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a b s t r a c t

Background: This study was designed to identify the prognostic factors associated with two types of
relapses of breast neoplasms. The aim of this study was to evaluate the association between two possible
relapses for the increased incidence of distant metastases observed in patients with local relapses in-
juries, using multivariate statistical models.
Design: And Setting: A population-based cohort study that was designed as a single center: the cancer
research center, Shahid Beheshti University of medical sciences.
Methods: This study was conducted on 1815 patients with breast cancer having age of 22 or more. This
study considers the analysis of recurrence and survival by joint modeling of three correlated outcomes:
local recurrence, distant recurrence (metastasis) and death. The goals are to find out the effects of
treatments on recurrences and death, the effects of relapses on death and the correlation between local
and distant recurrences.
Results: According to obtained results of the fitted models, the risk of local and metastatic relapses or
death increased for patients with at least one positive lymph node (Nþ) or for patients with a grade
greater than I. Also, the variable HRþ was significantly associated with the hazards of locoronal, meta-
static recurrence and the death for both reduced and proposed models (P < 0.05).
Conclusions: We concluded that if the association between these outcomes are not taken into account,
we may lose important information. Given the small number of recurrent events, these results should be
considered with caution.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In many research settings, the event of interest can be experi-
enced more than once per subject. Such outcomes have been
termed as recurrent events. Such data occur often in longitudinal
follow-up studies. Examples of recurrent events include repeated
hospitalizations, bladder tumor recurrence times among patients in
a randomized treatment trial and recurrent heart attacks [1,2]. For
recurrent event data, there are various models proposed in the
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literature of survival analysis, including conditional intensity
models [7e9], marginal intensity models, the frailty model
approach and marginal means and rates models [10,11]. In many
applications, however, there may exist a dependent terminal event
such as death that stops the follow-up. For example, patients may
experience recurrent hospitalizations which are terminated by
death. Such a terminal event is likely to be strongly correlated with
recurrent events of interest and should be accounted for in the
analysis. For recurrent event data in the presence of a terminal
event, the existing methods generally fall into two approaches
frailty methods and marginal methods. Frailty models use frailties
or random effects to account for the correlation between the
recurrent and terminal events. For example, Huang and Wang
(2004) provided a shared frailty model with proportional intensity
and proportional hazards for recurrent events and the terminal
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event, respectively [12].Kalbeisch and Schaubel studied a joint
semi-parametric model in which a shared gamma frailty is used to
account for the correlation between the recurrent event rate and
terminal event hazard function [13]. Cook et al., provided various
classes of robust methods for modeling the recurrent event mean
with a terminating event [14].The impact of two types of re-
currences on the survival of patients with breast cancer has been a
matter of contention for the recent decades [3,4]. The explanation
of prognostic factors and their effect are critical formaking progress
in the prevention of disease and treatment. The occurrences of local
and metastatic recurrences may provide information about the
declining of patient's health. These recurrent events and a terminal
event can be rather explained by prognostic factors such as bio-
logical measurements or characteristics of the patients associated
with the tumor size or the environment [15,16]. Various prognostic
factors that for which we do not have measurements in the clinical
dataset must be added to explain the progression of the disease. A
model that can deal with non-observed factors that can explain
heterogeneity of data, correlated recurrent event times with a
dependent terminal event time is needed. This leads us to the
proposed joint frailty model in this article.

In many published trials, adjuvant chemotherapy was associ-
ated with decreased local and distant recurrence rates and also
with an increased recurrence-free survival rate, but not an
increased overall survival rate. Montagna et al. showed that after a
locoronal relapse, there is a high risk of experiencing a metastatic
event [5]. O'Shaughnessy showed a strong link between a meta-
static relapse and death [6].

In this article, we consider two different types of recurrent
events which could be associated. Moreover, death is considered as
a dependent terminating event for the relapses, it is necessary to
analyze these recurrent events jointly with the terminal event to
make valid inferences.

A joint frailty hazard model is developed for joint-modeling of
three correlated time-to-event outcomes: (1) local recurrence, (2)
distant recurrence, and (3) overall survival. The term frailty is
introduced to model population heterogeneity. The dependence is
modeled by conditioning on a shared frailty that is included in the
three hazard functions. Independent variables can be included in
the model as covariates. This study aimed to investigate the
applicability and performance of a joint frailty model, comparing it
with three reduced models with using a breast cancer data set.

2. Methods

2.1. Study population

This rstry-based retrospective cohort study was conducted at the
Shahid Beheshti Breast Cancer Research Center, using medical re-
cords. Eligibility criteria required subjects to be female, patients with
a definite diagnosis of breast cancer who were followed up at Sho-
hada Tajrish Hospital for at least 6 months after surgery. Outcome
informationwas sought from the patient's clinicians or their General
Practitioner. The follow-up period was 18 years after initial surgery
from January 1998 until February 2016. However, there was no way
to identify patients with recurrence after 18 years unless they visited
this hospital for treatment. In order to avoid the possibility of not
receiving information of patient recurrence or death of any cause, we
contact them so that we can accurately update our records. In this
follow-up period, we identified 2235 recurrent breast cancer that
were separated based on the type of recurrence.

Data collected included: age at diagnosis how their breast cancer
was discovered, tumor size, grade, lymph node involvement (node:
Nþ or N�), the positive status of hormone receptors (HRþ or HR�),
their surgery, HER2, tumor histopathology, adjuvant treatment(s)
received and their outcome at last follow up were considered. Tu-
mor histology was classed as invasive ductal cancer (IDC), invasive
lobular cancer (ILC), special (mixedhistologies, medullary, colloid,
tubular and adenoid cystic carcinomas) and other (micropapillary. A
micrometastasis in a lymph nodewas classed as a positive node, but
isolated tumor cells was classed as a negative node. The physician
collected data available in the patient's medical record, and results
of parameters systematically evaluated for the management of the
patient's disease. HER2 or human epidermal growth factor receptor-
2 is a protein and if its rate is abnormally raised at the surface of the
tumoral cells, then the tumor is classified HER2þ. The positive HER2
status was tested in the centralized laboratory based on ISH result
(FISH, CISH or SISH) described according to the IHC result. A tumor
was considered HR þ if more than 10% of tumor cells were positive
by immune histochemical analysis. Data were entered by the in-
vestigators in electronic forms and transferred to the centralized
database. Exit criteria in this study were including incomplete in-
formation for each patient that these observations were made due
to a defect in medical records and patient pathology reports. Also,
patients who have been followed up for up to five months and
variables that overlap with the results of the research were
removed, then four hundred and twenty patients were excluded.
Finally, a total of 1815 patients were included in the study. Patients
from the time of breast-conserving surgery were considered at risk
of recurrence or death.

The primary endpoint was to describe clinical and tumor char-
acteristics of patients with metastatic or locally advanced breast
cancer, and progression-free for at least 3 years after initiation of
1st-line therapy with trastuzumab. Analysis of potential prognostic
factors of long survival and tolerance of types of treatments;
presence or not of metastases and local relapse. The dominant
recurrent site was categorized as follows: soft tissue dominant
disease (local recurrence to the skin, chest wall, lymph nodes, or
breast); bone dominant disease (bone metastases with or without
soft tissue involvement); and visceral dominant disease (metasta-
ses to organs with or without bone or soft tissue involvement).

We shall first describe the raw data, then, we will examine the
further informationwhich can be obtained by using amathematical
model.
2.2. Classification of groups

Tumors were classified by immunohistochemical staining (IHC)
according to St. Gallen subtypes as follows: luminal A (ERþ and/or
PRþ, HER2 and Ki67% < 30%), luminal B HER2(ERþ and/or PRþ,
HER2and Ki67% � 30%), luminal B HER2þ(ERþ and/or
PR þ andHER2þ), HER2-neu non-luminal (ER/PR and HER2þ) and
basal-like (ER/PR and HER2). ER/PR status was determined by IHC.
Tumors were considered ERþ and PR þ if>1% staining. Tumors
were considered HER2þif they scored 3 þ by IHC. In cases of a
HER2score of 2þ, tumors were considered HER2þ if FISH or SISH
showed HER2 gene amplification. Tumors with 2 þ scores, where
FISH/SISH wasn't undertaken were excluded.
2.3. Joint frailty model for disease recurrences and survival

For a breast cancer patient i (i¼ 1, 2,,, n), denote the numbers of
local and distant recurrences by ni and n

0
i, respectively, which it will

be zero if there is no relapse for the patient. We consider here three

time to event responses for patient i denoted by ðfT1ijgni

j¼1;fT2ij0 g
n0
i

j0¼1;

T3iÞ, where T1ij is the time from surgical resection of the tumor to
the jth local relapse for the ith patient, T2ij0 is the time from surgical
resection of the tumor to the jth distant relapse, and T3i is survival
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time, which is defined as the time from surgical resection of the
tumor to death or last follow-up. The hazard functions for the triple
failure times are [19]:

Local
Metastasis

Death

8>>>>><
>>>>>:
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�
t1ij0

�
¼ h2
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t1ij0

�
exp

�
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i þ a1q1i þ a2q2i
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where h1ðtÞ;h2ðtÞ;h3ðtÞ are unknown baseline hazards for local
recurrence, distant recurrence, and survival, respectively; ZðLÞ, ZðDÞ

and ZðSÞ are vectors of covariates associated with local recurrence,

distant recurrence, and survival, respectively, and bT1; b
T
2; b

T
3 are

corresponding regression parameter vectors. The effects q1i and q2i
act on local recurrence time T1 and distant recurrence time T2,
respectively. Thus, it is not presumed that patient effect is the same
for both local and distant recurrences; a1;a2 are regression pa-
rameters on q1i; q2i, respectively [17]. It implies that there is a
positive correlation between local (distant) recurrence and survival
if a1 > 0 (a2 > 0). The P coefficient represents the correlation be-
tween q1i (local recurrences) and q2i (distant recurrences). Thus,
P> 0 implies that there is a positive correlation between local and
distant relapses.

We proposed here joint frailty models with parametric Weibull
functions that directly use the maximum likelihood estimation
method for estimating parameters.
Table 1
Frequency distribution of characteristics in patients with breast cancer

Variable Mo

Family history No
Fir
Sec
Mi

Surgery BC
Ma
Mi

Tumor Stage I
II
III
IIII

Grade I
II
III
Mi

Chemotherapy Ye
No

The number of involved lymph nodes 0
1e
3e
>1
Mi

Hormone therapy Wi
Tam
Let
Oth
Mi

HR status HR
HR
Mi

HER2 Ne
Po
Mi

IHC result 3þ
2þ
Mi
2.4. Application to breast cancer patients

Duration of follow up was from the date of the patient's (first)
surgery to the date of their last follow up. Maximum follow up was
from January 1998 to February 2016. Subject, tumor and treatment
factors were examined to identify factors associated with an
increased risk of two types of recurrence and death.

We consider here two different types of recurrent events which
could be associated. Moreover, death is considered as a dependent
terminating event for the recurrences, it is necessary to analyze
these recurrent events jointly with the terminal event tomake valid
inferences. The use of the proposed joint frailty model is justified
with such data. The coefficients a1 and a2 indicate the sign of the
association whether a type of recurrent event, locoronal or/and
metastatic recurrences and death are significantly negatively or
positively associated. The variances of the random effects (ui, vi)
measure also the association between the two types of recurrent
events and death and also whether there are inter relapse de-
pendencies. With such a method, we are able to assess the asso-
ciation between local and distant recurrences of BC and death, and
secondly the interrelapse dependency. The analysis was performed
using R software (version 10.3.2).
3. Results

3.1. Data

Patient's age in this study was between 22 and 84 years with
mean and standard deviation 47.84,11.75 respectively. 12.9% of pa-
tients had stage I of a disease, (49.1%) Stage II, (35.4%) Stage III and
.

dalities n(%)

1089(60)
st degree 276(15.2)
ond-degree 368(16.7)
ssing 145(8.1)
S 1071(59)
stectomy 653(36)
ssing 91(5)

236(12.9)
889(49.1)
642(35.4)
47(2.6)
196(10.8)
926(51)
604(33.3)

ssing 87 (4.8)
s 1751(96.5)

64(3.5)
601(33.1)

3 635(35)
10 397(21.9)
0 143(7.9)
ssing 38(2.1)
thout hormone therapy 10(2.9)
oxifen 1511(83.3)

rozole 138(7.6)
er hormonal treatments 101(5.6)
ssing 11(0.6)
þ 1026(57.2)
- 766 (41)
ssing 23(1.8)
gative 1325(73)
sitive 272(15)
ssing 218(12)

962(50.9)
217(14.1)

ssing 635(35)
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only 2.6% of patients were in stage IV of disease (the most
dangerous stage of the disease). Frequency distribution of variables
in this study is presented in Table 1. The median follow-up period
created with the inverse Kaplan-Meier method was 30.57 months
with a range of 6e187 months. A total of 1161 (64.1%) patients did
not have a recurrence, of which 474 (19.7%) died. A total of 273
(25.5%) patients experienced a metastatic recurrence, 177 (16.5%)
had one locoronal recurrences, and 10 (<1%) had two locoronal
recurrences. In fact, 129 (12.1%) patients had a metastatic recur-
rence before dying, whereas 9 (<1%) patients had a locoronal
recurrence before death. Moreover, 78 (7.3%) patients had a
locoronal recurrence, then a metastatic recurrence and then died.
During the follow-up, 332 (31.0%) patients had died, and the
remaining patients were alive (censored) at the end of the follow-
up. We assumed this censoring was independent of any type of
recurrences or death. Most patients, followed over a long time, died
after a distant metastasis. Their number is almost 14 times bigger
than the number of patients died after a locoronal recurrence. This
implies that distant metastasis is a fatal event. We applied the
Table 2
Analysis with multivariate frailty and reduced models of the locoronal and metastatic re

Variables Modalities

For local relapses
Age (ref: >55 years) �40 years

>40 years and ≤55 years
Grade (ref: I) II

III
The number of involved lymph nodes (ref: 0) 1e3

3e10
>10

Tumor size (ref: <20mm) ≥20mm
HER2þ(ref: No) Yes
Type of surgery (ref: BCS) mastectomy
Radiotherapy(RT) (ref: No Radiotherapy) Radiotherapy
Use of trastuzumab (ref: No use) Use of trastuzumab
Chemotherapy (ref: No Chemotherapy) Chemotherapy
hormone therapy (ref: No hormone therapy) hormone therapy
For metastatic relapses
Age (ref: >55 years) ≤40 years

>40 years and ≤55 years
Grade (ref: I) II

III
The number of involved lymph nodes(ref: 0) 1e3

3e10
>10

Tumor size (ref: <20mm) ≥20mm
HER2þ(ref: No) Yes
Type of surgery (ref: BCS) mastectomy
Use of trastuzumab (ref: No use) Use of trastuzumab
Chemotherapy (ref: No Chemotherapy) Chemotherapy
Radiotherapy(RT) (ref: No Radiotherapy) Radiotherapy
hormone therapy (ref: No hormone therapy) hormone therapy
For death
Age (ref: >55 years) ≤40 years

>40 years and ≤55 years
Grade (ref: I) II

III
The number of involved lymph nodes(ref: 0) 1e3

3e10
>10

Tumor size (ref: <20mm) ≥20mm
HER2þ(ref: No) Yes
Type of surgery (ref: BCS) mastectomy
Use of trastuzumab (ref: No use) Use of trastuzumab
Chemotherapy (ref: No Chemotherapy) Chemotherapy
hormone therapy (ref: No hormone therapy) hormone therapy
q¼ var(ui) (SE)
h¼ var(vi) (SE)
a1 (SE)
a2 (SE)
r (SE)
proposed model to analyze the different relapses and survival
among these patients.

3.2. Results with joint and reduced models

The results are provided in Table 2. According to all the fitted
models, the proposed and the reduced models, the risk of local,
metastatic relapses, or death increased for patients with at least one
positive lymph node (Nþ) or for patients with a grade greater than I.
For all models fitted, the risk of death was not significantly different
for patients younger than 40 years versus those older than 55 years,
but it was significantly lower for individuals aged between 40 and
60 years compared to those older than 55 years. The risk of meta-
static or locoronal relapses increased for individuals younger than
40 years compared to those older than 55 years. Tumor size
(>20 mm) has a significant effect on the risks of these three events.
The reducedmodel did not detect the effect of tumor size for the risk
of local recurrences. The risk of locoronal andmetastatic recurrences
was higher for HER2þ patients, but no association was found with
currences and death for breast cancer patients.

Proposed (piecewise constant) Reduced

HR (95% CI) HR (95% CI)

2.86 (1.76e4.64) 2.59 (1.77e3.93)
1.32 (0.94e1.86) 1.46 (1.07e1.99)
1.63 (1.15e2.30) 1.81 (1.21e2.69)
2.05 (1.33e3.17) 1.84 (1.18e2.92)
2.45 (1.49e4.03) 1.41 (1.04e1.91)
4.18 (3.67e7.32) 2.96 (1.55e4.09)
7.61 (4.07e12.73) 5.83 (3.52e9.06)
1.61 (1.15e2.25) 1.34 (0.98e1.86)
1.83 (1.18e2.82) 1.59 (1.09e2.34)
0.63 (0.12e1.89) 0.93 (0.15e0.99)
0.58 (0.14e0.97) 0.81 (0.37e2.43)
0.34 (0.14e0.93) 0.76 (0.25e1.39)
0.89 (0.47e1.25) 1.28 (0.93e2.41)
0.76 (1.48e2.41) 1.16 (0.87e1.55)

2.81 (1.31e6.03) 1.85 (1.29e2.67)
0.80 (0.49e1.29) 1.09 (0.84e1.42)
2.79 (1.53e5.09) 1.63 (1.16e2.31)
4.56 (2.26e9.20) 1.89 (1.29e2.78)
3.47 (2.15e5.59) 1.99 (1.53e2.59)
5.68 (2.97e8.12) 3.26 (2.05e5.74)
9.41 (5.42e14.83) 7.23 (4.02e10.27)
3.95 (2.37e6.60) 1.55 (1.11e2.15)
2.19 (1.10e4.34) 1.76 (1.36e2.28)
1.84 (0.74e3.27) 2.41 (1.34e5.06)
0.94 (0.68e1.30) 0.96 (0.65e1.41)
1.17 (0.93e1.47) 1.07 (0.75e1.53)
0.81 (0.57e1.15) 0.72 (0.25e1.93)
0.47 (0.22e1.31) 1.51 (1.20e1.90)

1.22 (0.39e3.80) 0.94 (0.64e1.38)
0.29 (0.14e0.59) 0.66 (0.51e0.84)
4.59 (1.79e11.74) 1.70 (1.24e2.31)
14.78 (4.76e45.90) 2.36 (1.67e3.33)
4.33 (2.06e9.08) 1.74 (1.37e2.19)
4.28 (1.57e7.16) 5.26 (3.75e8.79)
12.71 (6.92e19.13) 8.23 (4.02e13.67)
5.92 (2.53e13.86) 1.61 (1.27e2.04)
2.10 (0.75e5.85) 1.33 (0.97e1.83)
1.27 (1.03e2.84) 2.71 (1.16e4.31)
3.58 (1.92e6.23) 2.58 (0.77e5.31)
2.82 (1.73e5.02) 1.96 (0.47e3.64)
1.87 (0.23e3.07) 2.06 (0.97e5.14)
1.10 (0.11)
7.39 (0.63)
�0.25 (1.45)
1.66 (0.59)
0.99 (0.01)



Fig. 1. Baseline hazard functions for locoronal, metastatic, and death processes after a
breast cancer obtained by fitting proposed multivariate frailty models.
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the risk of death. The proposed models showed that the risk of
locoronal, metastatic relapses, or death increased for patients with
tumors greater than 20 mm in the reduced models, we observed
only a significant effect of tumor size for the risk of metastatic re-
currences and death; but it was not significant for the risk of local
relapses. Also, baseline hazard functions for locoronal, metastatic,
and death processes after a breast cancer obtained by fitting pro-
posed multivariate frailty models are shown in Fig. 1. According to
the obtained results, we observed an underestimation in the
regression coefficient in the reduced models, particularly for the
death hazard function. For the proposed models, the parameters h
and a2 are both high and significantly different from zero, this
means that there was a positive and strong association between the
risk of metastatic relapses and death. The parameter q was signifi-
cantly different from zero too, but the parameter a1 was not. This
means that there were interrelapses association and no dependency
between the risk of death and the risk of locoronal relapses.

4. Discussion

In this paper, we presented a joint frailty model with two
correlated random effects to model two types of recurrent events
simultaneously with a dependent terminal event (death). The
proposed model was able to indicate the dependency among the
two types of recurrent events for right-censored data, but it can
also handle the association between recurrent and terminal events
too. We can express that the approach works well for practical
situations in this study and was better than using three distinct
reduced models (shared frailty models for the recurrent events and
a cox model for a terminal event). This approach accounts for de-
pendencies among outcomes, inter-relapse dependencies, and
unobserved heterogeneity in data. As observed in the context of
shared frailty models, the latent frailties can arrange anything that
improves the fit of the model. The variable HRþ was significantly
associated with the risk of locoronal and metastatic recurrences,
and death for all fitted models (P < 0.05). The time-varying effect of
this variable has also been noticed in Dignam et al. [18] The cor-
relation coefficient rwas significantly high and different from zero,
indicating a strong association between the risk of locoronal re-
lapses and the risk of metastatic relapses. The dependencies ob-
tained here confirmed what we found in Refs. [5,6,20].

One key advantage of this proposed approach is that different
covariate effects can be assessed by the two parts of recurrence
hazard functions or death hazard function; these covariates can be
time-dependent or independent. In addition, they also provide
information on whether one or both types of recurrences can be
used as substitute endpoints for overall survival [21,22]. We noticed
that locoronal relapses and death are related events. We did the
same joint analysis with distant metastasis and death and we
conclude that these two events are also associated. We may
conclude that if we omit to consider the distant metastasis events
in the analysis, we can conclude that locoronal relapses and death
are highly associated, which is not totally true. Again, this shows
the value of the proposed model which can deal with the whole
data information and provide direct dependencies between events
[23,24]. Convergence of the model could be hard to obtain in data
with few events. However, convergence could be reached when the
number of parameters to estimate decrease [26,27]. This study
gives estimates of incidence and mortality rates in epidemiology,
which are meaningful for clinicians. We also use the maximum
likelihood estimationmethod. In several articles such as Huang and
Liu, the estimation method used is a type of the expectation-
maximization (EM) algorithm which does not provide a direct
variance estimator of random effects [25,28]. According to few
numbers of recurrent events observed in this work, several multi-
state models could be investigated. Moreover, to use the same in-
formation as in our method, the number of severities which should
be modeled to consider all potential states would be high and may
lead to computational issues. Many other applications could be
adapted to the proposed multivariate model, for instance when we
want to study simultaneously three types of competing causes of
failure (e.g. competing risk of death) or whenwe want to study the
evolution of a patient's state over time, after an admission in an
intensive care unit (ICU), to study infections, discharge of alive
patients or death in ICU. In analyses of the natural history of cancer,
there is great interest in a dynamic prediction of death, that is, in
the computation of the predictive distribution of death at a certain
moment in time, given the history of events (local or distant re-
lapses) and covariates until that moment. These predictions and a
measure of their accuracy are in progress, they may provide valu-
able insight for future research.
5. Conclusions

In conclusion, in this large population-based sample of breast
cancer women, we found positive associations between multiple
recurrences and death. In other words, we concluded that proposed
models have properly converged. In addition, in our application,
few repeated occurrence of both types, local and distant re-
currences were seen. Hence, the frailties reflect more linkage be-
tween locoronal recurrences and death or between metastasis and
death, than a within-patient dependence. On the other hand, these
results should be considered with caution, given the small number
of recurrent events.
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