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Abstract

Background: Safety is a central consideration when choosing between multiple medications with similar efficacy. We aimed
to evaluate whether adverse event (AE) profiles of 3 such drugs in advanced prostate cancer could be distinguished based on
published literature. Methods: We assessed consistency in AE reporting, AE risk in placebo arms, and methodology used for
risk estimates and quantification of statistical uncertainty in randomized placebo-controlled phase III trials of apalutamide,
enzalutamide, and darolutamide in advanced prostate cancer. Results: Seven included clinical trials enrolled a total of 9215
participants (range ¼ 1051-1715 per trial) across 3 prostate cancer disease states. Within disease states, baseline patient
characteristics appeared similar between trials. Of 54 distinct AE types in total, only 3 (fatigue, hypertension, and seizure)
were reported by all 7 trials. Absolute risks of AEs in the placebo arms differed systematically and more than twofold
between trials, which was associated with visit frequency and resulted in different degrees of uncertainty in AE profiles
between trials. No trial used inferential methodology to quantify statistical uncertainty in AE risks, but 6 of 7 trials drew
overall conclusions. Two trials concluded that there was no elevated AE risk because of the intervention, including the trial of
darolutamide, which had the greatest statistical uncertainty. Conclusions: Rigorous comparison of drug safety was precluded
by heterogeneity in AE reporting, variation in AE risks in the placebo arms, and lack of inferential statistical methodology,
underscoring considerable opportunities to improve how AE data are collected, analyzed, and interpreted in oncology trials.

In addition to evaluating efficacy, phase III clinical trials are
designed to assess and quantify the toxicity of therapies.
Collecting toxicity data in the form of adverse events (AEs)
requires substantial effort by trial investigators, study person-
nel, and sponsors (1,2). In oncology, the Common Terminology
Criteria for Adverse Events standardize collection and categori-
zation of AEs (3). AE reporting extensions to trial reporting
guidelines provide basic recommendations about how to report
AEs in publications (4).

Despite these efforts, practices for AE reporting, analysis,
and interpretation are heterogeneous, and even the rudiments
provided by these guidelines are rarely followed (5-9). Reporting
of AEs can be incomplete and misleading (7,10-13). Vague, yet
common phrases such as “generally well tolerated” can obfus-
cate complex and varied patient experiences (14). AEs are pri-
mary considerations when choosing between drugs that are

similarly effective in a specific clinical setting. Thus, it is impor-
tant to understand what inferences can be drawn about the rel-
ative safety of comparable drugs, and such inferences are
typically drawn based on published data.

Advanced prostate cancer is such a clinical setting, with 3
second-generation androgen receptor signaling inhibitors being
approved by the Food and Drug Administration for nonmeta-
static castration-resistant prostate cancer (nmCRPC): apaluta-
mide, enzalutamide, and darolutamide (15). Three randomized
placebo-controlled trials showed similar benefits in the primary
efficacy endpoint of metastasis-free survival (16-18). AE profiles
(defined herein as the set of AEs as captured, graded, and
reported by investigators) have been invoked as the primary
means of differentiating the 3 drugs (16,19,20), yet they have
only been informally compared. We analyzed how the trials
reported AEs, how commonly AEs occurred and how this
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influenced certainty in AE profiles, and what inferences were
drawn about AE profiles.

Methods

Trials and Data Source

Practicing physicians and guideline writers pragmatically base de-
cision making on AE data from the published literature. Thus, to
compare AE profiles of second-generation androgen receptor sig-
naling inhibitors, we relied exclusively on the main, high-profile
publications of phase 3 randomized placebo-controlled trials (16-
18,21-24). We performed a systematic literature search to ensure
completeness of publications reviewed (Supplementary Methods,
available online), yielding no additional relevant publications
(Supplementary Figure 1, available online). To avoid reanalyzing
the same patients, we did not consider additional abstracts, press
releases, reviews, meta-analyses, subset analyses, or subsequent
publications. We used the first published trial in nmCRPC
[SPARTAN (18)] as the reference for comparisons across trials. To
leverage additional data on the same medications beyond
nmCRPC, we also included placebo-controlled trials conducted in
metastatic castration-sensitive prostate cancer (mCSPC) and met-
astatic castration-resistant prostate cancer (mCRPC). Because of
inherent differences in patient and disease characteristics, we pri-
marily planned comparisons within disease states. The
ENZAMET trial of enzalutamide in mCSPC (25) was not included
because its comparator arm was an active drug. Data were ab-
stracted from the main articles and supplements by 2 investiga-
tors in parallel and computationally compared for consistency.

Comparisons

To evaluate comparability of trials, we retrieved and descrip-
tively compared baseline patient and tumor characteristics
reported by trials in each disease state. We then compared how
trials recorded and reported AEs, including the classification
system for AEs. We also identified statistical analysis plans for
AE comparisons and the criteria by which AE types would be
reported in the "Results" sections.

First, we focused on the placebo arm of each trial, unaffected
by the study drug, to assess drug-independent and methodolog-
ical factors. We calculated absolute risks for each AE type in the
placebo arm of each trial, using the treated population as the
denominator and providing precise Wilson confidence intervals
(CIs) (26). We compared the relative risk of all types of AEs be-
tween trials, modeling the count data using negative binomial
regression with linear overdispersion (27), a more conservative
approach than standard log-linear (Poisson) regression that also
takes into account the level of between-trial heterogeneity. We
accounted for missing data for specific types of AEs per trial and
for the inherently different absolute risks of different AE types
by including them as a random effect. We probed also whether
between-trial differences would be driven by differences in
length of follow-up, replacing patient count by person-time in
the model offset term. In addition, we tested how they were as-
sociated with the count of scheduled study visits over the me-
dian follow-up, as specified in study protocols, and
standardized absolute risks in the placebo arms to the median
number of scheduled study visits across all studies.

Next, we compared drug and placebo arms to illustrate the
relative risk of AEs for AE types consistently reported in all tri-
als. To demonstrate how differences in absolute risks between

trials translated into differences in uncertainty in relative risk
estimates, we compared the width of confidence intervals for
relative risks between trials, modeling standard errors on the
logarithmic scale in linear models, again with AE type as a ran-
dom effect. All confidence intervals were 2-sided.

Finally, to document the authors’ conclusions about AEs, 2
reviewers independently retrieved the most comprehensive
statement about AEs in the main text of each publication and
classified it into 3 categories: a conclusion that more AEs oc-
curred in a trial arm, a conclusion that trial arms were similar in
terms of AEs, or no such conclusion. There was no disagree-
ment between reviewers.

Results

Trials

Three randomized placebo-controlled trials of second-
generation androgen receptor signaling inhibitors were reported
in nmCRPC, 2 in mCSPC, and 2 in mCRPC (Table 1). Together, tri-
als included 9215 patients in the safety populations with a me-
dian of 1201 patients per trial (range ¼ 1051-1715). Four trials
investigated enzalutamide, 2 apalutamide, and 1 darolutamide.
Median follow-up ranged from 14 to 23 months.

We identified 2 patient characteristics (median age at ran-
domization, proportion of patients with excellent performance
status) and 5 disease characteristics (median prostate-specific
antigen, median prostate-specific antigen doubling time, me-
dian time from cancer diagnosis to enrollment, proportion of
patients with high-volume disease, and proportion of bone-
sparing agent use) that were reported by all trials within at least
1 disease state (Table 1). Based on the subset of consistently
reported variables, patient and disease characteristics were
very similar within each disease state.

AE Recording and Reporting

All trials used Common Terminology Criteria for Adverse
Events versions 4.0 or 4.03 to define and record AEs (Table 2),
which did not differ in the definitions of AEs compared here
(28). All studies implicitly or explicitly planned statistical analy-
ses of AEs in a descriptive fashion in their study protocols
through tabulations of counts or through point estimates of
risks and rates. For example, 1 protocol planned analyses of
“type, incidence, severity, timing, seriousness, and relatedness
of AEs and laboratory abnormalities.” No inferential analyses
(ie, comparative estimates between trial arms with measures of
statistical uncertainty such as relative risks with confidence
intervals) were planned. Some protocols stated explicitly that
inferential analyses were not planned (16,23,24). The "Methods"
sections of the main publications did not mention methodology
to assess AEs, except 1 "Methods" section that stated, “Safety
was also assessed” (21).

Criteria outlining which AE types would be included in pub-
lications differed considerably between trials (Table 2). Four dif-
ferent sets of cutoff criteria were used, ranging from absolute
risks of at least 5% to absolute risks of at least 15% for any-grade
AEs. Two trials had additional requirements for absolute risk
differences between drug and placebo arms. One trial addition-
ally included AEs of a specific type if they occurred in at least 10
patients per arm with AE grade 3 or higher. In addition, trials
reported on between 4 and 17 AE types or composite AE types as
“AEs of special interest” irrespective of risk cutoffs.
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Applying these criteria, individual trials reported on 10 to 27
distinct AE types (median per trial ¼ 20). Notably, of the 54 dis-
tinct AE types reported in total, only 3 AE types (fatigue, hyper-
tension, and seizure) were reported by all 7 trials (Figure 1). At
least 5 trials reported on a set of 10 AE types. Clinician attribu-
tion of AEs (ie, whether an AE was classified as related or unre-
lated to treatment) was reported by 2 trials. Data on timing or
duration of AEs were not reported by any of the trials.

Absolute Risks in Placebo Arms

The absolute risk of a patient in the placebo arm experiencing
any kind of AE during the trial duration was high in all trials
(range ¼ 77.4%-97.7%; Table 2). The risk for any type of AEs of
grade 3-4 had a wider variation between trials, ranging from
19.5% to 53.1%. Likewise, for specific AE types, there was also
considerable variation in the absolute risks, even between trials
within the same disease state (Figure 2). Across all AE types
reported by at least 3 trials, the risk of AEs in the placebo arm
differed systematically between trials and more than 2-fold for
AEs of any grade (Figure 2). For example, within nmCRPC, the
risk of AEs in the placebo arm of ARAMIS was 0.46-fold lower
(95% CI ¼ 0.33 to 0.63) and the risk of AEs in the placebo arm of
PROSPER was 0.56-fold lower (95% CI ¼ 0.41 to 0.77) compared
with the placebo arm of SPARTAN. Patterns of risks for grade 3-
4 AEs were similar but even more pronounced, with differences
up to 3.6-fold between trials. Differences were only slightly at-
tenuated when comparing rates of AEs instead of risks
(Supplementary Figure 2, available online). It was unclear how
longer follow-up was associated with risks of AEs of any type
(risk ratio per 3-months longer follow-up: 1.17, 95% CI ¼ 0.97 to

1.42). More scheduled study visits were associated with higher
AE risk in the placebo arms (risk ratio per 5 additional study vis-
its: 1.31, 95% CI ¼ 1.15 to 1.50). Differences in placebo arm AE
risks between trials were generally attenuated after standardiz-
ing to the same number of study visits (Supplementary Figure 3,
available online).

Relative Risks When Comparing Drug vs Placebo Arms

Having observed differences in absolute risks of AEs between
the placebo arms of the trials, we next assessed relative risks to
compare the AE risk in the drug arms with the placebo arms.
For example, the relative risk of fatigue in the drug arm of the
nmCRPC trials was 1.44 (95% CI ¼ 1.16 to 1.79) in SPARTAN, 1.39
(95% CI ¼ 1.01 to 1.91) in ARAMIS, and 2.37 (95% CI ¼ 1.85 to 3.03)
in PROSPER (Table 2), each comparing to the placebo arm.

No trial reported time-to-event analyses, or any other infer-
ential analyses that would have allowed for a valid determina-
tion of whether these elevated relative risks were causally
related to the drug, because of differences in length or fre-
quency of follow-up between drug and placebo arm, or because
of chance. However, relative risks and their confidence intervals
provided an opportunity to assess the amount of empirical data
on AEs contained within each trial (Figure 3). The uncertainty in
relative risk estimates, directly proportional to width of confi-
dence intervals on the logarithmic scale, differed notably be-
tween trials. For example, within nmCRPC, compared with
SPARTAN, uncertainty in AE estimates was 1.44-fold higher in
ARAMIS (95% CI ¼ 1.22 to 1.70) and 1.32-fold higher in PROSPER
(95% CI ¼ 1.12 to 1.56; Figure 3 and Table 2). As expected, the
uncertainty in relative risks for AEs was inversely correlated

Table 1. Trial, patient, and disease characteristics of phase III randomized controlled trials of second-generation androgen receptor signaling
inhibitors in advanced prostate cancera

Disease state nmCRPC mCSPC mCRPC

Trial SPARTAN PROSPER ARAMIS ARCHES TITAN PREVAIL AFFIRM
Tested drug Apalutamide Enzalutamide Darolutamide Enzalutamide Apalutamide Enzalutamide Enzalutamide
ClinicalTrials.gov NCT01946204 NCT02003924 NCT02200614 NCT02677896 NCT02489318 NCT01212991 NCT00974311
Publication year (reference) 2018 (18) 2018 (17) 2019 (16) 2019 (21) 2019 (22) 2014 (23) 2012 (24)
Total No. of patientsb 1201 1395 1508 1146 1051 1715 1199
In placebo armb, No. 398 465 554 574 527 844 399
Follow-up, median, mo 20 17 18 14 23 22 14
Scheduled study visits over
median follow-up, c No.

12 6 6 6 14 19 11

Patient characteristics
Age, median (range), y 74 (52-97) 73 (53-92) 75 (50-92) 70 (42-92) 68 (43-90) 71 (42-93) 69 (41-89)
Excellent performance status,
ECOG-PS 0, %

77.8 81.6 70.6 76.9 66.0 69.2 –

Disease characteristics
PSA, median, ng/mL 8.0 10.2 9.7 5.1 4.0 44.2 128.3
PSA doubling time, median, mo 4.5 3.6 4.7 — — — —
Cancer diagnosis to enrollment,
median, y

7.9 — 7.0 — 0.3 5.4 6.0

High-volume disease, % 0 0 0 65 64 — —
Bone-sparing agent use, % 10 10 6 — — — —

aData are restricted to the placebo arms unless noted. Em dash indicates data not reported; ECOG-PS ¼ Eastern Cooperative Oncology Group performance status;

mCRPC ¼ metastatic castration-resistant prostate cancer; mCSPC ¼ metastatic castration-sensitive prostate cancer; nmCRPC ¼ nonmetastatic castration-resistant

prostate cancer; PSA ¼ prostate-specific antigen.
bTreated population (ie, those who received at least 1 dose of drug or placebo). This definition excludes between 1 and 6 patients per trial as compared with the inten-

tion-to-treat populations.
cThese data were not reported in the publications but derived from the study visit schedules as defined in the protocols. See Supplementary Table 1 (available online)

for details.
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to how many AEs were observed in the placebo arm (Pearson
r ¼ -0.61, 95% CI ¼ -0.70 to -0.49).

Conclusions Drawn

Finally, we assessed what conclusions about AEs were drawn in
each publication (Table 3). One trial did not use comparative

language to draw conclusions about risk of AEs in the drug arm
compared with the placebo arm. Four trials drew conclusions
that AE risks were higher in the drug arm than in the placebo
arm. Importantly, 2 trials (ARAMIS and TITAN) concluded that
there was no increase in AE risk in the drug arm.

Discussion

We set out to investigate whether a meaningful difference could
be detected in the AE profiles of apalutamide, enzalutamide,

and darolutamide using published data from 7 randomized
placebo-controlled phase III clinical trials in advanced prostate
cancer including 9215 patients. Rather than drawing a conclu-
sion regarding the relative safety of 1 drug over another, we
found that substantial heterogeneity in AE collection and
reporting practices, variation in absolute AE risks in the placebo
arms, and lack of inferential statistical methodology precluded
rigorous comparisons. No substantiated, quantitative conclu-
sions about the relative toxicity of these drugs could be drawn
based on published data. These findings challenge assertions
that have been made regarding the superior safety of any one of
these agents over another (16,19,20) and highlight opportunities
for the oncology community to improve and standardize how
AE data are collected, reported, and interpreted.

Looking to the past, John Graunt’s 1661 book on the “Bills of
Mortality” is perhaps the first large quantitative study of human
disease, which diligently tabulated the causes of death for
London’s inhabitants over 50 years (29,30). Since that time,
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Figure 1. Adverse event (AE) types reported across trials and risk of AE by type and trial in the placebo arms. All AEs of any grade reported in the articles are shown.

Light gray indicates AEs that were not reported.
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statistical methodology has advanced considerably. For drug ef-
ficacy, protocols call for standardized conditions and specify
how to control false-positive conclusions (alpha level) and
false-negative conclusions (power). Yet, the methods by which
we draw conclusions about drug toxicity resemble Graunt’s 350-
year-old approach: AEs are tabulated without quantifications of
uncertainty how AE risks differed between drug and placebo
arms.

None of the trials we analyzed provided inferential statistics
for AEs (ie, comparative estimates with confidence intervals).
However, 6 of 7 trials drew overall conclusions about AEs

(Table 3). In nmCRPC, the ARAMIS trial, which concluded that
“the safety data indicated no clinically relevant difference be-
tween darolutamide and placebo,” was the trial with the least
certainty in AE data and the only phase III trial reporting on dar-
olutamide. The tendency for AE analyses to eschew inferential
statistics might reflect a focus on “safety signals,” that is, hith-
erto unknown off-target toxicities, which are important to de-
tect and should not be dismissed for lack of statistical power
(31). Importantly, since phase III trials are typically neither
designed nor powered to make decisions about AEs, a need for
inferential statistics should not be confused with hypothesis
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testing using P values, and confidence intervals should not be
used as null-hypothesis tests (29). Had hazard ratios and confi-
dence intervals been provided for expected on-target toxicities
by the 4 trials that tested enzalutamide, a valid meta-analysis
could have quantified its excess risk of AEs.

Marked inconsistency in which type of AEs the trials
reported created additional barriers to quantitative comparison.
Even when comparing AEs of the same type, the risk of AEs in
the placebo arms of trials within disease states differed sub-
stantially and systematically between trials. Although differen-
ces in study populations may be explanatory in the case of
mCRPC (24), the reasons for this discrepancy in other disease
states are likely multifactorial and complex. Some variation
might be explained by between-trial differences in follow-up
visit frequency. More frequent study visits were associated with
higher AE risks in placebo arms. This finding warrants corrobo-
ration in other clinical settings. In addition, interrater reliability
of AE classification by physicians as well as site-specific AE as-
certainment can vary widely (32,33). Other contributors might
include geographic variation in medical practices such as sup-
portive medication use (34) or willingness of patients to fully
disclose symptoms to research teams (35); what proportion of
patients were located in specific geographic areas (even at the
level of which continent) was one of many factors not consis-
tently reported by the trials (36). It is not possible to determine
whether trials with higher AE risks in the placebo arm overre-
ported AEs or if trials with lower AE risks in the placebo arm
underreported AEs.

Current AE reporting ignores timing of onset, duration, and
possible recurrence of drug-related toxicity over the treatment
period. For example, an AE might occur early on with low sever-
ity but permanently, or it might occur suddenly as a severe
event after prolonged drug exposure. Patients and clinicians
would think differently about these 2 AEs (37,38). Simple AE
counts, as shown in all trial publications, and naı̈ve relative risk
calculations (ie, comparing the number of patients with an AE
divided by the number of patients per arm), as shown in Table 2
for illustration purposes, also ignore that patients in the drug
arms remained longer on study than those in the placebo arms

and may inflate the relative risk of AEs simply because of longer
follow-up. Analyses of rate ratios [ie, comparing the number of
patients with an AE divided by the follow-up time of all patients
per arm (39)] partially address this issue, and rates were pre-
sented by 3 of the 7 trials, yet without quantification of uncer-
tainty. Aspects that require special consideration are that
patients who remain on treatment long term are a selected
group less likely to experience AEs (40), that patients could re-
peatedly experience the same AE, and that AE risks may not lin-
early increase with treatment duration (41).

Methodological innovations allow for valid and intuitive dis-
plays of excess AEs because of the study drug and may over-
come many of these pitfalls (42,43). Although efficacy endpoints
may be less complex than safety endpoints, they set a prece-
dent for how trial endpoints can successfully be standardized.
Agreeing on multifaceted, meaningful safety and tolerability
endpoints requires input from multiple stakeholders, and such
efforts are underway (42,44). Additionally, systematically cap-
turing AEs through patient-reported outcomes using standard-
ized tools will result in more meaningful toxicity data (45-48),
which inform safety as well as tolerability, including for the
overall burden of toxicity from the patient perspective (49).
More comprehensive AE analyses that go beyond data on the
maximum grade per AE will also increase statistical power to
detect clinically relevant differences in toxicity (50). Such inno-
vations and the use of patient-reported outcomes may also be
beneficial for dose finding in the pre- or postmarketing setting
(51,52). These analyses can further attempt to refine AE risk pre-
diction by identifying patient groups at higher risk of specific
AEs because of characteristics such as age, performance status,
and comorbidities (50).

Intention-to-treat approaches inevitably underestimate ex-
cess risks of AEs, and methodological innovations for per-
protocol analyses allow for valid inferences if high-quality,
postbaseline data are collected (53). Future trials and perhaps
reanalyses of completed trials (54) should follow standard AE
reporting guidelines (7), strive for consistency in which minimal
sets of AE types are included in publications, only draw conclu-
sions if indeed supported by inferential results, and use

Table 3. Conclusions about safety profiles as summarized in the main publications from each triala

Trial Assessment as per the "discussion" sections Conclusion

SPARTAN “Apalutamide was associated with higher rates of rash, fatigue, arthralgia, weight loss,
falls, and fracture than placebo.”

More AEs

PROSPER “Adverse events were more common with enzalutamide treatment than with placebo.” More AEs
ARAMIS “The safety data indicated no clinically relevant difference between darolutamide and

placebo in the incidence of adverse events that occurred during the treatment period,
including falls, fractures, seizures, cognitive disorders, and hypertension.”

No difference

ARCHES “Enzalutamide was generally well tolerated, with a preliminary safety analysis seeming
to be consistent with the safety profile of enzalutamide in previous clinical trials in
CRPC.”

—

TITAN “The safety profile did not differ notably between the two groups, and health-related
quality of life was preserved during apalutamide treatment.”

No difference

PREVAIL “The benefit of enzalutamide was achieved with a favorable safety profile. Grade 3 or
higher adverse events were more common in enzalutamide-treated patients than in
placebo-treated patients (43% vs. 37%), a finding that was probably influenced by the
fact that the safety-reporting period for the enzalutamide group was approximately 1
year longer than that for the placebo group.”

More AEs

AFFIRM “The most common adverse events that were reported more frequently in the enzaluta-
mide group included fatigue, diarrhea, and hot flashes.”

More AEs

aAE ¼ adverse event; CRPC ¼ castration-resistant prostate cancer.
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statistical methodology such as time-to-event analyses that are
standard in efficacy analyses. Even with these improvements,
cross-trial comparisons may still have limitations, necessitating
alternative approaches to safety evaluation. An analysis of the
toxicity of low-dose methotrexate provides an illustrative ex-
ample of such an approach (55), highlighting some of the
insights that could be gleaned from comparative tolerability tri-
als of different regimens with standardized outcome assess-
ments. One could also envision trials being designed for jointly
evaluating efficacy and toxicity in which case formal toxicity
comparisons would be appropriately powered. This has been
proposed for noninferiority trials (56) and for phase I trials of
combination treatments (57) but has not yet been considered
for confirmatory superiority trials.

In summary, our analysis highlights a missed opportunity
for phase III clinical trials to better quantify AE profiles, years
before postmarketing data from nonrandomized pharmacoepi-
demiology studies or smaller head-to-head trials focusing on
specific toxicities (eg, ClinicalTrials.gov, NCT04335682,
NCT04157088) become available. Few clinically useful insights
into how AE profiles compare can be gained from the main pub-
lications we analyzed, precluding meaningful comparisons. We
identified considerable variation in the absolute risks of AEs
even between placebo arms of comparable trials, preventing
meaningful comparisons of absolute risk differences or num-
bers needed to harm. Despite the absence of inferential statis-
tics, just as in John Graunt’s study from 1661 (29,30), most trials
made strong, conclusive statements about AEs. By improving
AE reporting and analysis methodology, phase III trials can bet-
ter fulfill their potential to generate robust inferences about tox-
icity, just as they do for efficacy.
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