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Clinical trials and retrospective studies in the field of radiation oncology often consider time-to-event
data as their primary endpoint. Such studies are susceptible to competing risks, i.e. competing events
may preclude the occurrence of the event of interest or modify the chance that the primary endpoint
occurs. Competing risks are frequently neglected and the event of interest is analysed with standard sta-
tistical methods. Here, we would like to create awareness of the problem and demonstrate different

methods for survival data analysis in the presence of competing risks.
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Clinical trials and retrospective studies in the field of radiation
oncology often consider time-to-event data as their primary end-
point. Here, the period of time until an event of interest occurs is
recorded [1,2]. If the study ends before the event has occurred or
the patient is no longer available for follow-up, the outcome is typ-
ically right-censored at the time of last follow-up. Analyses of such
data are commonly performed using (i) the Kaplan-Meier (KM)
method to estimate and visualise the probability of survival, (ii)
the log-rank test to compare survival between stratified patient
groups and (iii) Cox proportional hazards regression to estimate
the effect of covariates on survival. These methods assume that
censoring is random and non-informative, i.e. censored patients
would have the same probability for experiencing the event as
the patients still at risk, if they received longer follow-up [3-8].
This assumption might well hold for true survival endpoints like
overall survival. For other endpoints, such as local tumour control
or the occurrence of late side effects, however, the assumption of
random and non-informative censoring does not hold [9]. In these
cases, other events - so-called competing risks (CR) - may pre-
clude the occurrence of the event of interest or modify the chance
that the primary endpoint occurs [2-6,10-12].

As an example, consider loco-regional relapse (LRR) as the event
of interest in a study on patients with head and neck squamous cell
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carcinoma (HNSCC). Patients that died before experiencing LRR
were subject to the competing event of death and cannot experi-
ence LRR any longer, i.e. their risk of LRR is zero. In a Kaplan-Meier
analysis of LRR, however, patients who died without LRR are cen-
sored. This erroneously assumes that in the future they would have
the same risk of relapse as the surviving patients, i.e. their risk of
LRR is larger than zero. Thus, a substantial overestimation of the
incidence of LRR may occur using the Kaplan-Meier approach. This
is also important for the comparison of different patient subgroups.
For example, a study on HNSCC may investigate the differences in
LRR between patients with Human papillomavirus (HPV) positive
and HPV-negative tumours. As patients with HPV-negative
tumours are often older and consume alcohol and tobacco more
regularly than patients with HPV-positive tumours, they are more
likely to die (e.g. due to cardiovascular events, second malignan-
cies), i.e. the HPV-negative group has a higher incidence of the
competing event [13]. This may lead to a substantial overestima-
tion of the incidence of LRR using the Kaplan-Meier approach in
the HPV-negative group. In the HPV-positive group the competing
event occurs less, so that the overestimation may be considerably
lower. Thus, differences in the incidence of LRR between both
groups may in fact be smaller than they appear in a Kaplan-Meier
analysis. Hence, appropriate methods accounting for the CR should
be applied.

Competing risks are present in many medical articles dealing
with survival analysis [5,14,15]: about half of the Kaplan-Meier
analyses in medical journals are susceptible to CR [5,11,15,16].
The issue may become even more relevant in the future, e.g. for
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elderly patients [14] who are more likely to experience several
potential disease endpoints, i.e. the occurrence of competing
events increases [2,17].

The present manuscript attempts to highlight different methods
of survival analysis in the presence of CR. Advantages and
limitations of different approaches are addressed. We illustrate
CR analyses using an example patient cohort that underwent
radiochemotherapy (RCTx) of HNSCC.

Example patient cohort

To demonstrate the CR analyses in more detail we used data
from patients with HNSCC who underwent contemporary primary
RCTx within the German Cancer Consortium Radiation Oncology
Group (DKTK-ROG). The cohort is described elsewhere [18,19].
From this cohort 149 patients with known p16 status were
included in the analysis (p16 negative: 125 (84%), p16 positive:
24 (16%)). LRR was chosen as the event of interest. Thus, the CR
was death without LRR. p16 status was used for patient classifica-
tion and as input variable for prognostic modelling. To enhance the
impact of the CR on the presented analyses, patients censored
before 36 months of complete follow-up were considered to have
died without LRR (13 patients out of 42 with the CR). The possible
patient states are depicted in Fig. 1.

An extended hypothetic example on twelve patients in the style
of the analysis of Kim et al. [21] can be found in the supplement
(Appendix A). It includes detailed calculations of the cumulative
incidence to compare the conventional KM method with an
approach considering CR. A compilation of common terms regard-
ing CR analysis is given in the supplement (Appendix B).

Methods for competing-risk analyses

Estimation of the cumulative incidence

The Kaplan-Meier method is often applied to estimate the
cumulative incidence of an event, using the 1-KM estimator
(1-KM). This method is appropriate for endpoints such as overall
survival, but also for composite endpoints such as progression-
free survival. For progression-free survival, both progress and
death of any cause are considered as events. In contrast, for the
endpoint freedom from progression, death would be a competing
event. Thus, composite endpoints may avoid potential complica-
tions due to CR. However, they may be more difficult to interpret,
especially when combining events with different severities and dif-
ferent incidence rates. It may not be clear to which of these events
a possible difference in the composite endpoint between patient
subgroups can be attributed.

Loco-regional relapse

1 Event of interest

/

Alive

0 Initial state

\

Fig. 1. Potential states of the patients considered for the modified HNSCC cohort. In
the initial state, the patient is alive and event-free (0). The first event may be loco-
regional relapse (event of interest, 1) or death before the patient experienced loco-
regional relapse (competing risk, 2).

Dead
2 Competing event

Other endpoints are cause-specific, i.e. they consider only a sub-
set of several possible reasons for an event to occur, e.g. cancer-
related death. The unconsidered reasons may act as competing
events. Such endpoints, which are susceptible to CR, should not
be estimated by the Kaplan-Meier approach, since the competing
events would be censored as if these patients were lost to
follow-up [7]. As an example, Fig. 2 depicts the 1-KM curves for
LRR (event of interest, A and B) and death without LRR (competing
event, C and D) by dashed lines for the modified HNSCC cohort. In
the total absence of the CR, the event of interest would have a
greater chance to occur compared to reality, in which the CR
may preclude the event of interest from occurring. Thus, the risk
of the event of interest estimated by the 1-KM method exceeds
its true risk [4-6,8,11,14,22,23]. This overestimation, also called
“competing risk bias”, may even be as large as the underlying dif-
ference between patient groups when comparing different sub-
groups and is amplified with increasing incidence of the CR
[8,22,23]. Consequently, the incidences of all event types
calculated by the 1-KM approach may add up to more than 100%,
which is illustrated in the hypothetic example in the supplement
(Appendix A, Fig. S1B). Due to the overestimation of the endpoint,
e.g. LRR, one may be inclined to intensify a therapy resulting in
overtreatment.

To estimate the cumulative incidence in the presence of CR, the
1-KM method should be replaced by a method accounting for the
competing events, the so-called cumulative incidence function
(CIF) [4]. In contrast to the 1-KM approach, the encoding of the
patient status is no longer binary (0: censored, 1: event) but con-
tains more categories: 0 for non-informative censoring, 1 for the
event of interest and 2, 3, ... for each competing event. As the
CIF of any first event is the sum of all CIFs of all event types, the
sum of mutually exclusive events will exactly add to 100%. For
mathematical details on the 1-KM and the CIF method, see
Appendix A. Fig. 2 shows the CIF curves for LRR (event of interest,
A and B) and death (competing event, C and D) by solid lines for
the modified HNSCC cohort. The overestimation of the 1-KM
approach is clearly visible. Even though the steps of both functions
occur at the same failure time, their heights differ as explained in
Appendix A.

Comparison between patient groups

To evaluate differences in the survival curves between sub-
groups, the log-rank test is frequently employed [25]. In the pres-
ence of CR, the log-rank test would compare the subgroups based
on the 1-KM estimates of the endpoint, which is inappropriate as
discussed above. To evaluate differences between treatment
groups in the presence of CR a test developed by Gray (Gray’s test)
is widely used [24]. As both tests treat patients suffering from a
competing event in different ways, their results may differ.

We illustrate the difference between both tests using the mod-
ified HNSCC cohort to test whether patients with p16-positive and
p16-negative tumours differ with respect to the occurrence of LRR.
Fig. 2 (B, D) shows the cumulative incidences calculated by the
1-KM approach and the CIF for LRR and death without LRR strati-
fied by the p16 status. The subgroups were compared with the
respective test. For LRR, the p-values of the log-rank test and Gray’s
test differ slightly (0.014 and 0.022, respectively) and to a larger
extend for the CR: p=0.17 for the log-rank test and p = 0.64 for
Gray’s test. This difference is caused by the higher incidence of
LRR in patients with p16-negative tumours. Censoring the CR in
the 1-KM analysis leads to a 45% incidence of death after 5 years,
while using the CIF reduces the incidence to only 29%. In the
patient group with p16-positive tumours the incidences of the
CR are similar for both methods (34% and 29% at 5 years, respec-
tively). Thus, the difference between both patient groups in death
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Fig. 2. Comparison of the cumulative incidence function (solid lines) to the Kaplan-Meier approach (dashed lines) for the event of interest loco-regional relapse (A and B) and
the competing event death without loco-regional relapse (C and D) using the entire modified HNSCC cohort (left) and stratified for p16 status (right).

is smaller for the CIF (compare the difference between dashed lines
to the difference between solid lines in Fig. 2D), explaining the lar-
ger p-value of Gray’s test compared to the log-rank test.

Regression analysis

To assess the association between covariates and the event of
interest, a Cox proportional (cause-specific) hazards model (Cox
model) is often used in survival analysis. This model is easy to fit
and implemented in common software solutions (Appendix C). In
the presence of CR, however, the disadvantage of this approach is
that the regression coefficients cannot be interpreted directly. They
can be understood as the effect of the covariate on the relative
increase in the incidence rate of the event of interest among those
patients who have not experienced any event yet [22].

In the presence of CR, an estimate of the effect of covariates on
the event of interest can be obtained using the Fine-Gray model
[26], also referred to as the subdistribution hazard model [6]. The
Fine-Gray model returns accurate estimates of the probability of
the events of interest that will be seen over time making it more
interpretation friendly than the Cox model [9]. Table 1 shows the
results of the Cox proportional hazards model and the Fine-Gray
model for LRR and for death without LRR in the modified HNSCC
cohort. For these univariable models, p16 status was chosen as a
potential prognostic variable. The effect of the p16 status on the
endpoint is estimated by the cause-specific hazard ratio (HR) or
the subdistribution hazard ratio (sHR).

For the Cox model, HR = 0.30 means that in a hypothetic world
without any LRR-free deaths, patients with p16-positive tumours
are 0.30 times less likely to experience LRR than patients with
pl16-negative tumours. A sHR of 0.33 for LRR means that in the
presence of LRR-free deaths, patients with p16-positive tumours
are 0.33 times less likely to have LRR. Since patients with p16-
negative tumours showed more LRR-free deaths, they had less
chance to experience LRR. This is accounted for in the Fine-Gray
model leading to the slightly weaker sHR. The sHR of 0.81 for the
competing event death is also weaker than the cause-specific HR
estimate of 0.55. Analogously, for patients with p16-negative
tumours more relapses were observed such that less LRR-free
deaths could occur among them.

In the presented example, the effect of p16 status was in the
same direction for the event of interest and for the CR, i.e. patients
with p16-positive tumours had a lower incidence for both LRR and
death compared to p16-negative patients. In other situations, the
effect may be in the opposite direction, i.e. one patient group has
a higher incidence for LRR, but lower values for relapse-free deaths
compared to a second patient group. Because of the beneficial
effect of a low mortality rate in the first group, more patients are
available for the event of interest LRR. To uncover such effects it
is important to investigate not only the event of interest but also
the competing event.

For the sake of simplicity, we limited the analysis to one CR and
univariable regression models only. In the case of various indepen-
dent CR, they can be grouped to one category “CR events” and be
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Table 1

Regression results for loco-regional relapse (LRR) and the competing event death without LRR using p16 status as model predictor on the modified HNSCC cohort. CI, confidence

interval; HR, hazard ratio; sHR, subdistribution hazard ratio.

Number of events Cox model Fine-Gray model
Event type p16 positive (n = 24) p16 negative (n =125) HR 95% CI p-value sHR 95% CI p-value
LRR 4 55 0.30 (0.11-0.83) 0.020 033 (0.12-0.94) 0.039
Death without LRR 6 36 0.55 (0.23-1.32) 0.18 0.81 (0.36-1.84) 0.62
Table 2 model may provide particular insights on the effect of the covari-

Time-to-event analyses in the absence or presence of competing risks. CR, competing
risk [21].

Absence of CR  Presence of CR

Cumulative incidence
function

(i) Estimating
cumulative
incidence

(ii)  Comparison of
hazards
Test to compare
hazards for different
treatments/groups

(ili) Regression analysis
Identify important
potential prognostic
factors

Kaplan-Meier
method

Log-rank test Gray's test [24]

Subdistribution hazards
model (e.g. Fine-Gray model
[26])

Cause-specific proportional
hazards model (for aetiologi-
cal research questions)

Proportional
hazards model
(Cox model)

analysed analogously [11]. Regression analysis can be conducted
with multiple covariates in the same way [4,20].

Table 2 summarises the presented methods appropriate for sur-
vival analyses in the presence of CR and contrasts them with the
well-known standard methods.

Conclusion

In the presence of competing risks, Radiotherapy and Oncology
may in the future ask authors to perform competing risk analyses
as outlined in this manuscript. The following points may be
considered:

(1) Be aware that the endpoint of interest may be susceptible for
CR[21].

(2) Figure out which competing events may be experienced by
the study population and may change the probability of
the occurrence of the event of interest (Appendix E) [11].

(3) Avoid the conventional Kaplan-Meier approach, whenever
competing risks are present [3,5-8,11,14,15,23]. In the
absence of CR, the standard Kaplan-Meier approach, log-
rank test and Cox proportional hazards model are appropri-
ate (e.g. for overall or progression-free survival) [27].

(4) Calculate the cumulative incidence function of an event of
interest in the presence of CR, perform a proper test for com-
parison of hazards between patient groups (Gray’s test) and
include CR regression analyses [21]. An introductory and an
advanced guide for regression modelling in CR settings using
R are presented by Scrucca et al. [10,28].

(5) Present the results for all event types, also for the competing
events [21].

(6) Interpret the results in collaboration between statisticians
and clinicians [11].

(7) If it is not possible to adjust for CR, discuss CR as an impor-
tant study limitation [12].

Note that both, the cause-specific Cox proportional hazards
regression and the Fine-Gray subdistribution hazards regression

ates on the endpoint of interest. Hence, a full understanding may
require an analysis using both methods in some settings
[6,20,23]. Overall, there can be no general recommendation for
all problems. The choice of an appropriate method depends on
the question of interest and on the incidence rate of the CR
[17,27,29]. Besides the analysis of tumour-related outcome, clinical
studies may also investigate severe late normal-tissue effects fol-
lowing RT. A discussion about potential difficulties and pitfalls
investigating late side effects can be found in Appendix D.

Readers should keep in mind, that Kaplan—-Meier estimates are
biased upward whenever competing events are present [5,12].
Moreover, one should be careful to apply results of cause-specific
hazard models from published studies to populations with other
incidence rates of the competing events.
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