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Bayesian post-hoc analysis of chemoradiation with and
without surgery in patients with locally advanced
squamous cell carcinoma of the esophagus
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Posterior probability of mortality at 5 years after
trimodality with 5 different priors.

CENTRAL MESSAGE

Post-hoc Bayesian analysis is
useful for evaluating the proba-
bility of treatment benefit in
otherwise-rigid dichotomous in-
terpretations of study results.

See Commentary on page 694.
Supplemental material is available online.

Randomized controlled trials (RCTs) are considered the
greatest level of evidence in clinical research. In
lower-prevalence cancers, where there is a paucity of RCTs,
clinical practice may be heavily influenced by the results of
a single randomized clinical trial. However, one must always
carefully scrutinize the methodology of a trial before inter-
preting RCT results. In reality, RCTs are often more difficult
to carry out and implement than studies in a controlled biolog-
ical environment and might not replicate real-life decision-
making strategies. Even though trial designs may be pub-
lished beforehand, an RCT may not be conducted as origi-
nally designed if the design was unrealistic, does not reflect
what clinicians and patients are willing to do, or if it encoun-
ters logistical obstacles that were not accounted for during the
statistical design of the trial.1 In addition, trials may be under-
powered due to overestimation of treatment effect and unac-
counted randomness inherent in real-world data or any
unforeseen events in the implementation of the trial.

Most clinical trials are conducted and reported in a
classical frequentist paradigm, which is with which
clinicians are most familiar. The frequentist approach makes
inferences about the intervention effect based solely on the
current study’s observed data without considering its plausi-
bility or any previous studies. Frequentist results are regu-
larly and inappropriately dichotomized into significant or
not significant based on an established threshold by the inves-
tigators (ie, P value< .05). The Bayesian framework, in
contrast, treats the true intervention effect as an unknown
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quantity for which an investigator can assign a prior belief
about its most likely magnitude and plausible range based
on known prior information. The investigator then updates
their prior belief when encountering new evidence. We all
have prior beliefs about whether a treatment is effective.
When presented with new evidence, these beliefs are updated
by incorporating these new data into what is known as the
posterior belief, which is your updated belief now that you
have incorporated the new data. These prior beliefs, new ev-
idence, and posterior beliefs are expressed as probabilities. In
the context ofmedical intervention, we believe that providing
a probability of benefit and harm for a given intervention has
the potential to facilitate personalized decision-making op-
portunities for patients, and these can only be obtained
from a Bayesian analysis. From a Bayesian framework, the
conversation around whether a medical treatment is effective
is not yes or no but what is the probability of the treatment
achieving desired outcome compared with control, and the
probability of magnitude of effect.
ery c September 2022
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The most important questions for clinicians incorporating
clinical trial results are often “Do these results help me
make a decision with my patients and improve their
outcome?” along with “How much confidence do I have in
the results of the trial, and is there evidence that this trial ap-
plies to my population?” The reality is that the treatment
benefit is rarely ever the same across different populations.
The benefit of treatment should be more accurately under-
stood as a spectrum of probabilities rather than a simple
dichotomous outcome. To demonstrate a more nuanced un-
derstanding of the methodology in an RCTand how it affects
our confidence in the results, we reanalyzed a highly cited
trial by Stahl and colleagues2,3 for esophageal squamous
cell cancer under a Bayesian framework. We conducted a
post-hoc Bayesian analysis to calculate the probability of
any treatment benefit and of a clinically important treatment
effect to demonstrate the differences between Frequentist
and Bayesian interpretation of the results.
EVALUATION OF CLINICALTRIAL METHODS
We will use a landmark study in esophageal squamous cell carcinoma

(ESCC) as an example. The Stahl trial was a randomized trial that compared

chemoradiation therapy followed by surgery (trimodality therapy [TMT])

with definitive chemoradiation therapy only (bimodality therapy [BMT]).

The authors concluded in this trial that survival outcomes were equivalent

regardless of whether patients were treated with surgery or without surgery.

However, there are several flaws within the design of the trial from a fre-

quentist perspective that can lead to this conclusion. We first summarize

severalmethodologic flawswith the trial design that could affect the interpre-

tation of benefit in a population outside of this study and then show how

Bayesian analysis can provide more nuance to the results.

First, randomization occurred before the start of chemoradiation therapy.

The decision to perform an esophagectomy after chemoradiation cannot be

optimally determined before observing the effect of chemoradiation on the

patient’s fitness for surgery. This difficulty in implementation was reflected

in the intent-to-treat analysis, as only 57 of 86 patients (66%) in the TMT

arm actually underwent resection. Similarly, in the BMT cohort, where the

intent was to avoid surgery, 5 of 86 patients (6%) underwent surgery result-

ing in substantial contamination of effect. This unintended cross-over in-

creases the likelihood of an equivalent outcome between the 2 arms.

Second, the expected equivalence limit used in this study was a delta of

15% at 2 years. We argue that this parameter is too wide, as echoed by

Ruhstaller and colleagues.4 The sample size calculation is based on this

subjective equivalence limit, and an overestimation of treatment effect

lowers the sample size needed to detect a difference, or in this case,

equivalence, but that makes the clinical relevance of this study subjective.

Third, even with the aforementioned parameters, this may have been un-

derpowered to be an equivalence trial. We calculated a sample size based on

the stated trial assumptions, assuming a 20% survival rate, a 15% equiva-

lence margin, 80% power, and a significance level of .05. We estimated

that a total of 244 patients would be needed, more than the 86 patients in

each arm in this trial and the 100 patients per group in the power calculation

before the adaptive design stated by the authors. While the authors used an

adaptive design to stop the trial early, the actual adaptive design was not dis-

closed and hence cannot be evaluated for potential biases.5

Fourth, the trial reported an 11% perioperative mortality rate in TMT,

which is greater than the generally accepted 3% to 5% that is expected

for this procedure.6 Given these concerns, the results of this study likely

underestimated the benefit of TMT in patients with locally advanced

ESCC. Thus, we used a post-hoc Bayesian analysis method to evaluate
The Journal of Thoracic and Ca
the probability of treatment benefit of TMT, as well as the probability of

relative and absolute risk reduction in mortality at various follow-up years.

BAYESIAN STATISTICAL ANALYSIS
Bayesian analyses update the evidence of treatment

benefit or harm. We start with a prior probability of treat-
ment effect of TMT or BMT represented by relative risk
(RR) for mortality with BMT as a baseline reference. This
information could be derived from previous clinical trials,
clinical knowledge, or a neutral prior to indicate a priori
equal likelihood of either group being superior. The results
from the trial by Stahl and colleagues can then be combined
with each of the prior probabilities to create the posterior
probabilities. These probabilities allow us to report point es-
timates and a (95%) credible interval (CrI) of treatment ef-
fect and calculate the probabilities of a treatment effect of a
specific magnitude (ie, probability of relative risk reduction
[RRR] and absolute risk reduction [ARR]).
The probabilities of RRR and ARR at different time points

were calculated. We want to know the probability of RRR
and the ARR because these become important discussion
points with the patient when deciding whether the morbidity
of an esophagectomy is worth the reduced risk of death from
cancer. We used 5 different priors to explore how the study
results vary depending on doubt or confidence the patients
and clinicians might have regarding treatment benefit of a
given treatment arm. We extracted the number of deceased
patients in each group at 2, 3, 5, and 10 years after enroll-
ment.2,3 For each outcome, separate models were run for
each prior distribution. We used a normal approximation
for the observed log RR. All prior distributions were also
assumed to follow a normal distribution in the log RR scale.
(This assumption results in a normal posterior as well.) The
likelihood was solely based on the observed mortality data
(Table E1). For validation purposes and calculation of
ARR, we fitted the models using Markov chain Monte Carlo
methods described by Goligher and colleagues.7 We calcu-
lated the probabilities of treatment benefit from TMT,
defined as the probability that TMT provides any benefit
(RRR>0%). To evaluate larger treatment benefits, we also
calculated the probabilities of RRR>10% and>20%. In
addition to RRR, we also evaluated the probability of ARR
under each prior distribution with a fixed baseline mortality
risk of 65% (BMT mortality at 2 years). The probabilities
of ARRof 2%, 4%, and 6%were estimated under each prior
distribution. The posterior probabilities are summarized with
a mean estimate and a 95% CrI. Statistical analyses were
performed using the metaphor and R2jags packages8,9 in R
software, version 3.6.2.10

DERIVATION OF PRIORS
Choosing values for the prior probabilities can be contro-

versial11 because they represent different prior beliefs that
can lead to different conclusions. Therefore, we devised 5
rdiovascular Surgery c Volume 164, Number 3 689
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FIGURE 1. Five different prior probabilities for relative risk of mortality for TMTwith reference to BMT: strongly enthusiastic, moderately enthusiastic,

skeptical, strongly skeptical, and neutral prior. Neutral prior is indicated by orange and black dotted lines in every graph. The shaded area has a relative risk

of mortality �1, indicating treatment benefit of TMT. TMT, Trimodality therapy; BMT, bimodality therapy.
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different representations of prior information12: neutral
(minimally informative), strongly enthusiastic (of TMT
benefit), moderately enthusiastic, skeptical (no treatment
benefit from TMT), and strongly skeptical priors
(Figure 1). These priors act as sensitivity analyses that allow
us to determine how the study results vary depending on the
prior confidence of the clinicians in the benefits of a given
treatment plan. In other words, we first start with a belief
about the effectiveness of the treatment (prior probability).
Then via a clinical trial, we obtain the data to estimate the
probability of observing the outcome of interest (likelihood).
This new information updates our initial belief about the
effectiveness of the treatment one way or the other; hence,
producing posterior probability. The reasonwe have multiple
priors is to represent the real-world enthusiasm or skepticism
that clinicians may have about a certain treatment before a
clinical trial is done. The center of the distribution represents
the most likely size of the treatment effect (ie, RR), and the
width of the distribution represents the certainty around
this value (eg, tighter curves represent more certainty
whereas wider ones represent more uncertainty). The area
under the curve to the left of any value (Figures 1 and 2) rep-
resents the probability of the treatment effect being less than
that value (eg, the probability of RR<1 is the area to the left
of 1, which is identical to the probability of RRR>0%).
Although we expect TMT to be beneficial, we first conserva-
tively used a neutral prior to express the lack of evidence fa-
voring TMT. The RR was centered at 1.0 (0 in log RR scale)
and a 95%CrI of 0.25 to 4.0, encompassing the largest likely
effect size for major outcomes in randomized trials.

We specified 2 different enthusiastic priors: strongly
enthusiastic and moderately enthusiastic, with strongly
enthusiastic having a lower RR than moderately enthusi-
astic. For the strongly enthusiastic prior, RR was centered
at 0.66, which was derived from the clinical trial by Bosset
690 The Journal of Thoracic and Cardiovascular Surg
and collegues.13 This was the largest trial completed before
the trial by Stahl and colleagues. For the moderately enthu-
siastic prior, we used Stahl colleagues’ hypothesized 2-year
mortality rate of 65% for TMTwith BMTas a reference.2,14

The RR for moderately enthusiastic prior was 0.81. The
standard deviations (SDs) of each prior were 0.25 and
0.13, respectively. With SDs of 0.25 and 0.13, we assumed
an a priori 90% and 80% likelihood of RR< 1.0 for a
strongly enthusiastic and moderately enthusiastic prior,
respectively.

Likewise, we also created 2 different skeptical priors:
skeptical and strongly skeptical, both centered at an RR of
1.0. We adopted the same SDs, 0.25 and 0.13, from enthusi-
astic priors for skeptical priors. The smaller SD of 0.13 was
used for the strongly skeptical prior because a smaller SD de-
notes stronger skepticism.15 Note that even though the RR for
both skeptical priors was centered at 1, there was still a 50%
chance that BMT increases the mortality rate. While some
skeptics may consider surgery to be detrimental to the mor-
tality of outcome, this has not been reported in literature,
and thus RR of 1 was meant to convey that each arms has
a 50% chance of increasing mortality rate.

The trial enrolled 86 patients in each arm. The mortality
rates in each arm at years 2, 3, 5, and 10, as well as the
observed RRs, are summarized in Table E1. On the basis
of each of the 5 priors, the 5 prior probabilities of
RR < 1, <0.9, <0.8, and <0.67 (RRR >0%, >10%,
>20%,>33%) for TMT are summarized in Table 1.

POSTERIOR PROBABILITYANALYSES
The posterior probabilities of RR in mortality at 2 years

under each prior were calculated (Table 2). Under a mini-
mally informative (neutral) prior, the posterior estimate of
RR at 2 years was 0.93 (95% CrI, 0.74-1.17), indicating
an estimated 7% reduction in mortality in TMT compared
ery c September 2022
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FIGURE 2. Five-year follow up posterior probabilities with 5 different priors; the prior belief (blue) is combined with the observed outcome likelihood

(red) to generate the posterior probability (green) of relative risk of TMT compared with BMT. TMT, Trimodality therapy; BMT, bimodality therapy.
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to BMT. For strongly and moderately enthusiastic priors,
the posterior estimates of RR were 0.89 and 0.91, indicating
an 11% and 9% reduction in mortality for TMT, respec-
tively. For skeptical and strongly skeptical priors, the poste-
rior estimate was both 0.94. The greatest probability of
TABLE 1. Prior probability of RR and RR reduction in mortality with 5 d

Prior belief Mean RR

SD of

log (RR)

(in

RR<1

Neutral 1 0.7 50

Strongly enthusiastic 0.66 0.32 90

Moderately enthusiastic 0.81 0.25 80

Skeptical 1 0.32 50

Strongly skeptical 1 0.25 50

RR, Relative risk; SD, standard deviation.

The Journal of Thoracic and Ca
treatment benefit with TMT was seen at 5 years. With the
strongly enthusiastic prior, the posterior probability of
RRR>10% was 72.2%. Even with a strongly skeptical
prior, the 5-year posterior probability of any treatment
benefit for TMT was 93.8%. Figure 2 graphically
ifferent priors for TMT in comparison with BMT

Prior probability of treatment benefit

mortality) greater than or equal to specified threshold (%)

RR<0.9 RR<0.8 RR<0.67

44 37 28

83 72 51

66 48 22

37 25 11

34 19 5

rdiovascular Surgery c Volume 164, Number 3 691



TABLE 2. Posterior probability of treatment benefit (inmortality) greater than or equal to specified threshold based on 5 different priors at follow-

up time of 2, 3, 5, and 10 years

Prior belief

2 y 3 y 5 y 10 y

Posterior

median

RR

(95% CrI)

RRR

>0%

RRR

>10%

Posterior

median

RR

(95% CrI)

RRR

>0%

RRR

>10%

Posterior

median

RR

(95% CrI)

RRR

>0%

RRR

>10%

Posterior

median

RR

(95% CrI)

RRR

>0%

RRR

>10%

Neutral 0.93 (0.74-1.17) 73.3 38.7 0.91 (0.76-1.09) 84.3 45.7 0.87 (0.74-1.03) 94.7 63.4 0.92 (0.81-1.05) 89.0 36.8

Strongly

enthusiastic

0.89 (0.72-1.11) 84.8 53.0 0.88 (0.74-1.06) 90.9 57.3 0.86 (0.73-1.01) 97.1 72.2 0.91 (0.80-1.03) 92.9 45.1

Moderately

enthusiastic

0.91 (0.74-1.12) 82.3 47.5 0.89 (0.75-1.07) 89.4 52.6 0.87 (0.74-1.01) 96.5 68.3 0.91 (0.80-1.04) 92.1 41.9

Skeptical 0.94 (0.75-1.16) 72.3 35.9 0.91 (0.76-1.09) 83.5 43.0 0.88 (0.75-1.03) 94.2 60.6 0.92 (0.81-1.05) 88.6 35.0

Strongly

skeptical

0.94 (0.76-1.16) 71.6 33.6 0.92 (0.77-1.09) 82.9 40.8 0.89 (0.76-1.03) 93.8 58.3 0.93 (0.81-1.05) 88.3 33.6

Posterior probability of treatment benefit (in mortality) greater than or equal specified threshold based on five different priors at follow-up time of 2, 3, 5, and 10 years.

RR, Relative risk; RRR, relative risk reduction; CrI, credible interval.
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demonstrates the prior distribution, likelihood, and
posterior probability distribution in a RR scale for the 5
different priors and posttreatment at 5 years.

A Markov chain Monte Carlo simulation was performed
to calculate the ARR with a fixed baseline mortality rate of
65%, which was the mortality rate of BMT at 2 years.
Table E2 describes the probability of at least a 2%, 4%,
and 6% ARR for each prior at 2, 3, 5, and 10 years after
enrollment. At 2 years after enrollment, the probability of
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Frequentist results showed
equivalence in survival between
chemoradiation plus surgery
(TMT, N = 86) and definitive
chemoradiation (BMT, N = 86)

Post-hoc Bayesian analysis was
performed to evaluate posterior
probability of RRR and ARR for
TMT versus BMT at 2, 3, 5, and
10-years with five different
priors.

RRR: Relative risk reduction, ARR: Absolu

Bayesian Post-hoc Analysis of Chemoradiation
Locally Advanced Squamous Cell

FIGURE 3. Visual abstract depicting the main message of the study. TMT, Tr

ARR, absolute risk reduction.
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an ARR > 2% was 66% with neutral prior, 75% with
moderately enthusiastic prior, and 63% with strongly skep-
tical prior. At 5 years after enrollment, the probability of an
ARR>2% was at least 88% regardless of priors, and the
probability of an ARR>6% was at least 72% with enthusi-
astic priors. Note that, at 10 years, the probabilities of mor-
tality reduction were lower than that after 5 years: the
probability of an ARR>4% was 62% under neutral prior,
at least 67% under enthusiastic priors and at least 60%
Likelihood Posterior Prior
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Results
At 5 years, TMT had at least an
88% probability of RRR with TMT.
However, probability of ARR
varies between >2% to >6%
depending on prior.

 with and without Surgery in Patients with
 Carcinoma of the Esophagus

Implication
Bayesian analysis can provide
probability of benefit rather than
dichotomous outcomes. Thus, a
useful tool for gauging the true
benefit of a treatment.

imodality therapy; BMT, bimodality therapy; RRR, relative risk reduction;
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under skeptical priors. We have provided the codes used to
generate these analyses in R (OnlineData Supplements 1-3).

Limitations
Bayesian methods are not without limitations because the

use of priors is subjective, even when derived from other
high-evidence studies. In our study, we attempted to mini-
mize this limitation by using multiple different priors to
evaluate the array of probabilities with a given prior,
including the parameters as indicated by Stahl and col-
leagues. Another limitation is that this post-hoc Bayesian
analysis could not account for the large contamination of ef-
fects due to the randomization schema or the higher-than-
normal perioperative mortality rate.

DISCUSSION
Our Bayesian post-hoc analysis methods provide a prob-

abilistic view of the trial results from Stahl and colleagues
(Figure 3). Rather than a simple yes-or-no answer to the
treatment benefit of TMT based on the investigators’ hy-
pothesis testing, we provided the probability and magnitude
of the treatment benefit at 2, 3, 5, and 10 years after enroll-
ment based on both known prior information and a neutral
stance on treatment benefit. Our results can help patients
with ESCC quantify the probability of survival benefit
with TMT compared with BMT. In addition, because esoph-
agectomy is a major surgery with significant risk for
morbidity and mortality, patients and their caregivers can
use the probability of ARR to decide whether the risk reduc-
tion in survival is worth the risk of surgery. While these
probabilities are likely different in the contemporary era,
Bayesian analysis is a useful tool in helping surgeons and
patients assign numeric values in estimating risk trade-offs.

While we agree with the conclusion of the interpretation
of the trial outcomes based on the frequentist design, we
feel that issues with the trial design lead to an overly
simplified answer that did not adequately convey the whole
result of the trial. While there are now newer and larger
trials on the horizon, the use of statistics continues to be
mostly frequentist. This is in large part due to clinician’s
lack of familiarity with interpreting and using Bayesian
statistics, but we believe that Bayesian analysis conveys
additional information to trials and is a useful tool in patient
care. Bayesian and frequentist statistical paradigms report
information in different ways, but both are helpful for
clinicians and patients in a personalized decision-making
process based on each patient’s risk tolerance. From
patients’ perspective, the decision for prolonged life versus
quality of life is a complex individualized decision between
treatment toxicity, morbidity, possible risks and benefits,
and many others. These decisions and values are personal
and situation-dependent.16 To be able to produce a
probability of the treatment benefit and magnitude of
The Journal of Thoracic and Ca
benefit for a specific outcome, such as survival, can be
invaluable in complex decision-making discussions.
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TABLE E1. Observed mortality data, n (%), from the trial by Stahl and colleagues

Mortality TMT (n ¼ 86) BMT (n ¼ 86) RR

2 y 52 (60.5) 56 (65.1) 0.93

3 y 59 (68.6) 65 (75.6) 0.91

5 y 62 (72.1) 71 (82.6) 0.87

10 y 69 (80.2) 75 (87.2) 0.92

TMT, Trimodality therapy; BMT, bimodality therapy; RR, relative risk.

TABLEE2. Posterior probability that the true ARRwas>2%, 4%, and 6% for each prior, assuming a baselinemortality rate of 65% at 2, 3, 5, and

10 years after surgery

2 y 3 y 5 y 10 y

>2% >4% >6% >2% >4% >6% >2% >4% >6% >2% >4% >6%

Neutral 65 54 43 77 65 51 90 81 68 79 62 42

Strongly enthusiastic 79 69 58 85 75 62 94 87 76 85 70 51

Moderately enthusiastic 75 65 52 82 71 57 93 85 72 83 67 48

Skeptical 64 53 41 75 62 48 89 79 65 77 60 40

Strongly skeptical 63 51 39 74 61 46 88 78 63 77 60 39
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