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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• The marked between variability in the rate

of progression of Parkinson’s disease
severity assessed with a global functional
score (Unified Parkinson’ Disease Rating
Scale, UPDRS) is recognized but its origin is
uncertain and variously attributed to
different subtypes of Parkinson’s disease, life
style, genetic variability and treatment. An
increased risk of death in patients treated
with selegiline has been reported but this is
controversial.

WHAT THIS STUDY ADDS
• We used a hazard model approach to

describe the time to clinical events (death,
disability, depression and dementia). The
time course of disease status changes was
shown to be a key predictor of the risk of
these events. Baseline motor subtype was
not a predictor of outcome events.
Selegiline was associated with an increased
risk of death that was independent of its
effect on disease status.

AIM
To describe the time to clinical events (death, disability, cognitive
impairment and depression) in Parkinson’s disease using the time
course of disease status and treatment as explanatory variables.

METHODS
Disease status based on the Unified Parkinson’s Disease Rating Scale
(UPDRS) and the time to clinical outcome events were obtained from
800 patients who initially had early Parkinson’s disease. Parametric
hazard models were used to describe the time to the events of interest.

RESULTS
Time course of disease status (severity) was an important predictor of
clinical outcome events. There was an increased hazard ratio for death
1.4 (95% CI 1.31, 149), disability 2.75 (95% CI 2.30, 3.28), cognitive
impairment 4.35 (95% CI 1.94, 9.74), and depressive state 1.43 (95% CI
1.26, 1.63) with each 10 unit increase of UPDRS. Age at study entry
increased the hazard with hazard ratios of 49.1 (95% CI 8.7, 278) for
death, 4.76 (95% CI 1.10, 20.6) for disability and 90.0 (95% CI 63.3–128)
for cognitive impairment at age 60 years. Selegiline treatment had
independent effects as a predictor of death at 8 year follow-up with a
hazard ratio of 2.54 (95% CI 1.51, 4.25) but had beneficial effects on
disability with a hazard ratio of 0.363 (95% CI 0.132, 0.533) and
depression with a hazard ratio of 0.372 (95% CI 0.12, 0.552).

CONCLUSIONS
Our findings show that the time course of disease status based on
UPDRS is a much better predictor of future clinical events than any
baseline disease characteristic. Continued selegiline treatment appears
to increase the hazard of death.
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Introduction

Morbidity and mortality are not only related to progres-
sion of parkinsonian motor impairments but also to the
emergence of other non-motor features such as depres-
sion, and cognitive impairment. Despite the biological
plausibility of disease progression being correlated with
clinical outcome in Parkinson’s disease, many studies have
explored only baseline or early clinical features and demo-
graphics as the potential risk factors for occurrence of clini-
cal events in Parkinson’s disease such as death, disability
and dementia [1–3].

Because of the progressive nature of Parkinson’s
disease, the evolving disease status may predict future
events. Reported predictors of events in Parkinson’s
disease are inconsistent as a result of patient selection,
different study designs, analysis methods and outcome
variables [1]. The relationship between anti-parkinsonian
treatment and clinical events in Parkinson’s disease is also
unclear [4, 5] because typical analyses cannot account for
the many changes in anti-parkinsonian medications that
take place during the course of the disease.

We have used a fully parametric survival analysis model
that can account for continuously time-varying factors
such as disease status and its response to treatment. Para-
metric models offer robustness for heavily interval-
censored data, as in our case, and more precise inferences
if the assumption of the distribution of event times is valid
[6–8]. A review of the concepts of population approach
methodology applied to clinical pharmacology is recom-
mended for the reader who may find some of our methods
and interpretation of results unfamiliar [9]. The reader is
also referred to an overview of the use of disease progress
modelling in Parkinson’s disease [10].

Survival in Parkinson’s disease was described for the
DATATOP cohort in 1998 by the Parkinson Study Group
(10 years follow-up) [11] and in 2005 by Marras et al. (13
years follow-up) [12]. Marras et al. used a semi-parametric
modelling method and found that better survival was
related to levodopa responsiveness and worse survival
was related to disease severity in early stages of the
disease. Our parametric method has been applied to sur-
vival time as well as the time to reach a certain level of
disability, impaired cognitive function and mood change.
We have investigated the hypothesis that clinical events
in Parkinson’s disease are better predicted by the time
course of disease progress and anti-parkinsonian treat-
ments rather than baseline variables alone. The rationale
for studying the influence of continuously predicted,
instead of intermittently observed, disease status is two-
fold: the time course of the disease is more accurately cap-
tured and the influence of treatment effects on clinical
events can be distinguished; that is, a treatment may influ-
ence clinical events indirectly by affecting disease pro-
gression, via symptomatic or disease-modifying effects, or
directly through adverse effects.

Methods

Event times data
Data were provided by the Parkinson Study Group. Event
times for death, disability, cognitive impairment and
depression were obtained from the DATATOP cohort.
Various categories (not mutually exclusive) describing
atypical features or likelihood of not having PD were
included in the data set. These categories (number of
patients) were: PD not confirmed by autopsy (5), imaging
study suggests other cause (15), less than 40% confident
of PD diagnosis (33), little or no response to levodopa (49),
PD not among the three most likely diagnoses (19), atypi-
cal PD features or disease course (11), postural hypoten-
sion (52), oculomotor, eyelid, other neurologic features
(54), dementia less than or equal to 5 years after PD onset
(22).

Details of the DATATOP study trial design and patient
characteristics have been published [13, 14]. Briefly, we dis-
tinguish the DATATOP study which enrolled 800 patients
into a randomized trial of selegiline, tocopherol and
placebo which lasted about 2 years. Five of these patients
dropped out early in the clinical trial and one of these did
not have a record of the dropout date.The DATATOP cohort
included 795 patients who were followed during the
DATATOP study and subsequently for nearly 8 years. Treat-
ment information, patient demographics and clinical
assessments were obtained from the DATATOP cohort.The
average follow-up time was 4.97 years with a maximum of
7.73 years. Follow-up clinical assessments were made
approximately every 3–6 months and included UPDRS
[15], mini mental state examination (MMSE) [16] and
Hamilton depression rating scale (HAM-D) [17] assess-
ments.After the end of the study at 7.73 years, there was no
further record of clinical state or treatment during the
follow-up period of the DATATOP cohort.

We defined non-death events using cut off values of
activities of daily living (ADL) scores for disability, MMSE
scores for cognitive impairment and HAM-D for mood
state. ADL scores were derived from the UPDRS subpart II.
The cut off values for event definitions were selected
based on the minimal clinically important changes studied
in patients with Parkinson’s disease [18, 19] and sufficient
numbers of events for meaningful analysis. It is recognized
that these minimal clinical important changes are neither
dementia nor major depressive illness. However, there is
clinical interest in describing early cognitive and emo-
tional changes that may affect quality of life as well as
herald dementia and major psychiatric disorders. A disabil-
ity event (ADL15) was defined by an ADL score of 15 or
greater during the ‘on’ state (i.e., presence of motor
response to treatments).We defined disability events using
the threshold of ADL score instead of total UPDRS (parts
I–III) because the ADL score is more specific to patients’
daily function and is not confounded with more specific
motor impairments that may or may not cause disability. A
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cognitive impairment event (MMSE24) was defined by an
MMSE score of 24 or less. Finally, a HAM-D score of 10 or
more defined a depression event (HAMD10).

An event time was defined as the time when an event
or endpoint occurred after a patient entered the study, and
was considered censored if it had not been observed for a
patient at the end of 8 years follow-up, or if the patient had
dropped out from the study before 8 years. For non-death
events,we defined event time as the time when the patient
first met or exceeded the threshold score for the event at
any scheduled visit. The actual time of a non-death event
was not known except that it occurred at some time
between the previous clinic visit and the visit at which the
event threshold had been reached.Death events were con-
sidered to have occurred over an interval of 1 day. All event
times were therefore treated as interval censored data.
That is, the event was assumed to occur at an unknown
time during a known interval.

Survival times were available from a 14 year follow-up
of vital status for the cohort, previously reported by Marras
et al. [12]. A subset of death event times was created cov-
ering the period during which regular assessments of Par-
kinson’s disease status were obtained and treatment
recorded. Deaths up to 6 months after the last visit were
included otherwise censoring for deaths occurred at the
time of the last visit. This death event subset is referred to
as the EOT data set.

We did not exclude patients who might have had a
diagnosis of something other than idiopathic Parkinson’s
disease (i.e., level of confidence <60% for idiopathic Parkin-
son’s disease) because the number of these cases was
small (53 out of 800) and previous survival analysis showed
that these patients had no significant impact on the results
[12].

Parametric time to event models
The time to an event, T, a random variable occurs at time t
after study entry. Using a parametric time to event model,
the probability density distribution of T can be explicitly
defined through the hazard function [6]. The hazard func-
tion quantifies the instantaneous rate of experiencing an
event and is useful in time to event modelling because the
influence of explanatory variables, especially those that
vary continuously with time (such as disease status),can be
directly included. The simplest parametric hazard model
assumes a constant hazard rate at any time after study
entry which leads to an exponential distribution of T. For
non-constant hazard, the Gompertz & Weibull distributions
of T are commonly used to describe the time-varying
shape of the underlying hazard function [6]. We investi-
gated three baseline hazard functions h0(t) as shown in
equation (1), where b0 is a parameter common to all three
functions and btime is a parameter that relates t to h0(t). The
expression of the Weibull distribution hazard function
shown in equation (1) makes clear its relationship to the
other two distributions.

Exponential : h t0 0( ) = β

Gompertz : exph t ttime0 0( ) = × ×( )β β

Weibull : exp lnh t ttime0 0( ) = × × ( )( )β β (1)

Explanatory variables
Potential variables that may explain the change in hazard
function (i.e. covariates) are of two types, time varying and
constant (e.g., baseline clinical features). Time varying
covariates include predicted disease status and anti-
parkinsonian treatment. Continuous time varying disease
status was computed using disease progress models pre-
viously described for total UPDRS [20], UPDRS subscales
(i.e. tremor, rigidity, bradykinesia, postural instability gait
disorder [PIGD] and ADL) and non-motor features (i.e.
MMSE,and HAM-D) [21].Anti-parkinsonian treatments (e.g.
on or off selegiline) are time varying covariates that remain
constant over defined intervals. Fixed covariates consisted
of patients’ characteristic at study entry: motor subtypes
(i.e. tremor-dominant, PIGD-dominant and indeterminate
subtypes), gender, age and smoking status. Tremor-
dominant and PIGD-dominant subtypes were defined as
suggested by Jankovic et al. [22].

The parameter estimates of the hazard functions are
more readily understood by converting the Gompertz
parameter to a half-life by dividing the estimate into ln(2)
(and other hazard parameters to hazard ratios by exponen-
tiation of the estimate. 95% confidence intervals were cal-
culated from the original parameter estimates and
asymptotic standard errors. The limits of these intervals
were then transformed into half-lives or hazard ratios.

Joint models of disease progress and time to
event
Disease progress models were previously fitted to disease
status markers measured in the DATATOP cohort using a
nonlinear mixed effects approach [20, 21]. Individual
disease progress parameters (IPP) were obtained from
empirical Bayes estimates based on these models. The IPP
were combined with event time data for joint computation
of the predicted time course of disease status and the
probability of events.

The hazard function h(t) is now dependent on a set of p
covariates which may be time-dependent X(t) = x1(t), x2(t),
x3(t),. . . , xp(t)) with size of effect measured by a set of coeffi-
cients (b = b1, b2, b3, . . . , bp) and h0(t) is the baseline hazard
[equation (2)]. Disease status, including the effects of treat-
ment, is an example of a time varying covariate.

h t h t x tj j
j

p

( ) = ( )× × ( )⎛
⎝⎜

⎞
⎠⎟=

∑0
1

exp β (2)

The hazard ratio reflecting the influence of a covariate can
be obtained from exp(b · x(t)), From the hazard function,
the probability that an event time is greater than or equal
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to time t (i.e. the survivor function S(t)) can be determined
by integrating the hazard function [equation (3)].

S t T t h u du
t

( ) = ≥( ) = − ( )⎛
⎝⎜

⎞
⎠⎟∫Pr exp

0

(3)

All event times were treated as interval censored data that
assumed the exact T was unknown and occurred between
the previous time when the event had not occurred (tpre)
and the time when the event was first detected as having
occurred (tpost). The likelihood for interval censored T was
computed as S(tpre) – S(tpost) [6]. Death events were
assumed to have a censoring interval of 1 day. Other event
intervals were determined by the time of the visit before
the event and the time of the visit after the event.

No random effect models were used for the estimated
parameters of the time to event models. However, fixed
and random differences in between subject variability
were included through the use of individual treatment pat-
terns and empirical Bayes estimates of disease progress
parameters.

Dropout model
A dropout model was also developed for the purpose of
simulating censored events. The dropout model was a
parametric time to event model tested for covariate effects
as described in the previous section. Time to dropout was
defined as the time of the last visit before the nominal end
of the trial at 8 years or died before 8 years.Thus all patients
had this kind of event because no patient was followed
with full treatment records for more than 7.73 years. There
were no censored events for the dropout model because
everyone had the event of not reaching the 8 year nominal
end point. Separate hazard functions were used for death
and for non-death causes of not reaching 8 years.

Parameter estimation
The Laplacian estimation method in NONMEM software
(version VI, release 1.3) [23] was used to obtain maximum
likelihood estimates of time to event parameters.

Model selection and evaluation
Covariate inclusion/exclusion was determined by a
decrease/increase in NONMEM objective function value
(OFV) of at least 7 units for one additional parameter,
which is approximately equivalent to a c2-distributed criti-
cal value for P < 0.01 with 1 degree of freedom [9]. When
comparing non-nested models (e.g. disease status as
UPDRS or its subscales), the statistical significance criterion
for model selection we used was a difference of 10 units in
OFV. Parametric models without covariates were first fitted
to the time to event data.The influence of individual cova-
riate effects was evaluated by including each covariate
separately in the hazard function. Combinations of the
covariates were then examined for interactions. During
the model-building process, influential covariates were

retained in the final models after stepwise addition and
deletion. The imprecision of model parameters was deter-
mined by asymptotic standard errors generated by
NONMEM.

Residual diagnostics were not particularly useful for
models with time-dependent covariates because there
were many different combinations of covariate values for
any one individual [6], and therefore they were not
employed in this analysis. Instead, a visual predictive check
(VPC) was used to evaluate the model appropriateness
[24–26]. The procedure involved first using NONMEM to
simulate distribution of event times for the same 795
patients from the DATATOP cohort with their dosing infor-
mation and predicted disease progress. Then, using the
Kaplan–Meier method in the R software [27], non-
parametric survivor function estimates were computed for
these simulated event times. After repeating these two
steps 100 times the 5th, 50th and 95th percentiles of the
Kaplan–Meier estimates of the survivor function were cal-
culated and overlaid with a Kaplan–Meier plot of the
observed event times. In order to simulate realistic censor-
ing of events, the dropout model was included in the simu-
lation for non-death events.

Results

The analysis data set included DATATOP subjects who had
at least two visits. The median age at entry was 62.7 years
with 95% of patients between 39.7 and 77.2 years. Table 1
shows the median event times and the number of evalu-
able events for disability (ADL15, an ADL score of 15 on the
UPDRS part II), cognitive impairment (MMSE24, an MMSE
score of 24 or less) and depression (HAMD10, a score of 10
or greater on the HAM-D).

The distribution of event times suggested a non-
constant hazard for each type of event (Figure 1).The event
hazard changed exponentially with time as described by a
Gompertz distribution for death, ADL15 and HAMD10.
There was no association of MMSE24 with time that was
not accounted for by changes in disease severity.

Half-lives for the Gompertz distribution and hazard
ratios with their corresponding 95% confidence intervals

Table 1
Summary of event times in the analysis data set

Events

Total
evaluable
observations

Total
non-censored
events (%)

Median event
time, years
(range)

Deaths at EOT 799 98 (12%) 5.03 (0.95–7.68)
Disability (ADL15) 769 364 (47%) 1.30 (0.13–7.52)

Cognitive impairment
(MMSE24)

786 89 (11%) 2.84 (0.13–7.34)

Depression (HAMD10) 771 183 (24%) 1.41 (0.08–7.37)

Disease progress and clinical outcomes in Parkinson’s disease

Br J Clin Pharmacol / 74:2 / 287



are shown in Tables 2 and 3. Although dominant motor
subtype defined at baseline was not a significant covariate
for any of the events, the tremor-dominant group consis-
tently had a smaller hazard ratio for all events. For example,
the hazard ratio for death at EOT was 1.08 (95% CI 0.32,
2.58) for tremor and 1.28 (95% CI 0.4, 1.52) for PIGD disease
status.

Predictors of survival
Because of colinearity between time-dependent variables,
the influence of some covariates changed when others

were present in the models. For instance, the influence of
selegiline treatment on hazard was not significant when
tested alone nor when combined with time and age at
study entry. However, when disease progress was added to
the model, selegiline treatment was associated with a sig-
nificantly increased hazard of death. The increased hazard
was only associated with those times during the 8 years
that selegiline was used. At the same time there was a
beneficial effect on the hazard of death through its symp-
tomatic and disease modifying influences on disease
status as described by the UPDRS.

The hazard of death during the study period increased
with time, age at study entry and worsening UPDRS. Sel-
egiline treatment, independent of its effect on disease
severity, was associated with an increased risk of death
with a hazard ratio of 2.54 (95% CI 1.51, 4.25) with a daily
dose of 10 mg. The time course of the hazard is shown in
Figure 2 for three hypothetical populations assigned to
placebo, levodopa alone or levodopa plus selegiline for 8
years.The levodopa treated population has a lower hazard
compared with placebo at all times.This is explained by the
improvement in UPDRS and not by levodopa treatment
itself. Combination with selegiline increases the hazard of
death compared with placebo and levodopa alone. The
increased hazard lasts for about 1.5 years before dropping
below the placebo, then at about 5 years the additive
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Figure 1
Distribution of event times (in density scale) with a kernel density smooth (dashed lines)

Table 2
Half lifes of Gompertz hazard increase and hazard ratios for death events

Explanatory factor
Death EOT
Estimate 2.5%ile 97.5%ile

Half-life (Gompertz) 5.46 26.0 3.05
HR of 40 years at entry 13.4 4.22 42.6

HR of 60 years at entry 49.1 8.7 278
Ratio 60 years : 40 years 3.66 2.06 6.52

HR of selegiline 2.54 1.51 4.25
HR of levodopa – – –

HR of 10 unit status increase 1.40 1.31 1.49
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symptomatic and synergistic disease modifying effects of
selegiline [20] lead to a hazard lower than treatment with
levodopa alone. The model predictions describe the prob-
ability of survival and are in good agreement with the
Kaplan–Meier plot for the observed survival (Figure 3).

Each of the nine categories describing atypical features
of PD or absence of PD were investigated as potential
explanatory factors for the hazard of death. Most catego-
ries were associated with a significantly increased hazard
of death with the exception of ‘imaging study suggests
other causes’ and ‘postural hypotension’. The significant
association of selegiline treatment with increased hazard
of death remained for all categories.

Predictors of time to event for non-death
events
ADL15 The hazard of disability decreased with time, but
increased with age at entry and UPDRS score. Selegiline
treatment minimally reduced ADL disease severity (inter-
preted as a symptomatic effect) [21] but was associated
with a lower hazard of reaching the ADL15 endpoint as

shown by a hazard ratio of 0.363 (95% CI 0.132, 0.533), a
disease modifying effect. On the other hand, levodopa
reduced ADL disease severity to a much greater extent
than seligiline (symptomatic effect) [21] but did not reduce
the hazard of disability that was independent of its symp-
tomatic effect on disease status.

MMSE24 The hazard ratio of MMSE24 events increased
with age at entry and with the worsening of the PIGD
sub-scale of UPDRS. There was no apparent increase in
hazard with time. Neither levodopa nor selegiline treat-
ment had a significant effect on the hazard.

HAMD10 The hazard decreased with time and with the
worsening of UPDRS score. Selegiline treatment decreased
the hazard of reaching the HAMD10 endpoint as shown by
a hazard ratio of 0.372 (95% CI 0.12, 0.552). There was no
significant association with age at entry or being on
levodopa treatment independent of its effect on disease
status.

Model predictions described the observed events of
ADL15, MMSE24 and HAMD10 with generally good agree-
ment with the observed Kaplan–Meier plots (Figure 3).

Dropout model
The hazard of dropout (i.e. failing to reach 8 year follow-up)
due to causes other than death was described by the sum
of two Gompertz distributions based on time and a
Weibull distribution based on ln(time) (see supplemental
results,Table A3).The time course of the hazard is shown in
Figure 4 for three hypothetical populations assigned to
placebo or levodopa alone or levodopa plus selegiline for 8
years. The baseline hazard of the first Gompertz distribu-
tions (0.0764 year-1) was much larger than the second
(0.0524 ¥ 10-9 year-1). The first distribution decreased with
time with a half-life of 1.66 (95% CI 1.16, 2.91) years while
the second increased with a half-life of 2.29 (95% CI 2.06,
2.57) years. The Weibull distribution component of the
hazard increased with time and largely explained the loss
of subjects as the follow-up period approached its end.

Table 3
Half-lives of Gompertz hazard increase and hazard ratios for disability (ADL15), cognitive impairment (MMSE24) and depression (HAMD10)

Explanatory factor
ADL15 MMSE24 HAMD10
Estimate 2.5%ile 97.5%ile Estimate 2.5%ile 97.5%ile Estimate 2.5%ile 97.5%ile

Half-life (Gompertz) 2.77 4.56 1.99 – – – 1.80 2.55 1.39
HR of 40 years at entry 2.83 1.06 7.53 20.1 15.9 25.4 – – –

HR of 60 years at entry 4.76 1.10 20.6 90.0 63.3 128 – – –
Ratio 60 years : 40 years 1.68 1.03 2.74 4.48 3.98 5.04 – – –

HR of selegiline 0.36 0.13 0.53 – – – 0.37 0.12 0.55
HR of levodopa – – – – – – – – –

HR of 10 unit status increase 2.75 2.30 3.28 4.35 1.94 9.74 1.43 1.26 1.63

HR, hazard ratio.
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Time course of hazard of death (EOT) for placebo (dashed line), levodopa
300 mg day-1 (solid line) and levodopa 300 mg day-1 plus selegiline
10 mg day-1 (dotted line)
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The explanatory factors for selegiline and UPDRS
hazard were applied to the first Gompertz baseline distri-
bution because almost all of the baseline hazard was asso-
ciated with this component. The hazard of dropout was
predicted to be almost constant for untreated patients.The

hazard ratio of dropout associated with selegiline treat-
ment was 0.202 (95% CI 0.133, 0.305) which indicated sel-
egiline reduced the risk of dropping out. Worsening of
UPDRS score had a higher hazard of dropout with a hazard
ratio of 1.48 (95% CI 1.30, 1.68).

Discussion

We have explored factors predicting the time course of
hazard for death, ADL15 (disability), MMSE24 (cognitive
impairment) and HAMD10 (depression) by linking disease
time course to the times of these clinical events. Our analy-
sis indicated that the hazards of clinical events were not
constant over time but were influenced strongly by the
time course of disease status. The importance of consider-
ing the time course of treatment induced changes in biom-
arkers has been demonstrated by differences in risk of
renal impairment related to time varying changes in biom-
arkers of diabetes [28]. The time course of UPDRS status is
a much better predictor of future clinical events than any
baseline disease characteristic. Graham et al. showed that
the individual slopes and intercepts from a linear model for
partial MMSE helped improve the fit for a time to dropout
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Figure 3
Kaplan–Meier estimates of observed time to event data (solid lines) and associated 90% confidence intervals (dotted lines), overlaid with parametric model
predictions of the base models (dashed lines) and their 90% confidence intervals (gray bands)
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Figure 4
The time course of hazard of dropout for placebo (dashed line), levodopa
300 mg day-1 (solid line) and levodopa 300 mg day-1 plus selegiline
10 mg day-1 (dotted line)
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event model in patients with cognitive impairment [29].
However, they did not consider the time course of the
partial MMSE as an explanatory factor for dropout. On the
other hand using the time course of CD4 count progres-
sion in a survival model was able to act as a surrogate for
treatment effects as a predictor of survival in patients with
AIDS [30]. Similar results were obtained to predict survival
from the time course of lymphocytes in chronic lymphatic
leukemia [31].

Because there is evidence that the motor features of
Parkinson’s disease (tremor, rigidity, bradykinesia and
PIGD) progress at different rates [32], the effect of each of
these features on clinical events in Parkinson’s disease
may be different. We found that tremor did not predict
clinical events unlike the other Parkinson’s disease
features (Table A1). Despite reports of baseline PIGD-
dominant subtype as an important predictor for worsen-
ing disability and dementia [22, 32, 33], we found this
baseline subtype classification was neither a significant
factor influencing hazard for these events nor for the
hazard of death or depression. Tremor was only a weak
predictor of disability and did not influence the other end-
points we examined.

We found that selegiline treatment increased the
hazard for mortality at EOT, which was independent of its
beneficial effects on mortality by disease progress ben-
efits. A semi-parametric survival analysis of the DATATOP
cohort at 10 year follow-up did not detect a difference in
death rates between the original randomized groups of
selegiline and no-selegiline (i.e. tocopherol or placebo)
[11]. The main drawback of this 10 year analysis was that
death rates were associated only with the original inten-
tion to treat randomization and thus did not account for
actual use of selegiline. This is a major weakness of the
intention to treat approach because it ignores what was
actually known to happen. We tested selegiline treatment
as an intention to treat variable i.e. using the original sel-
egiline randomization and ignoring the known changes in
selegiline treatment. The effect of selegiline, under the
intention to treat assumption, was not statistically signifi-
cant. A meta-analysis of five randomized trials (not includ-
ing DATATOP) of selegiline or levodopa/placebo in patients
with early Parkinson’s disease with a mean follow-up of 4
years also did not find an increase in mortality in the sel-
egiline treated group [5]. However, it is difficult to draw
meaningful conclusions from this study because of the low
overall death rate over 4 years (4%).

We found that inclusion of selegiline treatment time
course alone was not a significant predictor of mortality (P
> 0.01, Table A1). However, when selegiline treatment was
included with the time course of disease progress, the
increased hazard became apparent (P < 0.001). This is
because selegiline lowers the hazard through its beneficial
effects on disease status [20, 21] so that the adverse effect
of selegiline is concealed if the hazard is not adjusted for
disease status effects.

In an open-label prospective randomized study of 520
patients with early Parkinson’s disease, the Parkinson’s
Disease Research Group of the United Kingdom (PDRG-UK)
found a 57% higher risk of mortality in patients taking a
combination of selegiline and levodopa compared with
levodopa alone (adjusted hazard ratio 1.57, 95% CI 1.07,
2.31) [4]. Our estimated hazard of death associated with
selegiline is higher, which may be because we have
included the time-varying effects of selegiline on hazard to
account for on and off treatment periods during the trial. A
2 year follow-up from the PDRG-UK, after all patients had
stopped selegiline, reported a similar death rate between
the two treatment groups [34], which further substanti-
ated an association of selegiline with increased mortality.
Following the PDRG-UK study, an observational cross-
sectional study of 12 621 patients in UK found a non-
significant but also increased risk of death (11%) in
patients taking either selegiline alone or in combination
with levodopa [35].

Since the publication of the PDRG-UK study results,
several clinical studies have attempted to investigate the
possible cardiotoxic effect of selegiline in patients with
Parkinson’s disease. These studies noted that patients
taking selegiline long term had a higher risk of orthostatic
hypotension [36–39]. However, no studies have yet shown
a causal relationship between selegiline and cardiotoxicity
that may explain the increased death rate. Cause of death
was only determined for 29 patients in the DATATOP
cohort and the most common cause was pneumonia. Only
three patients died of myocardial or cerebral infarction in
the selegiline group compared with none in the other
treatment groups [11]. Therefore, we could not determine
the association of cardiovascular toxicity with selegiline
treatment.

There are several limitations in our analysis. Firstly, our
analysis is retrospective, exploratory and descriptive in
nature, and therefore, causal inferences are only sugges-
tive. This is similar to other reports that have attempted to
investigate this issue. However, the interconnected rela-
tionship of disease status and clinical events provides
insights about the underlying mechanism and the effects
of treatment.We believe that our use of the rate of progres-
sion of disease and its modification by treatment provides
an essential clue in understanding why other retrospective
studies of the same data may have been unable to find an
association of selegiline with increased risk of death. The
confirmation of increased risk of selegiline use would
require a long term randomized prospective trial.

Seven of nine categories describing atypical or less
than certain diagnosis of PD were associated indepen-
dently with an increased hazard of death but this did not
account for the hazard associated with selegiline treat-
ment. Therefore, the association of selegiline treatment
with an increased hazard of death does not appear to be
an artifact due to misdiagnosis.We report the hazard asso-
ciated with selegiline based on all patients because the
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decision to use selegiline was typically made before these
atypical features were evident.

Secondly, the criteria for defining disability, cognitive
impairment and depression are not equivalent to standard
clinical diagnostic criteria.We were unable to apply stricter
cut off values to define psychiatric events and yet retain
sufficient numbers of events for meaningful investigation.
Because the clinical diagnosis of dementia was not avail-
able in the DATATOP database, we evaluated a cognitive
impairment event (MMSE�24) as a surrogate for mild
dementia [40]. One prospective population-based study
assessed the incidence of dementia in patients with Par-
kinson’s disease and found that a baseline MMSE score of
less than 29 was a significant risk factor for dementia [41].
Similarly, we did not have a clinical diagnosis of depression
available for the cohort. A HAM-D score of 10 or more was
used instead to determine a depression event. This cut off
score had been used to screen for depression in patients
with Parkinson’s disease [18] and studies suggested that
patients might have depressive symptoms prior to the
onset of Parkinson’s disease [42].

In conclusion, we have shown the value of time-
dependent disease progress as a predictor of clinical
events in Parkinson’s disease. We have taken a parametric
survival analysis approach and found a significant associa-
tion between continued selegiline treatment and mortal-
ity, a controversial finding that was first reported by the
PDRG-UK study [4]. By linking the disease progress models
to time to event models, we were able to differentiate the
beneficial effects (i.e. symptomatic and/or disease-
modifying) and the adverse effects of anti-parkinsonian
medications on the progression of Parkinson’s disease. Our
analytical approach can accommodate the varied indi-
vidual patterns of dosing regimens and disease progres-
sion,and can be updated or validated with an external data
set with different designs.Finally, the models may be useful
in determining prognosis based on early disease progres-
sion observations (e.g. 2 years after initial diagnosis) [43].

Our analysis is in agreement with other studies that
selegiline treatment is associated with increased risk of
death in Parkinson’s disease patients. This increased risk is

mitigated in part by the beneficial effects of selegiline in
improving disease status which in turn reduces the risk.
However, if selegiline is used continuously we predict an
overall increase in mortality compared with not using sel-
egiline especially in the early years before the disease
modifying effects of selegiline are prominent.The intermit-
tent use of selegiline in the DATATOP cohort reduces the
cumulative hazard and would explain why earlier analyses
could not find evidence for increased deaths associated
with selegiline.
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Appendix

The following tables are supplemental results for the time
to event models in the main article.

Table A1 shows the model selection sequence for each
time to event model based on statistical significance (e.g.
change in objective function values). There was no evi-
dence to support the use of ln(time) as an explanatory
factor (Weibull distribution) as demonstrated by the small
change in objective function value of 3 units when the
Weibull distribution using ln(time) was added to the
Gompertz distribution using time. For purposes of com-
parison with other covariates, the objective function value
for models of time and age at entry are shown.
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Table A1
Model selection. The objective function change associated with using different baseline hazard functions and other explanatory variables is shown

Explanatory variables
Deaths at EOT
n = 98

Disability
n = 364

Cognitive
impairment
n = 89

Depression
n = 183

Change in Objective Function Values (significance)
Ln(time) (Weibull)+ 33 (****) 29 (****) 8 (***) 35 (****)
Time (Gompertz)# + 25 (****) 89 (****) 1 (NS) 84 (****)
Time + Ln(time) + 35 (****) 90 (****) 10 (**) 84 (****)
Agex+ 29 (****) 18 (****) 36 (****) 0 (NS)
Time + age (Base)+ 67 (****) 104 (****) 37 (****) 84 (****)
Base + Female 9 (*) 0 (NS) 1 (NS) 0 (NS)
Base + Smoker 1 (NS) 3 (NS) 1 (NS) 0 (NS)
Base + dominant motor subtypes 10 (*) 5 (NS) 2 (NS) 7 (NS)
Base + Levodopa& 13 (***) 26 (****) 3 (NS) 4 (*)
Base + Selegiline& 3 (NS) 70 (****) 4 (*) 20 (****)
Predicted disease status
Base + UPDRS 86 (****) 760 (****) 9 (**) 81 (****)
Base + Tremor 7 (**) 132 (****) 4 (*) 1 (NS)
Base + Rigidity 49 (****) 211 (****) 0 (NS) 35 (****)
Base + Bradykinesia 66 (****) 389 (****) 10 (**) 58 (****)
Base + PIGD 17 (****) 321 (****) 12 (***) 73 (****)
Base + ADL 88 (****) NT 9 (**) 72 (****)
Base + MMSE 8 (**) 1 (NS) NT 0 (NS)
Base + HAM-D 1 (NS) 66 (****) 1 (NS) NT
Final Covariates Time + age + UPDRS Time + age + UPDRS Age + PIGD Time + UPDRS
Final + Selegiline@ 13 (****) 16 (****) 4 (*) 8 (*)
Final + Levodopa@ 1 (NS) 2 (NS) 0 (NS) 1 (NS)

EOT, end of trial; UPDRS, United Parkinson’s Disease Rating Scale; PIGD, postural instability gait disorder score; ADL, activities of daily living score; MMSE, minimum mental state
examination score; HAM-D, Hamilton depression score; NT, not tested for inclusion.
#Time since study entry (Gompertz hazard); xAge at study entry; ¥Reference model is a constant-hazard model;@Reference model is the Final Covariates model; &On treatment is 1
and off-treatment is 0.
****P value <= 0.0001; ***P value <= 0.001; **P value <= 0.01; * P value <= 0.05. NS = not significant.

Table A2
Summary of time to event parameters for the final models RSE (in parentheses) is the relative standard error calculated as a percentage of the parameter
point estimate

Parameters

Parameter estimates (RSE %)

Deaths at EOT n = 98
Disability
n = 364

Cognitive
impairment
n = 89

Depression
n = 183

Baseline hazard 1.28 ¥ 10-5 2.45 ¥ 10-3 1.39 ¥ 10-4 5.79 ¥ 10-2

b0, u year-1 (18) (58) (10) (27)

Time 0.127 -0.250 – -0.385
btime, year-1 (38) (20) (15)
Age at study entry 0.0649 0.0257 0.075 –
bage, year-1 (10) (48) (4)

Selegiline 0.925 -0.451 – -0.466
bDP, at 10 mg day-1 (28) (35) (37)
Levodopa – – –
bLD, at 300 mg day-1

Disease status measure UPDRS UPDRS PIGD UPDRS
bDS, per unit 0.0336 0.101 0.147 0.036

(10) (9) (28) (18)

EOT, end of trial; UPDRS, United Parkinson’s Disease Rating Scale; PIGD, postural instability gait disorder score.
The death hazard model h, as a function of time is:
h(time) = b0 * exp(btime * time + bage * Age0 + bDP * DP + bLD * LD + bDS * status(time))
Age0 is age at study entry; DP is 1 when selegiline is used, LD is 1 when levodopa is used otherwise DP and LD are zero; Status(time) is the predicted disease status e.g. UPDRS,
at time since study entry.
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