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ABSTRACT

Accurate identification of factors associated with progression of colorectal cancer remains a challenge. In
particular, it is unclear which statistical methods are most suitable to separate the effects of putative
prognostic factors on cancer progression vs cancer-specific and other cause mortality. To address these
challenges, we analyzed 10 year follow-up data for patients who underwent curative surgery for
colorectal cancer in 1985-2000. Separate analyses were performed in two French cancer registries.
Results of three multivariable models were compared: Cox model with recurrence as a time-dependent
variable, and two multi-state models, which separated prognostic factor effects on recurrence vs death,
with or without recurrence. Conventional multi-state model analyzed all-cause mortality while new
relative survival multi-state model focused on cancer-specific mortality. Among the 2517 and 2677
patients in the two registries, about 50% died without a recurrence, and 28% had a recurrence, of whom
almost 90% died. In both multi-state models men had significantly increased risk of cancer recurrence in
both registries (HR = 0.79; 95% CI: 0.68-0.92 and HR = 0.83; 95% CI: 0.71-0.96). However, the two multi-
state models identified different prognostic factors for mortality without recurrence. In contrast to the
conventional model, in the relative survival analyses gender had no independent association with
cancer-specific mortality whereas patients diagnosed with stage Il cancer had significantly higher risks
in both registries (HR = 1.67; 95% ClI: 1.27-2.22 and HR = 2.38; 95% CI: 1.29-3.27). In conclusion, relative
survival multi-state model revealed that different factors may be associated with cancer recurrence vs
cancer-specific mortality either after or without a recurrence.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

* Relative survival multi-state model deal with two difficulties, i.e. to account for
possibly different effect of prognostic factors on death versus recurrence, and
unknown causes of death. It provide to clinicians more precise information on
patients’ profiles and their risks of recurrence or death. Applied to colorectal cancer:
(1) a considerable proportion of deaths among patients who had no recurrence may
represent mortality due to natural causes and (2) women have a similar risk of
recurrence-free death than men.

* Corresponding author at: Centre Hospitalier Universitaire de Dijon, Service de
biostatistique et d’'Informatique Médicale (DIM), BP 77908, 21079 Dijon Cedex,
France.
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Colorectal cancer (CRC) has high incidence and is associated
with high case fatality [1]. In France, the 5-year survival, pooled
across all cancer stages at diagnosis, ranges from 57% in men to 60%
in women [2]. About one third of patients diagnosed with CRC will
develop a metachronous recurrence during the following years
[3]. It is of paramount importance to accurately identify factors
associated with the increased risk of progression and death, in
order to develop effective follow-up and treatment strategies.
However, to accurately assess the role of patients’ specific
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characteristics in the progression of cancer several methodological
challenges need to be overcome [4].

One difficulty, common to prognostic studies of cancer,
concerns the need to separate the effects of prognostic factors
on different clinical endpoints, such as disease recurrence vs
recurrence-free death [5]. Some published prognostic studies of
CRC used a Cox regression model that included recurrence as a
time-dependent covariate, to assess the impact of recurrence on
mortality, and to adjust for recurrence when estimating the effects
of other prognostic factors on mortality. However, the Cox model is
limited to the assessment of the effects of covariates on a single
endpoint, such as death. This limitation is overcome by multi-state
models, that make it possible to model alternative pathways of
disease progression and to assess the impact of prognostic factors
on both (i) mutually-exclusive events, such as recurrence-free
death vs death after recurrence, and (ii) a sequence of events, such
as recurrence followed by death [6,7].

Another difficulty, encountered in prognostic studies, is that the
cause of death is not available or not accurately coded [8]. Yet, some
patients are likely to die of causes not related to the disease of
primary interest, especially in cancers with longer survival and in
those that affect older subjects [9-11]. The effects of prognostic
factors estimated with Cox model, or classic multi-state models, are
not able to discriminate between their effects on the mortality due to
cancer of primary interest vs natural mortality [12,13]. However, age
is a very strong predictor of overall mortality, but is not
systematically associated with higher cancer-specific mortality
[14]. Simulations demonstrated that Cox model yields biased
estimates of the effects of those prognostic factors whose impact
on disease-specific mortality is quite different from their impact on
all-cause mortality [15]. To deal with this difficulty, many prognostic
studies use relative survival methods. Indeed, this approach has been
developed to make it possible to estimate the effects of prognostic
factors on disease-specific survival, even in the absence of causes of
death [12,13,16-18]. The general idea is to use the mortality tables
for the relevant general population to estimate survival corrected for
the expected natural mortality, due to other causes of death [13].

Until recently, the existing statistical methodology was not able
to simultaneously, deal with both difficulties, i.e. to account for (i)
possibly different effects of prognostic factors on death vs
recurrence, and (ii) unknown causes of death. However, this
challenge has been addressed by the recent development of the
Markov relative survival model (MRS) [19], which extends the
Markov multi-state model [20] to incorporate relative survival
modelling. Simulations demonstrate that MRS is able to accurately
estimate different effects of prognostic factors on the risk of each of
several events, including separate effects on disease-specific vs
other causes of death [19]. To date, the MRS had not been applied in
clinical or epidemiological studies.

The aim of this study was to assess the potential advantages of
the new multi-state relative survival model (MRS), proposed by
Huszti et al. [19], in a prognostic cancer study. To this end, we
compared the MRS results with those obtained with two more
conventional analyses, based on Cox’s proportional hazards model
[21], and the multi-state Markov model proposed by Alioum and
Commenges [20]. The three models were applied to explore the
impact of prognostic factors on cancer-specific mortality and
recurrence, in a large population-based French registry of
colorectal cancer, with up to 25 years of follow-up.

2. Material and methods
2.1. Study population

The study population was derived from the digestive cancer
registries of two French administrative areas (Cote-d’Or and

Calvados, with a total population about 1,155,000 inhabitants
according to the 1999 census). All patients with TNM stage [, Il or III
colorectal adenocarcinoma [22], who underwent resection with a
curative intent between 1985 and 2000 were included. The two
registries have been working together for many years and use
identical standardized data collection, recording and validation
procedures. The linkage of several data sources (pathology
laboratories, practitioners in the private and public sectors,
teaching hospitals, comprehensive cancer centres, public and
private hospitals, physicians employed by the Social Security
department and death certificates) ensures the exhaustive
collection of data. The quality of the data collection, as well as
its completeness is regularly evaluated by the National Committee
on Population-based-registries and by the National Institute of
Health and Medical Research (INSERM).

The beginning of follow-up corresponded to the date of curative
surgery. Routinely collected data included information related to
diagnostic strategies, treatment, stage at diagnosis and follow-up
of the patients. Information about all local recurrences and
metastases that occurred up to 10 years after the initial diagnosis
was obtained from all physicians (specialists and general practi-
tioners) involved in the management and the follow-up of these
patients.

The vital status of the patients was ascertained from the
“Répertoire National d’Identification des Personnes Physiques”
(RNIPP) and, in cases of failure, from the City Hall of the place of
birth. If the place of birth was unknown, medical records, Health
Insurance files and the Town Hall of the place of residence (small
communities) were consulted.

The main exclusion criteria were recurrence within the first
6 months after diagnosis, considered as synchronous event, and a
death within 30 days after surgery, as such short-term mortality
was likely due to post-surgical complications [5].

2.2. Prognostic factors

Prognostic factors, evaluated at the time of cancer diagnosis,
included gender, age and cancer stage. Age at diagnosis was
categorized in three classes: <65 years; 65-74 years; >75 years.
Cancer stage was categorized in two classes: (i) in situ, I, I and (ii)
stage Il at diagnosis according to the TNM classification.

2.3. Outcomes

The two outcomes of primary interest were death and
recurrence. For death, the exact date was known, but the cause
was not recorded. Recurrence was defined as a first diagnosis of
either local recurrence or distant metastasis, implying that a
subsequent recurrence was not considered as a transition to a new
health state. Date of the first diagnosis of recurrence was
established through a retrospective chart review, and corre-
sponded to the date of histological or complementary investiga-
tion, at which the recurrence was identified.

2.4. Statistical models

To assess the robustness of our findings and conclusions, we
carried out separate analyses of the data from each of the two
registries (Cote d’'Or and Calvados), and compared their results.

Preliminary analyses included estimation of the Kaplan-Meier
survival curves for all-cause mortality, stratified by gender and
stage at diagnosis and the logrank testing of the differences in
survival between the respective strata.

Main analyses relied on three different multivariable regression
models, as outlined below and adjusted for colorectal subsite. All
three models included the same prognostic factors, and used the
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same information on the timing of deaths and recurrences. In all
models, the patients were censored at the time they were lost to
follow-up or at the end of the study, in December 2011.

First, we estimated the Cox’s proportional hazards model [21],
to assess the prognostic factors effects on all-cause mortality. In
Cox’s model, recurrence was represented by a binary time-
dependent covariate, which changed the value from 0 to 1 at
the time the first recurrence was diagnosed. Whereas the above
Cox’s model allows us to estimate the impact of cancer recurrence
on the hazard of all-cause mortality, it is unable to (a) separate the
effects of prognostic factors on the risk of recurrence from their
effects on the risk of mortality, and (b) account for possible
differences in the effects of the same prognostic factors on the
hazards of (i) recurrence-free death vs (ii) death after recurrence
[5].

To overcome the above limitations of the Cox’s model, we then
employed the multi-state Markov piecewise constant intensities
model (MKVPCI), developed by Alioum and Commenges [20]. Sim-
ilar to other Markov multi-state models, the MKVPCI model
generalizes the single-endpoint survival analytical models, such as
Cox’s model, to allow simultaneous estimation of the effects of
prognostic factors on the hazard of transitions between all
clinically relevant health states. Accordingly, a single MKVPCI
analysis of the entire study cohort permits estimating the separate
associations with each of the events of interest, including both
mutually exclusive events (e.g. recurrence vs recurrence-free
death) and events that follow some earlier events (e.g. death after
recurrence) [20]. The MKVPCI model has been previously shown to
be able to separate the effects of prognostic factors on recurrence
from their effects on mortality, both in the analyses of real-life
cancer progression studies [5] and in simulations [23]. Further-
more, simulations showed that by simultaneously estimating the
effects of prognostic factors on all transitions, MKVPCI model
avoids potentially important biases due to non-random censoring
[23].

In our study, we modelled transitions between three states: (1)
initial state, at CRC diagnosis, alive without recurrence, (2) alive
with recurrence, and (3) death (see Fig. 1). Multi-state MKVPCI
model allowed us to estimate separate effects of each prognostic
factors (i) recurrence (transition (1-2)), (ii) death without
recurrence (1-3), and (iii) death after recurrence (2-3) (notice
that this piecewise-constant intensities model assumed different
intensities (i.e. hazard rates) (i) in the first year of follow-up, and
(ii) after the first year, with constant hazard within each of the two
time intervals [20]). In the estimation process, it was assumed that
all cohort members were initially at risk of either transition (1-2)
or transition (1-3), until the time of their recurrence (state 2),
recurrence-free death (state 3) or censoring at the end of follow-up
(if they remained in state 1). An individual who had a cancer

Transition 1—-2

CdO: 721/2517(28.65%)
Clvd: 724/2677 (27.05%)

(1) Alive without
recurrence

(2) Alive with
recurrence

Transition 13 Transition 2—3

CdO: 942/2571 (37.42%)
Clvd: 889/2677 (33.21%)

CdO: 632/721 (87.66%)
Clvd: 664/724 (91.71%)

(3) Death

Fig. 1. Markov multi-state model of cancer progression and mortality. Three
possible states are considered: (1) alive without recurrence, (2) alive with
recurrence, (3) death. Number (%) of patients for each transition: “Cd0O”, Cote d’Or
area; “Clvd”, Calvados area for transition 2-3 (death after recurrence), the percent is
calculated using the number of patients who previously reached state 2
(recurrence).

recurrence (i.e. transitioned from state 1-2) at time t, was not
considered anymore at risk of transition (1-3) after t, but was then
considered at risk of transition (2-3), i.e. of a death after
recurrence. In contrast, individuals who died without recurrence
and, thus, whose first transition was (1-3), were considered at risk
of recurrence (transition 1-2) until that time, but had their follow-
up terminated at time of death, and where not at risk of transition
(2-3). Notice that the MKVPCI estimates for transitions (1-3) and
(2-3) should be interpreted as effects on all-cause mortality [19].

The third multivariable model used in our analyses was the new
multi-state Markov relative survival model (MRS), proposed by
Huszti et al. [19]. MRS extends the original MKVPCI model of
Alioum and Commenges [20] by incorporating relative survival
modelling to account for unknown causes of death [19]. MRS uses
the relative survival methods [12] to account for expected natural
mortality in the general population, from which the cancer cases
were drawn. In (non homogeneous) MRS model, we assumed
piecewise constant intensities, using the same time intervals (i)
before vs (ii) after 1 year of follow-up, as in the MKVPCI analyses. In
our MRS analyses of CRC progression, natural all-cause mortality
was obtained from mortality life tables for the general populations
for each of the two areas (Cote d’Or and Calvados, France), stratified
by gender, age, and calendar year of death. Accordingly, MRS
allowed us to estimate separate effects of prognostic factors on
each of the three transitions shown in Fig. 1, while accounting for
unknown causes of deaths. Specifically, the MRS estimates of the
effects for transitions (1-3) and (2-3) should be interpreted in
terms of the prognostic factors effects on the hazard of CRC-specific
mortality [19], in contrast to MKVPCI model, which estimates the
effects on all-cause mortality.

Based on the MRS results, we then estimated the absolute risks
of alternative transitions, conditional on different covariate
vectors, i.e. the cumulative probability that a given transition will
occur before time t for a subject with specific characteristics. To
this end, we first reconstructed the transition-specific conditional
hazards by multiplying the baseline hazard, estimated for a given
transition, by the hazard ratios corresponding to the specific
characteristics. These calculations were performed separately for
the two time intervals defined by the piecewise intensity model, as
described above. We then converted the resulting conditional
hazard estimates into the cumulative probabilities by using the
cumulative distribution function of a piecewise exponential
distribution.

To assess the robustness of the MRS findings, we used the split-
sample (internal) validation in the Cote d’Or database. Specifically,
we repeated 10 times the following steps: (1) we randomly divided
the database into two subsamples of equal size; (2) we estimated
the MRS model in each of the two subsamples; (3) we then
compared the corresponding point estimates and their statistical
significance (at o« =0.05), for each prognostic factor and each
transition.

3. Results

We reviewed a series of 2517 patients in Cote d’Or and 2677 in
Calvados, who were all resected for cure for colorectal adenocar-
cinoma between 1985 and 2000. Table 1 describes patients’
characteristics at the time of CRC diagnosis. The mean age was
70.5 years (SD=12 years) and 69.5 years (SD=11.9 years)
respectively, and in both areas men represented a slight majority
of patients. Stage at diagnosis was in situ, I or II, for 71% of patients
in Cote d’'Or and 66% in Calvados (Table 1).

Patients were followed for up to 25 years after diagnosis. During
the first 10 years of follow-up, 1574 (63%) patients in Céte d’Or and
1553 (58%) in Calvados had died, with a median survival of
3.5 years and 4.2 years, respectively. The numbers of locoregional
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Table 1

Baseline characteristics and results of multivariable Cox regression analyses for all-cause mortality with recurrence as a time-dependent variable: in Cote d’Or (left part) and

Calvados (right part).

Variables Cote d'Or Calvados
N % HR 95% CI N % HR 95% CI

Age 2541 2677

<65 years? 742 29.20 1 834 31.15 1

[65-75] 743 29.24 126" 1.12-1.41 851 31.79 138" 1.23-1.55

>75 years 1056 41.56 260" 2.33-2.89 992 37.06 2517 2.26-2.79
Gender

Female 1136 44.71 0.83" 0.76-0.90 1266 47.3 0.82" 0.75-0.89

Male® 1405 55.29 1 1411 52.7 1
Stage

In situ, [ & II? 1783 70.84 1 1772 66.19 1

111 734 29.16 169" 1.55-1.85 905 33.81 161" 1.48-1.76
Recurrence

No? 1796 71.35 1 1953 72.95 1

Yes 721 28.65 417" 3.78-4.60 724 27.05 489" 4.44-539

Adjusted for colorectal subsite. Abbreviations: CI: confidence interval; HR, adjusted hazard ratio.

“ p<0.001
2 Reference category.

recurrences were 229 and 272, respectively, in Cote d’Or and
Calvados, and the corresponding numbers of metastases were
466 and 441. In both areas, slightly less than 30% of all patients had
a recurrence during the follow-up, of whom about 90% subse-
quently died (last row of Table 1). Median time to recurrence was
1.75 years in both areas (Interquartile Range [IQR]: 12.7-38.5
months in Céte d’Or and IQR: 12.3-36 months in Calvados). The
response rate of the survey for recurrences was 87%. For all these
patients we had all the information needed to validate the
recurrence.
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Fig. 2 shows the Kaplan Meier survival curves, for all-cause
mortality, for gender and stage at diagnosis, for the two areas. As
expected, in univariate analyses, survival was significantly lower
for patients with stage III at diagnosis (p < 0.0001 in both areas).

Table 1 shows the results of the multivariable Cox model
analyses with recurrence as a time-dependent variable. The
estimated effects of all prognostic factors on the hazard of all-
cause mortality are very similar for both areas. After recurrence,
the risk of death increased dramatically, by a factor of about four,
relative to patients with the same baseline values of other
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Fig. 2. Kaplan Meier survival curves (left panels: Cote d’Or, right panels: Calvados) stratified by gender (log rank test: p = 0.17 and p = 0.005, respectively for each of the two

areas) and stage at diagnosis (p < 0.0001 for both areas).
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prognostic factors who had no recurrence. When adjusted for
recurrence, both more advanced cancer stage IIl and older age were
associated with statistically significantly worse survival, with the
hazard of all-cause mortality for the oldest group (aged > 75 years
at diagnosis) being more than twice higher than for subjects
aged < 65 years (HR = 2.60, 95% CI: 2.33-2.89 in Cote d’Or). On the
other hand, women had a significantly albeit only slightly lower
mortality than men diagnosed at the same cancer stage and the
same age (HR = 0.83, 95% CI: 0.76-0.90). However, the interpreta-
tion of the above results should take into account some limitations
of the Cox model. Firstly, while the estimates in Table 1 do account
for the recurrences that occurred during the follow-up, it is
assumed that the effect of a given baseline prognostic factor is the
same on mortality for (i) subjects who had a recurrence and (ii)
those who had no recurrence. Secondly, by including recurrence as
a time-dependent covariate, Cox model demonstrates the major
impact of recurrence on mortality but does not allow us to assess if
some baseline characteristics are associated with an increased risk
of recurrence. Both limitations are relevant in our analyses because
Fig. 1 shows that almost 30% of patients had a recurrence, and a
several hundred of deaths occurred both among subjects with and
those without recurrence.

Multi-state Markov modelling allowed us to overcome the
above limitations of the Cox model, by including recurrence as an
intermediate state in the disease progression. Accordingly, in the
multi-state analyses, we were able to estimate separate effects of
the baseline prognosis factors on each of the three transitions
shown in Fig. 1. Table 2 shows the results of the two separate
multi-state models.

We first present the results of the conventional MKVPCI multi-
state model which, in the absence of the individual causes of death,
for transitions 1 — 3 and 2 — 3, estimates the effects of prognostic
factors on the hazard of all cause-mortality. Interestingly, there are
some important differences between the effects of some prognos-
tic factors on all-cause mortality between (a) patients who had a
recurrence (transition 2 — 3) vs (b) those without a recurrence
(transition 1 — 3). Firstly, the protective effect of female gender is
limited to recurrence-free deaths (1 — 3). Secondly, the impact of
older age is much stronger for recurrence-free deaths than for
death after recurrence. In contrast, the impact of advanced cancer
stage Il on mortality becomes weaker, in both areas, and loses its
statistical significance in Calvados, for patients, for patients who

Table 2

had no recurrence (Table 2). On the other hand, multi-state
MKVPCI analyses allowed us to identify stage Il at CRC diagnosis as
a major prognostic factor for recurrence, with a three-fold risk
increase relative to patients diagnosed at less advanced stages.
Finally, while the risk of recurrence is lower for women, it is not
associated with age in Cote d’Or (Table 2).

For each prognosis factor and each transition, Table 2 compares
the effects estimated with (i) the conventional MKVPCI multi-state
model (left columns) vs (ii) the relative survival multi-state model
MRS (right columns). The two multi-state models yielded almost
identical estimates of the effects of different variables on the
hazard of recurrence (transition 1— 2). This was expected,
because the only difference between the two models concerns
the way they handle the data on mortality, in the absence of
individual causes of death. Whereas the conventional MKVPCI
model estimates the effects of prognosis factors on the hazard of
all-causes mortality, the MRS uses the relative survival methods to
estimate their effects on mortality due specifically to colorectal
cancer. Interestingly, this analytical difference had no marked
impact on the estimated effects for deaths after recurrence
(transition 2 — 3), where the estimates obtained with the two
multi-state models are very similar (right most part of Table 2).

In contrast, the results of the MKVPCI and the MRS models do
differ substantially for recurrence-free mortality (transition
1 — 3 in Table 2). First, the estimated effects of both demographic
factors, age and sex, on mortality without recurrence are much
weaker when related to cancer-specific deaths only (MRS
estimates) that when related to all-cause mortality (MKVPCI
estimates). Specifically, in the relative survival multi-state MRS
analyses, female gender loses its significant protective effect, and
the adjusted hazard ratios (HR) for risk increases associated with
older age, while still significant, are much smaller than the
corresponding HR’s from the MKVPCI analyses (Table 2). For
example, for the oldest group (>75 years at diagnosis) in Cote d’'Or
area, the HR decreases from 5.62 (95% CI: 4.59-6.90) for all-cause
mortality without recurrence to 3.48 (2.45-4.93) for CRC-specific
mortality without recurrence, with the 95% confidence intervals
that barely overlap, and the corresponding difference is even larger
in the Calvados area (6.58 in MKVPCI vs 2.84 in MRS). On the other
hand, the MRS estimate for recurrence-free deaths (transition
1 — 3) indicates a much stronger impact of the stage Il cancer
stage on CRC-specific mortality (HR = 1.67; 1.27-2.22 in Cote d’Or)

Results of Multi-state Markov modelling prognostic factor’s effects on recurrence, and death either without recurrence or after recurrence, in colorectal cancer in Cote d’Or

and Calvados areas, estimated with MKVPCI and MRS models.

Transitions Recurrence 1 —2

Death without recurrence 1— 3

Death after recurrence 2 — 3

MKVPCI (a) HR MRS (b) HR MKVPCI (a) HR MRS (b) HR MKVPCI (a) HR MRS (b)
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (HR 95%-1C)
<65 years® 1 1 1 1 1 1
[65-75] vs <65 years
Cote d'Or 0.98 (0.82-1.18) 0.98 (0.82-1.18) 2.10" (1.67-2.64) 1.70" (1.15-2.50) 1.03 (0.84-1.25) 0.99 (0.80-1.22)
Calvados 0.99 (0.82-1.18) 0.98 (0.82-1.18) 2417 (1.91-3.04) 1.92" (1.08-3.73) 1.33" (1.10-1.62) 1.31° (1.07-1.60)
—75 years vs <65 years
Cote d'Or 1.13 (0.95-1.35) 1.13 (0.95-1.35) 562" (4.59-6.90) 348" (2.45-4.93) 2,617 (2.16-3.16) 246" (2.01-3.01)
Calvados 1.25 (1.04-1.49) 1.25 (1.04-1.49) 6.58" (5.32-8.14) 2.84 (1.73-5.82) 1.97" (1.64-2.37) 1.78" (1.47-2.19)
Female vs male
Cote d'Or 0.83" (0.71-0.96) 0.83" (0.71-0.96) 0.78" (0.68-0.89) 0.92 (0.70-1.21) 0.91 (0.78-1.07) 0.94 (0.79-1.11)
Calvados 0.79" (0.68-0.92) 0.79" (0.68-0.92) 0.74" (0.65-0.85) 1.25 (0.75-1.96) 0.97 (0.83-1.13) 1.00 (0.84-1.18)
Stage Il vs in situ, I, II
Cote d’'Or 3.33" (2.87-3.86) 3.33" (2.87-3.86) 1.23" (1.06-1.44) 1.67 " (1.27-2.22) 135" (1.15-1.59) 138" (1.16-1.63)
Calvados 3.15" (2.72-3.65) 3.15" (2.72-3.65) 1.11 (0.96-1.29) 2.38° (1.29-3.27) 138" (1.18-1.61) 1417 (1.19-1.66)

Adjusted for colorectal subsite. Abbreviations: (a) MKVPCI: Markov model with piecewise constant intensities; proposed by Alioum and Commenges [22]. HR’s for transition
1-3 and 2-3 represent prognostic factors effects on the hazard of all-causes mortality. (b) MRS, Multi-state Markov Relative Survival model proposed by Huszti etal. [21]. HR’s
for transitions 1-3 and 2-3 represent prognostic factors effects on the hazard of mortality due to colorectal cancer. CI, confidence interval; HR, adjusted hazard ratio.

" p<0.05.
” p<0.001.
@ Reference category.
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Table 3
Probabilities of transitions between the 3 health states for selected follow-up durations, for patients with different characteristics (Estimated with the MRS model for Cote
d’Or).

Sex Age Transition 1-2 1-2 1-2 1-2 1-3 1-3 1-3 1-3 2—-3 2—-3 2—-3 2—-3
Time since 0.5 1 2 3 0.5 1 2 3 0.5 1 2 3
diagnosis (year)

Cancer stage

M <65 LI 0.03 0.06 0.11 0.15 0.02 0.03 0.06 0.08 0.35 0.57 0.73 0.83

M 65-75 LI 0.03 0.06 0.11 0.15 0.03 0.05 0.10 0.14 0.34 0.57 0.72 0.82

M >75 LI 0.04 0.07 0.12 0.17 0.06 0.11 0.19 0.26 0.65 0.88 0.96 0.99

M <65 11 0.10 0.20 0.32 0.42 0.03 0.05 0.09 0.13 0.44 0.69 0.83 0.91

M 65-75 11 0.10 0.19 0.31 0.41 0.05 0.09 0.13 0.17 0.44 0.68 0.83 0.91

M >75 11 0.12 0.22 0.35 0.46 0.09 0.17 0.29 0.39 0.76 0.94 0.99 1.00

F <65 LI 0.03 0.05 0.09 0.13 0.02 0.03 0.05 0.08 0.33 0.55 0.70 0.81

F 65-75 LI 0.03 0.05 0.09 0.12 0.03 0.05 0.09 0.13 0.33 0.55 0.70 0.80

F >75 LI 0.03 0.06 0.10 0.14 0.05 0.10 0.17 0.24 0.63 0.86 0.95 0.98

F <65 11 0.09 0.17 0.27 0.36 0.03 0.05 0.09 0.12 0.42 0.67 0.81 0.90

F 65-75 11 0.09 0.16 0.27 0.36 0.04 0.08 0.14 0.20 0.42 0.66 0.81 0.89

F >75 11 0.10 0.19 0.30 0.40 0.08 0.16 0.27 0.37 0.74 0.93 0.98 1.00

than its impact on all-cause mortality (HR=1.23; 1.06-1.44),
estimated with MKVPCI. The corresponding change is even bigger
in Calvados, where the effect of stage IIl on recurrence-free
mortality is statistically non-significant and very weak in the
MKVPCI analyses (HR =1.11; 0.96-1.29) but becomes significant
and clinically important in the relative survival MRS model
(HR =2.38; 1.29-3.27).

Split-sample validation, based on 10 random splits of the Cote
d’Or dataset (see Section 2), confirmed the robustness of the main
findings of the MRS analyses. For all associations which were
statistically significant in the full dataset (see Cote d’Or results in
Table 2), the corresponding log HR’s, estimated from two
independent subsamples, were of similar magnitude, with their
absolute differences being systematically much lower than the
point estimates (data not shown). Furthermore, the empirical
standard deviations of the 20 log HR’s were uniformly very close to
the estimated standard errors. Finally, the conclusions regarding
the statistical significance of the associations between individual
prognostic factors and hazards of different transitions were also
quite robust. For all associations which were non-significant in the
full Cote d’Or dataset (p > 0.05 in Table 2), the results remained
non-significant in 90-100% of the 20 subsamples. Similarly, all the
associations which were highly significant in MRS analyses of the
full dataset (p <0.001 in Table 2), were also identified as
significant (p < 0.05) in 85-100% of the subsamples (data not
shown). The only two exceptions regard the two marginally
significant associations (0.001 < p < 0.05 in Table 2), with HR’s
relatively close to 1 in the full dataset, for the effects of (i) sex on
cancer recurrence (HR = 0.83, 95% CI: 0.71-0.96), and (ii) middle
age category (65-75 years) on recurrence-free death (HR =1.70,
1.15-2.50). These two associations were significant in, respective-
ly, 30% and 45% of the subsamples, which likely reflects the
inadequate power of split-sample analyses for testing weaker
effects, due to 50% reduction of the sample size.

Table 3 helps assess how the absolute risks of different
transitions vary depending on the prognostic factors. It reports
the MRS-based estimates of the cumulative probabilities that each
of the three transitions will occur before selected follow-up times

Table 4

of t = 0.5, 1,2 and 3 years after diagnosis, for patients with different
combinations of sex, age and cancer stage. These estimates may
help identify subgroups of patients with high risk of specific
endpoints. For example, the contrast between risks of the
‘competing’, mutually exclusive transitions (1-2) vs (1-3) varies
considerably depending on the patient characteristics. Those in the
youngest subgroup, aged < 65 years, are much more likely to have
a cancer recurrence [1,2] than a recurrence-free death, especially if
they are diagnosed at advanced stage III (for 3 years of follow-up:
0.42 vs 0.13 for men and 0.36 vs 0.12 for women, Table 3). In
contrast, for patients diagnosed with stage I or Il at age > 75 years,
recurrence-free death is more likely than recurrence for men and
almost as likely for women (Table 3). On the other hand, after a
cancer recurrence all subgroups of patients have very high
probability of death related to colorectal cancer (transition 2-3),
within the next 2-3 years (rightmost part of Table 3).

Table 4 compares the baseline hazards for each transition,
separately for the first year after cancer diagnosis and the latter
period, after 365 days of follow-up, estimated with the two models
MKVPCI and MRS. Consistent with results in Tables 2 and 3, the
baseline hazard estimates for transitions 1-2 and 2-3 are very
similar (Table 4). In contrast, the relative survival MRS model
yields much lower hazard estimates for recurrence-free death
(transition 1-3), which represents only cancer-specific mortality in
MRS vs all-cause mortality in MKVPCI.

4. Discussion

Cox’s proportional hazards regression model [21] has become
the most popular method for analysing survival data in cancer
epidemiology [4]. In this study, we used two large population-
based colorectal cancer registries to illustrate how multi-state
modelling [6,7,20,24] and its recent extension to relative survival
[19] may help addressing specific challenges related to (i) the need
to account for cancer recurrence, and (ii) the absence of
information on individual causes of death. Comparison of the
results obtained, in two registries allowed us to assess the
robustness of our clinical and methodological conclusions.

Comparison of baseline hazards for the 3 transitions, for two time intervals, between the two multi-state models: MKVPCI vs MRS.

Transitions 1 — 2 (recurrence) 2 — 3 (death after recurrence) 1 — 3 (recurrence-free death)

Time intervals <365 days >365 days <365 days >365 days <365 days >365 days
MKVPCI 0.0657 0.0484 0.8833 0.4804 0.0621 0.0581
MRS 0.0657 0.0484 0.8505 0.4475 0.0329 0.0264
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The first challenge is related to the fact that different patients
may follow different pathways of cancer progression. In particular,
recurrence is an important event in the evolution of cancer, that
may act as an intermediate clinical endpoint, as well as both a risk
factor and a modifying effect for subsequent death. The
conventional Cox model is limited in that it allows assessing the
effects of prognostic factors on the time to a single endpoint.
Specifically, by including recurrence as a time-dependent covari-
ate, we could only confirm that the risk of all-cause mortality
increases dramatically after a recurrence, and adjust the estimated
effects of prognostic factors on mortality for recurrence.

To address more complex issues, we applied Markov multi-
state modelling, as recommended by Kay [24] and done by several
other authors [5,25-28]. Both multi-state models identified,
advanced cancer stage Il as a major risk factor for recurrence
and indicated that females had about 20% lower risk of recurrence
than men with the same cancer stage and age. Some colorectal
cancer studies have identified female gender as a protective factor
of recurrence [29-32]. Differences in adherence to treatment,
gender variation in treatment efficacy or physiological factors
could also interact on the development of recurrence. Further
studies are needed to disentangle between these potential factors.
In contrast, older age had only a marginal impact on the risk of
recurrence. Equally important, multi-state analyses revealed that
the effects of some prognostic factors did differ depending on
whether a patient had recurrence or not. In particular, the effects of
both older age and male gender were much stronger with
recurrence-free mortality than with mortality after a recurrence,
for which females had similar risk to men (Table 2). Notice that Cox
model yielded the hazard ratios (Table 1) that represented an
‘average’ of the corresponding two estimates obtained with the
multi-state model. For example, the Cox estimate of the adjusted
HR for patients aged >75 years in Calvados was 2.51 (95% Cl: 2.26-
2.79), which represents an average between the very strong effect
on recurrence-free mortality (HR=6.58; 5.32-8.14 in MKVPCI
model in Table 2) and a much weaker effect (HR = 1.97; 1.64-2.37)
for mortality after a recurrence.

The source of the second methodological challenge is that, even
after taking recurrence into account, the estimated effects of some
factors on mortality may represent a compound of their associa-
tions with (a) mortality specific to the primary cancer, and (b)
‘natural mortality’ due to all other causes. But, similar to many
other cancer registry-based prognostic studies [33] we had no
information on individual causes of death. Markov relative survival
multi-state model (MRS) was developed to allow estimating effects
specific to mortality due to the cancer of primary interest
[19]. Because the only difference between the MRS and MKVPCI
models concerns handling of deaths, the two models yielded
identical results for predictors of recurrence (Table 2). However,
our finding that the two multi-state models produced also very
similar estimates for mortality after recurrence (transition 2 — 3 in
Table 2) was less predictable a priori. Our tentative, a posteriori,
interpretation of this finding is that almost all deaths among
patients who had a cancer recurrence were due to colorectal
cancer. This conjecture is supported by the fact that almost all
patients who had a recurrence died soon after, with a median time
from recurrence to death of only less than two years, which is
reflected by the uniformly very high absolute risks of this
transition (Table 3). This implies that the risk of transition 2-3
is only moderately affected by patient characteristics, which
explains a relatively weak, even if statistically significant, impact of
advanced cancer stage on the hazard of a colorectal cancer-related
death after recurrence.

In contrast, the relative survival approach incorporated in the
MRS model did result in marked changes in the estimated effects of
all prognostic factors on the risk of a recurrence-free death. Firstly,

the MRS estimates of the impact of older age on mortality without
recurrence are much lower than the corresponding conventional
MKVPCI estimates. Secondly, in contrast to a significant protective
effect of female gender in conventional multi-state analyses, MRS
results indicate that women have a similar risk of recurrence-free
death than men, diagnosed with colorectal cancer at the same
stage and the same age.

Both these differences can be explained by the analytical
differences between the two multi-state models, together with the
fact that both older age and male gender are well established
‘generic’ risk factors for all-cause mortality. Our MRS analyses
indicate that men and women have similar risk of dying due to
colorectal cancer without having a recurrence, while older patients
have moderate, statistically significant increase of this risk. On the
other hand, the conventional crude MKVPCI multi-state model
yields the estimates that represent an average of the possibly
different effects of the same factors on the two types of death. The
differences between the estimates from the two models indicate
that, as expected, a considerable proportion of deaths among
patients who had no recurrence may represent mortality due to
natural causes, which increases for older subjects and men.

The same analytical difference between the two multi-state
models explains why the impact of stage III colorectal cancer on
recurrence-free mortality is much stronger in the relative survival
MRS analyses. Higher cancer stage at diagnosis is an obvious
predictor of increased cancer-related mortality, but is unlikely to
be related to ‘natural’ mortality due to other causes. By not being
able to separate the two different effects of advanced cancer stage
of diagnosis, the conventional multi-state model largely under-
estimates its important impact on recurrence-free mortality due to
colorectal cancer.

Overall, MRS model [19] allowed us to identify important
differences between the pathways disease progression and
mortality among different subgroups of patients diagnosed with
colorectal cancer. Age at diagnosis is not associated with the risk of
recurrence, but older patients have increased risk of mortality due
to colorectal cancer both without recurrence and, to a lesser extent,
after recurrence. In contrast, women have lower risk of recurrence
than men diagnosed at the same age and the same cancer stage, but
their risk of cancer-related mortality either before or after a
recurrence is not significantly different from men. Thus, given that
recurrence is itself a major risk factor for death, the impact of male
gender on colorectal cancer progression and mortality is mostly
mediated through the increased risk of recurrence. Finally,
advanced colorectal cancer stage IIl at diagnosis is associated
with high risk of recurrence and also with important increases in
cancer-related mortality both before and after a recurrence.

The relative survival Markov (MRS) model assessed an excess
risk of mortality among patients diagnosed with colorectal cancer,
compared to the general population [12,13]. Accordingly, “deaths
due to colorectal cancer” (transitions 1-3 and 2-3) represent a
surplus of deaths over what would be expected for subjects of the
same age and sex in the general population of the same area.
Among patients who had no cancer recurrence during the follow-
up, such additional deaths might have occurred for several reasons.
Firstly, some deaths could be related to late complications of initial
treatments of cancer, which may affect mortality up to one year
after the initial resection [34]. Secondly, some ‘generic’ risk factors
for all-cause mortality were found to be associated with the
occurrence of colorectal cancer, including exposure to alcohol,
tobacco or diabetes [35] and, thus, may be more frequent in this
population. Because we could not adjust for these risk factors, they
might have acted as unmeasured confounders and, thus, might
have partly accounted for the observed excess mortality. Further-
more, it is possible that the occurrence of a second cancer [36], or
even a cancer recurrence could not be diagnosed (subclinical
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recurrence) before the time of death. Finally, patients with a
particularly aggressive disease might have died very early, before
they had a recurrence diagnosed.

Some limitations of our study have to be recognized. Firstly,
locoregional recurrence and metastasis were considered as the
same event. Whereas the MRS and MKVPCI models are able to
handle additional states, simulations and empirical results
reported by Huszti et al. [19] suggest that the estimates based
on the resulting, more complex analyses could be numerically
unstable, especially if some transitions are relatively rare. An
interesting alternative approach was recently proposed by Belot
et al. [37], who modelled local recurrence, distant metastasis and
excess recurrence-free death as three separate events using a
competing risks excess hazard method. Competing risks methods,
however, can only model mutually-exclusive events, and cannot
account for a sequence of events, such as recurrence followed by
death after recurrence. Secondly, in our MRS analyses, we focused
only on the risk of death related to the cancer of interest, an
approach common to relative survival analyses [12,13,16-
18]. Eloranta et al. [38] proposed an alternative method that is
able to distinguish between excess mortality in deaths related to
the cancer of interest and deaths related to a common complica-
tion of this cancer. Such information could be of interest for
patients and clinicians, as it could help reducing the excess
mortality caused, for example, by the side effects of the treatment.
Future research should consider combining this approach with
multi-state modelling. Furthermore, in our study, all of the
variables were recorded at the time of the diagnosis. Both MKVPCI
and MRS models impose the conventional proportional hazards
assumption, inherited from the Cox model. This implies that
the impact of a predictor on survival does not change during the
follow-up [12]. However, previous analyses of both all-cause
mortality and relative survival in different cancers, including
colorectal cancer, indicated that the impact of cancer stage at
diagnosis may decrease with increasing follow-up and the effect of
age may also change over time [16-18,39-42]. Future research
should use similar methods to extend multi-state models to
incorporate flexible modelling of time-dependent effects of
prognostic factors. Current software for implementation of either
MKVPCI or MRS models does not allow us to incorporate flexible
modelling of likely non-linear effects of a continuous variable
representing age at diagnosis [19,20]. Therefore, to avoid the
incorrect linearity assumption [16,17], and make our results more
comparable with published prognostic studies of colorectal cancer,
we categorized age, using cut-offs commonly used in cancer
epidemiology [5,34,43]. Future research should expand the
existing multi-state models to include flexible modelling of non-
linear effects of continuous prognostic factors, using fractional
polynomials [44] or splines [42]. Finally, the modern methods for
assessing models’ goodness of fit, such as pseudo-residuals for
traditional (single-endpoint) survival analyses [45] or methods
developed specifically for relative survival analyses [46], should
be adapted to relative survival multi-state models. Current
software for MRS and MKVPCI models does not allow an accurate
assessment of goodness-of-fit. Future research should adapt recent
approaches for assessing goodness-of-fit, such as pseudo-residuals
for traditional (single-endpoint) survival analyses [45] or methods
developed specifically for relative survival analyses [46], to relative
survival multi-state models. On the other hand, the robustness of
our MRS model results is suggested by the similarity of the point
estimates, and consistency of their statistical significance, obtained
in both (i) the independent analyses of two cancer registries, and
(ii) and the split-sample validation.

In conclusion, our analyses demonstrate how relative survival
multi-state modelling [19] can offer new important insights
regarding recurrence and disease-specific mortality in colorectal

cancer. This approach allowed us to fully account for the role of
cancer recurrence, which is an important event in the evolution of
cancer. It also helped us separating effects of prognostic factors on
(a) recurrence vs mortality before or after recurrence, and (b)
cancer-specific vs natural, all-causes mortality. These results
provide clinicians with more precise information on patients’
profiles and their risks of recurrence or death and, thus, may help
improve prognosis, therapeutic approaches and follow-up proce-
dures. We believe that relative survival multi-state modelling [19]
may help refining future prognostic studies of other cancers.
Finally, this approach could allow to estimate the effects of
biomarkers, potential marker of the efficacy of a treatment, on
cancer-specific mortality.
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