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Abstract
As with many chronic illnesses, recurrent prostate cancer generally requires sustained treatment to prolong survival. However, 
initiating treatment immediately after recurrence may negatively impact quality of life without any survival gains. Therefore, 
we consider sustained strategies for initiating treatment based on specific characteristics of prostate-specific antigen (PSA), 
which can indicate disease progression. We define the protocol for a target trial comparing treatment strategies based on 
PSA doubling time, in which androgen deprivation therapy is initiated only after doubling time decreases below a certain 
threshold. Such a treatment strategy means the timing of treatment initiation (if ever) is not known at baseline, and the target 
trial protocol must explicitly specify the frequency of PSA monitoring until the threshold is met, as well as the duration of 
treatment. We describe these and other components of a target trial that need to be specified in order for such a trial to be 
emulated in observational data. We then use the parametric g-formula and inverse-probability weighted dynamic marginal 
structural models to emulate our target trial in a cohort of prostate cancer patients from clinics across the United States.

Keywords Marginal structural models · g-formulza · Dynamic treatment strategies · Androgen deprivation therapy · Target 
trial

Introduction

When randomized trials are not feasible or timely, obser-
vational data can be used to emulate the randomized trial 
that, if conducted, would answer the question of interest 
– the target trial [1]. Observational emulations can result in 
effect estimates that match those from true randomized tri-
als [2–5], but these comparisons typically benefit from the 
protocol of the target trial being explicitly specified [6]. In 
particular, the treatment strategies under comparison need 
to be unambiguously described, which may not be a simple 
task when the strategies are sustained over time.

As an example, consider the question of when to start 
treatment in people with previously treated prostate cancer 
who experience a rise in prostate-specific antigen (PSA) 
without overt metastasis or symptoms [7]. The specifica-
tion of the treatment strategies includes not only the criteria 
for both treatment initiation (e.g., PSA greater than some 
value) and treatment discontinuation (e.g., side effects or a 
planned intermittent treatment strategy) [8, 9], but also the 
duration of the allowable period to start treatment after the 
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criteria are reached (the grace period), and the frequency of 
monitoring for those criteria.

Here we describe the components necessary to specify 
protocols for target trials involving sustained treatment 
strategies. As an illustration we specify and emulate in 
observational data a target trial of dynamic strategies 
for androgen deprivation therapy for recurrent prostate 
cancer. We illustrate the use of two methods to adjust for 
time-varying confounding: inverse probability weighting 
of dynamic marginal structural models [10, 11] and the 
parametric g-formula [12, 13].

The target trial

We previously emulated a target trial among people with 
prostate cancer and PSA-only relapse to compare immediate 
initiation of treatment vs.  deferral of treatment [14]. 
Immediate initiation was defined as androgen deprivation 
therapy prescription or orchiectomy within three months 
of the PSA-based relapse, and deferral as a lack of 
treatment within two years of this relapse or until evidence 
of progression. The estimates from our emulation were 
compatible with those from two subsequent randomized 
trials [15, 16], which found small differences in all-cause 
mortality between the two treatment strategies. The 
95% confidence intervals for both the observational and 
randomized effect estimates were very wide [14, 16].

One factor affecting prostate cancer prognosis after 
biochemical relapse is change in PSA over time [17]. 
However, the three previous studies [14–16] considered 
treatment initiation strategies that did not depend on evolving 
PSA levels. Assigning androgen deprivation therapy only to 
patients with worsening prognosis based on PSA kinetics 
might avoid or delay the costs and side effects of treatment 
[8] for others (who may not benefit). We therefore designed 
a target trial that assigns treatment only when rapid increases 
in PSA were observed. The key components of this protocol 
are summarized in Table 1.

Briefly, the trial would include individuals diagnosed 
with clinically localized prostate cancer treated with curative 
intent who later had evidence of recurrence that was only 
apparent as a rise in PSA (approximately the same criteria 
– which depend on whether initial treatment included sur-
gery and/or radiation – as in the previous studies). Patients 
would be assigned to a treatment initiation strategy that 
depends on the speed of PSA change. Each eligible individ-
ual would be followed from the assignment of the treatment 
strategy (time zero) until death (the outcome of interest), 
administrative end of follow-up (10 years after time zero), 
or loss to follow-up (2 years without contributing clinical 
data), whichever occurs first. The data from the target trial 
could be used to estimate both the intention-to-treat effect 

and the per-protocol effect [18]. The treatment strategies and 
statistical analysis plan are described in more detail in the 
next two sections.

Target trial: treatment strategies

The target trial would compare treatment initiation strategies 
that depend on the individual’s rate of change in PSA levels. 
A common measure of PSA kinetics is the PSA doubling 
time (PSADT), that is, the estimated time over which PSA 
would double, given observed values [19]. Specifically, we 
calculate PSADT from consecutive measurements of PSA 
at time s and time t  as 

{

log
(

2 × PSAs
)

− log
(

PSAs
)}

×
{

datet − dates
}

log
(

PSAt
)

− log
(

PSAs
)

= log(2)
datet − dates
log

(

PSAt
PSAs

)  where the difference between measurement 

dates is in days. The trial would include treatment strategies 
of the form “Start androgen deprivation therapy the first time 
PSADT drops below x days,” where the threshold x varies 
from 0 to 360 in increments of 10, resulting in 37 different 
treatment strategies. The lower the threshold x, the later 
treatment initiation is expected to occur. A threshold of 0 
means that treatment would never be initiated. The treatment 
duration would be left to be decided by the physician and 
patient, but this target trial does not allow for intermittent 
treatment: once treatment is discontinued for longer than one 
month, it is not to be re-initiated. This description of the 
treatment strategies is, however, incomplete for the following 
four reasons:

First, because treatment may be clinically indicated 
in situations not defined solely by PSADT, the treatment 
strategies need to specify the situations under which 
treatment is indicated regardless of PSADT. For example, 
“Start treatment the first time PSADT drops below x days, 
or if a patient shows other signs of progression based 
on imaging or severe symptoms.” This specification of 
the strategy makes clear that a threshold of 0 would not 
necessarily result in treatment never being initiated because 
treatment will be initiated if the disease progresses clinically, 
regardless of PSADT values.

Second, because immediate initiation of treatment may be 
unfeasible, we need to also specify the period during which 
treatment can be started (the grace period). For example, 
“Start treatment within the three months following the first 
time PSADT drops below x days or the time a patient shows 
other signs of progression based on imaging or severe symp-
toms.” In practice, randomized trials rarely specify the dura-
tion of the grace period because it is understood that treat-
ment will be initiated reasonably soon after randomization. 
However, specifying the duration of the grace period in the 
target trial is required to emulate it using observational data. 
Otherwise, it would not be possible to determine whether an 
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individual who initiated treatment, say, 1 year after meeting 
initiation criteria has data compatible with the protocol of 
the target trial.

Third, because initiation of treatment during the grace 
period may follow many patterns (e.g., most people start 
treatment at the beginning of the grace period, or at the 
end of the grace period, or uniformly throughout the 
grace period), we also need to specify the expected rate of 
treatment initiation during the grace period. For example, 
“Start treatment with equal probability during any of the 
three months following the first time PSADT drops below x 
days, or if a patient shows other signs of progression based 
on imaging or severe symptoms.” Again, actual randomized 
trials rarely specify the expected rate of treatment initiation 
during the grace period, but this information is required for 
the observational emulation, as we discuss below.

Finally, because the initiation of treatment depends on the 
frequency of measurement of PSA and other characteristics, 
we also need to specify the intensity of monitoring. For 
example, “Start treatment with equal probability during any 
of the three months following the first time PSADT drops 
below x days, or if a patient shows other signs of progression 
based on imaging or severe symptoms. Participants must 
visit their physician for tests, imaging, and/or symptom 
assessment in addition to completing surveys at home not 
less than once every 2 years.”

Target trial: intention‑to‑treat analysis

We refer to strategy x as the strategy in which treatment 
is initiated within 3  months after PSADT drops below 
x or disease progresses. To estimate the intention-to-
treat effect, we compare the survival curves between 
individuals assigned to each strategy x . That is, we estimate 
Pr
(

Yt = 1∣X = x
)

 where t = 0,… , 120 months of follow-up 
and Yt an indicator of death from any cause during or before 
month t.

We could estimate Pr
(

Yt = 1∣X = x
)

 nonparametrically. 
However, with so many treatment arms, we may wish 
to obtain more precise estimates by making parametric 
assumptions, e.g., by fitting a pooled logistic regression 
model for the discrete-time hazard Pr

(

Yt = 1∣X = x, Yt−1 = 0
)

 
with a time-varying intercept, modeled as natural cubic 
spline terms, and a covariate for treatment strategy x , also 
modeled as cubic splines and product (“interaction”) terms 
with time. The model’s predicted values are then used to 
compute the survival curve for each strategy [11].

Additionally, if imbalances existed in baseline 
characteristics across groups, the model would include 
them as covariates. We would then standardize the estimated 
probabilities to the distribution of the covariates to estimate 
marginal survival curves. Finally, if necessary, inverse 

probability (IP) weighting would be used to adjust for 
selection bias from loss to follow-up [20].

Target trial: per‑protocol analysis

To estimate the per-protocol effect, we would compare 
the survival curves under adherence to each of the 
strategies. Because adherence is not randomized, we 
would need appropriate adjustment for (possibly time-
varying) confounders, that is, prognostic factors that 
are determinants of adherence to the assigned treatment 
strategy, or their proxies. Let Lt be the vector of measured 
covariates in month t  , including an indicator of having a 
clinic visit in month t  , an indicator of disease progression, 
an indicator of symptoms (bone pain, fatigue, weight loss, 
anorexia, and abdominal pain), and PSA. L0 contains 
baseline covariates: D’Amico risk group, comorbidities, 
and age at diagnosis; time from diagnosis to relapse; and 
calendar year, PSA, and PSADT at relapse.

To adjust for these confounders, we can use IP 
weighting or the parametric g-formula. Both methods 
have been described elsewhere [11, 13]; we review them 
here. Under the assumption that losses to follow-up and 
non-adherence happen at random within levels of the 
confounders, and that all models (described below) are 
correctly specified, both methods consistently estimate 
the survival probabilities had everyone adhered to 
each strategy and stayed under follow-up throughout 
the duration of the study. We used the non-parametric 
bootstrap with 1000 samples to estimate 95% confidence 
intervals under each approach.

IP weighting of a dynamic marginal structural 
model

We fit the same pooled logistic model as for the intention-
to-treat analysis with two modifications.

First, individuals are censored if/when their observed 
treatment and covariate history is no longer consistent 
with their assigned strategy x . Censoring can occur for 
three reasons: the individual initiates treatment before 
their PSADT drops below x or before they experience 
disease progression, the individual does not initiate 
treatment within the 3-month grace period after meeting 
either of the criteria to start treatment, or the individual 
begins treatment again after having previously concluded 
it. During the grace period, no individual can be censored. 
Also, according to the protocol, individuals can stop at 
any time after treatment initiation, so no individuals can 
be censored while receiving treatment. However, the 
protocol does not allow for treatment re-initiation after 
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discontinuation, so individuals will be censored if they 
begin treatment after discontinuing it.

Second, to adjust for the potential selection bias 
introduced by censoring for non-adherence, at each month 
t  we assign a time-varying IP weight to each individual. 
The denominator of the weight is the probability of 
remaining uncensored through month t  , which is equal to 
the probability of remaining uncensored in months 
k = 0, ..., t  . The probability of being uncensored is 
f
(

Ak∣Lk,Ak−1,Yk−1 = 0
)

 , where At is an indicator of 
treatment during month t  and A

t
 the treatment history from 

time 0 through time t  , during months with Ak−1 = 0 . 
Because our treatment strategies allow treatment 
discontinuation at any time, the denominator is 1 for 
m o n t h s  w i t h  Ak−1 = 1 .  We  c a n  e s t i m a t e 
f
(

Ak∣Lk,Ak−1 = 0,Ak−2,Yk−1 = 0
)

 via a pooled logistic 
model, separately within treatment arms and separately 
among months with and without prior use of treatment 
during the study.

If the protocol of the target trial specifies strategies of the 
form: “Start treatment with equal probability during any of 
the three months following the [initiation threshold],” then 
we will ensure that the per-protocol effect is estimated under 
this initiation pattern by multiplying the weights during the 
grace period by an additional factor [11]. For a grace period 
of 3 months, that factor is 1

4
 for an initiator at eligibility, 1

3
 in 

the first month of the grace period, 1
2
 in the second, and 1 at 

the end of the grace period; for a non-initiator, the factors are 
3

4
 , 2
3
 , 1
2
 , and 1, respectively. This results in a pseudopopulation 

in which 1
4
 of those eligible initiate treatment immediately, 

1

3
 of those remaining do so the next month, and so on, until 

all those who have not yet initiated do so at the conclusion 
of the grace period.

Finally, individuals are also censored at the end of any 
two-year period in which they did not visit a physician or 
complete a survey at least once. We can also estimate IP 
weights to adjust for potential selection bias due to this 
censoring [20].

Parametric g‑formula

The g-formula can be viewed as a generalized form of 
standardization of the conditional hazard under each 
treatment strategy to the joint distribution of the time-
varying covariates. To estimate each component of the 
g-formula, we can fit within each treatment arm a logistic 
model for Pr

(

Yt+1 = 1∣Lt,At, Yt = 0
)

 , and logistic or linear 
models for the conditional density of each of the time-
varying covariates in the vector Lt . We also need to fit a 
logistic model for the conditional probability of 

discontinuation of treatment At because the protocol does 
not prescribe the probability of stopping treatment after 
initiating. In contrast, the probability of treatment initiation 
under each strategy is known: 0 before reaching the PSADT 
threshold, 1 within 3 months of reaching it ( 1

4
 at eligibility, 

1

3
 after one month of the grace period, 1

2
 after two, and 1 at 

the end of the grace period), and 0 again if treatment is 
discontinued.

Finally, we need to assign a monitoring strategy that 
aligns with our trial protocol. The probability of a clinic 
visit is estimated using a model in the observed data, but 
is set to 1 if there has been no visit in the last 23 months, 
guaranteeing monitoring at least every 2 years.

We then standardize the probability of the outcome under 
each strategy x by averaging over all treatment and covariate 
histories, using the modeled densities. The resulting integral 
can be approximated via Monte Carlo simulation.

Target trial: emulation

The Cancer of the Prostate Strategic Urologic Research 
Endeavor (CaPSURE) observational study of prostate 
cancer patients began enrollment in 1995. The study has 
been described in detail elsewhere [21, 22]. We used data 
through 2016, at which point over 14,000 biopsy-proven 
patients had been enrolled at over 40 U.S. clinics and 
followed prospectively. Physicians provided clinical data 
(diagnosis, start and stop dates of medications, outcomes, 
lab and imaging tests) and participants provided a follow-up 
survey approximately every six-12 months after a baseline 
questionnaire (quality of life, other health service use). 
Evidence of disease progression after relapse was based on 
clinical notes describing severe symptoms or metastases 
seen on imaging. We used consecutive PSA measurements to 
calculate PSADT. We set to the value of the 95th percentile 
of PSADT those values that were greater than the 95th 
percentile (because of very slow-growing PSA) [19] or were 
undefined because PSA was constant or decreased from one 
date to the next [23].

We used these data to emulate the eligibility criteria, 
treatment strategies, outcome, and follow-up of the target 
trial as summarized in Table 1.

Per‑protocol analysis via IP weighting of a dynamic 
marginal structural model

We carried out the analysis described for the target trial 
(specifications for each model are shown in Table A1 in the 
Online Resource). However, since treatment strategies are 
not explicitly assigned at baseline in observational studies, 
some modifications had to be made. First, we estimated 
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the probability of treatment initiation among all eligible 
individuals, instead of separately within treatment arms. 
Second, we allowed for each individual to be part of the 
analysis for each strategy by copying the dataset for each 
value of x considered, and then censoring participants 
separately within each dataset when their observed data were 
not consistent with that strategy [10, 11].

We truncated the total weights at the 99th percentile to 
avoid near positivity violations, but the use of nontruncated 
weights resulted in similar estimates. All analyses were 
conducted in R version 3.4.3 [24].

Per‑protocol analysis via the parametric g‑formula

The estimation procedures for the observational emulation 
were the same as for the target trial. We used the R package 
gfoRmula [25].

Sensitivity analyses

To explore the effects of our choice of target trial protocol, 
we repeated the two analyses using a different distribution 
for treatment initiation during the grace period. We specified 
that the rate of treatment initiation during the grace period 
would be the same that would have been observed in the 
absence of an intervention until the end of the grace period, 

at which point treatment would be initiated if it had not been 
previously. For the IP weighting approach, this meant that 
the factors in the weights for treatment during the grace 
period were equal to 1 . For the g-formula, we additionally 
fit a model for treatment distribution and during the grace 
period drew treatment values with probabilities estimated 
from that model.

In addition, we investigated whether assigning treatment 
initiation thresholds based on another function of PSA 
would better target those in need of treatment. Specifically, 
we repeated our original analyses but assigned treatment 
when average PSADT since relapse reached cutoffs between 
0 and 1800, in increments of 150.

Finally, we conducted an unadjusted analysis by fitting an 
unweighted pooled logistic regression model for mortality in 
the censored and concatenated datasets, using only the terms 
for time and treatment strategy.

Results

After applying the eligibility criteria, we found 1,229 eli-
gible individuals (Fig. 1). Their baseline characteristics are 
shown in Table 2. About 60% underwent radical prostatec-
tomy as their original treatment, and 47% were assigned to a 
medium clinical risk group at that time. The median time to 
biochemical recurrence after diagnosis was 3.3 years.

Fig. 1  Flowchart of patient selection from the Cancer of the Prostate Strategic Urologic Research Endeavor (CaPSURE) database through 2016 
into the present study
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Of the eligible individuals, 347 actually received androgen 
deprivation therapy of any kind at some point during follow-up, 
and 291 died from any cause. Because many individuals never 
initiated treatment, there were fewer person-months in the 
data that were consistent with treatment strategies defined by 
higher PSADT thresholds. For the treatment strategy defined 
by a threshold of 0, there were 64,247 person-months and 
145 deaths. For the treatment strategy defined by a threshold 
of 360, there were 25,205 person-months and 64 deaths 
(Table A2 in the Online Resource).

The estimated survival was similar under all strategies 
(Fig. 2), though estimates were imprecise. Risk differences 
for 10-year mortality comparing the highest threshold (360) 
with the lowest (0) (i.e., earliest vs. latest initiation) were 0.02 
(-0.31, 0.44) when estimated via IP weighting and -0.02 (-0.05, 
0.04) when estimated via the parametric g-formula (Table A3 
in the Online Resource). Results were similar when we var-
ied the target trial protocol and the PSADT truncation level 
(Table A3 in the Online Resource), and the treatment thresh-
olds (Table A4 in the Online Resource). When not adjusting 

for measured confounders, the risk was lower for a threshold 
of 0 than for earlier treatment (Fig. 2).

Discussion

We used observational data to emulate a target trial 
of several strategies for the initiation of treatment in 
individuals with asymptomatic biochemical recurrence 
of prostate cancer. We showed that estimating the per-
protocol effect requires an unambiguous description of 
the treatment strategies, including the specification of 
instructions for treatment changes, the grace period for 
initiation, and the patterns of initiation during the grace 
period.

Our study does not add any conclusive evidence to 
determine the optimal treatment initiation in individuals 
with asymptomatic biochemical recurrence of prostate 
cancer. Though we estimated that initiating androgen 
deprivation therapy on the basis of PSA doubling time 
has little impact on all-cause mortality, very wide 95% 
confidence intervals imply that our data are equally 
compatible with harm, benefit, or no effect of early 
initiation of androgen deprivation therapy on survival. 
As expected, confidence intervals from the parametric 
g-formula approach were narrower, ref lecting the 
additional parametric assumptions compared with the IP 
weighting approach.

Ideally, risk of deadly metastatic disease should be 
balanced against the threat to quality of life that hormonal 
treatment poses. US guidelines refrain from recommending 
a standard treatment in this situation due to uncertainty 
about timing after early signs of biochemical recurrence 
[26]. One reason for hesitation in assigning all relapsing 
patients to immediate therapy is the prolonged timeline 
of cancer spread in most patients. On average, clinical 
metastasis becomes apparent 7–8 years after biochemical 
recurrence; due to the age of the affected population, this 
is beyond or around many patients’ expected lifespan 
even without cancer [7]. One trial investigating delayed 
treatment found that 41% of individuals in the delayed 
therapy arm died without progressing to a need for 
androgen deprivation therapy [15]. Furthermore, the 
therapy leads to a number of short and long-term side 
effects, including weight gain and loss of muscle mass, 
osteoporosis and anemia, sexual dysfunction, and dementia 
[27] which can reduce quality of life with possibly little 
benefit.

When estimating the effect of treatment initiation 
strategies via IP weighting, the pattern of initiation 
during the grace period and the instructions for treatment 
continuation after initiation may be left unspecified. 
The effect estimates will then correspond to the patterns 

Table 2  Baseline characteristics of the analytic sample of prostate 
cancer patients with biochemical recurrence in the Cancer of the 
Prostate Strategic Urologic Research Endeavor (CaPSURE), 1995–
2016 (n = 1229)

N (%)

Age at diagnosis (%)
40–49 22 (1.8)
50–59 246 (20.0)
60–69 577 (46.9)
70–79 367 (29.9)
80–89 17 (1.4)
Clinical risk group at diagnosis (%)
Low 397 (32.3)
Medium 576 (46.9)
High 256 (20.8)
Comorbidities (%)
0 or 1 512 (41.7)
More than 1 504 (41.0)
Missing 213 (17.3)
Original treatment (%)
Radical prostatectomy 733 (59.6)
Radiotherapy 496 (40.4)
Relapse date (%)
1980s 2 (0.2)
1990s 406 (33.0)
2000s 741 (60.3)
2010s 80 (6.5)
Years to relapse (median [IQR]) 3.3 [2.1, 5.3]
PSA at relapse (median [IQR]) 0.5 [0.3, 1.4]
PSADT at relapse (days) (median [IQR]) 255.9 [124.1, 615.9]
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of initiation during the grace period and of treatment 
continuation in the study population from which the data 
were collected. For example, if most individuals had 
intermittent treatment with androgen deprivation therapy 
after initiation (something that has been suggested to result 
in similar survival but better quality of life than continuous 
therapy [28]), then the IP weighted effect estimate would 
be interpreted as the effect of different treatment initiation 
strategies in a setting in which most individuals are 
treated intermittently thereafter. In contrast, when using 
the parametric g-formula, one needs to explicitly specify 
those treatment patterns. In our analysis, we specified 
continuous therapy after initiation when using the 
g-formula, a treatment pattern that roughly corresponds 
to what happened in the real world.

Estimating counterfactual quantities under exactly the 
same treatment strategy with both the IP weighting and 
g-formula approaches allows for direct comparison of 
different model specifications to estimate the same estimand. 
Comparable results are reassuring and suggest that model 
misspecification is not a serious problem. However, both 

methods rely on the same measured confounders and thus 
both sets of estimates would be biased if treatment initiation, 
or loss to follow-up, depended on factors not recorded in the 
database or recorded imperfectly. Note that adjustment for 
confounding was necessary because those treated at higher 
thresholds were at greater risk of mortality in unadjusted 
analyses but not after adjustment for the measured 
covariates.

In summary, estimating per-protocol effects from 
observational data requires a detailed specification of the 
protocol of the target trial with a special emphasis on the 
specification of the treatment strategies under comparison. 
The use of IP weighting, but not the parametric g-formula, 
allows to omit an explicit specification of some elements of 
the treatment strategies.
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Fig. 2  Survival curves estimated via various methods, comparing several treatment strategies defined by PSA doubling time thresholds. Thresh-
olds range from 0 (purple, least treatment) to 360 (yellow, most treatment)
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