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SUMMARY

Failure time data may consist of the observation of an event whose cause is unknown due to the censor-
ing or lack of a second event that could identify the cause of the �rst event. Standard competing-risks
methodology does not apply to this setting because the cause of the event is not always identi�able.
Moreover, one cannot assume that the entire population will eventually experience the event of interest,
and the observation is potentially censored for all patients. The model that we describe in this arti-
cle is motivated by a breast cancer clinical trial conducted by the International Breast Cancer Study
Group (IBCSG). Because some breast cancer adjuvant treatments for premenopausal patients who have
undergone surgery cause the interruption of menses, or amenorrhoea, it is of interest to describe the pro-
cess by which menses discontinue and resume after treatment is completed. The process is complicated
by the fact that natural menopause also occurs in the patient population, and that treatment-induced
amenorrhoea is not distinguishable from menopause unless menses are observed to resume after treat-
ment completion. We discuss a parametric model for the time to amenorrhoea and for the time to the
recovery of menses, also accounting for the presence of censoring and for the possibility that treatment
causes an anticipation of natural menopause. Copyright ? 2005 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The use of some breast cancer adjuvant treatments for premenopausal women who have
undergone surgery may interrupt menses, but little is known about the process by which
menses stop and resume post-treatment, or how the process of natural menopause may be
a�ected by these treatments. The demand for this information is growing because nearly a
quarter of all patients diagnosed with breast cancer are still in their child-bearing years, and
the number of breast cancer diagnoses among young women continues to increase [1]. Recent
indications that pregnancy after breast cancer may have a protective e�ect on the patient also
emphasize the necessity for a better understanding of the time to resumption of menses [2].
Because breast cancer survivors have also been shown to experience an increased risk of
early menopause after chemotherapy, many women are concerned about the risks of early
onset of osteoporosis and heart disease, in addition to hot �ashes and sexual dysfunction [3].
Regardless of what information breast cancer patients are seeking before selecting a treatment,
data suggest that regardless of age or disease stage, patients worry about the impact that
adjuvant treatments could have on their fertility [4], and that the lack of information about
fertility loss imposes a negative psychosocial impact on the patient [5].
In this paper we develop a model for the analysis of the time to treatment-induced

amenorrhoea (TIA) and of the time to resumption of menses after treatment for patients
enrolled in a breast cancer clinical trial in which they receive treatment that may temporarily
interrupt menses. The model incorporates parametric assumptions about the distribution of the
age at entry and of the age of natural menopause in the potential patient population before
the eligibility requirement that the patients be premenopausal is enforced.
For the patients who enter the study our approach is based on age-adjusted cure-rate models

for both times to TIA and to recovery of menses [6]. Cure-rate models are a natural choice
for describing these events since not all patients experience TIA when undergoing treatment
and not all patients who experience TIA recover their menses. Cure-rate models have become
popular for analysing data from clinical trials because sometimes not all patients are suscep-
tible to the outcome of interest, even if complete follow-up is possible. Therefore, it is of
interest to estimate the proportion of patients who do not experience an event after extended
follow-up and the latency of those patients that are not cured.
Several methods have been developed for the cure-rate model in its original formulation.

Testing for di�erences in cure rates has been addressed by Gray and Tsiatis [7], who developed
a test that focuses power against late di�erences in the survival distributions. Laska and
Meisner [8] developed a non-parametric test for the equality of the cure rates, and Chen
et al. [9] developed a Bayesian cure model that incorporates a proportional hazards structure
to the model. Peng et al. [6] proposed a generalized F distribution for the latency, and
Farewell [10] proposed using the logit link to model the cure proportion.
In the setting that we discuss here, the quantities of interest are observed only partially,

both because of censoring (due to administrative reasons or by other events) and because it is
not possible to distinguish between a temporary cessation of menses and the onset of natural
menopause, unless menses are observed to resume after the cessation. These complications
require the careful speci�cation of the likelihood contribution associated with each of the
several possible observed data con�gurations. The likelihood function is then maximized to
obtain parameter estimates which can then be used to derive model-based quantities of interest.
It should be noted that this is the �rst attempt at modelling menopause and TIA as separate
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and clearly de�ned age-dependent outcomes for cancer patients. The model also incorporates
the possibility of an acceleration of time to natural menopause due to chemotherapy treatment.
In Section 2 we describe the model in detail. In Section 3 we �t the model to data arising
from a clinical trial conducted by the International Breast Cancer Study Group (IBCSG),
which motivated this work. We close with some discussion in Section 4.

2. THE MODEL

Assume that Z is a random variable describing the age at study entry of breast cancer and
that M denotes the potential age at natural menopause of patients in the study. Suppose C is
the censoring time from randomization, and Txend represents the time from randomization to
treatment end. Also, assume that A1 is the random variable for time from randomization to
TIA, and A2 is the random variable for time from treatment end to recovery of menses.
The patient population is premenopausal, and thus there is a dependence between age at

entry (Z) and potential age of menopause (M) among patients in the study, since it is required
that Z¡M .
We assume that before selection into the study, Z follows a normal distribution with

parameters (�Z ; �2Z) with density fZ given by �Z(·), the normal density. Further, we assume
that the joint distribution of M and Z , fM;Z(m; z), is bivariate normal, with support {Z¡M}
for the patients who are enrolled in the study. We assume that Z and M are independent before
enrolment in the study. De�ning I(z¡m) to be the indicator that patients are premenopausal
(1) or not (0), for patients who enter the study we therefore have

fM;Z(m; z |Z¡M)= fM;Z(m; z)I(z¡m)
P(Z¡M)

Integrating over the possible values for M , the distribution of age for patients eligible for
the study is

fZ(z |Z¡M)= �Z(z)[1−�M (z)]
�Z−M (0)

Note the random variable Z −M is a normal random variable with mean equal to �Z − �M
and variance equal to �2Z + �

2
M . One can derive fM (m |Z¡M) in a similar manner.

It can be shown that the CDF for M given that Z = z and that a patient is enroled in the
study is

FM (m |Z = z; Z¡M)= �M (m)−�M (z)
1−�M (z) ; z6m

We assume that the distribution of the time from randomization to TIA, A1, follows a
cure-rate model. That is, we assume that it is equal to +∞ with probability (1−�) and that it
has density fA1 (a1) with probability �, where fA1 (·) has support [0; Txend]. In particular, we
assume that, conditionally on being �nite, A1 follows a truncated Weibull distribution with
parameters �1 and c1, with �1 and c1¿0:

P(A16a1 |Z¡M)=

⎧⎪⎨
⎪⎩

1− e−(a1=�1)c1
1− e−(Txend=�1)c1 06a16Txend

1 a1¿Txend
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Lastly, assume that the distribution of the time from end of treatment to recovery of menses,
A2, depends on the value of A1 only through the indicator function I(A1¡+∞), and that it
is equal to 0 if A1 = +∞ with probability 1, since resumption is not de�ned if TIA did not
occur. If A1¡+∞ (and therefore A1¡Txend), then A2 is assumed to also follow a cure-rate
model, with probability (1− �) of being equal to +∞, and (if A2 is �nite) with density fA2
where fA2 is also a Weibull distribution, with parameters �2 and c2, also positive.
Note that the occurrence of TIA is indistinguishable from the occurrence of natural

menopause, so the occurrence of the former can only be con�rmed if resumption of menses
is observed.
The observed data for a patient of age z can be written as (X; �; z), with X=(X1; X2; X3),

where X1 represents the observed time from study entry to a cessation of menses before
treatment end, X2 represents the time from treatment end to a recovery of menses before C,
X3 represents the time from treatment end to a cessation of menses before C. If an event is
not observed, the corresponding random variable is set equal to +∞. The variable � indicates
one of the seven possible observed con�gurations of X1; X2, and X3, shown in Figure 1,
where the y-axis indicates whether a cessation of menses is occurring (1) or not (0).
The �rst type of menses pattern is indicated by �=1, and the corresponding observed

data can be written as (X1;+∞;+∞); this con�guration only contains the information that
the value at X1 could either be TIA from which the patient does not recover prior to C, or
permanent menopause masked by the treatment e�ect.
When we observe (X1; X2;+∞), the assigned indicator for � is 2. Because a patient with

this con�guration has a recovery of menses after treatment end, one knows that the cessation
of menses that was observed at X1 is treatment induced, rather than natural menopause.
The observation of (X1; X2; X3) is equivalent to having observed all three events prior to

censoring. A patient enters the study, achieves TIA, recovers her menses, and then experiences
a second cessation which must therefore be natural menopause. This pattern is represented by
�=3, and it conveys precise information about A1; A2, and M .
When a patient does not experience TIA, and menopause is not observed during the

follow-up after treatment end until C, the observed information is written as (+∞;+∞;+∞).
We denote this situation by �=4.
If a patient’s menses are observed to stop for the �rst time between the end of treatment

and the censoring time, the cessation can no longer be treatment induced, and it is therefore
attributed to natural menopause, M . The observed data for that situation, (+∞;+∞; X3), is
represented by �=5.
Note that it seems reasonable to censor a patient’s information if they experienced an event

that is likely to in�uence their menses. These ‘intervening events’ may include hysterectomy,
oophorectomy, disease recurrence, death, pregnancy, and undergoing systemic treatment that
could in�uence menses. In general, censoring due to one of these events (denoted by C) may
occur before treatment end. Two additional observed con�gurations must therefore be added,
as shown in Figure 1.
For those patients who are censored before treatment end and who never experience TIA

during that time, the observed data con�guration is indicated by �=6, and it is represented
by (+∞;+∞;+∞). This situation is very similar to the situation when �=4.
Also, patients may experience a cessation of menses with censoring after X1 but before

treatment end. Their con�guration is denoted by �=7 and their observed information is
written as (X1;+∞;+∞). This scenario is similar to the pattern labelled as �=1.
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Figure 1. Possible observed data patterns, with associated value of the variable �. The x-axis shows
the time from randomization, while the y-axis represents the indicator of whether a cessation of

menses is occurring (1) or not (0).

It should be noted that not all of the �rst �ve settings described above are a�ected by early
censoring. When � is equal to 3 or 5, the cessation the occurs at X3 is de�ned to be natural
menopause, an event after which recovery is not possible. Early censoring when �=2 only
censors information on the age at menopause.
The cure rate for the distributions of time to TIA (A1) and time to recovery of menses

(A2) are expected to change greatly with the age at entry of the patient. These age e�ects
can be added into the model, for example, via the logit link. In the application described in
Section 3 we will treat age as a continuous random variable for the estimation of �, but we
will categorize it for the estimation of � into the intervals (0; 40); [40; 45); [45;+∞). Note that
the reference group here is [45;+∞). Thus,

�(z)=
e�1+�2z

1 + e�1+�2z
and �(z)=

e�1+�2I(z¡40)+�3I(406z¡45)

1 + e�1+�2I(z¡40)+�3I(406z¡45)

Evidence that some chemotherapeutic agents (such as the CMF regimen in the IBCSG trial)
may cause early menopause in premenopausal breast cancer patients suggests, including in the
model, the possibility of a relationship between age at study entry and natural menopause. So
far, we have assumed that prior to entry in the study, M ∼N(�M ; �2M ) and that for a patient
entering the study at age z, the age at natural menopause is unchanged by the treatment.
We can enlarge the model by introducing a new random variable, MPR, to denote post-
randomization age at menopause.
We can de�ne MPR(Z;M)=Z + k(M −Z) for k ∈ (0; 1]. In general, we expect z¡mPR6m,

and if there is no e�ect of treatment on age at menopause, then conditionally on being
premenopausal when entering the study at age Z = z, the two random variables (M and MPR)
are identical, or k=1.
Because of the de�nition of M , the distribution of MPR can be easily obtained as

fMPR (mPR |Z = z;M; Z¡M)= 1
k
fM

(
mPR − (1− k)z

k

∣∣∣∣Z = z; Z¡M
)
; mPR¿z
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After careful consideration of all the events that produce each of the data con�gurations,
each individual’s contribution to the likelihood, f(x; �), can be written as one of the following,
depending on her observed data con�guration:

f(x; 1) =fMPR (x1 + z |Z = z; Z¡M){�(z)[FA1 (Txend)− FA1 (x1)] + (1− �(z))}

+ �(z)fA1 (x1){[FMPR (Txend+ z |Z = z; Z¡M)− FMPR (x1 + z |Z = z; Z¡M)]

+ [1− FMPR (Txend+ z |Z = z; Z¡M)][1− �(z)FA2 (c − Txend)] + �(z)V}

f(x; 2) = �(z)fA1 (x1)�(z)fA2 (x2)[1− FMPR (c+ z |Z = z; Z¡M)]

f(x; 3) = �(z)fA1 (x1)�(z)fA2 (x2)fMPR (x3 + z + Txend |Z = z; Z¡M)

f(x; 4) = (1− �(z))[1− FMPR (c+ z |Z = z; Z¡M)]

f(x; 5) = (1− �(z))fMPR (x3 + z + Txend |Z = z; Z¡M)

f(x; 6) = [�(z)(1− FA1 (c)) + (1− �(z))][1− FMPR (c+ z |Z = z; Z¡M)]

f(x; 7) = �(z)fA1 (x1)[1− FMPR (x1 + z |Z = z; Z¡M)]

+fMPR (x1 + z |Z = z; Z¡M)[�(z)(1− FA1 (x1)) + (1− �(z))]

where

V =
∫ kc+z(2−k)

kTxend+z(2−k)
fM (m |Z = z; Z¡M)e−(m−z(2−k)−kTxend=k�2)c2 dm

− e−(C−Txend=�2)c2 [FM (kC + z(2− k) |Z = z; Z¡M)− FM (kTxend+ z(2− k) |Z = z; Z¡M)]

For a given treatment arm the parameter �=(�M ; �2M ; �Z ; �
2
Z ; �1; �2; �1; �2; �3; �1; c1; �2; c2; k)

can be estimated from the observed data on the n patients (X= {(Xi ; �i; zi); i=1; : : : ; n}) by
maximizing the likelihood:

L(� | X)=
n∏
i=1

7∏
j=1
f(xi; j)I(�i=j)fZ(zi |Z¡M)

where I(�i= j) is de�ned as the indicator that �i is equal to j, j=1; : : : ; 7 for the ith
patient. The integral in f(x; 1) can be calculated using a Monte Carlo approximation, or using
numerical algorithms [11]. In our experience, the two approaches produced very similar
results.
The variance–covariance matrix of the maximum likelihood estimates can then be obtained

by inverting the estimated Hessian matrix, for example, by using the OPTIM function in
R [12].
We now describe the implementation of the full model to the IBCSG Trial VIII, which

motivated this work.
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3. APPLICATION: THE INTERNATIONAL BREAST CANCER STUDY GROUP
(IBCSG) TRIAL VIII

The International Breast Cancer Study Group (IBCSG) Trial VIII was designed to study how
premenopausal node-negative breast cancer patients respond to combination therapy. Patients
were randomized to four di�erent treatment arms and strati�ed according to oestrogen-receptor
(OR) status, whether radiotherapy was planned after surgery, and by the institution within
which they had been randomized. Arm A patients received no adjuvant therapy; Arm B pa-
tients received goserelin injections for 24 months; Arm C patients received CMF (chemother-
apy) for 6 months; Arm D patients received a combination of 6 months of CMF followed by
18 months of goserelin. There were 964 eligible patients available for our analyses, divided
into 42 patients on the no-treatment arm, 304 patients on the goserelin arm, 316 on the CMF
arm, and 302 patients on the CMF+goserelin arm. Median follow-up was 7 years. For a
detailed description of the study and its clinical �ndings, we refer the reader to International
Breast Cancer Study Group [13].
Figure 2 (left) displays a histogram of the ages at entry for Trial VIII. The mean age at

entry was 44.3 years and the variance of age at entry was 31.4. The median age at entry was
45.2 years. The histogram shows clearly the e�ect of the eligibility requirement (that patients
be premenopausal, or Z¡M) on the distribution of the age at entry of the patients in the study.
As part of the study, monthly menses data were carefully recorded during the �rst 36

months, and every 6 months after that point. These data were used to determine which of the
seven possible observable data con�gurations described in Section 2 occurred for each patient.
A patient’s monthly menses information was de�ned as normal, scanty, none, censored (by
an intervening event or cessation of follow-up), or missing (no response). These data were
collected very carefully, and missing menses information was minimal (2.4 per cent excluding
missingness due to censoring).
Within the �rst 36 months of follow-up, we de�ned a cessation of menses as the observation

of no menses, followed by a month of scanty=none=no response=censored menses, and then
a month of none=no response=censored menses. We de�ned a recurrence of menses as the
observation of normal menses, followed by any 2-month pattern that did not report ‘none’.
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Figure 2. Histogram of ages at entry Z in the population eligible for study entry (left) and �tted
bivariate normal for age at entry and potential age at menopause M (right). The solid line in the left
panel represents the graph of the estimated density fZ(z |Z¡M). The dotted line in the right panel
represents the line Z =M . The dashed lines correspond to the 95; 90, and 80 per cent con�dence

ellipses for the joint distribution of Z and M .
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Table I. Observed data con�gurations for Trial VIII.

� value

Treatment arm 1 2 3 4 5 6 7 Total

No treatment — — — 16 26 — — 42
Goserelin 105 86 77 0 0 2 34 304
CMF 248 10 11 21 19 6 1 316
CMF+goserelin 227 26 20 2 2 5 20 302
Total 580 122 108 39 47 13 55 964

Beyond 36 months from randomization, we de�ned a cessation as the �rst time point at
which there was an observation ‘no menses’ followed by no reports of normal menses. This
de�nition does su�er from dependence on each patient’s follow-up, but it seemed the most
reasonable to clinical experts. Similarly, beyond 36 months of follow-up, a recovery was
de�ned as the �rst time point at which normal and regular menses were reported. Because
menses information collected after 36 months was only collected every 6 months, we decided
to rely on only one time point to de�ne a recovery to maintain a similar de�nition to that used
for the events de�ned before 36 months. The forms asked the patient to summarize menses
from 3 months prior to the date of the assessment, so the actual date we used for each event
was 45 days prior to the date of the assessment.
Treatment end was de�ned to be equal to 0 for patients on the no-treatment arm, and

equal to the end of the clinical administration time plus 1 month for those patients receiving
treatment. This choice was made because it is conceivable that a cessation of menses in
the �rst month after the end of the treatment period could be caused by lingering e�ects of
treatment. Also, the timing of the monthly assessment was not perfect, and when taken in
combination with the timing of the menstrual cycle it warranted being a bit conservative.
Censoring time, C, was de�ned to be the last date at which a patient reported data to the

IBCSG, unless the patient experienced one of the non-protocol intervening events, in which
case C was set to the date of that event. A total of 306 patients experienced one of the
intervening events. These patients include 21 on the no-treatment arm, 111 on the goserelin
arm, 93 on the CMF arm, and 81 on the CMF+goserelin arm.
In the spirit of an intent-to-treat analysis we considered all patients as having received the

assigned treatment duration in our analysis, regardless of actual compliance.
We then de�ned each patient’s observed data con�guration by observing where the events

�rst cessation, recovery, and second cessation were observed. A summary of the resulting
con�gurations is given in Table I, by treatment arm.

3.1. Estimation

To allow for a more precise estimation of the parameters �M ; �M ; �Z and �Z , a separate like-
lihood model was �tted to obtain estimates from the marginal distribution of age across all
treatment arms conditional on study entry, fZ(z |Z¡M). We inserted these global estimates
into the observed data likelihood and maximized it with respect to the remaining parameters.
We obtained the unadjusted variance estimates for these parameters from the Hessian matrix,
which was calculated using the OPTIM function in R. The global estimates and standard
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errors (SE) obtained were 51.02 (0.92) for �M , 8.44 (1.86) for �2M , 49.90 (2.44) for �Z , and
67.65 (13.82) for �2Z .
Figure 2 (right) displays the estimated bivariate normal distribution for Z and M prior to

entry into the study. The subset of the curve above the line Z =M represents patients who
are eligible to enter the study. The left panel in the same �gure displays the graph of the
estimated density fZ(z |Z¡M). Recalling that M is a measure of the pre-randomization age
at menopause, it should be noted that the obtained estimate of the mean age at menopause
of 51.02 years is very consistent with other estimates as those found in Reference [14].
We now discuss a sequential estimation procedure in which the model was �tted separately

for each treatment arm. The purpose of this was to keep the number of parameters within a
reasonable number to facilitate the estimation procedure.
The full model was �rst �tted to the goserelin-only arm. Given the almost complete success

of the treatment in inducing TIA, the model was �tted holding �(z) �xed equal to 1 for all
patients, and minimizing (after transformation by natural logarithm) the Weibull parameters
in the distributions for A1 and A2. The model uses the global parameter estimates for the
distribution of Z in the maximization. Since no acceleration of the time to menopause is
expected in the premenopausal patients on this treatment arm, we �tted the model with k
�xed equal to 1. (We did also �t the accelerated model to this arm as a sensitivity analysis.
The estimated value of k was 1.02 with a standard error of 0.0072, con�rming the lack of
acceleration.) The parameter estimates (reported in Table II) for this arm did not vary much
when the accelerated menopause component of the model was added, further con�rming the
goodness of �t of the model with no acceleration. The obtained estimate of the potential
mean age at menopause for this treatment was 50.07, which seems reasonable given the
global estimate obtained across all arms. This was also done as a sensitivity analysis, taking

Table II. Results of the model �tting, by treatment arm. (Refer to text for de�nitions.) The symbol
‘—’ indicates a parameter value that was held �xed in the likelihood maximization. For the goserelin
arm, k and � were both �xed equal to 1. For the CMF and CMF+goserelin arms, the parameters for
the distributions of M (potential age at menopause) and Z (age at study entry) were �xed equal to the
global estimates obtained from the marginal distribution of age across all treatment arms, conditional

on study entry. The model was �tted separately for each treatment arm.

Parameter estimates and standard errors (SE)

Parameter Goserelin (n=304) CMF (n=316) CMF+goserelin (n=302)

�M 50.07 (0.02) — —
�2M 17.92 (0.05) — —
�1 — −10.19 (1.74) −4.90 (3.59)
�2 — 0.29 (0.04) 0.23 (0.10)
�1 1.17 (0.38) −3.65 (0.59) −3.75 (1.02)
�2 2.77 (1.38) 3.97 (0.74) 4.06 (1.06)
�3 1.19 (0.82) 0.66 (0.78) 2.39 (1.07)
log(c1) 0.99 (0.04) 1.21 (0.06) 0.85 (0.05)
log(�1) −1.32 (0.02) −0.94 (0.02) −0.79 (0.03)
log(c2) 0.08 (0.06) −0.09 (0.18) 0.09 (0.11)
log(�2) −0.47 (0.08) −0.03 (0.29) −0.09 (0.16)
k — 0.75 (0.01) 0.69 (0.01)
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Table III. Estimated conditional probabilities of potential recovery and associated 95 per cent con�dence
intervals, by age group and treatment arm.

Estimated probability of recovery (95 per cent CI)

Age at entry (years) Goserelin (n=304) CMF (n=316) CMF+goserelin (n=302)

0–39 0.98 (0:79; 0:99) 0.58 (0:36; 0:77) 0.58 (0:44; 0:71)
40–44 0.91 (0:71; 0:98) 0.05 (0:02; 0:12) 0.20 (0:12; 0:32)
¿45 0.76 (0:61; 0:87) 0.03 (0:01; 0:08) 0.02 (0:003; 0:15)

advantage of the smaller number of parameters for this arm; because there were no parameters
for �(z), it was easier to estimate the parameters from the distribution for M from the data.
Fitting the model separately to the CMF and CMF=goserelin arms produced the results

shown in Table II. For these arms we used the global parameter estimates for the distributions
of Z and M in the maximization. Estimates of �(z) were obtained using continuous age, but
�(z) was �tted using categorical age, as described in Section 2. Note how for these two
arms the acceleration parameter k was estimated as 0.75 and 0.69, respectively, indicating the
presence of an acceleration of menopause.
Estimates of the parameters for the cure rate for TIA illustrate a direct relationship between

age and the probability of TIA within the CMF and CMF+goserelin arms. A graphical display
of �(z) versus z shows a higher probability of TIA in the combination therapy arm than in
the CMF arm until age 45, at which point both curves plateau at 1. Therefore, there is a
higher proportion of ‘cured’ patients who do not experience TIA on the CMF arm. Table
III shows the inverse relationship existing between the probability of potential recovery (�)
from TIA and age for the three treatment arms. Older patients have a lower probability of
recovery than younger patients, and patients on the goserelin arm have the highest chance
of recovery, in general. Plots (not shown) of the estimated density for A1 for each treatment
arm show that the goserelin arm induces TIA earlier than the other two arms. Additionally,
plots (not shown) of the estimated densities of A2 for each arm are similar in that most
patients will recover within a year after treatment end if they experience TIA and are going to
recover at all.
The goodness of �t of the models for each treatment regimen was explored by deriving the

density functions for X1; X2, and X3 using the parameter estimates obtained, and comparing
the plots of the densities to the histograms of the observed values of the random variables.
We explored the sensitivity of our results to the de�nitions of the events of interest during

the �rst 36 months of observation. We modi�ed the de�nitions �rst by more strictly rede�ning
a cessation to allow for only no menses (instead of scanty, none, nonresponse, or censored)
in the second month, and then by rede�ning a recovery to allow for only normal menses
(instead of normal, scanty, nonresponse, or censored) in the second and third months. The
resulting menses patterns did not change much except for a shift of 6 patients in the goserelin
arm under the new de�nition of a recovery. We checked the results by �tting the model for
these new data, and the estimates were very similar to those presented above.

3.2. Further extensions

It is of great clinical interest to estimate additional model-based quantities using the parameter
estimates from the full model. One of these quantities is the time of the last cessation of
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menses either due to menopause or due to TIA, but never followed by a recovery, given age
and measured from start of treatment. Although one could derive Kaplan–Meier plots for the
time to cessation of menses due to any cause, these curves would not be adjusted for age,
nor would they allow for the possibility that patients may recover from cessations caused by
TIA.
To account for both these issues, we can derive a formula for the probability that the �nal

cessation from which a patient will never recover, denoted by W , occurs beyond a particular
time from start of treatment, w. It is possible to construct plots of P(W¿w |Z = z) versus w
using the expression

P(W¿w |Z = z)=P(A1 = +∞)fMPR(w + z |Z = z; Z¡M)

+P(A1 ∈ (0; Txend))P(A2 ∈ (0; w − Txend) |A1¡+∞)fMPR(w + z |Z = z; Z¡M)

+P(A1¿w)fMPR(w + z) + �P(MPR ¿ w + z)fA1 (w)

These plots (shown in Figure 3) highlight this relationship for each treatment arm. The
plots are relevant to physicians and patients making treatment decisions since they quantify
the probability that a woman will not experience a permanent cessation of menses (due to
treatment or menopause) at time w from start of treatment, as a function of her age at entry
and of the treatment she will receive. One can see from Figure 3 that for all therapies,
younger patients experience a much higher probability of any recovery of menses, but the
rate at which this probability decreases is much faster for patients on the CMF and the
CMF+goserelin arms.

4. DISCUSSION

In this paper, we have proposed a parametric model for the time to event when the type
of event that one observes is sometimes uncertain. Our motivating application deals with the
times from randomization to menses cessation and recovery in breast cancer patients in clinical
trials in which the premenopausal patients receive treatment that may temporarily interrupt
menses.
The part of the model that allows for the anticipation of the time to natural menopause

appears to �t the data from the CMF and the CMF+goserelin arms well. This is in agreement
with recent evidence that suggest that these therapies may cause more permanent damage to
ovarian function due to the nature of the CMF regimen [3]. On the other hand, there is little
evidence suggesting that goserelin accelerates or delays menopause in any way, and this is
also con�rmed by our analysis.
It should be noted that our accelerated model assumes for simplicity that the acceleration

of menopause is instantaneous at the start of treatment, rather than a cumulative e�ect over
the duration of treatment. Also, note how in our analyses we have followed an intent-to-treat
approach, without worrying about compliance issues, and that taking them into account would
greatly complicate the problem and the interpretation of the results.
The model that we have described may be sensitive to deviations from the hypothesis of

independence between Z and M . Clinical and epidemiological evidence suggests that the age
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Figure 3. Plots of the function P(W¿w |Z = z) versus the time w from start of treatment for
the goserelin (a), the CMF (b), and the CMF+goserelin (c) arms, for various ages at entry
(Z) into the study. The quantity W is the time from start of treatment of the last cessation of

menses due to menopause or due to TIA not followed by a recovery, given age.

of natural menopause has not varied greatly over time with respect to date of birth, and this
would support independence of Z and M in the general population of women [15]. Here, we
have considered women who are alive with breast cancer, and therefore additional selection
processes exist which may create dependence between Z and M . If one believes, for example,
that M tends to increase in this population, then later ages at menopause would occur for
younger patients. The correlation between Z and M could be added to the joint distribution
of the two variables, but it appears to be hardly identi�ed from the marginal distribution of
Z |Z¡M . The model-based estimate for this marginal distribution provides a good �t to the
observed IBCSG data, but that marginal distribution could also be consistent with bivariate
models that do include a non-extreme correlation. What seems to matter most is the possible
in�uence of such a correlation on the estimation of the remaining parameters in the model. To
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explore this in a sensitivity analysis, we have generated data from a distribution that did allow
for some correlation between the two variables, and have estimated the remaining parameters
from the generated data. The model consisted of exponential distributions for TIA and time to
recovery, and age was used as a continuous covariate. We used the parameter values close to
the ones estimated from the IBCSG data. The results of this small simulation study indicate
only a minor bias in the estimation of the model’s parameters when the correlation takes on
values between −0.2 and 0.2 (results not shown).
The amount of missing data can make the likelihood maximization di�cult. Also, the

presence of large amounts of missing data in reports of menstrual status may result in biased
estimates for all components of the process, especially if the data is missing in a non-ignorable
way, i.e. if the probability that an observation is missing is also a function of unobservable
quantities.
The model presented here is unique to these types of data because of the clear di�erentiation

between the processes of treatment-induced amenorrhoea and natural menopause. Should TIA
be distinguishable from menopause, competing-risks methods could be applied to the study
of the time to the �rst of the two events [16]. In that case, another possible approach could
also be based on multi-state models [17].
The treatment of censoring in these data requires some comments. The data include 35

patients who underwent a hysterectomy or oophorectomy, and 9 patients who became pregnant
during the observation period. These patients are likely to su�er from informative censoring,
since women censored for these events were likely to be experiencing menses right before
being censored. The censoring mechanism for these patients may therefore be a function of
the outcome that one is trying to measure (TIA). Because these were less than 5 per cent of
the total number of patients in our application, we censored them as we would have censored
any patient experiencing one of the other intervening events, i.e. we assumed that censoring
was independent. In the situation where more patients are subject to dependent censoring,
one might need to complicate the model by explicitly modelling the distribution of censor-
ing [18].
A relevant extension of the present work will include modelling the e�ect of the menses

patterns on the disease outcome. Under the assumption that the underlying reason (TIA ver-
sus natural menopause) for menses cessation is not important for outcome (so that what
matters is the cessation of menses), then existing methods for the joint modelling of longi-
tudinal measures and survival, given covariates such as oestrogen receptor status, could be
applied. Clinical applications of such an extension could be the study of early menopause due
to treatment of paediatric cancers, and the study of amenorrhoea in patients with anorexia
nervosa.
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