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1 Introduction
1.1 Purpose of this document

This document describes the results of testing bCRM application by simulation. It will be useful for
those intending to use the system. Users are encouraged to read the 1995 [Goodman] paper and
the original bCRM paper [Braun] before using the bCRM application.

1.2 Scope of this document

This testing primarily covers the setting up and running of simulations in bCRM.

1.3 Context of this Issue

This issue documents version 1.1.2 of the system.

14 Definition of Terms

bCRM refers to the computer programs that implement the bivariate continual
reassessment method dose-finding algorithm, simulate and run phase 1
clinical trials using the bivariate continual reassessment method design and
provide charts and graphs of the results.

A Simulation Series is comprised of a ‘Design’ for a trial using the bCRM algorithm, a set of one
or more ‘Scenarios’ — possible probabilities of toxicities and efficacies — and
one or more ‘Variants’ where some of the Design parameters can be varied
to explore the effect of the variation on the operating characteristics of a
Trial. A Simulation Series creates a number of Runs = (number of
Scenarios) * (number of Variants).

A Design is a set of parameters that define a trial design to be carried out using the
bCRM algorithm. This consists of: the specific drug dose strengths that can
be used during the trial; the ‘alpha’ value of the modelling logistic curve
along with a set of estimated toxicity and efficacy probabilities which are
used to define the set of curves to model the response; the start dose and
maximum dose level increment allowed during the trial; and the trial size
details — the number of subjects assigned in each cohort used in the trial, the
maximum number of subjects and the trial termination conditions.

A Scenario is a set of fixed values of the probability of toxicity and efficacy for each of
the dose strengths to be used in the trial. These define the ‘true’ drug
response during a simulation.

A Variant is a small modification to a Design — for example a different cohort size,
study sample size or value of alpha.
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A Run

Simulation

Trial

MTD

MED

Arun is a set of all the parameters required to simulate a trial, it is the
combination of a Design and a Scenario. A Simulation Series creates one or
more runs. Each run is organised as a separate folder, all the parameters for
a run are held in a single file called ‘init.bcrm’ and all the outputs for the
simulations of the run are held in the folder in ‘.csV’ files. (Plain text files with
one record per line, individual values separated by commas — this format of
file is readily imported into many other programs such as Excel, Access,
SAS and Oracle). bCRM can have at most one run directory open at any one
time and it is the files in this directory that provide the source data for the
parameter values and visualisation.

A simulation is the result of probabilistically generating a single clinical trial
using bCRM. bCRM creates data for subjects and their responses by
randomly selecting from the relevant probability distributions of the scenario
defined in the bCRM input file. A particular run may be simulated a number
of times, indeed to accurately analyse the characteristics of a particular
Design it must be simulated ~10,000 times over a range of scenarios.

A trial is a real clinical trial, where the user enters subjects’ data and
responses. The bCRM Algorithm is run to determine the doses to allocate
and to analyse the results. This facility allows bCRM’s adaptive allocation to
be used on small (single centre) trials.

The maximum tolerable dose. This is the strongest of the doses in the trial
that has a toxicity below the target toxicity.

The minimum efficacious dose. This is the weakest of the doses in the trial
that has an efficacy above the target efficacy.
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2 Test Plan

The two papers that were the basis for the implementation of the bCRM are [Goodman] and
[Braun]. Both these papers contain example trial designs and the results from simulating them.
bCRM was tested by entering these trial designs and running our own simulations and comparing
the results with those quoted in the papers.

[Goodman] has a test design with 6 scenarios that are simulated under a number of variants of the
design (different cohort sizes and different priors). Goodman is only concerned with toxicity, so for
these tests we disable the second, MED finding, stage of the algorithm.

[Braun] has two examples, the first with 7 scenarios simulated with just one design and the second
(taken from a paper by Gooley at al) has 3 scenarios. The first example has ‘conventional’, efficacy
and response curves that vary gradually with dose. The second example has almost step function
response and efficacy curves with varying sized windows of doses that have the minimum efficacy
and acceptable toxicity.

3 Summary of Test Results

The test results using the example from [Goodman] and good correspondence with the results
reported by him, show that the underlying implementation is correct.

The test results using the examples from [Braun] show that (with the exception of a very shallow
toxicity curve) there are realistic designs where the system gets the MTD and MED doses correctly
roughly 50% of the time and correct to within 1 dose level 90-95% of the time.

The algorithm does a good job of avoiding exposing subjects to unwanted levels of toxicity.

Thus when used in a safety study using patients rather than healthy volunteers, the system can
help in assessing whether there is likely to be a viable dose range that can be used in phase Il and
to within one dose level, what that dose range is.

4 Detailed Test Results

4.1 Toxicity only examples from [Goodman]

The basic design is a study with 6 doses, a study size of 18-24 subjects with a target toxicity of
20%. Early termination is allowed after 6 subjects have been allocated to MTD. [Goodman] gives
results for cohorts of 1, 2 and 3 subjects. We just simulate cohorts of size 2.

In bCRM version 1.0.0, modifications had to be made to the study in order to match [Goodman].
bCRM v1.1.2 can be configured to match [Goodman].
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411 Design Parameters

m Simulation Series Design

= [ 3]

Dose Level
Trial Size

Fizzed Allocation
Four Parameter Logistic

Drug

the second efficacy,

Define the drug details, and the efficacy and toxicity targets

bCRM may be used with a single outcome (toxicity or efficacy). fthere are two outcomes, the firstwould normally be toxicity and

Drug Details

Name: I Drrug
Dose unit: | tg

Type of outcome(s): * Toxicity ¢ Efficacy ¢ Toxictyand Efficacy

-Targets

Target rate for Toxicity: I 0z

" Use dose below target ' Use nearest dose { Use dose above target

Target rate for Efficacy: | 0.4

€ Use dose belowtarget ¢ Use nearest dose (& Use dose above tanget

= Rrevious. | Hext = |

Finish

Figure 4-1

The target probability of toxicity is 20% and the target is the nearest dose, as in [Goodman].
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E Simulation Series Design

I [=]

Step

Trial Size
Fixed Allocation

Drug
Dose Level

Dose Levels and Ri

Define the dose levels to be used inthe trial and their estirmated toxicity [ efficacy.
The toxicity / efficacy values are modelled by the logistic curve given below, where:

Four Parameter Logistic Alpha is defined helow. Itis not recommended to change the default value without goad reason.

The ¥ values are calculated from the estimated probabilities entered below.

atp x

P BI=L+{U-L)e i1+ F¥)

o 3
Number of dose levels: g + | -

Initial dose level: 1 Max dose level increment: 1

Minimum of Toxicity (L) 1] Minimum of Efficacy (LY I 1]
Maximurm af Toxicity (U): 1| Maximum of Eficacy (U} | 1

Dase strengths and estimated effect

Inclex Dose Strength Estimated Rate
1 100 0.05
2 210 01
3 330 0z
4 460 035
5 600 035
[ 750 0T

Show Graph...

< Erwinus | o

Finish |

Figure 4-2

The prior toxicity estimates and alpha of +3 give a family of curve’s that can represent a broad
range of toxicity for all the doses. The algorithm is instructed to start at the lowest dose and
increment in single dose steps (Goodman’s ‘Modified CRM’).
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Figure 4-3
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m Simulation Series Design

=10 ]

Step

Drug
Dose Level

Fixed Allocation
Four Parameter Logistic

~Trial Size

Setthe trial size

Owverall Trial
Cohort size (c): I 2
Max. number of subjects in Trial: | 24
Enable stage 2 [T
~Stage 1

Min. number of subjects in phase 1: | 158
End stage if no. subjects given 1st target is: | &

Stage

Stop trial if no. subjects given MED is: I 6
If MED = MTD then end trial if no. subjects given MTD is: I 12

< Previous |

Finish |

Figure 4-4

We use cohorts of size 2, with a minimum of 18 subjects and a maximum of 24.

Allocation of extra subjects to the highest and lowest doses was not enabled and neither was the
fitting of a four parameter logistic.

41.2

These are exactly as in [Goodman]:

Scenarios

Dose Level | Curve 1 Curve 2 Curve 3 Curve 4 Curve 5 Curve 6
(and Prior)
1 0.05 0.05 0.10 0.01 0.30 0.05
2 0.10 0.10 0.10 0.01 0.40 0.05
3 0.20 0.15 0.10 0.05 0.52 0.05
4 0.35 0.20 0.10 0.10 0.61 0.05
5 0.50 0.25 0.25 0.25 0.76 0.10
6 0.70 0.35 0.80 0.80 0.87 0.15
Table 4-1
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Simulated Probability of Toxicity
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Table 4-2
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41.3 Results

Distributions of found MTD over 1,000 simulations

Curve 1

Curve 2

MTD distribution

Figure 4-11

MTD distribution

| I

,,,,,,,,,,,

Figure 4-12

Curve 3

Curve 4

MTD distribution

Figure 4-13

MTD distribution

;;;;;;;;; ;

Figure 4-14

Curve 5

Curve 6

MTD distribution

Figure 4-15

MTD distribution

| I
Dose st “ : 8

Figure 4-16

Table 4-3

These distributions are within a few percent of the results for the similar case in [Goodman] (2

subjects per cohort, modified CRM).

Last Updated: 12-Oct-2005
Commercial in Confidence

Reference: NPD/3760/D/STR bCRM Simulation Test Results
Copyright ©2005 Tessella Support Services plc

Issue: V1.R3.MO
Page 10 of 20



Project:
Document:

bivariate Continuous Reassessment Method
Simulation Test Results

The following table compares the average allocation to each dose for the 6 scenarios, with
Goodman'’s results for 2 cohorts and constant prior. The results are very similar and we are

reassured that these results are sufficient similar to conclude that (disabling the extension to find
the MED) we have correctly implemented the Goodman algorithm. The following table has a format
based on that in [Goodman].

% Allocation to Doses Percent | Average
1 2 3 4 5 6 Tox No. Subj
C1 Toxicity 5% 10% 20% 35% 50% 70%
Goodman 16 22 31 21 8 1 21.2 18.8
bCRM 19 23 31 18 5 1 22.0 18.9
C2 Toxicity 5% 10% 15% 20% 25% 35%
Goodman 16 18 23 20 15 8 16.6 18.8
bCRM 19 19 23 18 13 7 18.7 18.8
C3 Toxicity 10% 10% 10% 10% 25% 80%
Goodman 20 16 18 19 21 5 16.8 19.0
bCRM 25 17 17 18 18 4 18.1 18.8
C4 Toxicity 1% 1% 5% 10% 25% 80%
Goodman 11 11 14 23 32 8 17.8 18.8
bCRM 12 12 16 25 29 7 18.7 18.6
C5 Toxicity 30% 40% 52% 61% 76% 87%
Goodman 75 17 7 1 0 0 33.6 18.2
bCRM 81 13 5 1 0 0 34.0 18.2
C6 Toxicity 5% 5% 5% 5% 10% 15%
Goodman 14 13 15 15 18 25 8.4 19.0
bCRM 16 14 15 15 15 24 8.0 19.1
Table 4-4

This data is included on the bCRM CD as the simulation series “Goodman2”.

(The results from bCRM 1.0.1 are also included as “Goodman Example”. These used a target of
0.25 but searched for an MTD which was below this value resulting in some differences from

Goodman)
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4.2 Toxicity and efficacy examples from [Braun]

421 Design Parameters

Wi Simulation Series Design * =ax|
Step Drug
Dose Level . .
rial Size Define the drug details, and the efficacy and toxicity targets

Fixed Allocation

bCRM may be used with taxicty alone, efficacy alone or both toxicity and efficacy
Four Parameter Logistic

Drug Details

Name: I EBraun
Dose unit: I mg

Type of outcome(s): ¢ Toxicity { Efficacy (= Toxictyand Efficacy

- Targets

Target rate for Toxicity: I 0.3

= Use dose below target  Use nearest dose { Use dose above target

Target rate for Efficacy: | 0.65]

" Use dose below target  Use nearest dose = Use dose above target

< Previous | Hext = |

Finish

Figure 4-17

In [Braun] the targeted rates of toxicity (aGVHD) and disease progression are 25% and 30%. To
allow for our algorithm treating these as limits rather than targets we use figures of 30% and 35%.
Because we use efficacy, we use the rate that is the converse of the disease progression rate —

65%.
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W simulation Series Design * o =] 3
Step | Dose Lewvels and Ri
Drug
Dnse Level q q q
— Define the dose levels to be used in the trial and their estimated toxicity / efficacy.
Trial Size

The toxicity f efficacy values are modelled by the logistic curve given helow, where
Fixed Allocation

Four Parameter Logistic Alpha is defined below. It is nat recommended to change the default value without good reason

The xvalues are calculated from the estimated probabilities entered below.

ntxJ,BJ:LHU-LJe“*B"r(1+e‘“3*)

a: E
Number of dose levels: & + | 5 |
Initial dose level: |—3 Max dose level increment: l—l

Minimum of Toxicity {L): a Minimum of Efficacy (L) I 1)
Maxrimum of Toxicity (U): 1 Magimum of Efficacy (U): I 1

Dose strengths and estimated effect

Index Dose Strength| Estimated T... | Estimated E. ..
1 100 0.0z 0.3
2 200 0,05 0.4
3 300 0,15 0,55
4 400 0,25 0.7
5 500 0.4 0.8
6 600 0.5] 0.9

<previous | Next> | Einish
Figure 4-18

Braun appears to use an Alpha of —3 rather than 3, but this has poor properties in the case where
the lowest dose is toxic and we prefer to set Alpha to 3.

The toxicity and efficacy priors for the doses are exactly as in [Braun] — except that for efficacy we
are using the converse of his disease progression rates.

i x|

Drug toxicities / efficacies

Probability
o o o o
(5] - o @

a
i

0.1

0.0

M Estimated Toxicity M Estimated Efficacy M p_Tox=01 Mp Tox=05 Wp_Tox=10 B_Tox=20 p_Tox=3.0
B er=01 Mg er=05 Mp er=10 Wp Er=20  p EF=30

Figure 4-19
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For comparison, the family of curves with Alpha set to —3 is shown here:

/7] x|

Drug toxicities / efficacies

B
o

Probability
o
o

04

03

D2

0.1

I}

0.0

000 025 050 075 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450
X

M cstimated Toxicity M Estimated Efficacy W p_Tox=01 Wp_Tox=05 Wp_Tox=10 B_Tox=20  P_Tox=30
M ei-01 Mg ei-05 Mp er=10 Wp Er=20  p Eff=30

Figure 4-20

Note that using Goodman’s uniform prior for Beta (as we do) means that for the highest Beta the
curves don’t accommodate toxicity above the target at the lowest dose. Presumably Braun avoids
this problem by using the exponential prior for beta — which has a larger but non-uniform range.
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Wil Variant

Drug
Dose Level

Trial Size

Setthe trial size

Figure 4-21

Braun uses a study size of 30 subjects and early terminates if no MTD/MED can be found. We
allow early termination once there are 12 subjects on the MTD and 9 subjects on the MED (or no
available MED <= MTD). We use cohorts of 3 subjects.

4.2.2 Scenarios
These are exactly as in [Braun]:

Prior Toxicity
Dose Curve 1 Curve 2 Curve 3 Curve 4 Curve 5 Curve 6 Curve 7
Level
100 0.02 0.02 0.05 0.375 0.02 0.00 0.05
200 0.05 0.05 0.10 0.40 0.05 0.10 0.10
300 0.15 0.10 0.25 0.50 0.15 0.18 0.20
400 0.25 0.25 0.35 0.60 0.25 0.22 0.35
500 0.40 0.60 0.50 0.75 0.40 0.24 0.45
600 0.60 0.85 0.60 0.95 0.60 0.25 0.60

Table 4-5

Prior Efficacy
Dose Curve 1 Curve 2 Curve 3 Curve 4 Curve 5 Curve 6 Curve 7
Level
100 0.03 0.10 0.35 0.30 0.05 0.65 0.35
200 0.04 0.25 0.55 0.40 0.15 0.70 0.50
300 0.55 0.35 0.70 0.55 0.30 0.75 0.65
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400 0.70 0.70 0.80 0.70 0.45 0.80 0.80
500 0.80 0.90 0.85 0.80 0.55 0.85 0.85
600 0.90 0.95 0.90 0.90 0.65 0.90 0.90
Table 4-6
Simulated Probability of Toxicity/Efficacy
Curve 1 Curve 2
L7 x| L7 x|
True toxicities / efficacies True toxicities / efficacies
50 100 150 200 250 300 DDS:;E:E”U”, 400 450 500 550 600 650 o 50 100 150 200 260 300 DDSEJ;E:EHQW 400 450 500 550 600 G650
Figure 4-22 Figure 4-23
Curve 3 Curve 4
Wi x| i x|
True toxicities / efficacies True toxicities / efficacies
50 100 150 200 260 300 D“;;E:E”mh 400 450 500 550 600 650 o 50 100 150 200 250 300 DDS;STEHQW 400 450 500 550 600 650
Figure 4-24 Figure 4-25
Curve 5 Curve 6
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Figure 4-28
Table 4-7

The following is a brief description of the scenarios:

Scenario 1. This scenario conforms exactly to the prior — and there is one dose (400) where the
toxicity and efficacy are acceptable.

Scenario 2.
dose.

Scenario 3.
Scenario 4.
Scenario 5.

Scenario 6.

This scenario is similar to 1 except the curves are steeper around the acceptable

This scenario is similar to 1 except the one acceptable dose is at 300.
The efficacy is as in scenario 1 but there is no acceptable dose for toxicity.
The toxicity is as in scenario 1 but there is no acceptable dose for efficacy.

All doses have acceptable toxicity and efficacy. (Under Braun’s scheme the lowest

dose has unacceptable efficacy, but with our slightly shifted efficacy target it

becomes acceptable).

Scenario 7.

acceptable dose is at 300 and minimum efficacious dose is at 400.

4.2.3 Results

Similar to scenario 1 but with both curves shifted slightly so that maximum

Braun’s MTD is actually a combined MTD/MED dose that lies between his target toxicity and
efficacy rates, maximising a root mean square metric!. Braun ran two lots of simulations, in the first

1 Braun also presents two more sophisticated metrics, the text is not explicit but | think this, the
‘Euclidean Metric’, is the one he uses in his simulations.
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allocation starts at the expected MTD, in the second allocation starts at the lowest dose (as we do
in the bCRM simulations). We report the MTD and MED separately — so the finding the correct

MTD results are not directly comparable between the two schemes. The following results are

based on the format of the results in [Braun].

Scenario
Parameter 1 2 3 4 5 6 7
Correct MTD Braun 1 46.1% 61.6% 53.8% n/a n/a 94.6% n/a
found Braun2 | 23.8% | 37.2% | 48.0% n/a nfa| 91.3% n/a
bCRM | 485% | 72.6% | 52.9% | (75.8%) | 535% | (5.7%)| 49.5%
Correct MED | bCRM | 53.7% | 41.1% | 52.7% | 44.8% | (53.9%)| 546% | 23.1%
found
Correct MTD +/- | Braun 1 82.4% 77.4% 86.8% n/a n/a 95.8% 73.6%
one level Braun2 | 58.0% | 52.9% | 81.5% n/a na| 97.5% | 64.0%
bCRM | 90.9% | 98.6% | 97.2% nfa | 97.0% nfa| 959%
Correct MED | bCRM | 97.4% | 93.2% | 89.7% | 85.9% na| 78.3% | 77.8%
+/- one level
Noviable MTD | Braun1 | 14.7% | 20.3% | 11.2% | 96.6% | 89.6% | 4.2% | 16.3%
found Braun2 | 37.6% | 43.7% | 155% | 97.8% | 97.0% | 25% | 224%
No viable bCRM | 30.1% | 56.2% | 256% | 99.1% | 925% | 1.7% | 27.6%
[MED,MTD]
Average Braun 1 7.0 7.9 7.3 6.4 4.9 5.0 7.0
tTr%’l‘iCi“es Per Braun 2 6.4 76 68 51 33 43 65
bCRM 56 52 55 58 50 42 52
Average Braun 1 18.2 17.6 19.7 6.7 6.8 22.0 18.9
Frifgfa"ies PeT Braun 2 16.4 143 | 181 4.8 42 220] 171
bCRM 16.4 135| 166 50 89| 214| 162
Average Braun 1 276| 272| 283 12.6 142 | 293| 276
tsr‘f;’lje‘:ts per Braun 2 264 | 246 273 98| 106| 295| 264
bCRM 279| 272| 264 149 | 268| 284 263
Table 4-8

In general, the bCRM finds the exact MTD roughly 50% of the time, It does better in scenario 2
where the curve at the MTD point is steep and scenario 4 where the MTD doesn’t exist because all
doses are too toxic, getting it exactly right ~75% of the time. In scenario 6 where the toxicity curve
is very shallow and all are acceptable, it finds an MTD typically around dose 4 (when there are 4
doses with toxicity of 20%, the chances that one of them will appear to have toxicity of over 30% is

very high).

The MTD is found to within one dose level ~95% of the time (with the exception of scenarios 4 and
6 where it is not defined) and the MED ~90% of the time. The MED is found less accurately than
the MTD because fewer subjects are dedicated to finding the MED and if the MTD is low it may
prevent the actually MED being assigned to subjects.

Because once it has found an MTD it will not go above it to look for an MED, bCRM tends to see
slightly less toxicity and less efficacy than the Braun algorithm (it tends to allocate lower doses).
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The bCRM tends to fail to find a viable [MED, MTD] interval more often than the Braun method. But
Braun’s viability criteria are less stringent and an MTD is only non-viable if there is a 95%
confidence that both the overall toxicity and efficacy will fail to meet the targets.

This test data is included on the bCRM CD as the simulation series ‘Thomas-Braun-Example’. The
results presented here are from the design variant ‘target-30-60-late’. Two other variants are
included:

target-30-60-early as the presented data but with fewer subjects required on the MTD and
MED before termination is allowed — uses fewer subjects, but is less
accurate.

target-30-65-early as above but has a target efficacy of 65%, this is not enough of a change

of target (from 70%) to offset the algorithm looking for the minimum dose
above target rather than the nearest dose to the target.

4.3 Step function toxicity and efficacy examples from [Braun]

Braun includes some examples from a paper by Gooley et al. However the simulated data in this
example is a poor candidate for the parametric curve of this method:

1. The scenarios have steep ‘step’ like changes from low toxicity to high toxicity and low
efficacy to high efficacy that lie well outside the families of curves achievable with the
logistic.

2. The upper value of the toxicity curve is 0.5, the logistic models a curve that goes from 0 to
1.

3. Many doses are used, with the result that they lie close together, and the sharp change in
toxicity that occurs between doses in the simulated scenarios cannot be represented. The
logistic model therefore introduces a smoothing that destroys information rather than adds
to it.

[Our bCRM performs similarly to Braun’s using the same setup, but performs better (in terms of
finding the valid interval) if we start at dose 3 instead of dose 14.]

7] i x|

Drug toxicities / efficacies

Probability

M Estimated Toxicity B Estimated Efficacy Bp_Tox=0.1 BB _Tox=05 Mp_Tox=10 Wp_Tox=20  p_Tox=30
Mg Ei=01 Bp er=05 Mp Ei=10 Wp Eff=20  p_Eff=30

The graph above clearly shows how the beta=1 line lies between the estimated toxicities and
efficacies but is close to neither and has the wrong shape. Setting an upper limit on toxicity of 0.7
and a lower limit efficacy of 0.3 makes the parametric curve a much better fit to Gooley’s curves.
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The graph below shows the beta=1 toxicity and efficacy lines lying much closer to their respective
points and having the correct shape.
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Results are also much improved. The scatter in MTD is reduced by 50% and the scatter in MED by
30% compared to asymptotes of 0 and 1.

This test data is included on the bCRM CD as the simulation series ‘Thomas-Braun-Gooley-
Example’. Result for the following variants are included:

target-15-95-start-dose-3 This uses the targets exactly as in the example, but start from dose
3. The algorithm performs poorly with these parameters. The
targets need to be offset to allow for the algorithm looking for the
minimum dose above target rather than the nearest dose to the

target.

target-20-90-start-dose-3 This uses targets adjusted to allow for the difference in algorithm
and a low starting dose.

target-20-90-start-dose-14 This uses targets adjusted to allow for the difference in algorithm
and the same, high, starting dose as in [Braun].

new Version with changed asymptotes.
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