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1 Methods

1.1 The Bayesian model’s objective function
The model of Chick et al. (2017a) assumed that no patients were being treated with technology
N at the start of the trial and it was assumed that all patients would switch to it, were it found
to be superior, in cost-effectiveness terms, to technology S. This assumption did not match the
pragmatic nature of the ProFHER trial in that, prior to the start of the trial and owing to the
absence of definitive clinical guidance, some patients in the population of interest were being
treated with surgery and some with sling. Alban et al. (2020) propose an extension to account
for mixed clinical practice: define pN as the proportion of the P patients who would be treated
with the new technology N (surgery, in the context of the ProFHER trial) in the absence of the
trial. Hence 1− pN is the proportion who would be treated with the standard S (sling), absent the
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Table SM.1: Point estimates of QALYs and treatment cost data from the ProFHER trial, together
with the number of observations used to obtain each point estimate, arranged in blocks of ten
patient pairs. Also included is a row for the prior mean, together with the effective sample size
of the prior (block = 0). In columns 6–9, block sizes with fewer than ten observations contain
missing data.

QALYs Treatment costs Number of observations
Block ĒN ĒS C̄N C̄S nĒN

nĒS
nC̄N

nC̄S

0 (Prior) 0 0 0 0 2 2 2 2
1 0.74 0.67 3166 2102 10 10 4 6
2 0.85 0.69 1855 47 10 9 6 6
3 0.66 0.84 2464 120 9 9 5 7
4 0.77 0.44 2191 1150 10 9 5 7
5 0.66 0.73 3921 32 10 10 4 5
6 0.68 0.78 2854 582 10 9 4 8
7 0.78 0.61 2549 1223 10 9 6 3
8 0.60 0.71 3081 3028 10 10 7 5
9 0.52 0.73 2689 20 10 10 5 5
10 0.75 0.81 2434 821 9 10 9 6
11 0.62 0.65 1918 27 10 9 5 3

trial. Define the adoption decision as D ∈ {S,N}. A valid Stage II rule, or policy, π, takes the
value of the posterior mean and the number of patient pairs already allocated and maps it to an
action: whether to randomise another pair of patients or to stop the trial, follow up the pipeline
patients, and make decision D. The expected benefit from carrying out the trial is defined as:

V (π;µ0, n0) =− cfixed +

Eπ
[
−Tc+ 1DT+τ=N(P (1− pN)W − IN) + 1DT+τ=S(PpN(−W )− IS) |µ0, n0

]
,

(SM.1)

where 1F = 1 if F is true and zero otherwise and IN and IS are the costs of switching patients to
N and S, respectively. Eπ is the expectation induced by policy π and T ∈ {0, 1, . . . , Qmax} is the
number of pairwise allocations made at the time of stopping. The fact that we assume that the
switching costs are equal to zero and that the adoption decision must be one of either technology
N or S means that the special case in section D.1.3 of Alban et al. (2020) applies and that the
solution to Eq. (SM.1) simplifies to that of the problem considered by Chick et al. (2017a).

1.2 The application
1.2.1 Primary health outcome, quality of life and treatment cost analysis.

Table SM.1 presents the point estimates of mean QALYs and treatment costs, arranged in blocks
of ten patient pairs, from the ProFHER trial. These data are used to plot the path for the point
estimate of expected incremental net monetary benefit in Figure 2 of the journal article (ignoring
block 0, which refers to the prior mean and its effective sample size), Figures SM.1a and SM.1b
and for the bootstrap analysis.
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(a) Health outcomes (Oxford Shoulder Score and
QALY). Values above zero show surgery to be supe-
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Figure SM.1: Differences between sample means for the health outcomes Oxford Shoulder Score
and QALY and treatment cost, together with limits at ± two standard errors (SE).

Figures SM.1a and SM.1b show how the differences between the sample mean QALYs and
treatment cost at one year – the two constituent parts of the average incremental net monetary
benefit that is plotted in Figure 2 of the journal article – evolved as the sample size accumu-
lated. The horizontal axis records the number of pairwise allocations, measured in blocks of
ten pairwise allocations at a time, as in the journal article. Figure SM.1a shows that there was
little difference between the sample mean QALYs as evidence accumulated: surgery was slightly
superior to sling initially, but as the sample size accumulated the difference fell to zero. Also plot-
ted in Figure SM.1a is the difference between the sample means of the primary health outcome
measure, the Oxford Shoulder Score. Once more, there is some evidence favouring surgery early
on, but it falls over time. A difference of five points in the Oxford Shoulder Score was deemed
to be of clinical importance (Handoll et al., 2015). Figure SM.1a shows the maximum difference
to be about 7, in favour of surgery, after 20 pairwise allocations.

Figure SM.1b shows the difference between the sample means for treatment cost. Surgery
was estimated to be approximately £1,000 more expensive than sling initially, rising to just under
£2,000 more expensive by the end of the study.

1.2.2 Assumptions regarding the choice of parameter values.

The parameter values used for the analysis are sourced and calculated as follows:

1. Estimate of the proportion treated with sling at the start of the trial, pN: taken from Han-
doll et al. (2015, page 104). Of 313 non-consenters in the ProFHER trial, 66 were assigned
to surgery, 105 to sling, 118 were classified as ‘uncertain’ and data were missing for the
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remaining 24. Assume that non-consenters were representative of the overall patient pop-
ulation for which the ProFHER trial was designed and that patients with missing data for
treatment, together with those classified as ‘uncertain’, do not systematically differ from
the study population either. Then it is estimated that pN = 0.39 ( = 66/171).

2. Estimate of switching costs: from personal communications it was believed that these costs
would be minor and they are assumed to be equal to zero.

3. Estimate of the sampling variance, σ2
X : from the 95% confidence interval for expected in-

cremental net monetary benefit at one year provided by the ProFHER trial’s data. The point
estimate of expected incremental net monetary benefit at one year was
-£1601.66 and the upper limit of the 95% confidence interval was -£458.06, based on
approximately 60 pairwise allocations. Using a critical value of t = 2, σX ≈

√
60 ×

(-£458.66 + £1601.66)/2 ≈ £4,400.

4. Estimate of P , the number of patients affected by the adoption decision: there appears to
be no reliable information on the annual incidence rate of fractures meeting the inclusion
criteria for the ProFHER trial. We therefore estimated P using information from a number
of sources. Corbacho et al. (2016, page 7) report that there were 3,519 first listed consultant
episodes for patients with fractures of the proximal humerus which involved an operation
during 2011–12. They assume that 80% of these were displaced fractures involving the
surgical neck. They make the conservative assumption that 50% of these cases may change
from surgical intervention to non-surgical intervention as a result of the ProFHER trial
and calculate a £2.5m saving to National Health Service England (i.e. 3,519 × 0.8 ×
0.5 = 1,408 patients ×∆C = £1,758 = £2.5m). Treatment using sling is classified as an
outpatient appointment in the United Kingdom, and there are no data on the number of
sling administrations that took place during 2011–12. Given that Corbacho et al. (2016)
estimate that there were 2,815 ( = 0.8× 3,519 ) cases of fractures of the proximal humerus
involving the surgical neck during 2011-12, we use pN from point 1 above to estimate that
4,403 ( 2,815× ( 1 / (0.39) - 1) ) patients would have been treated with sling. We therefore
estimate an annual incidence rate of 2,815 + 4,403 ≈ 7,000 patients who may be treated
either with surgery or sling. We combine this with a total duration for implementing the
decision resulting from the trial which is equal to 6 years, so P = 6 × 7,000 = 42,000.

5. Estimate of c, the marginal cost per pairwise allocation, is calculated using the financial
records from the trial (those used to produce Figure 2 of the journal article). Approximately
£161,000 was spent prior to recruiting the first patients. This is classified as the fixed set-
up cost of the trial. An estimated 50% of the £1,020,000 of costs incurred between the
start of patient recruitment and the finish of follow-up is taken to be the variable cost of
the trial, giving an estimate of the marginal cost of adding one pairwise allocation to be
£510,000/125 = £4,080. The remaining 50% is taken to be a cost (such as overheads)
which would have been incurred during the recruitment phase even if no patients were
being recruited. Finally, costs of £289,000 are incurred post follow-up. This gives a total
spend of £1,470,000.
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Figure SM.2: Stopping boundaries showing the maximum length of Stage II, together with the
optimal numer of pairwise allocations during Stage I, for Qmax = 250 and Qmax = 125 pairwise
allocations.

2 Results

2.1 The stopping boundaries
Figure SM.2 shows the stopping boundaries for the two versions of the model in (n0 + pairwise
allocations × prior/posterior mean) space. The optimal Stage I decisions (run a sequential trial,
run a trial with a fixed sample size, run no trial), delineated by the letters A–D as they were in
Figure 1 of the journal article, are shown, together with circles showing some of the optimal
pairwise allocations for the Optimal Bayes One Stage design.

2.2 Additional Monte Carlo simulation
We used additional Monte Carlo simulation to explore how the Optimal Bayes Sequential policy
performs when the prior mean for the unknown expected incremental net monetary benefit is
varied over a range of values, with sampling means drawn from the resulting prior distribution.
We did this for three trial designs: the Optimal Bayes Sequential design, with Qmax = 250 and
Qmax = 125, and a fixed sample size (i.e. non-sequential) version with 125 pairwise allocations,
which we call the ‘Fixed’ design.

We used a range of values of the prior mean, between a lower limit of −£10,000 and an
upper limit of £10,000. For each value, we took the value of n0 used for the bootstrap analysis
and made 15,000 random draws ofW from the resulting distribution. For each draw, we sampled

SM.6



-1 -0.5 0 0.5 1

Prior mean for E[INMB] 10
4

0

20

40

60

80

100

120

140
A

v
e
ra

g
e
 n

u
m

b
e
r 

o
f 
p
a
ir
w

is
e
 a

llo
c
a
ti
o
n
s

AB CD

Optimal Bayes Sequential Q
max

 = 250

Optimal Bayes Sequential Q
max

 = 125

Fixed

(a) Average number of pairwise allocations.

-1 -0.5 0 0.5 1

Prior mean for E[INMB] 10
4

0.94

0.95

0.96

0.97

0.98

0.99

1

P
ro

p
o
rt

io
n
 o

f 
c
o
rr

e
c
t 
d
e
c
is

io
n
s

AB CD

Optimal Bayes Sequential, Q
max

 = 250

Optimal Bayes Sequential, Q
max

 = 125

Fixed

(b) Proportion of correct decisions.

-1 -0.5 0 0.5 1

Prior mean for E[INMB] 10
4

-1

0

1

2

3

4

5

6

D
if
fe

re
n

c
e

 b
e

tw
e

e
n

 e
x
p

e
c
te

d
 r

e
w

a
rd

s

10
5

AB CD

Optimal Bayes Sequential (Q
max

 = 250) - Fixed

Optimal Bayes Sequential (Q
max

 = 125) - Fixed

(c) Estimate of difference between expected
benefits.

-1 -0.5 0 0.5 1

Prior mean (Bayes) or expected value (frequentist) 10
4

0.4

0.5

0.6

0.7

0.8

0.9

1

P
ro

p
o

rt
io

n
 o

f 
c
o

rr
e

c
t 
d

e
c
is

io
n

s

AB CD

Sequential with Bayes prior mean, Q
max

 = 125

Sequential with frequentist expected value

(d) Proportion of correct decisions: com-
parison of Optimal Bayes Sequential with
sequential approach when σ0 = 0.

Figure SM.3: Results from the Monte Carlo simulation.

at random from the sampling distribution and used these draws to generate a path for the posterior
mean. For each path we calculated the stopping time of the trial and the adoption decision made
at the end of Stage III. We investigated performance characteristics including the average number
of pairwise allocations, the probability of making the correct selection decision1 and the average
benefit. Results are presented in Figures SM.3a to SM.3d.

Figure SM.3a presents the average sample size of the Optimal Bayes Sequential design as a
function of the prior mean for the expected incremental net monetary benefit. The letters ‘A’–
‘D’ correspond to those marked in Figure 1 of the journal article. Figure SM.3a shows that,
for both sequential designs, the average sample size is lower than the 125 pairwise allocations
used for the Fixed design and it falls the further the prior mean is from zero, which is to be
expected. Comparison of the Optimal Bayes Sequential design when Qmax = 125 with that when
Qmax = 250 shows that doubling the maximum sample size increases the average sample size
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most at µ0 = 0 (from about 79 pairwise allocations to about 94). So, compared with running a
fixed sample size trial with 125 pairwise allocations, the two Optimal Bayes Sequential designs
are expected to reduce the sample size of the trial.

Figure SM.3b presents the proportion of times that each design makes the correct technology
selection decision. The Fixed design and the Optimal Bayes Sequential design with Qmax = 125
pairwise allocations have a very similar performance. Doubling the maximum sample size of
the Optimal Bayes Sequential design increases the proportion of correct decisions by about one
percentage point, reflecting the value of continuing to learn about W . Performance of all three
designs is worst in the region of µ0 = 0, although the correct selection is still made in approxi-
mately 96–97% of the replications. So, although the two Optimal Bayes Sequential designs are
expected to reduce the sample size (Figure SM.3a), there is little impact on the probability that
the correct technology is selected.

Figure SM.3c plots the estimate of the ‘net gain’ of the Optimal Bayes Sequential designs
over the Fixed design. Net gain is defined as the difference between the average benefit of the
Optimal Bayes Sequential design and the Fixed design, accounting for both the benefit accruing
at the point of technology selection and the cost of the trial. The two sequential designs out-
perform the Fixed design by between just under £200,000 and just over £300,000, owing to the
fact that they both save costs through early stopping, on average (Figure SM.3a), while making
a similar proportion of correct decisions (Figure SM.3b).

Finally, Figure SM.3d compares the proportion of correct decisions made by the Optimal
Bayes Sequential design when Qmax = 125 pairwise allocations (the same red, continuous line
that is plotted in Figure SM.3b) with the proportion of correct decisions from what we term a
‘frequentist’ approach to the Monte Carlo simulation (green, dash-dot line). For the frequentist
approach, σ0 is set equal to zero, so that the sampling mean is no longer a random draw from a
prior distribution but is equal to the prior mean for all 15,000 replications. Figure SM.3d shows
that, when µ0 = W = 0, the probability of selecting surgery is equal to one half owing to the
fact that the stopping boundary is symmetric, but it increases the further W lies from 0.

2.3 Additional sensitivity analysis
Additional sensitivity analysis may be used to investigate the impact of changes in parameter
values on the stopping boundary, the ranges of µ0 over which the ‘no trial’, Optimal Bayes One
Stage and the Optimal Bayes Sequential designs are optimal, as well as the operating charac-
teristics. Holding a given set of parameter values constant, Chick et al. (2017b, Sections S.6.1
and S.6.2) show that reducing the delay, τ , reduces the range over which running the Optimal
Bayes One Stage design is optimal. Increasing the variable research cost, c, shrinks the Stage
II continuation region and reduces the range of the prior mean over which the Optimal Bayes
Sequential design is optimal. Increasing P has the opposite effect: a higher value of P widens
the continuation region and makes the sequential trial more attractive. Further, it may be shown
that increasing cfixed moves point ‘A’ towards ‘C’ and point ‘B’ towards ‘D’ in Figure 1 of the
journal article, increasing the region over which ‘no trial’ is optimal, because running no trial
incurs no fixed cost. If fixed costs are high enough, the region over which the Optimal Bayes
Sequential design is optimal shrinks (points ‘C’ and ‘D’ move towards 0). Comparison of value
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functions in this manner, accounting for the fixed costs of operating the trial, therefore offers the
potential for informing design decisions at the research commissioning stage.

Notes
1A ‘correct selection decision’ is defined according to the value of the draw for W . An adoption decision is

defined as being correct if W > 0 and the posterior mean informing the adoption decision suggests surgery is
cost-effective or if W ≤ 0 and the posterior mean informing the adoption decision suggests sling is cost-effective.
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