However,
evaluation of discrimination with the C-statistic is not
optimal in assessing performance of risk prediction
models. Calibration is a more clinically relevant per-
formance measure for risk prediction accuracy (24),
and calibration of the total, colorectal, and lung can-
cer predictions models in the CANTOS trial population
were all reasonable. Although patients were included
in stable phase after a qualifying cardiovascular
event, patients potentially changed lifestyle habits,
such as smoking, during follow-up, and the single
baseline measurement might not reflect such time
varying covariates. Last, several potentially important
predictors, including level of education, socioeco-
nomic status, race, and family history of cancer were
unavailable in the derivation cohort and could not be
included in the prediction models, possibly limiting
model performance.

CONCLUSIONS

Lifetime and 10-year risk of total cancer, colorectal
cancer, and lung cancer can be estimated reasonably
well with easy clinically available predictors in pa-
tients with established CVD. The wide distribution of
predicted lifetime risks for total and lung cancer en-
ables identification of patients at the highest risk for
cancer. With additional study, the lifetime total and
lung cancer models could be used in clinical practice
to further promote healthy lifestyle changes, and
application of these models, particularly the10-year
lung cancer risk model, could potentially lower
thresholds for targeted diagnostics and screening.
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