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Figure 4.2: Convergence Rates with different prior distributions under true Model 1
(MTDπ level = 5). (a) exponential prior, (b) uniform prior, (c) normal prior, and (d)
gamma prior.
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Table 4.2: Percentage of Recommended MTD by Dose Level Under True Model 1
(MTDT ), Exponential Three-Parameter Model

Dose levels 1 2 3 4 5(MTD) 6

Exponential prior
CRM1 0.00 0.00 0.00 8.15 91.40 0.45
CRM2 0.00 0.00 0.00 2.85 95.90 1.25
CRM3 0.00 0.00 0.00 3.10 95.70 1.20
CRM4 0.00 0.00 0.00 3.05 95.65 1.30
EWOC 0.00 0.00 0.00 12.55 87.05 0.40
Hybrid 0.00 0.00 0.00 3.40 95.25 1.35

Uniform prior
CRM1 0.00 0.00 0.00 7.05 92.75 0.20
CRM2 0.00 0.00 0.00 3.40 96.30 0.30
CRM3 0.00 0.00 0.00 1.90 97.30 0.80
CRM4 0.00 0.00 0.00 2.35 97.25 0.40
EWOC 0.00 0.00 0.00 13.75 86.10 0.15
Hybrid 0.00 0.00 0.00 3.00 96.25 0.75

Gamma prior
CRM1 0.00 0.00 0.00 4.95 94.80 0.25
CRM2 0.00 0.00 0.00 1.90 97.75 0.35
CRM3 0.00 0.00 0.00 1.60 97.85 0.55
CRM4 0.00 0.00 0.00 2.15 97.45 0.40
EWOC 0.00 0.00 0.00 9.55 90.30 0.15
Hybrid 0.00 0.00 0.00 1.90 97.50 0.60

Normal prior
CRM1 0.00 0.00 0.00 4.35 95.25 0.40
CRM2 0.00 0.00 0.00 2.20 97.40 0.40
CRM3 0.00 0.00 0.00 1.50 97.90 0.60
CRM4 0.00 0.00 0.00 1.80 97.65 0.55
EWOC 0.00 0.00 0.00 11.40 88.35 0.25
Hybrid 0.00 0.00 0.00 2.20 96.95 0.85
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Figure 4.3: Dose assignment proportion with different prior distributions under true
Model 1 (MTDT level = 5). (a) exponential prior, (b) uniform prior, (c) normal prior,
and (d) gamma prior.
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Figure 4.4: Convergence Rates with different prior distributions under true Model 1
(MTDT level = 5). (a) exponential prior, (b) uniform prior, (c) normal prior, and (d)
gamma prior.
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4.1.2 Model 2

Based on MTDπ

Table 4.3 shows the percentages of recommendation at each dose level for MTDπ, and

Figure 4.5 shows the dose assignment proportions under true model 2 (MTD level =

4). CRM2, CRM3, CRM4, and the hybrid design have comparable high proportions

(> 80%) of recommendation at the correct dose level (level 4) for all the different prior

distributions considered. The EWOC design have lower percentages of correct recom-

mendation (ranging from 59% to 70%) compared with other designs, and recommend

a lower dose level (level 3) more often than the other designs. CRM1 is better than

EWOC but lower than other CRM designs and the hybrid design in terms of propor-

tions of correct recommendation. The percentages of recommendation at the overdose

levels (level 5 or 6) are very small (< 1.5%) in all designs. As expected, EWOC has the

smallest proportions of overdose. Figure 4.6 shows the convergence rates for MTDπ

under true model 2. The convergence rates for the hybrid design surpassed EWOC

after 20 patients, and surpassed CRM1 after 30 patients and are similar to other CRM

designs with 30 patients. The convergence rates for all designs continued to increase as

number of patients increased, but most of the gain had been obtained with 30 patients.

Based on MTDT

Table 4.4 shows the percentages of recommendation at each dose level for MTDT and

Figure 4.7 shows the dose assignment proportions under true model 2 (MTD level = 4).

The performance using MTDT is better than the corresponding ones using MTDπ for

all designs and all priors examined. CRM2, CRM3, CRM4, and the hybrid design have

comparable high proportions (> 84%) of recommendation at the correct dose level (level

4) for all the different prior distributions considered. Similar to the cases using MTDπ,

the EWOC design have lower percentages of correct recommendation compared with

other designs, and recommend a lower dose level (level 3) more often than the other

designs. The hybrid design is comparable to CRM2, CRM3 and CRM4, and better

than CRM1. The percentages of recommendation at the overdose levels (level 5 or 6)
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are very small (< 1.5%) in all designs. The trend for the convergence rates is similar

to those observed for MTDπ under true model 2 (Figure 4.8).

Comparison Between MTDπ and MTDT

Under true model 2 with moderate MTD (MTD level = 4), the performance using

MTDT is better than the corresponding ones using MTDπ for all six designs and

all the priors examined. The relative performance of different designs observed using

MTDT is similar to that using MTDπ. CRM2, CRM3, CRM4, and the hybrid design

have comparable high proportions of recommendation at the correct dose level (level 4).

The EWOC design has lower percentages of correct recommendation compared with

other designs, and recommends a lower dose level (level 3) more often than the other

designs. The performance of the EWOC design using MTDT is closer to other designs

than that using MTDπ. CRM1 is better than EWOC but lower than other CRM

designs and the hybrid design. The percentages of recommendation at the overdose

levels (level 5 or 6) are very small in all designs. The trend for the convergence rates

is also similar. The convergence rates for the hybrid design surpassed EWOC after 20

patients, and surpassed CRM1 after 30 patients and are similar to other CRM designs

with 30 patients. The convergence rates for all designs continued to increase as number

of patients increased, but most of the gain had been obtained with 30 patients.
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Table 4.3: Percentage of Recommended MTD by Dose Level Under True Model 2
(MTDπ), Exponential Three-Parameter Model

Dose levels 1 2 3 4(MTD) 5 6

Exponential prior
CRM1 0.00 0.45 29.05 70.35 0.15 0.00
CRM2 0.00 0.00 14.45 84.85 0.70 0.00
CRM3 0.25 0.25 17.25 80.75 1.45 0.05
CRM4 0.00 0.00 15.30 84.25 0.45 0.00
EWOC 0.05 0.70 39.65 59.45 0.15 0.00
Hybrid 0.00 0.05 15.05 84.25 0.60 0.05

Uniform prior
CRM1 0.00 0.00 22.45 77.45 0.10 0.00
CRM2 0.00 0.00 9.80 90.05 0.15 0.00
CRM3 0.05 0.25 12.05 86.95 0.65 0.05
CRM4 0.00 0.00 11.25 88.45 0.30 0.00
EWOC 0.00 0.15 33.05 66.75 0.05 0.00
Hybrid 0.00 0.05 13.30 85.70 0.95 0.00

Gamma prior
CRM1 0.00 0.00 17.95 81.85 0.20 0.00
CRM2 0.00 0.00 9.35 90.40 0.25 0.00
CRM3 0.00 0.00 9.35 90.20 0.45 0.00
CRM4 0.00 0.00 8.25 91.25 0.50 0.00
EWOC 0.00 0.05 30.00 69.95 0.00 0.00
Hybrid 0.00 0.00 9.75 89.65 0.60 0.00

Normal prior
CRM1 0.00 0.00 21.10 78.85 0.05 0.00
CRM2 0.00 0.00 10.35 89.60 0.05 0.00
CRM3 0.00 0.00 9.55 89.70 0.75 0.00
CRM4 0.00 0.00 9.00 90.95 0.05 0.00
EWOC 0.00 0.05 34.10 65.85 0.00 0.00
Hybrid 0.00 0.00 11.30 88.10 0.60 0.00
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Figure 4.5: Dose assignment proportion with different prior distributions under true
Model 2 (MTDπ level = 4). (a) exponential prior, (b) uniform prior, (c) normal prior,
and (d) gamma prior.
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Figure 4.6: Convergence Rates with different prior distributions under true Model 2
(MTDπ level = 4). (a) exponential prior, (b) uniform prior, (c) normal prior, and (d)
gamma prior.
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Table 4.4: Percentage of Recommended MTD by Dose Level Under True Model 2
(MTDT ), Exponential Three-Parameter Model

Dose levels 1 2 3 4(MTD) 5 6

Exponential prior
CRM1 0.00 0.05 15.05 84.35 0.55 0.00
CRM2 0.00 0.00 7.45 91.35 1.20 0.00
CRM3 0.00 0.00 5.10 93.90 1.00 0.00
CRM4 0.00 0.00 6.30 92.35 1.35 0.00
EWOC 0.00 0.40 23.90 75.55 0.15 0.00
Hybrid 0.00 0.00 7.35 91.60 1.05 0.00

Uniform prior
CRM1 0.00 0.00 12.20 87.25 0.55 0.00
CRM2 0.00 0.00 5.65 93.65 0.70 0.00
CRM3 0.00 0.00 3.50 95.70 0.80 0.00
CRM4 0.00 0.00 4.55 94.70 0.75 0.05
EWOC 0.00 0.15 21.05 78.65 0.15 0.00
Hybrid 0.00 0.00 7.45 91.10 1.45 0.00

Gamma prior
CRM1 0.00 0.00 10.45 89.15 0.40 0.00
CRM2 0.00 0.00 4.75 94.85 0.40 0.00
CRM3 0.00 0.00 3.05 96.50 0.45 0.00
CRM4 0.00 0.00 4.65 94.75 0.60 0.00
EWOC 0.00 0.00 19.70 80.10 0.20 0.00
Hybrid 0.00 0.00 5.65 93.65 0.70 0.00

Normal prior
CRM1 0.00 0.00 9.60 90.05 0.30 0.05
CRM2 0.00 0.00 5.60 93.90 0.50 0.00
CRM3 0.00 0.00 3.65 95.50 0.85 0.00
CRM4 0.00 0.00 5.10 94.20 0.70 0.00
EWOC 0.00 0.05 21.60 78.35 0.00 0.00
Hybrid 0.00 0.05 6.10 93.25 0.65 0.00
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Figure 4.7: Dose assignment proportion with different prior distributions under true
Model 2 (MTDT level = 4). (a) exponential prior, (b) uniform prior, (c) normal prior,
and (d) gamma prior.
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Figure 4.8: Convergence Rates with different prior distributions under true Model 2
(MTDT level = 4) (a) exponential prior, (b) uniform prior, (c) normal prior, and (d)
gamma prior.
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4.1.3 Model 3

Based on MTDπ

The percentages of recommendation at each dose level for MTDπ under true model 3

(MTD level = 2) are summarized in Table 4.5, and the dose assignment proportions

are depicted in Figure 4.9. All designs except EWOC with exponential prior have high

proportions (> 83%) of recommendation at the correct dose level (level 2). The EWOC

design with exponential prior has lower percentage of correct recommendation, and

recommends a lower dose level (level 1) more often than other designs. When uniform

prior distributions are used, CRM1 design has slightly higher proportion of recommen-

dation at the correct dose level (level 2) than the other designs. When gamma prior or

normal prior are used, the EWOC design has the comparable performance as the CRM1

design, and is slightly better than the other designs in terms of proportions of correct

recommendation. As expected, EWOC has the smallest proportions of recommenda-

tion at the overdose level (level 3, 4, 5 or 6) for all the prior distributions examined.

The hybrid design recommends fewer overdose levels than CRM2, CRM3, and CRM4

do when gamma prior or normal prior are used, and is comparable to CRM2, CRM3,

or CRM4 when exponential prior or uniform prior are used. The convergence rates

for all designs increase as number of patients increased in the trial as shown in Figure

4.10. When exponential priors are used, the convergence rate for EWOC is lower than

other designs. The hybrid design exceeded EWOC after 20 patients and is comparable

to the CRM designs. When uniform priors are used, the convergence rate for CRM1

design is higher than the other designs, and the hybrid design are slightly better than

the EWOC designs with 20 patients. The EWOC design and the CRM1 design have

similar convergence rates and are higher than the other designs when normal or gamma

priors are considered.

Based on MTDT

Table 4.6 shows the percentages of recommendation at each dose level for MTDT under

true model 3 (MTD level = 2), and Figure 4.11 shows the dose assignment proportions.
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CRM2 design under the normal prior failed to converge and is not listed in the table.

The EWOC design has higher proportion of correct recommendation using MTDT than

the corresponding ones using MTDπ in all priors examined except the gamma prior;

whereas the performance for other designs using MTDT is worse than the corresponding

ones using MTDπ for all priors examined except for CRM1 under exponential prior.

This is likely due to the underlying dose-toxicity curve as shown in Figure 3.2 (c). The

EWOC design has higher proportion of recommendation at the correct dose level (level

2) than the other designs, and has the smallest recommendation at the overdose level

for all the prior distributions examined. The hybrid design recommends fewer overdose

levels than CRM2, CRM3, and CRM4 do except for one case where CRM2 has slightly

fewer overdose than the hybrid design under uniform prior. The EWOC design has

the highest convergence rates followed by the CRM1 design under uniform, gamma or

normal prior (Figure 4.12). When exponential prior is considered, the CRM1 has the

highest convergence rate followed by EWOC. The hybrid design has similar convergence

rates with EWOC at the beginning of the trial, but stay at about the same rates with

30 patients entered the trial; while the convergence rates for EWOC and CRM1 design

continue to increase as number of patients increased.

Comparison Between MTDπ and MTDT

Under true model 3 with low MTD (MTD level = 2), the EWOC design has higher

proportion of correct recommendation using MTDT than the corresponding ones using

MTDπ in all priors examined except the gamma prior; whereas the performance for

other designs using MTDT is worse than the corresponding ones using MTDπ for all

priors examined except for CRM1 under exponential prior. The proportion of recom-

mendation at the overdose level is higher using MTDT than the corresponding ones

using MTDπ. This is likely due to the underlying dose-toxicity curve. As shown in

Figure 3.2 (c), the probability of DLT under true model 3 at dose level 2 is closer to the

target toxicity level θ for the MTDπ definition (at time 5) than for the MTDT defini-

tion (at time 2). When exponential priors are used, the convergence rate for EWOC is

lower than other designs using MTDπ, while using MTDT the CRM1 has the highest
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convergence rate followed by EWOC. When uniform priors are used, the convergence

rate for CRM1 design is the highest and that for EWOC design is the lowest using

MTDπ. The EWOC design and the CRM1 design have similar convergence rates and

are higher than the other designs when normal or gamma priors are considered using

MTDπ. When using MTDT , the EWOC design has the highest convergence rates

followed by the CRM1 design under uniform, gamma or normal prior.

Table 4.5: Percentage of Recommended MTD by Dose Level Under True Model 3
(MTDπ), Exponential Three-Parameter Model

Dose levels 1 2(MTD) 3 4 5 6

Exponential prior
CRM1 13.65 83.45 2.90 0.00 0.00 0.00
CRM2 4.90 85.20 9.90 0.00 0.00 0.00
CRM3 5.60 85.75 8.40 0.25 0.00 0.00
CRM4 5.10 86.70 8.20 0.00 0.00 0.00
EWOC 19.70 78.00 2.25 0.05 0.00 0.00
Hybrid 5.80 84.55 9.65 0.00 0.00 0.00

Uniform prior
CRM1 5.55 91.05 3.40 0.00 0.00 0.00
CRM2 1.55 88.50 9.95 0.00 0.00 0.00
CRM3 3.65 88.00 8.30 0.05 0.00 0.00
CRM4 1.50 86.65 11.85 0.00 0.00 0.00
EWOC 11.05 86.75 2.20 0.00 0.00 0.00
Hybrid 2.60 87.95 9.40 0.05 0.00 0.00

Gamma prior
CRM1 1.55 94.95 3.50 0.00 0.00 0.00
CRM2 0.15 89.30 10.55 0.00 0.00 0.00
CRM3 0.15 90.00 9.85 0.00 0.00 0.00
CRM4 0.15 89.45 10.40 0.00 0.00 0.00
EWOC 3.35 95.05 1.60 0.00 0.00 0.00
Hybrid 0.80 90.50 8.70 0.00 0.00 0.00

Normal prior
CRM1 2.75 93.40 3.85 0.00 0.00 0.00
CRM2 0.65 86.70 12.65 0.00 0.00 0.00
CRM3 1.20 88.35 10.45 0.00 0.00 0.00
CRM4 0.45 86.25 13.30 0.00 0.00 0.00
EWOC 5.40 92.15 2.45 0.00 0.00 0.00
Hybrid 1.30 89.45 9.25 0.00 0.00 0.00
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Figure 4.9: Dose assignment proportion with different prior distributions under true
Model 3 (MTDπ level =2 ). (a) exponential prior, (b) uniform prior, (c) normal prior,
and (d) gamma prior.
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Figure 4.10: Convergence Rates with different prior distributions under true Model 3
(MTDπ level = 2) (a) exponential prior, (b) uniform prior, (c) normal prior, and (d)
gamma prior.
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Table 4.6: Percentage of Recommended MTD by Dose Level Under True Model 3
(MTDT ), Exponential Three-Parameter Model

Dose levels 1 2(MTD) 3 4 5 6

Exponential prior
CRM1 1.00 90.75 8.25 0.00 0.00 0.00
CRM2 0.40 78.05 21.55 0.00 0.00 0.00
CRM3 0.15 80.60 19.25 0.00 0.00 0.00
CRM4 0.45 78.75 20.80 0.00 0.00 0.00
EWOC 3.00 91.70 5.30 0.00 0.00 0.00
Hybrid 0.75 82.65 16.60 0.00 0.00 0.00

Uniform prior
CRM1 1.95 88.85 9.20 0.00 0.00 0.00
CRM2 0.40 80.55 19.05 0.00 0.00 0.00
CRM3 0.05 80.30 19.65 0.00 0.00 0.00
CRM4 0.35 77.20 22.45 0.00 0.00 0.00
EWOC 3.30 91.75 4.95 0.00 0.00 0.00
Hybrid 0.45 80.05 19.40 0.10 0.00 0.00

Gamma prior
CRM1 0.15 90.55 9.30 0.00 0.00 0.00
CRM2 0.05 76.65 23.30 0.00 0.00 0.00
CRM3 0.00 78.55 21.45 0.00 0.00 0.00
CRM4 0.00 77.70 22.30 0.00 0.00 0.00
EWOC 0.65 94.30 5.00 0.05 0.00 0.00
Hybrid 0.05 81.30 18.65 0.00 0.00 0.00

Normal prior
CRM1 0.40 89.60 10.00 0.00 0.00 0.00
CRM2
CRM3 0.00 77.15 22.85 0.00 0.00 0.00
CRM4 0.00 73.55 26.45 0.00 0.00 0.00
EWOC 0.65 93.60 5.75 0.00 0.00 0.00
Hybrid 0.15 81.55 18.30 0.00 0.00 0.00
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Figure 4.11: Dose assignment proportion with different prior distributions under true
Model 3 (MTDT level =2). (a) exponential prior, (b) uniform prior, (c) normal prior,
and (d) gamma prior.
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Figure 4.12: Convergence Rates with different prior distributions under true Model 3
(MTDT level = 2) (a) exponential prior, (b) uniform prior, (c) normal prior, and (d)
gamma prior.
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4.1.4 Overdose Comparisons Under Different True Models and Dif-

ferent Prior Distributions

The percentage of recommendation at the overdose level for each design under different

true models and different prior distributions is depicted in Figure 4.13. EWOC design

has the lowest percentages in all scenarios except under true model 1 (MTDπ). The

percentages of overdose for all designs are very low under true model 1 or true model

2 (< 1% for most designs). Under true model 3, the hybrid design recommends fewer

overdose levels than CRM2, CRM3, and CRM4 do in most scenarios.
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Figure 4.13: Overdose proportion with different prior distributions under different true
Model. (a) true Model 1 (MTDπ), (b) true Model 1 (MTDT ), (c) true Model 2
(MTDπ), (d) true Model 2 (MTDT ), (e) true Model 3 (MTDπ), (f) true Model 3
(MTDT ).
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4.1.5 Summary

Results in Model 1 and Model 2 are similar when the MTD level is medium (model

1) or high (model 2). For all the priors examined, all designs except EWOC have high

proportions (> 80%) of recommendation at the correct dose level. The hybrid design

is comparable to CRM2, CRM3 and CRM4, and better than CRM1. The EWOC

design has lower percentages of correct recommendation compared with other designs,

and recommend a lower dose level (MTD−1) more often than the other designs. The

performance using MTDT is better than the corresponding ones using MTDπ. The

percentages of recommendation at the overdose level(s) are very small (< 1.8%) in all

designs. The trend for the convergence rates is also similar. The convergence rates

for all designs continued to increase as number of patients increased, but most of the

gain had been obtained with 30 patients. The convergence rates for the hybrid design

surpassed EWOC after 20 patients, and are similar to the CRM designs with 30 patients.

Under true model 3 with low MTD (MTD level = 2), all designs except EWOC

with exponential prior have high proportions (> 83%) of recommendation at the correct

dose level using MTDπ. The EWOC design has lower percentages of correct recom-

mendation with exponential prior, and recommends a lower dose level (MTD−1) more

often than the other designs. When gamma prior or normal prior are used, the EWOC

design has the comparable performance as the CRM1 design and is better than other

designs; EWOC design is comparable to other designs and CRM1 design has the high-

est proportion of correct recommendation with uniform prior. When using MTDT , the

EWOC design has higher proportion of recommendation at the correct dose level than

other designs for all priors considered. For both MTDπ and MTDT , EWOC has the

smallest proportions of recommendation at the overdose level for all the prior distri-

butions examined. The hybrid design recommends fewer overdose levels than CRM2,

CRM3, and CRM4 in most scenarios, and is comparable to CRM2, CRM3, or CRM4

in the rest scenarios. The EWOC design has higher proportion of correct recommen-

dation using MTDT than the corresponding ones using MTDπ in all priors examined

except the gamma prior; whereas the performance for other designs using MTDT is
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worse than the corresponding ones using MTDπ for all priors examined except for

CRM1 under exponential prior. The proportion of recommendation at the overdose

level is higher using MTDT than the corresponding ones using MTDπ. The perfor-

mance based on convergence rates depends on the prior used. The EWOC design has

the highest convergence rates or has the comparable high convergence rate with CRM1

design in all scenarios except the exponential and uniform prior using MTDπ, where

the convergence rate for EWOC is lower than other designs. CRM1 has consistently

high convergence rates in almost all scenarios.

4.2 Comparison to The Existing Models with High Baseline Hazard

The performance of the CATE model is compared to the TITE approach and the

conventional approach under three true dose-response models with high baseline hazard

(constant hazard λ = 0.805). Simulations were run for CRM, EWOC and hybrid designs

using uniform prior distributions and varying the planned follow-up time (follow-up time

window τ = 2 vs. τ = 0.5). CRM2 in Chu et al. (2009) are presented as the CRM

model in the results.

The planned follow-up time of 2 is sufficient for the true dose-response models and

the baseline hazard under consideration, where 86%, 89%, and 89% of all DLT on the

respective MTD level would have been expected by time 2 under Model 1, Model 2,

and Model 3.

The planned follow-up time of 0.5 is insufficient for the true dose-response models

and the baseline hazard under consideration, where 43%, 43%, and 39% of all DLT on

the respective MTD level would have been expected by time 0.5 under Model 1, Model

2, and Model 3. Under these scenarios, the true MTD should be defined using the

MTDπ definition. When the planned follow up time is long enough, MTDT converges

to MTDπ and the MTD dose level under both definitions would be the same. When

planned follow-up time is not long enough, the MTDπ definition is desired.
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4.2.1 Model 1

The percentages of recommendation at each dose level under true model 1 are shown

in Table 4.7. When the planned follow-up time is sufficient (τ = 2), the proportion

of recommendation at the correct dose level for the cure model using MTDT (for all

designs) is similar to that using the TITE approach and the conventional approach. The

proportion of correct recommendation for the cure model using MTDπ is slightly lower

than that using MTDT for CRM or hybrid design, and about 10 percentage points

lower for EWOC design. This might be explained by the fact that the probability

of DLT under true model 1 at dose level 5 is closer to the target toxicity level θ at

time 2 (correspond to the MTDT definition) than at time 5 (correspond to the MTDπ

definition since by time 5 the probability of DLT has reached a plateau) as depicted in

Figure 3.2 (a). The EWOC design has lower percentages of correct recommendation

than CRM or hybrid for all methods. The percentages of recommendation at the

overdose level (level 6) are very small (< 1.1%) in all scenarios. EWOC has lower

percentages of recommendation at the overdose level than CRM or hybrid in most

scenarios, and recommends a lower dose level (MTD − 1) more than CRM or hybrid.

The convergence rates are shown in the upper panel of Figure 4.14. The convergence

rates for all designs continued to increase as number of patients increased, but most

of the gain had been obtained with 30 patients. The convergence rates for the CRM

and hybrid designs under different methods are higher than the corresponding EWOC

designs.

When the planned follow-up time is short (τ = 0.5), the cure model using MTDπ

maintains relatively high proportion of recommendation at the correct dose level, while

the TITE and conventional approach overestimate the MTD and recommend the over-

dose level (dose level 6) most of the time. The cure model using MTDT also recom-

mends dose level 6 more frequently than the other doses, but to a lesser degree than

TITE or conventional approach. As shown in Figure 3.2 (a), the probability of DLT

still increases at time 0.5, and the planned follow up time of 0.5 is too short to ob-

serve most of the DLT for dose level 5 or 6 (only 43% of all DLT expected on MTD
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level 5). The EWOC design has lower percentages of correct recommendation than

CRM and hybrid for cure model using MTDπ, but has lower percentage of overdose,

as it recommends a lower dose level (MTD − 1) more often than CRM and hybrid.

Although TITE, conventional and cure model using MTDT overestimate the MTD,

the EWOC design tends to overestimate to a less degree than the corresponding CRM

or hybrid design, and recommends the correct MTD level (level 5) more than CRM

or hybrid. The convergence rates for cure model using MTDπ continued to increase

as number of patients increased. All other methods did not converge as shown in the

lower panel of Figure 4.14. When the planned follow-up time is insufficient and too

short, selecting doses under cure model using the MTDπ definition is more appropriate

than the MTDT definition, and cure model using MTDπ is better than the TITE or

conventional approach.
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Table 4.7: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 1, Exponential Three-Parameter Model and λ = 0.805

Uniform prior τ = 2

Dose levels 1 2 3 4 5(MTD)* 6 Duration

CATEπ
CRM 0.00 0.00 0.00 6.95 92.90 0.15 60.3
EWOC 0.00 0.00 0.00 23.70 76.25 0.05 60.5
Hybrid 0.00 0.00 0.00 7.25 92.60 0.15 60.6

CATET
CRM 0.00 0.00 0.00 2.90 96.65 0.45 60.5
EWOC 0.00 0.00 0.00 13.45 86.40 0.15 60.4
Hybrid 0.00 0.00 0.00 3.25 95.70 1.05 60.3

TITE
CRM 0.00 0.00 0.00 2.95 96.85 0.20 60.9
EWOC 0.00 0.00 0.00 13.90 85.85 0.25 60.8
Hybrid 0.00 0.00 0.00 3.80 95.15 1.05 60.8

Conventional
CRM 0.00 0.00 0.00 2.65 96.85 0.50 111.1
EWOC 0.00 0.00 0.05 15.50 84.35 0.10 114.6
Hybrid 0.00 0.00 0.00 3.55 95.70 0.75 113.3

Uniform prior τ = 0.5

Dose levels 1 2 3 4 5(MTD)* 6 Duration

CATEπ
CRM 0.00 0.00 0.00 8.10 78.95 12.95 59.4
EWOC 0.00 0.00 0.45 25.30 69.30 4.95 59.3
Hybrid 0.00 0.00 0.05 6.95 74.15 18.85 59.6

CATET
CRM 0.00 0.00 0.00 0.05 28.75 71.20 59.3
EWOC 0.00 0.00 0.00 0.10 36.90 63.00 59.5
Hybrid 0.00 0.00 0.00 0.00 12.30 87.70 59.4

TITE
CRM 0.00 0.00 0.00 0.00 10.70 89.30 59.3
EWOC 0.00 0.00 0.00 0.05 34.45 65.50 59.7
Hybrid 0.00 0.00 0.00 0.05 11.50 88.45 59.3

Conventional
CRM 0.00 0.00 0.00 0.00 10.50 89.50 64.3
EWOC 0.00 0.00 0.00 0.10 35.90 64.00 64.8
Hybrid 0.00 0.00 0.00 0.00 11.55 88.45 64.5

*: The true MTD dose level was defined using MTDπ definition.
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4.2.2 Model 2

The percentages of recommendation at each dose level under true model 2 are shown

in Table 4.8. Similar results are observed under true model 2 as in true model 1. When

the planned follow-up time τ equals to 2, the proportion of recommendation at the

correct dose level for the cure model using MTDT (for all designs) is similar to that

using the TITE approach and the conventional approach. The proportion of correct

recommendation for the cure model using MTDπ is slightly lower than that using

MTDT for CRM or hybrid design, and about 12 percentage points lower for EWOC

design. As depicted in Figure 3.2 (b), the probability of DLT under true model 2 at dose

level 4 is closer to the target toxicity level θ for the MTDT definition (at time 2) than

for the MTDπ definition (at time 5). The proportion of the correct recommendation

is higher for CRM design than hybrid design than EWOC design for all approaches

(cure model, TITE or conventional approach). The percentages of recommendation at

the overdose level (level 5 or 6) are very small (< 1.7%) in all scenarios. EWOC has

lower percentages of recommendation at the overdose level than CRM or hybrid, and

recommends a lower dose level (MTD−1) more than CRM or hybrid. The convergence

rates are shown in the upper panel of Figure 4.15. The convergence rates for all designs

continued to increase as number of patients increased, but most of the gain had been

obtained with 30 patients. The convergence rates for the CRM and hybrid designs

under different methods are higher than the corresponding EWOC designs.

When the planned follow-up time τ equals to 0.5, the cure model using MTDπ

maintains relatively high proportion of recommendation at the correct dose level. The

TITE and conventional approach overestimate the MTD and recommend the MTD+1

level (dose level 5) most of the time when the planned follow-up time is relatively short.

The cure model using MTDT also recommends dose level 5 more frequently than the

other doses, but it recommends dose level 6 (MTD + 2) much lower than TITE or

conventional approach. The probability of DLT in the true model continues to increase

at time 0.5 as depicted in Figure 3.2 (b). The planned follow-up time of 0.5 is too

short and only 43% of all DLT is expected on MTD level 4 by time 0.5. The EWOC
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design has lower percentages of correct recommendation than CRM and hybrid for cure

model using MTDπ, but has lower percentage of overdose, as it recommends a lower

dose level (MTD − 1) more often than CRM or hybrid. Although TITE, conventional

and cure model using MTDT overestimate the MTD, the EWOC design has a higher

percentages of recommendation at the correct dose level (level 4) than the corresponding

CRM or hybrid design, and has a lower percentage of overdose recommendation. The

convergence rates for cure model using MTDπ continued to increase as number of

patients increased. All other methods did not converge as shown in the lower panel of

Figure 4.15. When the planned follow-up time is insufficient and too short, selecting

doses under cure model using the MTDπ definition is more appropriate and is better

than the TITE or conventional approach.
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Table 4.8: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 2, Exponential Three-Parameter Model and λ = 0.805

Uniform prior τ = 2

Dose levels 1 2 3 4(MTD)* 5 6 Duration

CATEπ
CRM 0.00 0.00 11.45 88.30 0.25 0.00 60.6
EWOC 0.00 0.05 32.30 67.55 0.10 0.00 60.4
Hybrid 0.00 0.00 12.20 87.35 0.45 0.00 60.3

CATET
CRM 0.00 0.00 5.00 94.40 0.60 0.00 60.6
EWOC 0.00 0.00 20.95 78.80 0.25 0.00 60.3
Hybrid 0.00 0.00 6.40 92.65 0.95 0.00 60.4

TITE
CRM 0.00 0.00 4.75 94.15 1.10 0.00 60.6
EWOC 0.00 0.10 21.35 78.50 0.05 0.00 60.5
Hybrid 0.00 0.00 7.20 91.45 1.35 0.00 60.6

Conventional
CRM 0.00 0.00 4.90 94.15 0.95 0.00 110.1
EWOC 0.00 0.00 22.85 76.95 0.20 0.00 113.6
Hybrid 0.00 0.00 6.50 91.85 1.65 0.00 112.7

Uniform prior τ = 0.5

Dose levels 1 2 3 4(MTD)* 5 6 Duration

CATEπ
CRM 0.00 0.00 9.80 78.90 11.00 0.30 59.2
EWOC 0.05 1.25 30.20 65.85 2.60 0.05 59.2
Hybrid 0.00 0.10 9.65 75.55 14.25 0.45 59.4

CATET
CRM 0.00 0.00 0.00 27.40 69.65 2.95 59.4
EWOC 0.00 0.00 0.30 40.45 56.95 2.30 59.6
Hybrid 0.00 0.00 0.00 14.20 73.45 12.35 59.1

TITE
CRM 0.00 0.00 0.00 12.15 65.05 22.80 59.5
EWOC 0.00 0.00 0.55 39.15 54.65 5.65 59.5
Hybrid 0.00 0.00 0.05 18.70 64.05 17.20 59.5

Conventional
CRM 0.00 0.00 0.00 14.25 62.75 23.00 64.2
EWOC 0.00 0.00 0.65 40.60 53.10 5.65 64.7
Hybrid 0.00 0.00 0.00 18.90 62.80 18.30 64.5

*: The true MTD dose level was defined using MTDπ definition.
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4.2.3 Model 3

Table 4.9 shows the percentages of recommendation at each dose level under true model

3. When τ equals to 2, the proportion of recommendation at the correct dose level for

the cure model using MTDT for EWOC design is similar to that using the TITE

approach and the conventional approach, and the proportion for the cure model using

MTDπ is lower than the TITE approach and the conventional approach. For CRM

and hybrid design, the performance for the cure model using MTDT is better than

MTDπ, and both are better than the TITE approach or the conventional approach.

The percentage of correct recommendation is higher for EWOC design than hybrid

and CRM design for all approaches except for cure model using MTDπ, where EWOC

design is comparable to CRM or hybrid (hybrid slightly higher followed by CRM). As

shown in Figure 3.2 (c), the probability of DLT under true model 3 at dose level 2 is

closer to the target toxicity level θ for the MTDπ definition (at time 5) than for the

MTDT definition (at time 2). EWOC has lower percentages of recommendation at the

overdose level than CRM and hybrid, and recommends a lower dose level (MTD − 1)

more than CRM and hybrid. The convergence rates are shown in the upper panel of

Figure 4.16. The convergence rates for all designs continued to increase as number of

patients increased, but most of the gain had been obtained with 30 patients.

When the planned follow-up time is short (τ = 0.5), the cure model using MTDπ

has relatively high proportion of recommendation at the correct dose level. The cure

model using MTDT , TITE and conventional approach all overestimate the MTD, and

recommend the MTD+1 level (dose level 3) most of the time. However, the cure model

using MTDT is less likely to recommend overdose levels above MTD + 1 (dose level

4, 5 and 6) compared with TITE or conventional approach. As depicted in Figure 3.2

(c), the planned follow up time of 0.5 is too short and only 39% of all DLT is expected

on MTD (level 2) by time 0.5. The EWOC design is comparable to CRM or hybrid in

terms of correct recommendation for cure model using MTDπ, but has lower percentage

of overdose, as it recommends a lower dose level (MTD − 1) more often than CRM or

hybrid. Although TITE, conventional and cure model using MTDT overestimate the
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MTD, the EWOC design has a higher percentages of recommendation at the correct

dose level (level 2) than the corresponding CRM2 or hybrid design, and has a lower

percentage of overdose recommendation. The convergence rates for cure model using

MTDπ continued to increase as number of patients increased. All other methods did

not converge as shown in the lower panel of Figure 4.16. Similar to what are observed

under true model 1 or true model 2, when the planned follow-up time is too short to

observe most of the DLT at the MTD level, cure model using the MTDπ is superior

to other approaches.
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Table 4.9: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 3, Exponential Three-Parameter Model and λ = 0.805

Uniform prior τ = 2

Dose levels 1 2(MTD)* 3 4 5 6 Duration

CATEπ
CRM 1.70 87.05 11.25 0.00 0.00 0.00 60.8
EWOC 11.90 86.65 1.45 0.00 0.00 0.00 60.9
Hybrid 2.55 88.40 9.05 0.00 0.00 0.00 60.7

CATET
CRM 0.35 78.70 20.95 0.00 0.00 0.00 60.8
EWOC 2.70 93.20 4.10 0.00 0.00 0.00 60.5
Hybrid 0.45 82.65 16.85 0.05 0.00 0.00 60.6

TITE
CRM 0.25 76.10 23.65 0.00 0.00 0.00 60.5
EWOC 3.75 90.80 5.45 0.00 0.00 0.00 60.5
Hybrid 0.75 80.90 18.35 0.00 0.00 0.00 60.6

Conventional
CRM 0.95 74.45 24.55 0.05 0.00 0.00 109.3
EWOC 3.50 90.30 5.75 0.00 0.00 0.00 113.7
Hybrid 0.70 80.20 19.10 0.00 0.00 0.00 112.5

Uniform prior τ = 0.5

Dose levels 1 2(MTD)* 3 4 5 6 Duration

CATEπ
CRM 5.45 67.65 26.45 0.40 0.00 0.05 59.4
EWOC 24.65 66.50 8.80 0.05 0.00 0.00 59.4
Hybrid 7.30 64.65 27.00 1.05 0.00 0.00 59.5

CATET
CRM 0.00 1.05 82.10 16.80 0.05 0.00 59.3
EWOC 0.00 7.60 84.85 7.55 0.00 0.00 59.3
Hybrid 0.00 1.00 75.45 23.20 0.35 0.00 59.4

TITE
CRM 0.00 2.05 56.75 39.30 1.90 0.00 59.3
EWOC 0.00 13.80 71.75 14.40 0.05 0.00 59.3
Hybrid 0.00 4.80 68.20 26.35 0.65 0.00 59.5

Conventional
CRM 0.00 1.95 57.80 38.55 1.70 0.00 64.3
EWOC 0.00 15.20 70.55 14.10 0.10 0.05 64.5
Hybrid 0.00 4.25 69.25 25.80 0.70 0.00 64.5

*: The true MTD dose level was defined using MTDπ definition.
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4.2.4 Summary

Results in Model 1 and Model 2 are similar when the MTD level is medium (model

1) or high (model 2). When the planned follow-up time is sufficient (τ = 2, 86% to

89% of all DLT expected on MTD level by time 2), the proportion of recommendation

at the correct dose level for the cure model using MTDT is similar to that using the

TITE approach and the conventional approach, and the percentage is lower for cure

model using MTDπ compared with other approaches. The EWOC design has lower

percentages of correct recommendation than CRM or hybrid for all approaches. The

percentages of recommendation at the overdose level are very small (< 1.7%) in all

scenarios. EWOC is less likely to recommend the overdose level than CRM or hybrid,

and recommends a lower dose level (MTD − 1) more than CRM or hybrid. The trend

for the convergence rates is also similar. The convergence rates for all designs continued

to increase as number of patients increased, but most of the gain had been obtained

with 30 patients. The convergence rates for the CRM and hybrid designs are higher

than the corresponding EWOC designs.

Under true model 3 with low MTD (MTD level = 2), when the planned follow-up

time is sufficient (89% of all DLT expected on MTD level by time 2), the proportion of

correct recommendation for EWOC design using cure model MTDT is similar to that

using the TITE approach and the conventional approach, and the proportion is lower

for the cure model using MTDπ. For CRM and hybrid design, the performance for the

cure model using MTDT is better than MTDπ, and both are better than the TITE

approach or the conventional approach. EWOC design is better than (in most cases) or

at least comparable to CRM or hybrid (cure model using MTDπ) in terms of percentage

of correct recommendation. EWOC has lower percentages of recommendation at the

overdose level than CRM and hybrid, and recommends a lower dose level (MTD − 1)

more than CRM and hybrid. Similar to model 1 and model 2, the convergence rates for

all designs continued to increase as number of patients increased, but most of the gain

had been obtained with 30 patients. The convergence rates for the EWOC designs are

higher than the corresponding CRM and hybrid designs in most scenarios.
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When the planned follow-up time is short (τ = 0.5, only 39% to 43% of all DLT

expected on MTD level by time 0.5), cure model using MTDπ is superior to other

approaches for all true models considered. The cure model using MTDπ maintains

relatively high proportion of recommendation at the correct dose level. The cure model

using MTDT , TITE and conventional approach all overestimate the MTD, and rec-

ommend the MTD + 1 level most of the time. However, the cure model using MTDT

is less likely to recommend overdose levels above MTD + 1 compared with TITE or

conventional approach. The EWOC design has lower percentages of correct recom-

mendation than CRM or hybrid for cure model using MTDπ under true model 1 or

true model 2; while under true model 3, the EWOC design is comparable to CRM and

hybrid. The EWOC design has a lower percentage of overdose recommendation than

CRM and hybrid in all scenarios examined. The convergence rates for cure model using

MTDπ continued to increase as number of patients increased. All other methods did

not converge.

4.3 Comparison to The Existing Models with Low Baseline Hazard

The performance of the CATE model is compared to the TITE approach and the

conventional approach under three true dose-response models with low baseline hazard

(constant hazard λ = 0.403). Simulations were run for CRM, EWOC and hybrid designs

using uniform prior distributions when the planned follow-up time τ = 2. CRM2 in Chu

et al. (2009) are presented as the CRM model in the results. This represents the case

where the planned follow-up time is moderate relative to the risk of time to toxicity,

where 67%, 67%, and 63% of all DLT on the respective MTD level would have been

expected by time 2 under Model 1, Model 2, and Model 3, respectively.

4.3.1 Model 1

The percentages of recommendation at each dose level under true model 1 are shown

in Table 4.10. The proportion of recommendation at the correct dose level for the cure

model using MTDT is better than that using the TITE approach or the conventional
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approach for all designs. The cure model using MTDπ has higher correct recommen-

dation percentage than that using MTDT , TITE or conventional approach for CRM

or hybrid design, but has lower correct recommendation percentage for EWOC design.

Figure 3.3 (a) shows that the probability of DLT under true model 1 at dose level 5 is

below the target toxicity level θ at time 2 (correspond to MTDT ) and slightly above

the target toxicity level θ at time 5 (correspond to MTDπ). The percentage of cor-

rect recommendation for EWOC is lower than CRM or hybrid for cure model using

MTDπ, while the percentage is higher than CRM and hybrid for all other approaches.

EWOC has lower percentages of recommendation at the overdose level than CRM or

hybrid, and recommends a lower dose level (MTD − 1) more than CRM or hybrid in

all scenarios. The total trial duration using the cure model (both MTDπ and MTDT )

is much shorter compared with the conventional approach, and is similar to the TITE

approach. The conventional approach is expected to have longer trial duration since a

new patient has to wait until all current patients complete their follow-up before enter-

ing the trial, whereas the cure model and the TITE approach allow patients to enter

the trial using the current information without suspending accrual. The convergence

rates are shown in Figure 4.17. The convergence rates continued to increase as number

of patients increased, and most of the gain had been obtained with 30 patients.
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Table 4.10: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 1, Exponential Three-Parameter Model and λ = 0.403

Dose levels 1 2 3 4 5(MTD) 6 Duration

Uniform prior τ = 2

CATEπ
CRM 0.00 0.00 0.00 7.70 90.20 2.10 60.5
EWOC 0.00 0.00 0.10 23.30 75.85 0.75 60.5
Hybrid 0.00 0.00 0.00 7.15 90.20 2.65 60.4

CATET
CRM 0.00 0.00 0.00 0.45 86.75 12.80 60.5
EWOC 0.00 0.00 0.00 2.80 92.75 4.45 60.6
Hybrid 0.00 0.00 0.00 0.10 79.30 20.60 60.7

TITE
CRM 0.00 0.00 0.00 0.15 76.75 23.10 60.7
EWOC 0.00 0.00 0.00 2.55 90.60 6.85 60.9
Hybrid 0.00 0.00 0.00 0.10 77.90 22.00 60.8

Conventional
CRM 0.00 0.00 0.00 0.25 79.80 19.95 113.5
EWOC 0.00 0.00 0.00 3.05 91.40 5.55 116.6
Hybrid 0.00 0.00 0.00 0.40 77.90 21.70 115.2



81

Patient Number

C
o

n
ve

rg
e

n
c
e

 R
a

te

0.0

0.2

0.4

0.6

0.8

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

Model 1, τ = 2, λ = 0.403

CATEπ−CRM
CATEπ−EWOC
CATEπ−Hybrid

CATET−CRM
CATET−EWOC
CATET−Hybrid

TITE−CRM
TITE−EWOC
TITE−Hybrid

CRM
EWOC
Hybrid

Figure 4.17: Convergence Rates with Different Methods Under True Model 1 When
λ = 0.403



82

4.3.2 Model 2

Table 4.11 shows the percentages of recommendation at each dose level under true model

2. Results are similar to those under true model 1. The proportion of recommendation

at the correct dose level for the cure model using MTDT (for all designs) is higher than

that using the TITE approach or the conventional approach. The proportion of correct

recommendation for the cure model using MTDπ is higher for CRM or hybrid design,

and lower for EWOC design than that using MTDT , TITE or conventional approach.

The percentage of correct recommendation for EWOC is lower than CRM or hybrid

for cure model using MTDπ, while the percentage is higher than CRM or hybrid for

all other approaches. EWOC has lower percentages of recommendation at the overdose

level than CRM or hybrid, and recommends a lower dose level (MTD − 1) more than

CRM or hybrid in all scenarios. The total trial duration using the cure model (both

MTDπ and MTDT ) is much shorter compared with the conventional approach, and is

similar to the TITE approach. The convergence rates continued to increase as number

of patients increased (Figure 4.18).

Table 4.11: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 2, Exponential Three-Parameter Model and λ = 0.403

Dose levels 1 2 3 4(MTD) 5 6 Duration

Uniform prior τ = 2

CATEπ
CRM 0.00 0.00 10.25 87.45 2.30 0.00 60.4
EWOC 0.00 0.50 31.40 67.60 0.50 0.00 60.8
Hybrid 0.00 0.00 10.25 86.50 3.05 0.20 60.6

CATET
CRM 0.00 0.00 0.95 83.40 15.65 0.00 60.4
EWOC 0.00 0.05 5.90 89.40 4.60 0.05 60.4
Hybrid 0.00 0.00 0.85 81.90 17.25 0.00 60.5

TITE
CRM 0.00 0.00 0.60 71.85 27.55 0.00 60.8
EWOC 0.00 0.00 5.70 86.90 7.35 0.05 60.9
Hybrid 0.00 0.00 1.15 75.65 23.15 0.05 60.9

Conventional
CRM 0.00 0.00 0.80 71.75 27.35 0.10 112.0
EWOC 0.00 0.00 6.30 87.30 6.35 0.05 115.8
Hybrid 0.00 0.00 0.65 76.70 22.65 0.00 114.7



83

Patient Number

C
o

n
ve

rg
e

n
c
e

 R
a

te

0.0

0.2

0.4

0.6

0.8

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

Model 2, τ = 2, λ = 0.403

CATEπ−CRM
CATEπ−EWOC
CATEπ−Hybrid

CATET−CRM
CATET−EWOC
CATET−Hybrid

TITE−CRM
TITE−EWOC
TITE−Hybrid

CRM
EWOC
Hybrid

Figure 4.18: Convergence Rates with Different Methods Under True Model 2 When
λ = 0.403

4.3.3 Model 3

The percentages of recommendation at each dose level under true model 3 are shown

in table 4.12. The cure model using MTDπ has high proportion of recommendation

at the correct dose level for both all designs and is superior to other approaches (cure

model MTDT , TITE or conventional approach). For EWOC design, the cure model

using MTDT recommends the correct dose level (dose level 2) most of the time; the
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percentage is low than that using MTDπ, but higher than TITE or conventional ap-

proach. For CRM and hybrid design, TITE and conventional approach overestimate

the MTD and recommends the MTD + 1 level most of the time. The cure model

using MTDT for CRM and hybrid design also recommends the MTD + 1 dose level

more frequently than the other doses, but to a lesser degree than TITE or conventional

approach. Figure 3.3 (c) shows that the probability of DLT under true model 3 at dose

level 2 is closer to the target toxicity level θ at time 5 (correspond to MTDπ) than

at time 2 (correspond to the MTDT ). The percentage of correct recommendation is

higher for EWOC design than CRM or hybrid design for all approaches. EWOC has

lower percentages of recommendation at the overdose level than CRM or hybrid. The

total trial duration is similar for the cure model (both MTDπ and MTDT ) and the

TITE approach, and is much shorter compared with the conventional approach. The

convergence rates for cure model using MTDπ continued to increase as number of pa-

tients increased; the convergence rate for EWOC is lower at the beginning of the trial

but accelerates to similar to CRM and hybrid with 40 patients (Figure 4.19). Conver-

gence rates of EWOC for other approaches (cure model MTDT , TITE or conventional)

become stable with about 30 patients. CRM and hybrid for cure model using MTDT ,

TITE or conventional approaches did not converge.
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Table 4.12: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 3, Exponential Three-Parameter Model and λ = 0.403

Dose levels 1 2(MTD) 3 4 5 6 Duration

Uniform prior τ = 2

CATEπ
CRM 3.00 78.85 18.15 0.00 0.00 0.00 60.5
EWOC 15.70 80.25 4.05 0.00 0.00 0.00 60.5
Hybrid 4.10 79.15 16.65 0.10 0.00 0.00 60.7

CATET
CRM 0.00 36.80 63.05 0.15 0.00 0.00 60.7
EWOC 0.25 65.60 34.15 0.00 0.00 0.00 60.8
Hybrid 0.00 39.00 60.90 0.10 0.00 0.00 60.6

TITE
CRM 0.00 27.90 71.40 0.70 0.00 0.00 60.7
EWOC 0.55 62.40 36.80 0.25 0.00 0.00 60.8
Hybrid 0.00 35.85 63.90 0.25 0.00 0.00 60.7

Conventional
CRM 0.00 29.70 69.45 0.85 0.00 0.00 110.3
EWOC 0.65 62.05 37.25 0.05 0.00 0.00 114.9
Hybrid 0.05 37.10 62.45 0.40 0.00 0.00 113.4



86

Patient Number

C
o

n
ve

rg
e

n
c
e

 R
a

te

0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

Model 3, τ = 2, λ = 0.403

CATEπ−CRM
CATEπ−EWOC
CATEπ−Hybrid

CATET−CRM
CATET−EWOC
CATET−Hybrid

TITE−CRM
TITE−EWOC
TITE−Hybrid

CRM
EWOC
Hybrid

Figure 4.19: Convergence Rates with Different Methods Under True Model 3 When
λ = 0.403
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4.3.4 Summary

Results in Model 1 and Model 2 are similar when the MTD level is medium (model 1)

or high (model 2). The planned follow-up time of 2 is moderate relative to the risk of

time to toxicity, where 67% of all DLT on the MTD level would have been expected

by time 2. The proportion of recommendation at the correct dose level for the cure

model using MTDT is better than that using the TITE approach or the conventional

approach. The cure model using MTDπ has higher correct recommendation percentage

than that using MTDT , TITE or conventional approach for CRM and hybrid design,

but has lower correct recommendation percentage for EWOC design. The percentage of

correct recommendation for EWOC is lower than CRM or hybrid for cure model using

MTDπ, while the percentage is higher than CRM or hybrid for all other approaches.

EWOC has lower percentages of recommendation at the overdose level than CRM or

hybrid, and recommends a lower dose level (MTD − 1) more than CRM or hybrid in

all scenarios. The overdose percentage for cure model is lower than the corresponding

ones for TITE or conventional approaches; and the overdose percentage of cure model

using MTDπ is low than the corresponding MTDT . The trend for the convergence

rates is similar under true model 1 and model 2. The convergence rates continued to

increase as number of patients increased, and most of the gain had been obtained with

30 patients.

Under true model 3 with low MTD (MTD level = 2), when the planned follow-up

time is moderate (63% of all DLT expected on MTD level by time 2), the cure model

using MTDπ is superior to other approaches (cure model MTDT , TITE or conventional

approach), and maintains high proportion of recommendation at the correct dose level.

For EWOC design, the cure model using MTDT recommends the correct dose level

most of the time and is better than TITE or conventional approach. For CRM or

hybrid design, the cure model using MTDT , TITE and conventional approach all over-

estimate the MTD and recommend the MTD + 1 level most of the time. However,

the cure model using MTDT is more likely to recommend the correct dose level and

less likely to overdose compared with TITE or conventional approach. The percentage
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of correct recommendation is higher for EWOC design than CRM or hybrid design for

all approaches. EWOC has lower percentages of recommendation at the overdose level

than CRM or hybrid. The convergence rates for cure model using MTDπ continued

to increase as number of patients increased. Convergence rates of EWOC for other

approaches become stable with about 30 patients. CRM and hybrid for cure model

using MTDT , TITE or conventional approaches did not converge.

For all true models, the total trial duration is similar for the cure model (both

MTDπ and MTDT ) and the TITE approach, and is much shorter compared with the

conventional approach.

4.4 Conclusion

It has been demonstrated by simulation that the proposed CATE desgin based on the

proportional hazards model using exponential distribution with the known baseline

hazard rate under different priors and true dose-toxicity models has generally high

performance with high percentage of correct dose recommendation and low overdose

proportion. When the true MTD is above the mid-level of the dose range considered

(model 1 and model 2, the cases where the testing treatment is less toxic), the hybrid

design and CRM designs have better convergence rates and recommend the target dose

on MTD more often than EWOC. Designs using the MTDT definition have better

performance than the corresponding one using the MTDπ. The choice of prior has

little effect on the performance of the designs. When the true MTD is below the mid-

level of the dose range considered (model 3, the cases where the testing treatment is

more toxic), EWOC design has better performance than other designs in most cases,

but it somewhat depends on the prior distributions and the MTD definition. EWOC

and the hybrid design generally provide a better safety protection in limiting higher dose

for patients than the CRM designs do. Comparison between the two MTD definitions

depends on the designs and the prior distributions. EWOC using the MTDT definition

generally have better performance than the corresponding one using the MTDπ, while

the opposite is true for other designs.
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The performance of the proposed CATE model is compared with TITE approach

and the conventional approach under different planned follow-up time and true dose-

toxicity models using the uniform prior distributions. The simulation study shows that

the total trial duration is similar for the cure model (both MTDπ and MTDT ) and

the TITE approach, and is much shorter compared with the conventional approach

in all scenarios. The performance of the different approaches depends somewhat on

the underlying dose-toxicity models, the planned follow-up time and the dose selecting

designs (CRM and hybrid vs. EWOC).

When 86% to 89% of all DLT expected on MTD level by the planned follow-

up time, the follow-up time is sufficient relative to the risk of time to toxicity. The

performance for cure model using MTDT is similar to that using the TITE approach

or conventional approach, and is better than cure model using MTDπ when the true

MTD is above the mid-level of the dose range considered. CRM and hybrid designs

have better convergence rates and recommends the target dose on MTD more often

than EWOC. When the true MTD is below the mid-level of the dose range considered

(model 3), the performance for EWOC design using cure model MTDT is similar to that

using the TITE approach and the conventional approach, and is better than the cure

model using MTDπ. For CRM and hybrid design, the performance for the cure model

using MTDT is better than MTDπ, and both are better than the TITE approach or

the conventional approach. EWOC design has generally better performance than CRM

or hybrid, and controls the overdose proportion better than CRM or hybrid.

When 63% to 67% of all DLT expected on MTD level by the planned follow-up

time, the follow-up time is moderate relative to the risk of time to toxicity. When the

true MTD is above the mid-level of the dose range considered, the performance for cure

model MTDT is better than TITE or conventional approach. For CRM and hybrid, the

cure model using MTDπ has even better performance than that using MTDT , TITE

or conventional approach. CRM and hybrid designs have better convergence rates and

recommend the target dose on MTD more often than EWOC in most cases. When

the true MTD is below the mid-level of the dose range considered (model 3), the cure

model using MTDπ is superior to other approaches and maintains high proportion
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of recommendation at the correct dose level. For CRM and hybrid, TITE and the

conventional approaches overestimate MTD and recommend MTD + 1 most of the

time. The performance for cure model usingMTDT is better than TITE or conventional

approach. The percentage of correct recommendation is higher for EWOC design than

CRM or hybrid design for all approaches.

When the planned follow-up time is short (39% to 43% of all DLT expected on MTD

level by the planned follow-up time), cure model using MTDπ is superior to other

approaches for all true models considered. The cure model using MTDπ maintains

relatively high proportion of recommendation at the correct dose level. TITE and

conventional approach overestimate the MTD, and recommend the MTD + 1 level

most of the time. Although the cure model using MTDT also overestimates the MTD,

it is less likely to recommend overdose levels above MTD + 1 compared with TITE

or conventional approach. CRM and hybrid designs have better convergence rates and

recommends the target dose on MTD more often than EWOC when the true MTD

is above the mid-level of the dose range considered. When the true MTD is below

the mid-level, EWOC design is comparable to CRM and hybrid. EWOC controls the

overdose proportion better than CRM and hybrid for all scenarios.

In conclusion, the proposed cure model has generally high percentage of correct

dose recommendation and low overdose proportion. It significantly reduces the overall

trial duration compared with the conventional approach. When the planned follow-up

time is moderate or too short relative to the risk of time to toxicity, the cure model

(especially MTDπ for the short follow-up time) is superior to TITE or conventional

approach, while TITE or conventional approach would overestimate MTD in certain

situations.
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Chapter 5

Performance of the CATE Design Based on the

Proportional Hazards Model Using Exponential

Distribution - Four-Parameter Model

The performance of the CATE Design based on the Proportional Hazards Model using

exponential distribution where the baseline hazard rate λ is unknown is presented in

this chapter. This is an exponential four-parameter models where α, β, γ, λ need to be

estimated from data.

5.1 Performance of the CATE Design Using Exponential Four-Parameter

Model

The performance of the proposed design is evaluated under three true dose-response

models (low, middle, and high MTD) with high baseline hazard (hazard rate λ = 0.805)

and with planned follow-up time τ = 2. The planned follow-up time of 2 is sufficient

for the true dose-response models and the baseline hazard under consideration, where

86%, 89%, and 89% of all DLT on the respective MTD level would have been expected

by time 2 under Models 1, 2, and 3, respectively.

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs, four different priors and three true models under the CATE design

are summarized in Table 5.1, 5.2 and 5.3. CRM2 in Chu et al. (2009) are presented as

the CRM model in the results.

Results presented here used four different priors for α, β, γ, and the informative

gamma prior for λ, as described in Chapter 3.
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5.1.1 Based on MTDπ

Table 5.1, 5.2 and 5.3 show that for all the models and the priors examined, both CRM

and Hybrid designs under the CATE model have high proportions (> 91%, 81% and

86% for Models 1, 2 and 3 respectively) of recommendation at the correct MTD dose

level (Levels 5, 4 and 2 for Models 1, 2 and 3 respectively). The EWOC design has

lower percentages of correct recommendation (74%− 83% and 56%− 70% for Models 1

and 2 respectively) compared with other designs for Models 1 and 2 , and recommends

a lower dose level more than the other designs. Compared with CRM and Hybrid,

EWOC design for Model 3 has lower, comparable, a little higher, and a little higher

percentages of correct recommendation for Exponential, Uniform, Gamma, and Normal

priors, respectively. The hybrid design is comparable to CRM. The percentages of

recommendation at the overdose level are very small (≤ 0.8%) for all models and designs

except for Model 3. For Model 3, the percentages of recommendation at the overdose

levels are about 7 to 12% for CRM and Hybrid and is less than 3% for EWOC. The

upper panels of Figure 5.1, 5.2, and 5.3 show the convergence rates based on MTDπ

using the four different prior distributions under the three true models, respectively.

The rates of convergences for CRM and Hybrid are higher than that for EWOC under

Models 1 and 2 for all priors. The rates are comparable under Model 3 for all priors. The

convergence rates for the hybrid design are similar to EWOC at the beginning of the

trial, and accelerate to similar to the CRM designs after 30 patients. The convergence

rates for all designs continue to increase as number of patients increases, but most of

the gain has been obtained with 30 patients.

5.1.2 Based on MTDT

Table 5.1, 5.2 and 5.3 also show that for Models 1 and 2 and all the priors examined,

both CRM and Hybrid have very high proportions (> 95% and 90% for Models 1

and 2 respectively) of recommendation at the correct MTD dose level (Level 5 and 4

for Models 1 and 2 respectively). The performance using MTDT is better than the

corresponding ones using MTDπ for all designs. Similar to the cases using MTDπ, the
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Table 5.1: Percentage of Recommended MTD by Dose Level Under True Model 1,
Exponential Four-Parameter Model

CATEπ
Dose levels 1 2 3 4 5(MTD) 6
Exponential

CRM 0.00 0.00 0.00 7.60 92.10 0.30
EWOC 0.00 0.00 0.05 26.25 73.50 0.20
Hybrid 0.00 0.00 0.00 7.65 91.65 0.70

Uniform
CRM 0.00 0.00 0.00 7.20 92.65 0.15

EWOC 0.00 0.00 0.00 26.40 73.50 0.10
Hybrid 0.00 0.00 0.00 7.40 92.20 0.40

Gamma
CRM 0.00 0.00 0.00 5.10 94.65 0.25

EWOC 0.00 0.00 0.00 16.75 83.20 0.05
Hybrid 0.00 0.00 0.00 4.55 94.85 0.60

Normal
CRM 0.00 0.00 0.00 6.25 93.55 0.20

EWOC 0.00 0.00 0.00 21.15 78.70 0.15
Hybrid 0.00 0.00 0.00 5.75 93.65 0.60

CATET
Dose levels 1 2 3 4 5(MTD) 6
Exponential

CRM 0.00 0.00 0.00 3.20 95.80 1.00
EWOC 0.00 0.00 0.05 14.10 85.50 0.35
Hybrid 0.00 0.00 0.00 2.85 96.10 1.05

Uniform
CRM 0.00 0.00 0.00 3.35 96.15 0.50

EWOC 0.00 0.00 0.05 14.05 85.65 0.25
Hybrid 0.00 0.00 0.00 2.55 96.45 1.00

Gamma
CRM 0.00 0.00 0.00 1.95 97.45 0.60

EWOC 0.00 0.00 0.00 9.00 90.75 0.25
Hybrid 0.00 0.00 0.00 1.55 97.25 1.20

Normal
CRM 0.00 0.00 0.00 2.35 97.25 0.40

EWOC 0.00 0.00 0.00 8.95 90.75 0.30
Hybrid 0.00 0.00 0.00 2.40 97.15 0.45
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Table 5.2: Percentage of Recommended MTD by Dose Level Under True Model 2,
Exponential Four-Parameter Model

CATEπ
Dose levels 1 2 3 4(MTD) 5 6
Exponential

CRM 0.00 0.00 16.80 82.95 0.25 0.00
EWOC 0.05 0.55 43.45 55.80 0.15 0.00
Hybrid 0.00 0.00 17.55 81.65 0.75 0.05

Uniform
CRM 0.00 0.00 10.40 89.25 0.35 0.00

EWOC 0.00 0.20 35.45 64.25 0.10 0.00
Hybrid 0.00 0.00 12.95 86.55 0.45 0.05

Gamma
CRM 0.00 0.00 9.80 90.05 0.15 0.00

EWOC 0.00 0.00 30.25 69.75 0.00 0.00
Hybrid 0.00 0.00 10.55 88.95 0.50 0.00

Normal
CRM 0.00 0.00 9.30 90.50 0.20 0.00

EWOC 0.00 0.00 34.80 65.20 0.00 0.00
Hybrid 0.00 0.00 13.00 86.55 0.45 0.00

CATET
Dose levels 1 2 3 4(MTD) 5 6
Exponential

CRM 0.00 0.00 9.20 90.10 0.70 0.00
EWOC 0.00 0.20 25.35 74.15 0.30 0.00
Hybrid 0.00 0.00 7.35 91.05 1.60 0.00

Uniform
CRM 0.00 0.00 5.70 93.65 0.65 0.00

EWOC 0.00 0.05 23.50 76.40 0.05 0.00
Hybrid 0.00 0.00 6.70 92.45 0.85 0.00

Gamma
CRM 0.00 0.00 4.50 95.00 0.50 0.00

EWOC 0.00 0.00 19.30 80.60 0.10 0.00
Hybrid 0.00 0.00 5.05 94.30 0.65 0.00

Normal
CRM 0.00 0.00 5.80 93.75 0.45 0.00

EWOC 0.00 0.00 22.25 77.70 0.05 0.00
Hybrid 0.00 0.00 5.65 93.65 0.70 0.00
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Table 5.3: Percentage of Recommended MTD by Dose Level Under True Model 3,
Exponential Four-Parameter Model

CATEπ
Dose levels 1 2(MTD) 3 4 5 6
Exponential

CRM 6.40 86.15 7.45 0.00 0.00 0.00
EWOC 23.25 75.75 1.00 0.00 0.00 0.00
Hybrid 5.70 86.55 7.75 0.00 0.00 0.00

Uniform
CRM 1.75 87.55 10.70 0.00 0.00 0.00

EWOC 11.80 86.80 1.40 0.00 0.00 0.00
Hybrid 2.65 89.30 8.05 0.00 0.00 0.00

Gamma
CRM 0.15 89.20 10.65 0.00 0.00 0.00

EWOC 2.75 95.55 1.70 0.00 0.00 0.00
Hybrid 0.55 91.75 7.70 0.00 0.00 0.00

Normal
CRM 0.75 87.45 11.80 0.00 0.00 0.00

EWOC 6.90 90.20 2.90 0.00 0.00 0.00
Hybrid 1.10 89.20 9.70 0.00 0.00 0.00

CATET
Dose levels 1 2(MTD) 3 4 5 6
Exponential

CRM 3.00 81.75 15.25 0.00 0.00 0.00
EWOC 11.80 84.55 3.65 0.00 0.00 0.00
Hybrid 1.90 81.80 16.20 0.10 0.00 0.00

Uniform
CRM 0.25 80.90 18.85 0.00 0.00 0.00

EWOC 2.65 92.25 5.10 0.00 0.00 0.00
Hybrid 0.40 82.85 16.75 0.00 0.00 0.00

Gamma
CRM 0.05 78.85 21.10 0.00 0.00 0.00

EWOC 0.60 94.85 4.55 0.00 0.00 0.00
Hybrid 0.10 81.90 18.00 0.00 0.00 0.00

Normal
CRM 0.00 76.45 23.55 0.00 0.00 0.00

EWOC 0.70 91.80 7.50 0.00 0.00 0.00
Hybrid 0.15 81.00 18.85 0.00 0.00 0.00
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Figure 5.1: Convergence Rates Under True Model 1

EWOC design has slightly lower percentages of correct recommendation (85% − 91%

and 74%− 81% for Models 1 and 2 respectively) compared with CRM and Hybrid, and

recommend a lower dose level more often than the other designs. The hybrid design is

comparable to CRM. The percentages of recommendation at the overdose level are very

small (≤ 1.6%) in all designs. For Model 3, EWOC design has higher proportion of

correct recommendation (true MTD of level 2) than CRM or Hybrid. CRM and Hybrid

tends to have a higher recommendation to the MTD + 1 level (Level 3) compared to

EWOC. One of the reasons for EWOC performed better in this scenario is that the

true MTD occurs between dose levels 2 and 3 from the calculation based on MTDT

under Model 3. The lower panels of Figure 5.1, 5.2, and 5.3 show the convergence

rates based on MTDT using the four different prior distributions under the three true

models, respectively. The trend for the convergence rates is similar to those for MTDπ

and most of gain has been obtained with 30 patients under all the true models and the

priors .
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Figure 5.2: Convergence Rates Under True Model 2

5.1.3 Comparison Between MTDπ and MTDT

The performance using MTDT is a little better than the corresponding ones using

MTDπ for Models 1 and 2 and all the priors examined, although CRM and Hybrid

have high proportions of recommendation at the correct MTD dose level than EWOC

based on either MTDπ or MTDT . The EWOC design has slightly lower percentages

of correct recommendation compared with other designs, and recommend a lower dose

level more often than the other designs. For Model 3, it seems that using MTDπ

performs better than using MTDT for both CRM and Hybrid. EWOC using MTDT

performs better than that using MTDπ because the true MTD lies between dose level

2 and 3 when MTDT is used.
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Figure 5.3: Convergence Rates Under True Model 3

5.1.4 Overdose Comparisons Under Different True Models and Dif-

ferent Prior Distributions

The percentage of overdose at recommended dose level for each design under different

true models and different prior distributions is depicted in Figure 5.4. EWOC design

has the lowest percentages in all scenarios. The percentages of overdose for all designs

are very low under true model 1 or true model 2 (≤ 1.6% for all priors). Under true

model 3, the hybrid design recommends fewer overdose levels than CRM does for all

priors except the exponential prior where the overdose proportions for hybrid and CRM

are very similar.
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5.2 Performance of the CATE Design by Comparing to Other Existing

Designs

The performance of the CATE design is compared to the TITE approach and the

conventional approach under three true dose-response models with high baseline hazard

(hazard rate λ = 0.805). Simulations were run for CRM, EWOC and hybrid designs

using uniform prior distributions for α, β, γ, and the informative gamma prior for λ,

and varying the planned follow-up time (follow-up time window τ = 2 vs. τ = 0.5).

The planned follow up time of 2 is sufficient for the true dose-response models and

the baseline hazard under consideration, where 86%, 89%, and 89% of all DLT on the

respective MTD level would have been expected by time 2 under Model 1, Model 2,

and Model 3.

The planned follow up time of 0.5 is insufficient for the true dose-response models

and the baseline hazard under consideration, where 43%, 43%, and 39% of all DLT on

the respective MTD level would have been expected by time 0.5 under Model 1, Model

2, and Model 3. Under these scenarios, the true MTD should be defined using the

MTDπ definition. The percentages of recommendation at each dose level under the

three true models are shown in Table 5.4, 5.5, and 5.6, respectively.

5.2.1 When the Planned Follow-up Time is Sufficient (τ = 2)

For Model 1, as shown in Table 5.4, when the planned follow-up time is sufficient

(τ = 2), the proportion of recommendation at the correct dose level for the CATE

design using MTDT (for all designs) is similar to that using the TITE approach and

the conventional approach. The proportion of correct recommendation for the CATE

design using MTDπ is slightly lower than that using MTDT for CRM or hybrid design,

and about 12 percentage points lower for EWOC design. This might be explained by

the fact that the probability of DLT under true model 1 at dose level 5 is closer to the

target toxicity level θ at time 2 (corresponding to the MTDT definition) than at time

5 (corresponding to the MTDπ definition since by time 5 the probability of DLT has

reached a plateau) as depicted in Figure 3.2a. The EWOC design has lower percentages
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of correct recommendation than CRM or hybrid for all methods. The percentages of

recommendation at the overdose level (level 6) are very small (< 1.1%) in all scenarios.

For Model 2, as shown in Table 5.5, when the planned follow-up time τ equals to

2, the proportion of recommendation at the correct dose level for the CATE design

using MTDT (for all designs) is similar to that using the TITE approach and the

conventional approach. The proportion of correct recommendation for the CATE design

using MTDπ is slightly lower than that using MTDT for CRM or hybrid design, and

about 12 percentage points lower for EWOC design. As depicted in Figure 3.2b, the

probability of DLT under true model 2 at dose level 4 is closer to the target toxicity level

θ for the MTDT definition (at time 2) than for the MTDπ definition. The proportion

of the correct recommendation is higher for CRM or hybrid design than EWOC design

for all approaches (CATE, TITE or conventional approaches). The percentages of

recommendation at the overdose level (level 5 or 6) are very small (< 1.7%) in all

scenarios. EWOC has lower percentages of overdose recommendation than CRM or

hybrid, and recommends a lower dose level (MTD − 1) more than CRM.

For Model 3, as shown in Table 5.6, when τ equals to 2, the proportion of rec-

ommendation at the correct dose level for the CATE model using MTDT for EWOC

design is slightly higher than the TITE approach and the conventional approach, and

the proportion for the CATE model using MTDπ is lower than the TITE approach

and the conventional approach. For CRM or hybrid design, the performance for the

CATE model (both MTDT and MTDπ) is better than the TITE approach or the con-

ventional approach. The proportion of correct recommendation for the CATE model

using MTDπ is higher than that using MTDT for CRM or hybrid design, and lower for

EWOC design. The percentage of correct recommendation is higher for EWOC design

than CRM or hybrid design for all approaches except for CATE model using MTDπ,

where EWOC design is comparable to CRM or hybrid. As shown in Figure 3.2c, the

probability of DLT under true model 3 at dose level 2 is closer to the target toxicity

level θ for the MTDπ definition than for the MTDT definition (at time 2). EWOC has

lower percentages of recommendation at the overdose level than CRM or hybrid, and

recommends a lower dose level (MTD − 1) more than CRM or hybrid.
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The convergence rates are shown in the upper panels of Figure 5.5. For all the

models, the convergence rates for all designs continue to increase as number of patients

increases, but most of the gain has been obtained with 30 patients. The convergence

rates for the CRM or hybrid designs under different methods are higher than the cor-

responding EWOC designs for Model 1 or Model 2.

Table 5.4: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 1, Exponential Four-Parameter Model with Informative Prior on λ and λ = 0.805

τ = 2
Dose levels 1 2 3 4 5(MTD) 6 Duration
CATEπ

CRM 0.00 0.00 0.00 7.20 92.65 0.15 60.8
EWOC 0.00 0.00 0.00 26.40 73.50 0.10 60.6
Hybrid 0.00 0.00 0.00 7.40 92.20 0.40 60.6

CATET
CRM 0.00 0.00 0.00 3.35 96.15 0.50 60.7
EWOC 0.00 0.00 0.05 14.05 85.65 0.25 60.8
Hybrid 0.00 0.00 0.00 2.55 96.45 1.00 60.5

TITE
CRM 0.00 0.00 0.00 2.95 96.85 0.20 60.9
EWOC 0.00 0.00 0.00 13.90 85.85 0.25 60.8
Hybrid 0.00 0.00 0.00 3.80 95.15 1.05 60.8

Conventional
CRM 0.00 0.00 0.00 2.65 96.85 0.50 111.1
EWOC 0.00 0.00 0.05 15.50 84.35 0.10 114.6
Hybrid 0.00 0.00 0.00 3.55 95.70 0.75 113.3

τ = 0.5
Dose levels 1 2 3 4 5(MTD) 6 Duration
CATEπ

CRM 0.00 0.05 0.05 9.30 78.30 12.30 59.5
EWOC 0.00 0.00 0.45 28.90 66.40 4.25 59.5
Hybrid 0.00 0.00 0.00 7.85 74.00 18.15 59.7

CATET
CRM 0.00 0.00 0.00 0.00 32.15 67.85 59.6
EWOC 0.00 0.00 0.00 0.10 34.65 65.25 59.5
Hybrid 0.00 0.00 0.00 0.00 12.00 88.00 59.6

TITE
CRM 0.00 0.00 0.00 0.00 10.70 89.30 59.3
EWOC 0.00 0.00 0.00 0.05 34.45 65.50 59.7
Hybrid 0.00 0.00 0.00 0.05 11.50 88.45 59.3

Conventional
CRM 0.00 0.00 0.00 0.00 10.50 89.50 64.3
EWOC 0.00 0.00 0.00 0.10 35.90 64.00 64.8
Hybrid 0.00 0.00 0.00 0.00 11.55 88.45 64.5
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Table 5.5: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 2, Exponential Four-Parameter Model with Informative Prior on λ and λ = 0.805

τ = 2
Dose levels 1 2 3 4(MTD) 5 6 Duration
CATEπ

CRM 0.00 0.00 10.40 89.25 0.35 0.00 60.4
EWOC 0.00 0.20 35.45 64.25 0.10 0.00 60.6
Hybrid 0.00 0.00 12.95 86.55 0.45 0.05 60.9

CATET
CRM 0.00 0.00 5.70 93.65 0.65 0.00 60.6
EWOC 0.00 0.05 23.50 76.40 0.05 0.00 60.8
Hybrid 0.00 0.00 6.70 92.45 0.85 0.00 60.8

TITE
CRM 0.00 0.00 4.75 94.15 1.10 0.00 60.6
EWOC 0.00 0.10 21.35 78.50 0.05 0.00 60.5
Hybrid 0.00 0.00 7.20 91.45 1.35 0.00 60.6

Conventional
CRM 0.00 0.00 4.90 94.15 0.95 0.00 110.1
EWOC 0.00 0.00 22.85 76.95 0.20 0.00 113.6
Hybrid 0.00 0.00 6.50 91.85 1.65 0.00 112.7

τ = 0.5
Dose levels 1 2 3 4(MTD) 5 6 Duration
CATEπ

CRM 0.00 0.20 12.20 78.15 9.25 0.20 59.3
EWOC 0.00 1.65 31.20 64.30 2.80 0.05 59.7
Hybrid 0.00 0.00 11.50 72.70 15.05 0.75 59.6

CATET
CRM 0.00 0.00 0.00 29.90 66.90 3.20 59.4
EWOC 0.00 0.00 0.05 41.80 55.90 2.25 59.5
Hybrid 0.00 0.00 0.00 13.60 73.20 13.20 59.8

TITE
CRM 0.00 0.00 0.00 12.15 65.05 22.80 59.5
EWOC 0.00 0.00 0.55 39.15 54.65 5.65 59.5
Hybrid 0.00 0.00 0.05 18.70 64.05 17.20 59.5

Conventional
CRM 0.00 0.00 0.00 14.25 62.75 23.00 64.2
EWOC 0.00 0.00 0.65 40.60 53.10 5.65 64.7
Hybrid 0.00 0.00 0.00 18.90 62.80 18.30 64.5
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Table 5.6: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 3, Exponential Four-Parameter Model with Informative Prior on λ and λ = 0.805

τ = 2
Dose levels 1 2(MTD) 3 4 5 6 Duration
CATEπ

CRM 1.75 87.55 10.70 0.00 0.00 0.00 60.9
EWOC 11.80 86.80 1.40 0.00 0.00 0.00 60.7
Hybrid 2.65 89.30 8.05 0.00 0.00 0.00 60.7

CATET
CRM 0.25 80.90 18.85 0.00 0.00 0.00 60.4
EWOC 2.65 92.25 5.10 0.00 0.00 0.00 60.7
Hybrid 0.40 82.85 16.75 0.00 0.00 0.00 60.8

TITE
CRM 0.25 76.10 23.65 0.00 0.00 0.00 60.5
EWOC 3.75 90.80 5.45 0.00 0.00 0.00 60.5
Hybrid 0.75 80.90 18.35 0.00 0.00 0.00 60.6

Conventional
CRM 0.95 74.45 24.55 0.05 0.00 0.00 109.3
EWOC 3.50 90.30 5.75 0.00 0.00 0.00 113.7
Hybrid 0.70 80.20 19.10 0.00 0.00 0.00 112.5

τ = 0.5
Dose levels 1 2(MTD) 3 4 5 6 Duration
CATEπ

CRM 5.35 67.35 26.60 0.70 0.00 0.00 59.5
EWOC 26.50 66.50 6.90 0.10 0.00 0.00 59.4
Hybrid 6.90 65.20 27.40 0.50 0.00 0.00 59.7

CATET
CRM 0.00 2.20 83.90 13.85 0.05 0.00 59.5
EWOC 0.00 7.00 84.95 8.00 0.05 0.00 59.4
Hybrid 0.00 0.65 74.60 24.55 0.20 0.00 59.6

TITE
CRM 0.00 2.05 56.75 39.30 1.90 0.00 59.3
EWOC 0.00 13.80 71.75 14.40 0.05 0.00 59.3
Hybrid 0.00 4.80 68.20 26.35 0.65 0.00 59.5

Conventional
CRM 0.00 1.95 57.80 38.55 1.70 0.00 64.3
EWOC 0.00 15.20 70.55 14.10 0.10 0.05 64.5
Hybrid 0.00 4.25 69.25 25.80 0.70 0.00 64.5
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Figure 5.5: Convergence Rates with Different Methods When λ = 0.805

5.2.2 When the Planned Follow-up Time is Short (τ = 0.5)

For Model 1, when the planned follow-up time is short (τ = 0.5), the CATE model

using MTDπ maintains relatively high proportion of recommendation at the correct

dose level, while the TITE and conventional approach overestimate the MTD and

recommend the overdose level (dose level 6) most of the time. The CATE model

using MTDT also recommends dose level 6 more frequently than the other doses, but

to a lesser degree than TITE or conventional approach. As shown in Figure 3.2a,

the probability of DLT still increases at time 0.5, and the planned follow-up time of
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0.5 is too short to observe most of the DLT for dose level 5 or 6 (only 43% of all

DLT expected on MTD level 5). The EWOC design has lower percentages of correct

recommendation than CRM or hybrid for CATE model using MTDπ, but has lower

percentage of overdose, as it recommends a lower dose level (MTD − 1) more often

than CRM or hybrid. Although TITE, conventional and CATE model using MTDT

overestimate the MTD, the EWOC design tends to overestimate to a less degree than

the corresponding CRM or hybrid design, and recommends the correct MTD level

(level 5) more than CRM or hybrid.

For Model 2, when the planned follow-up time is short (τ = 0.5), the CATE model

using MTDπ maintains relatively high proportion of recommendation at the correct

dose level. The TITE and conventional approach overestimate the MTD and recom-

mend the MTD + 1 level (dose level 5) most of the time when the planned follow up

time is relatively short. The CATE model using MTDT also recommends dose level

5 more frequently than the other doses, but it recommends dose level 6 (MTD + 2)

lower than TITE or conventional approach. The probability of DLT in the true model

continues to increase at time 0.5 as depicted in Figure 3.2b. The planned follow-up

time of 0.5 is too short and only 43% of all DLT is expected on MTD level 4 by time

0.5. The EWOC design has lower percentages of correct recommendation than CRM

or hybrid for CATE model using MTDπ, but has lower percentage of overdose, as it

recommends a lower dose level (MTD− 1) more often than CRM or hybrid. Although

TITE, conventional and CATE model using MTDT overestimate the MTD, the EWOC

design has a higher percentages of recommendation at the correct dose level (level 4)

than the corresponding CRM or hybrid design, and has a lower percentage of overdose

recommendation.

For Model 3, when the planned follow-up time is short (τ = 0.5), the CATE model

using MTDπ has relatively high proportion of recommendation at the correct dose level.

The CATE model using MTDT , TITE and conventional approach all overestimate the

MTD, and recommend the MTD+1 level (dose level 3) most of the time. However, the

CATE model using MTDT is less likely to recommend overdose levels above MTD+ 1

(dose level 4, 5 and 6) compared with TITE or conventional approach. As depicted in
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Figure 3.2c, the planned follow-up time of 0.5 is too short and only 39% of all DLT is

expected on MTD (level 2) by time 0.5. The EWOC design is comparable to CRM

or hybrid in terms of correct recommendation for CATE model using MTDπ, but has

lower percentage of overdose, as it recommends a lower dose level (MTD−1) more often

than CRM or hybrid. Although TITE, conventional and CATE model using MTDT

overestimate the MTD, the EWOC design has a higher percentages of recommendation

at the correct dose level (level 2) than the corresponding CRM or hybrid design, and

has a lower percentage of overdose recommendation.

As showed in the lower panels of Figure 5.5, for all the models, the convergence

rates of CRM, EWOC or hybrid for CATE model using MTDπ continue to increase as

number of patients increases. All other methods did not converge. When the planned

follow-up time is insufficient and too short, selecting doses under CATE model using the

MTDπ definition is more appropriate and is better than the TITE or the conventional

approaches.

5.2.3 Summary of Comparisons to Other Designs

Results in Model 1 and Model 2 are similar when the MTD level is medium (model

2) or high (model 1). When the planned follow-up time is sufficient (τ = 2, 86% to

89% of all DLT expected on MTD level by time 2), the proportion of recommendation

at the correct dose level for the CATE model using MTDT (for all designs) is similar

to that using the TITE approach and the conventional approach, and the percentage

is lower for CATE model using MTDπ compared with other approaches. The EWOC

design has lower percentages of correct recommendation than CRM or hybrid for all

approaches. The percentages of recommendation at the overdose level are very small

(< 1.7%) in all scenarios. EWOC is less likely to recommend the overdose level than

CRM or hybrid, and recommends a lower dose level (MTD− 1) more often than CRM

or hybrid. The trend for the convergence rates is also similar. The convergence rates

for all designs continue to increase as number of patients increases, but most of the

gain has been obtained with 30 patients. The convergence rates for the CRM or hybrid

designs are higher than the corresponding EWOC designs.
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Under true model 3 with low MTD (MTD level = 2), when the planned follow-up

time is sufficient (89% of all DLT expected on MTD level by time 2), the proportion of

correct recommendation for EWOC design using CATE model MTDT is slightly higher

than that using the TITE approach and the conventional approach, and the proportion

is lower for the CATE model using MTDπ. For CRM or hybrid design, the performance

for the CATE model using MTDπ is better than MTDT , and the CATE model (both

MTDT and MTDπ) is better than the TITE approach or the conventional approach.

EWOC design is better than (in most cases) or at least comparable to CRM or hybrid

(CATE model using MTDπ) in terms of percentage of correct recommendation. EWOC

has lower percentages of recommendation at the overdose level than CRM or hybrid,

and recommends a lower dose level (MTD − 1) more than CRM or hybrid. Similar

to model 1 and model 2, the convergence rates for all designs continue to increase as

number of patients increases, but most of the gain has been obtained with 30 patients.

The convergence rates for the EWOC designs are higher than the corresponding CRM

or hybrid designs in most scenarios.

When the planned follow-up time is short (τ = 0.5, only 39% to 43% of all DLT

expected on MTD level by time 0.5), CATE model using MTDπ is superior to other

approaches for all true models considered. The CATE model using MTDπ maintains

relatively high proportion of recommendation at the correct dose level. The CATE

model using MTDT , TITE and conventional approach all overestimate the MTD, and

recommend the MTD + 1 level most of the time. However, the CATE model using

MTDT is less likely to recommend overdose levels above MTD + 1 compared with

TITE or conventional approach. The EWOC design has lower percentages of correct

recommendation than CRM or hybrid for CATE model using MTDπ under true model

1 or true model 2; while under true model 3, the EWOC design is comparable to CRM

or hybrid. The EWOC design has a lower percentage of overdose recommendation than

CRM or hybrid in all scenarios examined. The convergence rates for CATE model using

MTDπ continue to increase as number of patients increases. All other methods do not

converge.
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5.3 Performance of the CATE Design by Comparing to Other Existing

Designs with High Baseline Hazard Using Uniform Priors

The performance of the CATE design is evaluated using the non-informative prior on

the baseline hazard rate λ in this section. Results presented here used uniform priors

for α, β, γ and λ. The performance of the CATE design is compared to the TITE

approach and the conventional approach under three true dose-response models with

high baseline hazard (hazard rate λ = 0.805). Simulations were run for CRM, EWOC

and Hybrid designs varying the planned follow-up time (follow-up time window τ = 2

vs. τ = 0.5). CRM2 in Chu et al. (2009) are presented as the CRM model in the results

except for CATE design using MTDT under true model 3 when τ = 2, where CRM3

results are presented as CRM because of the computation problem with CRM2.

The planned follow up time of 2 is sufficient for the true dose-response models and

the baseline hazard under consideration, where 86%, 89%, and 89% of all DLT on the

respective MTD level would have been expected by time 2 under Model 1, Model 2,

and Model 3.

The planned follow up time of 0.5 is insufficient for the true dose-response models

and the baseline hazard under consideration, where 43%, 43%, and 39% of all DLT on

the respective MTD level would have been expected by time 0.5 under Model 1, Model

2, and Model 3. Under these scenarios, the true MTD should be defined using the

MTDπ definition.

5.3.1 Model 1

As shown in Table 5.7, when the planned follow-up time is sufficient (τ = 2), the

proportion of recommendation at the correct dose level for the CATE design using

MTDT for both EWOC and hybrid designs is similar to that using the TITE approach

and the conventional approach; the proportion is about 12 percentage points lower for

CRM design compared with TITE or conventional approach. The proportion of correct

recommendation for the CATE design using MTDπ is lower than that using MTDT for

all designs. This might be explained by the fact that the probability of DLT under true
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model 1 at dose level 5 is closer to the target toxicity level θ at time 2 (corresponding to

the MTDT definition) than at time 5 (corresponding to the MTDπ definition since by

time 5 the probability of DLT has reached a plateau) as depicted in Figure 3.2 (a). The

EWOC design has lower percentages of correct recommendation than CRM or Hybrid

for most scenarios. The hybrid design performs better than CRM for CATE design

using either MTDT or MTDπ. The percentages of recommendation at the overdose

level (level 6) are very small (< 1.1%) in all scenarios.

When the planned follow-up time is short (τ = 0.5), the CATE design using MTDπ

maintains relatively high proportion of recommendation at the correct dose level for

hybrid and CRM; EWOC recommends the MTD− 1 level most frequently. The TITE

and conventional approach overestimate the MTD and recommend the MTD+ 1 level

(dose level 6) most of the time when the planned follow-up time is short. The CATE

design using MTDT for EWOC and hybrid also recommends dose level 6 more fre-

quently than the other doses; however for CRM it has high proportion (83%) of correct

recommendation. The probability of DLT in the true model continues to increase at

time 0.5 as depicted in Figure 3.2 (a). The planned follow-up time of 0.5 is too short and

only 43% of all DLT is expected on MTD level 5 by time 0.5. The hybrid design has

higher percentages of correct recommendation than CRM or EWOC for CATE design

using MTDπ. Although TITE, conventional and CATE design using MTDT overes-

timate the MTD, the EWOC design tends to overestimate to a less degree than the

corresponding CRM or hybrid design, and recommends the correct MTD level (level

5) more than CRM or hybrid, except in the case for CRM under CATE design using

MTDT . When the planned follow-up time is insufficient and too short, selecting doses

under CATE design using the MTDπ definition is more appropriate than the MTDT

definition, and CATE design using MTDπ is better than the TITE or conventional

approach.
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Table 5.7: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 1, Exponential Four-Parameter Model with Non-Informative Prior on λ and
λ = 0.805

Uniform Prior τ = 2

Dose levels 1 2 3 4 5(MTD) 6 Duration

CATEπ
CRM 0.00 0.00 0.75 30.80 68.35 0.10 60.6
EWOC 0.00 0.30 3.25 52.00 44.40 0.05 60.7
Hybrid 0.00 0.00 0.35 21.95 77.30 0.40 60.7

CATET
CRM 0.00 0.00 0.00 15.15 84.70 0.15 60.9
EWOC 0.00 0.00 0.05 12.95 86.85 0.15 60.7
Hybrid 0.00 0.00 0.00 3.10 96.10 0.80 61.0

TITE
CRM 0.00 0.00 0.00 2.95 96.85 0.20 60.9
EWOC 0.00 0.00 0.00 13.90 85.85 0.25 60.8
Hybrid 0.00 0.00 0.00 3.80 95.15 1.05 60.8

Conventional
CRM 0.00 0.00 0.00 2.65 96.85 0.50 111.1
EWOC 0.00 0.00 0.05 15.50 84.35 0.10 114.6
Hybrid 0.00 0.00 0.00 3.55 95.70 0.75 113.3

Uniform Prior τ = 0.5

Dose levels 1 2 3 4 5(MTD) 6 Duration

CATEπ
CRM 0.00 0.05 2.45 37.65 56.90 2.95 59.6
EWOC 0.00 0.65 6.30 52.25 39.50 1.30 59.4
Hybrid 0.00 0.05 0.50 20.65 67.30 11.50 59.5

CATET
CRM 0.00 0.00 0.00 1.30 82.70 16.00 59.9
EWOC 0.00 0.00 0.00 0.00 31.05 68.95 59.7
Hybrid 0.00 0.00 0.00 0.00 10.15 89.85 59.5

TITE
CRM 0.00 0.00 0.00 0.00 10.70 89.30 59.3
EWOC 0.00 0.00 0.00 0.05 34.45 65.50 59.7
Hybrid 0.00 0.00 0.00 0.05 11.50 88.45 59.3

Conventional
CRM 0.00 0.00 0.00 0.00 10.50 89.50 64.3
EWOC 0.00 0.00 0.00 0.10 35.90 64.00 64.8
Hybrid 0.00 0.00 0.00 0.00 11.55 88.45 64.5
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5.3.2 Model 2

As shown in Table 5.8, when the planned follow-up time τ equals to 2, the proportion

of recommendation at the correct dose level for the CATE design using MTDT for

both EWOC and hybrid designs is similar to that using the TITE approach and the

conventional approach; the proportion is about 11 percentage points lower for CRM

design compared with TITE or conventional approach. The proportion of correct rec-

ommendation for the CATE design using MTDπ is lower than that using MTDT for

all designs. As depicted in Figure 3.2 (b), the probability of DLT under true model 2

at dose level 4 is closer to the target toxicity level θ for the MTDT definition (at time

2) than for the MTDπ definition. The EWOC design has lower percentages of correct

recommendation than CRM or Hybrid for all approaches (CATE, TITE or conventional

approach). The hybrid design performs better than CRM for CATE design using either

MTDT or MTDπ. The percentages of recommendation at the overdose level (level 5

or 6) are very small (< 1.7%) in all scenarios.

When the planned follow-up time is short (τ = 0.5), the CATE design using MTDπ

maintains relatively high proportion of recommendation at the correct dose level for

hybrid and CRM; EWOC recommend the MTD − 1 level most frequently. The TITE

and conventional approach overestimate the MTD and recommend the overdose level

(dose level 5) most of the time. The CATE design using MTDT for EWOC and hybrid

also recommends dose level 5 more frequently than the other doses, however for CRM

it has relatively high proportion (67%) of correct recommendation. As shown in Figure

3.2 (b), the probability of DLT still increases at time 0.5, and the planned follow up

time of 0.5 is too short to observe most of the DLT for dose level 4 (only 43% of all

DLT expected on MTD level 4). The hybrid design has higher percentages of correct

recommendation than CRM or EWOC for CATE design using MTDπ. Although TITE,

conventional and CATE design usingMTDT overestimate theMTD, the EWOC design

tends to overestimate to a less degree than the corresponding CRM or hybrid design,

and recommends the correct MTD level (level 4) more than CRM or hybrid, except

in the case for CRM under CATE design using MTDT . When the planned follow-up
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time is insufficient and too short, selecting doses under CATE design using the MTDπ

definition is more appropriate than the MTDT definition, and CATE design using

MTDπ is better than the TITE or conventional approach.
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Table 5.8: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 2, Exponential Four-Parameter Model with Non-Informative Prior on λ and
λ = 0.805

Uniform prior τ = 2

Dose levels 1 2 3 4(MTD) 5 6 Duration

CATEπ
CRM 0.00 1.25 32.05 66.50 0.20 0.00 60.9
EWOC 0.25 4.95 57.50 37.25 0.05 0.00 60.8
Hybrid 0.00 0.50 27.20 71.60 0.70 0.00 60.7

CATET
CRM 0.00 0.00 16.80 82.85 0.35 0.00 60.5
EWOC 0.00 0.00 21.95 78.00 0.05 0.00 61.0
Hybrid 0.00 0.00 6.25 92.60 1.15 0.00 60.4

TITE
CRM 0.00 0.00 4.75 94.15 1.10 0.00 60.6
EWOC 0.00 0.10 21.35 78.50 0.05 0.00 60.5
Hybrid 0.00 0.00 7.20 91.45 1.35 0.00 60.6

Conventional
CRM 0.00 0.00 4.90 94.15 0.95 0.00 110.1
EWOC 0.00 0.00 22.85 76.95 0.20 0.00 113.6
Hybrid 0.00 0.00 6.50 91.85 1.65 0.00 112.7

Uniform prior τ = 0.5

Dose levels 1 2 3 4(MTD) 5 6 Duration

CATEπ
CRM 0.00 2.10 29.90 64.10 3.90 0.00 59.7
EWOC 0.75 8.15 46.55 43.20 1.35 0.00 59.4
Hybrid 0.00 0.60 15.80 71.75 11.70 0.15 59.4

CATET
CRM 0.00 0.00 0.35 66.85 32.50 0.30 59.7
EWOC 0.00 0.00 0.25 35.10 60.30 4.35 59.7
Hybrid 0.00 0.00 0.00 13.45 70.65 15.90 59.5

TITE
CRM 0.00 0.00 0.00 12.15 65.05 22.80 59.5
EWOC 0.00 0.00 0.55 39.15 54.65 5.65 59.5
Hybrid 0.00 0.00 0.05 18.70 64.05 17.20 59.5

Conventional
CRM 0.00 0.00 0.00 14.25 62.75 23.00 64.2
EWOC 0.00 0.00 0.65 40.60 53.10 5.65 64.7
Hybrid 0.00 0.00 0.00 18.90 62.80 18.30 64.5
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5.3.3 Model 3

As shown in Table 5.9, when τ equals to 2, the proportion of recommendation at the

correct dose level for the CATE design using MTDT for EWOC design is a little better

than that using the TITE approach and the conventional approach, and the proportion

for the CATE design using MTDπ is lower than the TITE approach and the conven-

tional approach. For CRM and hybrid design, the performance for the CATE design

(both MTDT and MTDπ) is better than the TITE approach or the conventional ap-

proach. The proportion of correct recommendation for the CATE design using MTDπ

is higher than that using MTDT for CRM and hybrid design, and lower for EWOC

design. As shown in Figure 3.2 (c), the probability of DLT under true model 3 at dose

level 2 is closer to the target toxicity level θ for the MTDπ definition than for the

MTDT definition (at time 2). The percentage of correct recommendation is higher for

EWOC design than CRM or hybrid design for all approaches except for CATE model

using MTDπ, where CRM or hybrid design performs better than EWOC. The hybrid

design performs better than CRM for all approaches. EWOC has lower percentages of

recommendation at the overdose level than CRM or hybrid.

When the planned follow-up time is short (τ = 0.5), the CATE design using MTDπ

has relatively high proportion of recommendation at the correct dose level. The CATE

design using MTDT , TITE and conventional approach all overestimate the MTD,

and recommend the MTD + 1 level (dose level 3) most of the time. However, the

CATE model using MTDT is less likely to recommend overdose levels above MTD+ 1

(dose level 4, 5 and 6) compared with TITE or conventional approach. As depicted

in Figure 3.2 (c), the planned follow-up time of 0.5 is too short and only 39% of all

DLT is expected on MTD (level 2) by time 0.5. The EWOC design is comparable to

CRM or hybrid in terms of correct recommendation for CATE design using MTDπ,

but has lower percentage of overdose, as it recommends a lower dose level (MTD − 1)

more often than CRM or hybrid. Although TITE, conventional and CATE design

using MTDT overestimate the MTD, the EWOC design has a higher percentages of

recommendation at the correct dose level (level 2) than the corresponding CRM or
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hybrid design, and has a lower percentage of overdose recommendation. When the

planned follow-up time is insufficient and too short, selecting doses under CATE design

using the MTDπ definition is more appropriate than the MTDT definition, and CATE

design using MTDπ is better than the TITE or conventional approach.
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Table 5.9: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 3, Exponential Four-Parameter Model with Non-Informative Prior on λ and
λ = 0.805

Uniform prior τ = 2

Dose levels 1 2(MTD) 3 4 5 6 Duration

CATEπ
CRM 6.85 87.35 5.80 0.00 0.00 0.00 60.9
EWOC 28.10 70.60 1.30 0.00 0.00 0.00 60.7
Hybrid 6.35 88.10 5.55 0.00 0.00 0.00 60.7

CATET
CRM* 0.00 81.25 18.75 0.00 0.00 0.00 60.6
EWOC 2.60 92.30 5.10 0.00 0.00 0.00 60.8
Hybrid 0.10 82.60 17.25 0.05 0.00 0.00 60.9

TITE
CRM 0.25 76.10 23.65 0.00 0.00 0.00 60.5
EWOC 3.75 90.80 5.45 0.00 0.00 0.00 60.5
Hybrid 0.75 80.90 18.35 0.00 0.00 0.00 60.6

Conventional
CRM 0.95 74.45 24.55 0.05 0.00 0.00 109.3
EWOC 3.50 90.30 5.75 0.00 0.00 0.00 113.7
Hybrid 0.70 80.20 19.10 0.00 0.00 0.00 112.5

Uniform prior τ = 0.5

Dose levels 1 2(MTD) 3 4 5 6 Duration

CATEπ
CRM 5.00 68.20 26.45 0.35 0.00 0.00 59.6
EWOC 28.30 65.15 6.50 0.05 0.00 0.00 59.6
Hybrid 3.80 63.55 31.95 0.65 0.05 0.00 59.4

CATET
CRM 0.00 4.65 88.00 7.35 0.00 0.00 59.5
EWOC 0.00 8.25 82.25 9.50 0.00 0.00 59.6
Hybrid 0.00 0.95 70.00 28.60 0.40 0.05 59.4

TITE
CRM 0.00 2.05 56.75 39.30 1.90 0.00 59.3
EWOC 0.00 13.80 71.75 14.40 0.05 0.00 59.3
Hybrid 0.00 4.80 68.20 26.35 0.65 0.00 59.5

Conventional
CRM 0.00 1.95 57.80 38.55 1.70 0.00 64.3
EWOC 0.00 15.20 70.55 14.10 0.10 0.05 64.5
Hybrid 0.00 4.25 69.25 25.80 0.70 0.00 64.5

*: CRM3 results are presented.
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5.3.4 Summary

When 86% to 89% of all DLT expected on MTD level by the planned follow-up time,

the follow-up time (τ = 2) is sufficient relative to the risk of time to toxicity. When the

true MTD is above the mid-level of the dose range considered (Model 1 or Model 2),

the performance for CATE design using MTDT for both EWOC and hybrid designs is

similar to that using the TITE approach or conventional approach, and is better than

CATE design using MTDπ. The performance for CATE design using MTDT is lower

for CRM design compared with TITE or conventional approach, and is better than

CATE design using MTDπ. The hybrid design recommends the target dose on MTD

more often than CRM or EWOC for CATE design using either MTDT or MTDπ.

The choice of prior on the baseline hazard rate has little effect on the performance of

the CATE design using MTDT for EWOC or hybrid; the performance is higher for

CATE design using MTDπ for all designs or MTDT for CRM when using informative

prior than the non-informative prior. When the true MTD is below the mid-level of

the dose range considered (model 3), the performance for EWOC design using CATE

design MTDT is a little better than that using the TITE approach and the conventional

approach, and is better than the CATE model using MTDπ. For CRM or hybrid design,

the performance for the CATE design using MTDπ is better than MTDT , and both

are better than the TITE approach or the conventional approach. The percentage of

correct recommendation is higher for EWOC design than CRM or hybrid design for

all approaches except for CATE model using MTDπ, where CRM or hybrid design

performs better than EWOC. The hybrid design performs better than CRM for all

approaches. EWOC has lower percentages of recommendation at the overdose level

than CRM or hybrid. The choice of prior on the baseline hazard rate has little effect

on the performance of the CATE design using MTDT or MTDπ, except in the case of

EWOC using MTDπ when the performance is higher using informative prior than the

non-informative prior.

When the planned follow-up time is short (39% to 43% of all DLT expected on MTD

level by the planned follow-up time), CATE design using MTDπ is superior to TITE or
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conventional approaches for all true models considered. TITE or conventional approach

overestimates MTD and recommend the MTD + 1 level most frequently. When the

true MTD is above the mid-level of the dose range considered (Model 1 or Model 2), the

CATE design using MTDπ maintains relatively high proportion of recommendation at

the correct dose level for hybrid and CRM; EWOC recommend the MTD−1 level most

frequently. The CATE design using MTDT for EWOC and hybrid also recommends

MTD + 1 level most frequently; however for CRM it has high proportion of correct

recommendation. When the true MTD is below the mid-level (Model 3), the CATE

design using MTDπ maintains relatively high proportion of recommendation at the

correct dose level for all designs. CATE design using MTDT overestimates MTD

and recommends MTD + 1 level most frequently. For CATE design using MTDπ,

hybrid designs have better convergence rates and recommend the target dose on MTD

more often than CRM or EWOC when the true MTD is above the mid-level of the

dose range considered; when the true MTD is below the mid-level, EWOC designs are

comparable to CRM or hybrid. EWOC controls the overdose proportion better than

CRM or hybrid. The choice of prior on the baseline hazard rate has little effect on the

performance of the CATE design using MTDπ when the true MTD is below the mid-

level. The performance of the CATE design using MTDπ is higher using informative

prior than the non-informative prior when the true MTD is above the mid-level of the

dose range considered.

5.4 Performance of the CATE Design by Comparing to Other Existing

Designs with Low Baseline Hazard Using Uniform Priors

The performance of the CATE design is evaluated using the non-informative prior on

the baseline hazard rate λ in this section. Results presented here used uniform priors for

α, β, γ and λ. The performance of the CATE design is compared to the TITE approach

and the conventional approach under three true dose-response models with low baseline

hazard (hazard rate λ = 0.403). Simulations were run for CRM, EWOC and Hybrid

designs when the planned follow-up time τ equals to 2. CRM2 in Chu et al. (2009) are

presented as the CRM model in the results.
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This represents the case where the planned follow-up time is moderate relative to

the risk of time to toxicity, where 67%, 67%, and 63% of all DLT on the respective

MTD level would have been expected by time 2 under Model 1, Model 2, and Model

3, respectively.

5.4.1 Model 1

As shown in Table 5.10, the proportion of recommendation at the correct dose level for

the CATE design using MTDT for both EWOC and hybrid designs is a little better

than that using the TITE approach and the conventional approach; the proportion is

about 10 percentage points higher for CRM design compared with TITE or conven-

tional approach. The proportion of correct recommendation for the CATE design using

MTDπ is lower than that using MTDT for all designs. Figure 3.3 (a) shows that the

probability of DLT under true model 1 at dose level 5 is below the target toxicity level

θ at time 2 (correspond to MTDT ) and slightly above the target toxicity level θ at

time 5 (correspond to MTDπ). The percentage of correct recommendation for EWOC

is lower than CRM or hybrid for CATE design using MTDπ, while the percentage is

higher than CRM or hybrid for all other approaches. The hybrid design performs bet-

ter than CRM for CATE design using MTDπ, and performs slightly lower than CRM

for CATE design using MTDT . EWOC has lower percentages of recommendation at

the overdose level than CRM or hybrid in most scenarios. The total trial duration

using the CATE design (both MTDπ and MTDT ) is much shorter compared with the

conventional approach, and is similar to the TITE approach.
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Table 5.10: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 1, Exponential Four-Parameter Model with Non-Informative Prior on λ and
λ = 0.403

Dose levels 1 2 3 4 5(MTD) 6 Duration

Uniform prior τ = 2

CATEπ
CRM 0.00 0.00 2.05 40.45 56.70 0.80 61.0
EWOC 0.00 0.40 6.20 54.10 38.90 0.40 60.9
Hybrid 0.00 0.05 0.55 25.20 71.90 2.30 60.9

CATET
CRM 0.00 0.00 0.00 10.90 87.40 1.70 60.7
EWOC 0.00 0.00 0.00 1.90 92.30 5.80 61.0
Hybrid 0.00 0.00 0.00 0.10 79.50 20.40 60.5

TITE
CRM 0.00 0.00 0.00 0.15 76.75 23.10 60.7
EWOC 0.00 0.00 0.00 2.55 90.60 6.85 60.9
Hybrid 0.00 0.00 0.00 0.10 77.90 22.00 60.8

Conventional
CRM 0.00 0.00 0.00 0.25 79.80 19.95 113.5
EWOC 0.00 0.00 0.00 3.05 91.40 5.55 116.6
Hybrid 0.00 0.00 0.00 0.40 77.90 21.70 115.2

5.4.2 Model 2

As shown in Table 5.11, the proportion of recommendation at the correct dose level for

the CATE design using MTDT for both EWOC and hybrid designs is a little better

than that using the TITE approach and the conventional approach; the proportion is

about 17 percentage points higher for CRM design compared with TITE or conven-

tional approach. The proportion of correct recommendation for the CATE design using

MTDπ is lower than that using MTDT for all designs. Figure 3.3 (b) shows that the

probability of DLT under true model 2 at dose level 4 is below the target toxicity level

θ at time 2 (correspond to MTDT ) and slightly above the target toxicity level θ at

time 5 (correspond to MTDπ). The percentage of correct recommendation for EWOC

is lower than CRM or hybrid for CATE design using MTDπ, while the percentage is

higher than CRM or hybrid for all other approaches. The hybrid design performs bet-

ter than CRM for CATE design using MTDπ, and performs slightly lower than CRM

for for CATE design using MTDT . EWOC has lower percentages of recommendation
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at the overdose level than CRM or hybrid in most scenarios. The total trial duration

using the CATE design (both MTDπ and MTDT ) is much shorter compared with the

conventional approach, and is similar to the TITE approach.

Table 5.11: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 2, Exponential Four-Parameter Model with Non-Informative Prior on λ and
λ = 0.403

Dose levels 1 2 3 4(MTD) 5 6 Duration

Uniform prior τ = 2

CATEπ
CRM 0.00 2.60 36.00 60.35 1.05 0.00 60.8
EWOC 1.15 8.35 48.80 41.40 0.30 0.00 60.8
Hybrid 0.00 0.35 25.30 72.00 2.35 0.00 61.1

CATET
CRM 0.00 0.00 8.00 88.75 3.25 0.00 60.9
EWOC 0.00 0.00 4.55 90.05 5.40 0.00 61.0
Hybrid 0.00 0.00 0.35 79.50 20.10 0.05 60.5

TITE
CRM 0.00 0.00 0.60 71.85 27.55 0.00 60.8
EWOC 0.00 0.00 5.70 86.90 7.35 0.05 60.9
Hybrid 0.00 0.00 1.15 75.65 23.15 0.05 60.9

Conventional
CRM 0.00 0.00 0.80 71.75 27.35 0.10 112.0
EWOC 0.00 0.00 6.30 87.30 6.35 0.05 115.8
Hybrid 0.00 0.00 0.65 76.70 22.65 0.00 114.7

5.4.3 Model 3

As shown in Table 5.12, the CATE design using MTDπ has relatively high proportion

of recommendation at the correct dose level for both CRM and hybrid designs and

is superior to other approaches (CATE design using MTDT , TITE or conventional

approach); for EWOC it is a little better than other approaches. For EWOC design,

the CATE design using MTDT recommends the correct dose level (dose level 2) most of

the time; the percentage is slightly low than that using MTDπ, but a little higher than

TITE or conventional approach. For CRM and hybrid design, TITE and conventional

approach overestimate the MTD and recommends the MTD+1 level most of the time.

The CATE model using MTDT for CRM design recommends the correct MTD dose
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level more frequently than the other doses and is better than TITE or conventional

approach. The CATE model using MTDT for hybrid design also overestimate the

MTD and recommends the MTD+ 1 dose level more frequently than the other doses.

As shown in Figure 3.3 (c), the probability of DLT under true model 3 at dose level 2

is closer to the target toxicity level θ for the MTDπ definition (at time 5) than for the

MTDT definition (at time 2). The percentage of correct recommendation is higher for

EWOC design than CRM or hybrid design for all approaches except for CATE design

using MTDπ, where CRM or hybrid design performs better than EWOC. EWOC has

lower percentages of recommendation at the overdose level than CRM or hybrid for all

approaches. The total trial duration using the CATE design (both MTDπ and MTDT )

is much shorter compared with the conventional approach, and is similar to the TITE

approach.

Table 5.12: Comparison Percentage of Recommended MTD by Dose Level Under True
Model 3, Exponential Four-Parameter Model with Non-Informative Prior on λ and
λ = 0.403

Dose levels 1 2(MTD) 3 4 5 6 Duration

Uniform prior τ = 2

CATEπ
CRM 6.65 77.70 15.65 0.00 0.00 0.00 60.7
EWOC 29.00 66.85 4.15 0.00 0.00 0.00 60.7
Hybrid 4.90 76.60 18.50 0.00 0.00 0.00 60.9

CATET
CRM 0.05 57.10 42.80 0.05 0.00 0.00 60.4
EWOC 0.20 63.70 36.10 0.00 0.00 0.00 60.7
Hybrid 0.00 36.30 63.55 0.15 0.00 0.00 60.8

TITE
CRM 0.00 27.90 71.40 0.70 0.00 0.00 60.7
EWOC 0.55 62.40 36.80 0.25 0.00 0.00 60.8
Hybrid 0.00 35.85 63.90 0.25 0.00 0.00 60.7

Conventional
CRM 0.00 29.70 69.45 0.85 0.00 0.00 110.3
EWOC 0.65 62.05 37.25 0.05 0.00 0.00 114.9
Hybrid 0.05 37.10 62.45 0.40 0.00 0.00 113.4
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5.4.4 Summary

When 63% to 67% of all DLT expected on MTD level by the planned follow-up time,

the follow-up time is moderate relative to the risk of time-to-DLT. When the true

MTD is above the mid-level of the dose range considered (Model 1 and Model 2), the

performance for CATE design using MTDT for CRM is better than TITE or conven-

tional approach; for EWOC or hybrid, it is similar to TITE or conventional approach.

The proportion of correct recommendation for the CATE design using MTDπ is lower

than that using MTDT for all designs. The percentage of correct recommendation

for EWOC is lower than CRM or hybrid for CATE design using MTDπ, while the

percentage is higher than CRM or hybrid for all other approaches. When the true

MTD is below the mid-level of the dose range considered (model 3), the CATE design

using MTDπ is superior to other approaches and maintains relatively high proportion

of recommendation at the correct dose level. For CRM or hybrid, TITE and the con-

ventional approaches overestimate MTD and recommend MTD + 1 most of the time.

For EWOC, TITE and the conventional approaches converge to the correct MTD dose

but the performance is lower than CATE design using MTDπ. The performance for

CATE model using MTDT is better than TITE or conventional approach for CRM

and similar to TITE or conventional for EWOC or hybrid. The percentage of correct

recommendation is higher for EWOC design than CRM or hybrid design for all ap-

proaches except for CATE design using MTDπ, where CRM or hybrid design performs

better than EWOC. The total trial duration using the CATE design (both MTDπ and

MTDT ) is much shorter compared with the conventional approach, and is similar to

the TITE approach for all true models considered.

5.5 Conclusion

It has been demonstrated by simulation that the proposed CATE model based on the

proportional hazards model using exponential distribution under different priors and

true dose-toxicity models has generally high performance with better percentage of

correct dose recommendation and low overdose proportion. The performance of the
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CATE design assuming an informative gamma prior for the baseline hazard rate is very

similar to that assuming the baseline hazard rate is a constant. When the true MTD

is above the mid-level of the dose range considered (model 1 and model 2), the hybrid

design and CRM designs have better convergence rates and recommend the target dose

on MTD more often than EWOC. Designs using the MTDT definition have better

performance than the corresponding one using the MTDπ. The choice of prior has little

effect on the performance of the designs. When the true MTD is below the mid-level of

the dose range considered (model 3), EWOC design has better performance than other

designs in most cases, but it somewhat depends on the prior distributions and the MTD

definition. EWOC and the hybrid design generally provide a better safety protection

in limiting higher dose for patients than the CRM designs do. Comparison between

the two MTD definitions depends on the designs and the prior distributions. EWOC

using the MTDT definition generally has better performance than the corresponding

one using the MTDπ, while the opposite is true for other designs.

The performance of the proposed cure model is compared with TITE approach and

the conventional approach under different planned follow-up time and true dose-toxicity

models using the uniform prior distributions for α, β, γ. The simulation study shows

that the total trial duration is similar for the cure model (both MTDπ and MTDT )

and the TITE approach, and is much shorter compared with the conventional approach

in all scenarios. The performance of the different approaches depends somewhat on

the underlying dose-toxicity models, the planned follow-up time and the dose selecting

designs (CRM and hybrid vs. EWOC).

When 86% to 89% of all DLT expected on MTD level by the planned follow-up time,

the follow-up time is sufficient relative to the risk of time-to-DLT. The performance for

cure model using MTDT is similar to that using the TITE approach or conventional

approach, and is better than cure model using MTDπ when the true MTD is above

the mid-level of the dose range considered. CRM and hybrid designs have better con-

vergence rates and recommend the target dose on MTD more often than EWOC.

When the true MTD is below the mid-level of the dose range considered (model 3),

the performance for EWOC design using cure model MTDT is similar to that using
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the TITE approach and the conventional approach, and is better than the cure model

using MTDπ. For CRM and hybrid design, the performance for the cure model using

MTDπ is better than MTDT , and both are better than the TITE approach or the

conventional approach. EWOC designs have generally better performance than CRM

or hybrid, and controls the overdose proportion better than CRM or hybrid.

When 63% to 67% of all DLT expected on MTD level by the planned follow-up

time, the follow-up time is moderate relative to the risk of time-to-DLT. When the true

MTD is above the mid-level of the dose range considered, the performance for CATE

design using MTDT is better than (for CRM) or similar to (for EWOC or hybrid)

TITE or conventional approach; and is better than cure model using MTDπ. CRM or

hybrid designs have better convergence rates and recommend the target dose on MTD

more often than EWOC for CATE design using MTDπ; while the opposite is true for

all other approaches. When the true MTD is below the mid-level of the dose range

considered (model 3), the CATE model using MTDπ is superior to other approaches

and maintains relatively high proportion of recommendation at the correct dose level.

For CRM or hybrid, TITE and the conventional approaches overestimate MTD and

recommend MTD+1 most of the time. The performance for cure model using MTDT is

better than TITE or conventional approach. The percentage of correct recommendation

is higher for EWOC design than CRM or hybrid design for most scenarios.

When the planned follow-up time is short (39% to 43% of all DLT expected on MTD

level by the planned follow up time), CATE model using MTDπ is superior to other

approaches for all true models considered. The CATE model using MTDπ maintains

relatively high proportion of recommendation at the correct dose level. TITE and

conventional approach overestimate the MTD, and recommend the MTD + 1 level

most of the time. Although the CATE model using MTDT also overestimates the

MTD, it is less likely to recommend overdose levels above MTD + 1 compared with

TITE or conventional approach. CRM and hybrid designs have better convergence rates

and recommend the target dose on MTD more often than EWOC when the true MTD

is above the mid-level of the dose range considered. When the true MTD is below

the mid-level, EWOC designs are comparable to CRM or hybrid. EWOC controls the
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overdose proportion better than CRM or hybrid for all scenarios.

The effect of prior on the baseline hazard ratio (informative gamma prior vs. non-

informative uniform prior) depends on the designs, MTD definition, true models and

the length of the follow-up time. When the follow-up time is sufficient relative to the

risk of time to toxicity, and the true MTD is above the mid-level of the dose range

considered (Model 1 or Model 2), the choice of prior on the baseline hazard rate has

little effect on the performance of the CATE design using MTDT for EWOC or hybrid;

the performance is higher for CATE design using MTDπ for all designs or MTDT for

CRM when using informative prior than the non-informative prior. When the true

MTD is below the mid-level of the dose range considered (model 3), the choice of prior

on the baseline hazard rate has generally little effect on the performance of the CATE

design using MTDT or MTDπ, except in the case of EWOC using MTDπ when the

performance is higher using informative prior than the non-informative prior. When

the planned follow-up time is short, the choice of prior on the baseline hazard rate has

little effect on the performance of the CATE design using MTDπ when the true MTD

is below the mid-level. The performance of the CATE design using MTDπ is higher

using informative prior than the non-informative prior when the true MTD is above

the mid-level of the dose range considered.

In conclusion, the proposed cure model has generally high percentage of correct dose

recommendation and low overdose proportion. It significantly reduces the overall trial

duration compared with the conventional approach. When the planned follow up time

is moderate or too short relative to the risk of time-to-DLT, the cure model (especially

MTDπ for the short follow up time) is superior to TITE or conventional approach,

while TITE or conventional approach would overestimate MTD in certain situations.
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Chapter 6

Performance of the CATE Design Based on the

Proportional Hazards Model Using Weibull Distribution

The performance of the CATE Design based on the Proportional Hazards Model using

Weibull distribution is presented in this chapter. This is a Weibull five-parameter

models where α, β, γ, λ, v are estimated from data.

6.1 Performance When Data Were Generated Using Weibull Distri-

bution

We first evaluate the performance of the CATE design when data were generated using

Weibull distribution and estimated using the Weibull distribution.

6.1.1 Model 1

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 1 (MTD level = 5) under the CATE design are

summarized in Table 6.1. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ and v.

Based on MTDπ

Table 6.1 shows that both CRM and Hybrid designs under the CATE model have high

proportions (> 91%) of recommendation at the correct MTD dose level (Level 5). The

EWOC design has lower percentages of correct recommendation (74%) compared with

other designs, and recommend a lower dose level (Level 4) more than the other designs.

The hybrid design is comparable to CRM. The percentages of recommendation at the

overdose level (Level 6) are very small (≤ 0.25%) in all designs.
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Based on MTDT

Table 6.1 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (> 92%) of recommendation at the correct MTD dose level (Level

5). The performance using MTDT is slightly better than the corresponding ones using

MTDπ. Similar to the cases using MTDπ, the EWOC design has lower percentages

of correct recommendation compared with other designs, and recommend a lower dose

level (Level 4) more often than the other designs. The hybrid design is comparable

to CRM. The percentages of recommendation at the overdose level (Level 6) are very

small (≤ 0.3%) in all designs.

Comparison Between MTDπ and MTDT

Under true model 1 with high MTD (MTD level = 5), the performance using MTDT is

a little better than the corresponding ones using MTDπ for all designs, although CRM

and Hybrid have high proportions of recommendation at the correct MTD dose level

than EWOC based on either MTDπ or MTDT . The EWOC design has slightly lower

percentages of correct recommendation compared with other designs, and recommend

a lower dose level (Level 4) more often than the other designs. The percentages of

recommendation at the overdose level (level 6) are very small in all designs.

Table 6.1: Percentage of Recommended MTD by Dose Level Under True Model 1,
Weibull Five-Parameter Model

Dose levels 1 2 3 4 5(MTD) 6

CATEπ
CRM 0.00 0.00 0.00 6.85 93.00 0.15

EWOC 0.00 0.00 0.05 25.85 74.10 0.00
Hybrid 0.00 0.00 0.00 8.45 91.30 0.25

CATET
CRM 0.00 0.00 0.00 6.15 93.85 0.00

EWOC 0.00 0.00 0.00 22.45 77.50 0.05
Hybrid 0.00 0.00 0.00 6.80 92.90 0.30
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6.1.2 Model 2

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 2 (MTD level = 4) under the CATE design are

summarized in Table 6.2. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ and v.

Based on MTDπ

Table 6.2 shows that both CRM and Hybrid designs under the CATE model have high

proportions (> 85%) of recommendation at the correct MTD dose level (Level 5). The

EWOC design has lower percentages of correct recommendation (62.7%) compared with

other designs, and recommend a lower dose level (Level 3) more than the other designs.

The hybrid design is comparable to CRM. The percentages of recommendation at the

overdose level (Level 5 and 6) are very small (≤ 0.15%) in all designs.

Based on MTDT

Table 6.2 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (≥ 88%) of recommendation at the correct MTD dose level (Level

4). The performance using MTDT is slightly better than the corresponding ones using

MTDπ. Similar to the cases using MTDπ, the EWOC design has lower percentages

of correct recommendation compared with other designs, and recommend a lower dose

level (Level 4) more often than the other designs. The hybrid design is comparable to

CRM2. The percentages of recommendation at the overdose level (Level 5 or 6) are

very small (≤ 0.5%) in all designs.

Comparison Between MTDπ and MTDT

Under true model 2 with moderate MTD (MTD level = 4), the performance using

MTDT is a little better than the corresponding ones using MTDπ for all designs,

although CRM and Hybrid have high proportions of recommendation at the correct

MTD dose level than EWOC based on either MTDπ or MTDT . The EWOC design
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has slightly lower percentages of correct recommendation compared with other designs,

and recommend a lower dose level (Level 3) more often than the other designs. The

percentages of recommendation at the overdose level (Level 5 or 6) are very small in all

designs.

Table 6.2: Percentage of Recommended MTD by Dose Level Under True Model 2,
Weibull Five-Parameter Model

Dose levels 1 2 3 4(MTD) 5 6

CATEπ
CRM 0.00 0.00 11.70 88.30 0.00 0.00
EWOC 0.00 0.15 37.10 62.70 0.05 0.00
Hybrid 0.00 0.00 14.05 85.80 0.15 0.00

CATET
CRM 0.00 0.00 10.10 89.70 0.20 0.00
EWOC 0.00 0.15 32.90 66.95 0.00 0.00
Hybrid 0.00 0.00 11.50 88.00 0.50 0.00

6.1.3 Model 3

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 3 (MTD level = 2) under the CATE design are

summarized in Table 6.3. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ and v.

Based on MTDπ

Table 6.3 shows that all designs under the CATE model have high proportions (> 88%)

of recommendation at the correct MTD dose level (Level 2). The EWOC design has

comparable percentages of correct recommendation compared with other designs, and

recommend a lower dose level (Level 1) more than the other designs. The hybrid design

is comparable to CRM. The percentages of recommendation at the overdose level are

about 7 to 9% for CRM and Hybrid and is less than 2% for EWOC.
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Based on MTDT

Table 6.3 also shows that all designs under the CATE model have high proportions

(> 90%) of recommendation at the correct MTD dose level (Level 2). The performance

using MTDT is slightly better than the corresponding ones using MTDπ. Similar to

the cases using MTDπ, the percentages of recommendation at the overdose level are

about 7 to 9% for CRM and Hybrid and is less than 3% for EWOC.

Comparison Between MTDπ and MTDT

Under true model 3 with low MTD (MTD level = 2), the performance using MTDT

is a little better than the corresponding ones using MTDπ for all designs. All designs

have high proportions of recommendation at the correct MTD dose level based on

either MTDπ or MTDT . The percentages of recommendation at the overdose level are

smaller in EWOC than either CRM or hybrid.

Table 6.3: Percentage of Recommended MTD by Dose Level Under True Model 3,
Weibull Five-Parameter Model

Dose levels 1 2(MTD) 3 4 5 6

CATEπ
CRM 1.35 89.60 9.05 0.00 0.00 0.00
EWOC 10.45 88.10 1.45 0.00 0.00 0.00
Hybrid 3.05 89.45 7.50 0.00 0.00 0.00

CATET
CRM* 0.20 90.90 8.90 0.00 0.00 0.00
EWOC 5.65 92.05 2.30 0.00 0.00 0.00
Hybrid 1.05 91.30 7.65 0.00 0.00 0.00

*: CRM3 results are presented.

6.2 Performance When Data Were Generated Using Weibull Distri-

bution but Estimated Using Exponential Distribution

In this section, we evaluate the performance of the CATE design when data were

generated using Weibull distribution but estimated using the exponential distribution

(exponential four-parameter model).
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6.2.1 Model 1

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 1 (MTD level = 5) under the CATE design are

summarized in Table 6.4. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ.

Based on MTDπ

Table 6.4 shows that both CRM and Hybrid designs under the CATE model have rel-

atively high proportions (> 79%) of recommendation at the correct MTD dose level

(Level 5). The EWOC design has lower percentages of correct recommendation (53%)

compared with other designs, and recommend a lower dose level (Level 4) more than

the other designs. The hybrid design is comparable to CRM. The percentages of rec-

ommendation at the overdose level (Level 6) are very small (≤ 0.1%) in all designs.

However, the percentage of recommendation at the correct MTD dose level for all de-

signs is smaller than the corresponding one estimated using the correct model (Weibull

distribution) as shown in Table 6.1.

Based on MTDT

Table 6.4 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (> 92%) of recommendation at the correct MTD dose level (Level 5).

The performance using MTDT is better than the corresponding ones using MTDπ.

Similar to the cases using MTDπ, the EWOC design has lower percentages of correct

recommendation compared with other designs, and recommend a lower dose level (Level

4) more often than the other designs. The hybrid design is comparable to CRM. The

percentages of recommendation at the overdose level (Level 6) are very small (≤ 0.2%)

in all designs. Unlike the case using MTDπ, the percentages of recommendation at

the correct MTD dose level for all designs are comparable to the corresponding one

estimated using the correct model (Weibull distribution) as shown in Table 6.1.
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Comparison Between MTDπ and MTDT

Under true model 1 with high MTD (MTD level = 5), the performance using MTDT

is better than the corresponding ones using MTDπ for all designs, although CRM and

Hybrid have high proportions of recommendation at the correct MTD dose level than

EWOC based on either MTDπ or MTDT . The EWOC design has lower percentages

of correct recommendation compared with other designs, and recommend a lower dose

level (Level 4) more often than the other designs. The percentages of recommenda-

tion at the overdose level (level 6) are very small in all designs. The percentages of

recommendation at the correct MTD dose level for all designs are lower than the corre-

sponding one estimated using the correct model (Weibull distribution) based on MTDπ;

but comparable to the corresponding one estimated using the correct model based on

MTDT .

Table 6.4: Percentage of Recommended MTD by Dose Level Under True Model 1,
Exponential Four-Parameter Model When Data Were Generated Using Weibull

Dose levels 1 2 3 4 5(MTD) 6

CATEπ
CRM 0.00 0.00 0.00 20.50 79.40 0.10
EWOC 0.00 0.00 0.05 46.60 53.25 0.10
Hybrid 0.00 0.00 0.00 20.10 79.80 0.10

CATET
CRM 0.00 0.00 0.00 7.15 92.70 0.15
EWOC 0.00 0.00 0.00 20.30 79.55 0.15
Hybrid 0.00 0.00 0.00 5.80 94.00 0.20

6.2.2 Model 2

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 2 (MTD level = 4) under the CATE design are

summarized in Table 6.5. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ.
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Based on MTDπ

Table 6.5 shows that both CRM and Hybrid designs under the CATE model have

relatively high proportions (> 71%) of recommendation at the correct MTD dose level

(Level 4), although these percentages are lower than the corresponding ones estimated

using the correct model (Weibull distribution) as shown in Table 6.2. The EWOC design

has lower percentages of correct recommendation (44%) compared with other designs,

and recommend a lower dose level (Level 3) more than the other designs. The hybrid

design is comparable to CRM. The percentages of recommendation at the overdose level

(Level 5 and 6) are very small (≤ 0.25%) in all designs.

Based on MTDT

Table 6.5 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (> 85%) of recommendation at the correct MTD dose level (Level 4).

The performance using MTDT is better than the corresponding ones using MTDπ.

Similar to the cases using MTDπ, the EWOC design has lower percentages of correct

recommendation compared with other designs, and recommend a lower dose level (Level

4) more often than the other designs. The hybrid design is comparable to CRM. The

percentages of recommendation at the overdose level (Level 5 or 6) are very small

(≤ 0.15%) in all designs. The percentages of recommendation at the correct MTD dose

level for all designs are comparable to the corresponding one estimated using the correct

model (Weibull distribution) as shown in Table 6.2.

Comparison Between MTDπ and MTDT

Under true model 2 with moderate MTD (MTD level = 4), the performance using

MTDT is better than the corresponding ones using MTDπ for all designs. CRM and

Hybrid have relatively high proportions of recommendation at the correct MTD dose

level than EWOC based on either MTDπ or MTDT . The EWOC design has lower

percentages of correct recommendation compared with other designs, and recommend

a lower dose level (Level 3) more often than the other designs. The percentages of
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recommendation at the overdose level (Level 5 or 6) are very small in all designs. The

percentages of recommendation at the correct MTD dose level for all designs are lower

than the corresponding one estimated using the correct model (Weibull distribution)

based on MTDπ; but comparable to the corresponding one estimated using the correct

model based on MTDT .

Table 6.5: Percentage of Recommended MTD by Dose Level Under True Model 2,
Exponential Four-Parameter Model When Data Were Generated Using Weibull

Dose levels 1 2 3 4(MTD) 5 6

CATEπ
CRM 0.00 0.00 25.90 74.05 0.05 0.00
EWOC 0.00 0.50 55.95 43.55 0.00 0.00
Hybrid 0.00 0.00 28.05 71.70 0.25 0.00

CATET
CRM 0.00 0.00 11.85 88.05 0.10 0.00
EWOC 0.00 0.05 32.55 67.30 0.10 0.00
Hybrid 0.00 0.00 14.15 85.70 0.15 0.00

6.2.3 Model 3

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 3 (MTD level = 2) under the CATE design are

summarized in Table 6.6. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ.

Based on MTDπ

Table 6.6 shows that that both CRM and Hybrid designs under the CATE model have

high proportions (> 91%) of recommendation at the correct MTD dose level (Level

2), and these percentages are comparable to the corresponding ones estimated using

the correct model (Weibull distribution) as shown in Table 6.3. The EWOC design

has lower percentages of correct recommendation compared with other designs, and

recommend a lower dose level (Level 1) more than the other designs. The hybrid design

is comparable to CRM. The percentage of recommendation at the overdose level is very
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small ((0.3%) for EWOC, and low (about 2%) for CRM and Hybrid.

Based on MTDT

Table 6.6 also shows that all designs under the CATE model have high proportions

(> 91%) of recommendation at the correct MTD dose level (Level 2). The performance

using MTDT is better than the corresponding ones using MTDπ. The hybrid design

is comparable to CRM. The percentages of recommendation at the overdose level are

about 5 to 6% for CRM and Hybrid and is less than 2% for EWOC. The percentages

of recommendation at the correct MTD dose level for all designs are comparable to the

corresponding one estimated using the correct model (Weibull distribution) as shown

in Table 6.3.

Comparison Between MTDπ and MTDT

Under true model 3 with low MTD (MTD level = 2), the performance using MTDT is

better than the corresponding ones using MTDπ for all designs. CRM and Hybrid have

high proportions of recommendation at the correct MTD dose level and are better than

EWOC based on MTDπ, but are similar to EWOC based on MTDT . The percentages

of recommendation at the overdose level are smaller in EWOC than either CRM or

hybrid. The percentages of recommendation at the correct MTD dose level for all

designs based on either MTDπ or MTDT are comparable to the corresponding one

estimated using the correct model (Weibull distribution), except for EWOC based on

MTDπ where the percentage is lower than the corresponding one estimated using the

correct model.
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Table 6.6: Percentage of Recommended MTD by Dose Level Under True Model 3,
Exponential Four-Parameter Model When Data Were Generated Using Weibull

Dose levels 1 2(MTD) 3 4 5 6

CATEπ
CRM 5.65 92.25 2.10 0.00 0.00 0.00
EWOC 23.45 76.25 0.30 0.00 0.00 0.00
Hybrid 6.25 91.80 1.95 0.00 0.00 0.00

CATET
CRM* 0.50 93.00 6.50 0.00 0.00 0.00
EWOC 7.25 91.55 1.20 0.00 0.00 0.00
Hybrid 1.20 93.55 5.25 0.00 0.00 0.00

*: CRM3 results are presented.

6.3 Performance When Data Were Generated Using Exponential Dis-

tribution but Estimated Using Weibull Distribution

In this section, we evaluate the performance of the CATE design when data were

generated using exponential distribution but estimated using the Weibull distribution.

6.3.1 Model 1

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 1 (MTD level = 5) under the CATE design are

summarized in Table 6.7. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ and v.

Based on MTDπ

Table 6.7 shows that both CRM and Hybrid designs under the CATE model have high

proportions (> 93%) of recommendation at the correct MTD dose level (Level 5). The

EWOC design has lower percentages of correct recommendation (78%) compared with

other designs, and recommend a lower dose level (Level 4) more than the other designs.

The hybrid design is comparable to CRM. The percentages of recommendation at the

overdose level (Level 6) are very small (≤ 0.55%) in all designs. The percentages of

recommendation at the correct MTD dose level for all designs are comparable or even a
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little better than the corresponding one estimated using the correct model (exponential

distribution) as shown in Table 5.1.

Based on MTDT

Table 6.7 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (> 95%) of recommendation at the correct MTD dose level (Level 5).

The performance using MTDT is better than the corresponding ones using MTDπ.

The EWOC design has lower percentages of correct recommendation compared with

other designs, and recommend a lower dose level (Level 4) more often than the other

designs. The hybrid design is comparable to CRM. The percentages of recommendation

at the overdose level (Level 6) are very small (≤ 0.9%) in all designs. The percentages

of recommendation at the correct MTD dose level for all designs are comparable to

the corresponding one estimated using the correct model (exponential distribution) as

shown in Table 5.1.

Comparison Between MTDπ and MTDT

Under true model 1 with high MTD (MTD level = 5), the performance using MTDT

is better than the corresponding ones using MTDπ for all designs, although CRM and

Hybrid have high proportions of recommendation at the correct MTD dose level than

EWOC based on either MTDπ or MTDT . The EWOC design has slightly lower per-

centages of correct recommendation compared with other designs, and recommend a

lower dose level (Level 4) more often than the other designs. The percentages of recom-

mendation at the overdose level (level 6) are very small in all designs. The percentages

of recommendation at the correct MTD dose level for all designs are comparable to the

corresponding one estimated using the correct model (exponential distribution) based

on either MTDπ or MTDT .
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Table 6.7: Percentage of Recommended MTD by Dose Level Under True Model 1,
Weibull Five-Parameter Model When Data Were Generated Using Exponential

Dose levels 1 2 3 4 5(MTD) 6

CATEπ
CRM 0.00 0.00 0.00 5.85 94.05 0.10
EWOC 0.00 0.00 0.00 21.60 78.35 0.05
Hybrid 0.00 0.00 0.00 5.50 93.95 0.55

CATET
CRM 0.00 0.00 0.00 3.65 95.80 0.55
EWOC 0.00 0.00 0.00 12.60 87.25 0.15
Hybrid 0.00 0.00 0.00 3.55 95.55 0.90

6.3.2 Model 2

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 2 (MTD level = 4) under the CATE design are

summarized in Table 6.8. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ and v.

Based on MTDπ

Table 6.8 shows that both CRM and Hybrid designs under the CATE model have high

proportions (> 89%) of recommendation at the correct MTD dose level (Level 5). The

EWOC design has lower percentages of correct recommendation (69%) compared with

other designs, and recommend a lower dose level (Level 3) more than the other designs.

The hybrid design is comparable to CRM. The percentages of recommendation at the

overdose level (Level 5 and 6) are very small (≤ 0.75%) in all designs. The percentages

of recommendation at the correct MTD dose level for all designs are comparable to

the corresponding one estimated using the correct model (exponential distribution) as

shown in Table 5.1.

Based on MTDT

Table 6.8 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (> 92%) of recommendation at the correct MTD dose level (Level 4).
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The performance using MTDT is better than the corresponding ones using MTDπ.

Similar to the cases using MTDπ, the EWOC design has lower percentages of correct

recommendation compared with other designs, and recommend a lower dose level (Level

3) more often than the other designs. The hybrid design is comparable to CRM. The

percentages of recommendation at the overdose level (Level 5 or 6) are very small

(≤ 1.25%) in all designs. The percentages of recommendation at the correct MTD dose

level for all designs are comparable to the corresponding one estimated using the correct

model (exponential distribution) as shown in Table 5.1.

Comparison Between MTDπ and MTDT

Under true model 2 with moderate MTD (MTD level = 4), the performance using

MTDT is a little better than the corresponding ones using MTDπ for all designs,

although CRM and Hybrid have high proportions of recommendation at the correct

MTD dose level than EWOC based on either MTDπ or MTDT . The EWOC design

has slightly lower percentages of correct recommendation compared with other designs,

and recommend a lower dose level (Level 3) more often than the other designs. The

percentages of recommendation at the overdose level (Level 5 or 6) are very small in

all designs. The percentages of recommendation at the correct MTD dose level for all

designs are comparable to the corresponding one estimated using the correct model

(exponential distribution) based on either MTDπ or MTDT .

Table 6.8: Percentage of Recommended MTD by Dose Level Under True Model 2,
Weibull Five-Parameter Model When Data Were Generated Using Exponential

Dose levels 1 2 3 4(MTD) 5 6

CATEπ
CRM 0.00 0.00 10.35 89.35 0.30 0.00
EWOC 0.00 0.00 30.85 69.10 0.05 0.00
Hybrid 0.00 0.00 9.55 89.70 0.75 0.00

CATET
CRM 0.00 0.00 5.10 94.05 0.85 0.00
EWOC 0.00 0.05 20.55 79.25 0.15 0.00
Hybrid 0.00 0.00 6.65 92.10 1.25 0.00
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6.3.3 Model 3

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 3 (MTD level = 2) under the CATE design are

summarized in Table 6.9. These results used the uniform prior for α, β, γ, and the

informative gamma prior for λ and v.

Based on MTDπ

Table 6.9 shows that all designs under the CATE model have high proportions (> 86%)

of recommendation at the correct MTD dose level (Level 2). The hybrid design is

comparable to CRM. The percentages of recommendation at the overdose level are

about 9 to 11% for CRM and Hybrid and is less than 2% for EWOC. The percentages

of recommendation at the correct MTD dose level for all designs are comparable to

the corresponding one estimated using the correct model (exponential distribution) as

shown in Table 5.1.

Based on MTDT

Table 6.9 also shows that EWOC under the CATE model has higher proportions (91.5%)

of recommendation at the correct MTD dose level (Level 2) than CRM or Hybrid. The

hybrid design is comparable to CRM. The performance using MTDπ is better than the

corresponding ones using MTDT for CRM and Hybrid. EWOC using MTDT performs

better than that using MTDπ. The percentages of recommendation at the overdose

level are about 15 to 19% for CRM and Hybrid and is about 5% for EWOC. The

performances are comparable to the corresponding ones estimated using the correct

model (exponential distribution) as shown in Table 5.1.

Comparison Between MTDπ and MTDT

Under true model 3 with low MTD (MTD level = 2), the performance using MTDπ is

a little better than the corresponding ones using MTDT for CRM and Hybrid. EWOC

using MTDT performs better than that using MTDπ. EWOC has higher proportion
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of correct recommendation than CRM or Hybrid based on MTDT ; and has comparable

high proportion of correct recommendation as CRM or Hybrid based on MTDπ. The

percentages of recommendation at the overdose level are smaller in EWOC than either

CRM or hybrid. The percentages of recommendation at the correct MTD dose level

for all designs based on either MTDπ or MTDT are comparable to the corresponding

one estimated using the correct model.

Table 6.9: Percentage of Recommended MTD by Dose Level Under True Model 3,
Weibull Five-Parameter Model When Data Were Generated Using Exponential

Dose levels 1 2(MTD) 3 4 5 6

CATEπ
CRM 1.70 87.55 10.75 0.00 0.00 0.00
EWOC 11.45 86.90 1.65 0.00 0.00 0.00
Hybrid 2.35 88.40 9.25 0.00 0.00 0.00

CATET
CRM* 0.20 80.50 19.30 0.00 0.00 0.00
EWOC 3.20 91.50 5.30 0.00 0.00 0.00
Hybrid 0.35 83.65 15.95 0.05 0.00 0.00

*: CRM3 results are presented.

6.4 Summary

It has been demonstrated by simulation that the proposed CATE design based on

the proportional hazards model using Weibull distribution under different true dose-

toxicity models has generally high performance with better percentage of correct dose

recommendation and low overdose proportion. Designs using the MTDT definition

have better performance than the corresponding one using the MTDπ. When the

true MTD is above the mid-level of the dose range considered (model 1 and model

2), the hybrid design and CRM designs have better convergence rates and recommend

the target dose on MTD more often than EWOC. When the true MTD is below the

mid-level of the dose range considered (model 3), EWOC design has comparable high

performance as other designs. EWOC and the hybrid design generally provide a better

safety protection in limiting higher dose for patients than the CRM designs do.
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The performance of the proposed CATE model is evaluated when data were gener-

ated using Weibull distribution but estimated using the exponential distribution (expo-

nential four-parameter model). It has been demonstrated by simulation that the pro-

posed CATE design maintains the generally high performance with better percentage of

correct dose recommendation and low overdose proportion even under the inadequate

model (exponential distribution). Designs using the MTDT definition have better per-

formance than the corresponding one using the MTDπ. When the true MTD is above

the mid-level of the dose range considered (model 1 and model 2), the hybrid design and

CRM designs have better convergence rates and recommend the target dose on MTD

more often than EWOC. The percentages of recommendation at the correct MTD dose

level for all designs are lower than the corresponding one estimated using the correct

model (Weibull distribution) based on MTDπ; but comparable to the corresponding

one estimated using the correct model based on MTDT . When the true MTD is below

the mid-level of the dose range considered (model 3), the hybrid design and CRM de-

signs have better convergence rates and recommend the target dose on MTD more often

than EWOC based on MTDπ; but EWOC design has comparable high performance

as other designs based on MTDT . EWOC and the hybrid design generally provide a

better safety protection in limiting higher dose for patients than the CRM designs do.

The percentages of recommendation at the correct MTD dose level for all designs based

on either MTDπ or MTDT are comparable to the corresponding one estimated using

the correct model, except for EWOC based on MTDπ where the percentage is lower

than the corresponding one estimated using the correct model.

The performance of the proposed CATE model is also evaluated when data were

generated using exponential distribution but estimated using the Weibull distribution.

It has been demonstrated by simulation that the proposed CATE design maintains

the generally high performance with better percentage of correct dose recommendation

and low overdose proportion under this scenario. The percentages of recommendation

at the correct MTD dose level for all designs based on either MTDπ or MTDT are

comparable to the corresponding one estimated using the correct model. When the

true MTD is above the mid-level of the dose range considered (model 1 and model
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2), the hybrid design and CRM designs have better convergence rates and recommend

the target dose on MTD more often than EWOC. Designs using the MTDT definition

have better performance than the corresponding one using the MTDπ. When the true

MTD is below the mid-level of the dose range considered (model 3), EWOC design has

better performance than CRM or Hybrid designs based on MTDT , and is comparable

to other designs based on MTDπ. EWOC and the hybrid design generally provide a

better safety protection in limiting higher dose for patients than the CRM designs do.

Comparison between the two MTD definitions depends on the designs. EWOC using

the MTDT definition has better performance than the corresponding one using the

MTDπ, while the opposite is true for other designs.
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Chapter 7

Performance of the CATE Design Based on the

Accelerated Failure Time Model Using Weibull

Distribution

The performance of the CATE Design based on the Accelerated Failure Time Model

using Weibull distribution is presented in this chapter. This is a Weibull five-parameter

model where α, β, γ0, γ1, σ are estimated from data.

7.1 Model 1

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 1 (MTD level = 5) under the CATE design are

summarized in Table 7.1. These results used the uniform prior for α, β, γ0, γ1, and the

inverse-gamma prior for σ.

Based on MTDπ

Table 7.1 shows that both CRM and Hybrid designs under the CATE model have high

proportions (> 91%) of recommendation at the correct MTD dose level (Level 5). The

EWOC design has lower percentages of correct recommendation (75%) compared with

other designs, and recommend a lower dose level (Level 4) more than the other designs.

The hybrid design is comparable to CRM. The percentages of recommendation at the

overdose level (Level 6) are very small (≤ 0.3%) in all designs. These results are similar

to those based on the proportional hazards model using Weibull distribution as shown

in Table 6.1.
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Based on MTDT

Table 7.1 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (> 92%) of recommendation at the correct MTD dose level (Level

5). The performance using MTDT is a little better than the corresponding ones using

MTDπ. Similar to the cases using MTDπ, the EWOC design has lower percentages

of correct recommendation compared with other designs, and recommend a lower dose

level (Level 4) more often than the other designs. The hybrid design is comparable to

CRM. The percentages of recommendation at the overdose level (Level 6) are very small

(≤ 0.45%) in all designs. These results are similar to those based on the proportional

hazards model using Weibull distribution as shown in Table 6.1.

Comparison Between MTDπ and MTDT

Under true model 1 with high MTD (MTD level = 5), the performance using MTDT is

a little better than the corresponding ones using MTDπ for all designs, although CRM

and Hybrid have high proportions of recommendation at the correct MTD dose level

than EWOC based on either MTDπ or MTDT . The EWOC design has slightly lower

percentages of correct recommendation compared with other designs, and recommend

a lower dose level (Level 4) more often than the other designs. The percentages of

recommendation at the overdose level (level 6) are very small in all designs. These

results are similar to those based on the proportional hazards model using Weibull

distribution.

Table 7.1: Percentage of Recommended MTD by Dose Level Under True Model 1,
Weibull AFT Model

Dose levels 1 2 3 4 5(MTD) 6

CATEπ
CRM 0.00 0.00 0.00 6.50 93.50 0.00
EWOC 0.00 0.00 0.05 24.80 75.15 0.00
Hybrid 0.00 0.00 0.00 7.85 91.85 0.30

CATET
CRM 0.00 0.00 0.00 4.55 95.40 0.05
EWOC 0.00 0.00 0.00 23.05 76.95 0.00
Hybrid 0.00 0.00 0.00 6.85 92.70 0.45
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7.2 Model 2

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 2 (MTD level = 4) under the CATE design are

summarized in Table 7.2. These results used the uniform prior for α, β, γ0, γ1, and the

inverse-gamma prior for σ.

Based on MTDπ

Table 7.2 shows that both CRM and Hybrid designs under the CATE model have high

proportions (> 83%) of recommendation at the correct MTD dose level (Level 5). The

EWOC design has lower percentages of correct recommendation (62%) compared with

other designs, and recommend a lower dose level (Level 3) more than the other designs.

The hybrid design is comparable to CRM. The percentages of recommendation at the

overdose level (Level 5 and 6) are very small (≤ 0.20%) in all designs. These results are

similar to those based on the proportional hazards model using Weibull distribution as

shown in Table 6.2.

Based on MTDT

Table 7.2 also shows that both CRM and Hybrid designs under the CATE model have

high proportions (> 87%) of recommendation at the correct MTD dose level (Level

4). The performance using MTDT is a little better than the corresponding ones using

MTDπ. Similar to the cases using MTDπ, the EWOC design has lower percentages

of correct recommendation compared with other designs, and recommend a lower dose

level (Level 4) more often than the other designs. The hybrid design is comparable

to CRM. The percentages of recommendation at the overdose level (Level 5 or 6) are

very small (≤ 0.5%) in all designs. These results are similar to those based on the

proportional hazards model using Weibull distribution as shown in Table 6.2.
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Comparison Between MTDπ and MTDT

Under true model 2 with moderate MTD (MTD level = 4), the performance using

MTDT is a little better than the corresponding ones using MTDπ for all designs,

although CRM and Hybrid have high proportions of recommendation at the correct

MTD dose level than EWOC based on either MTDπ or MTDT . The EWOC design

has slightly lower percentages of correct recommendation compared with other designs,

and recommend a lower dose level (Level 3) more often than the other designs. The

percentages of recommendation at the overdose level (Level 5 or 6) are very small in

all designs. Results are similar to those based on the proportional hazards model using

Weibull distribution.

Table 7.2: Percentage of Recommended MTD by Dose Level Under True Model 2,
Weibull AFT Model

Dose levels 1 2 3 4(MTD) 5 6

CATEπ
CRM 0.00 0.05 11.50 88.25 0.20 0.00
EWOC 0.00 0.20 38.15 61.60 0.05 0.00
Hybrid 0.00 0.00 16.45 83.35 0.20 0.00

CATET
CRM 0.00 0.00 9.95 89.80 0.25 0.00
EWOC 0.00 0.05 30.60 69.30 0.05 0.00
Hybrid 0.00 0.00 12.25 87.25 0.50 0.00

7.3 Model 3

The percentages of recommendation at each dose level based on MTDπ and MTDT

for various designs under true model 3 (MTD level = 2) under the CATE design are

summarized in Table 7.3. These results used the uniform prior for α, β, γ0, γ1, and the

inverse-gamma prior for σ.

Based on MTDπ

Table 7.3 shows that all designs under the CATE model have high proportions (> 88%)

of recommendation at the correct MTD dose level (Level 2). The EWOC design has
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comparable percentages of correct recommendation compared with other designs, and

recommend a lower dose level (Level 1) more than the other designs. The hybrid design

is comparable to CRM. The percentages of recommendation at the overdose level are

about 7% for CRM and Hybrid and is less than 2% for EWOC. These results are similar

to those based on the proportional hazards model using Weibull distribution as shown

in Table 6.3.

Based on MTDT

Table 7.3 also shows that all designs under the CATE model have high proportions

(> 90%) of recommendation at the correct MTD dose level (Level 2). The performance

using MTDT is a little better than the corresponding ones using MTDπ. Similar to

the cases using MTDπ, the percentages of recommendation at the overdose level are

about 7 to 9% for CRM and Hybrid and is less than 2% for EWOC. These results are

similar to those based on the proportional hazards model using Weibull distribution as

shown in Table 6.3.

Comparison Between MTDπ and MTDT

Under true model 3 with low MTD (MTD level = 2), the performance using MTDT

is a little better than the corresponding ones using MTDπ for all designs. All designs

have high proportions of recommendation at the correct MTD dose level based on

either MTDπ or MTDT . The percentages of recommendation at the overdose level are

smaller in EWOC than either CRM or hybrid. Results are similar to those based on

the proportional hazards model using Weibull distribution.
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Table 7.3: Percentage of Recommended MTD by Dose Level Under True Model 3,
Weibull AFT Model

Dose levels 1 2(MTD) 3 4 5 6

CATEπ
CRM 1.75 90.90 7.35 0.00 0.00 0.00
EWOC 9.60 88.95 1.45 0.00 0.00 0.00
Hybrid 2.40 90.05 7.55 0.00 0.00 0.00

CATET
CRM* 0.20 90.90 8.90 0.00 0.00 0.00
EWOC 7.05 91.55 1.40 0.00 0.00 0.00
Hybrid 1.60 90.60 7.80 0.00 0.00 0.00

*: CRM3 results are presented.

7.4 Summary

It has been demonstrated by simulation that the proposed CATE design based on the

accelerated failure time model using Weibull distribution under different true dose-

toxicity models has generally high performance with better percentage of correct dose

recommendation and low overdose proportion. Designs using the MTDT definition have

better performance than the corresponding one using the MTDπ. When the true MTD

is above the mid-level of the dose range considered (model 1 and model 2), the hybrid

design and CRM designs have better convergence rates and recommend the target dose

on MTD more often than EWOC. When the true MTD is below the mid-level of the

dose range considered (model 3), EWOC design has comparable high performance as

other designs. EWOC and the hybrid design generally provide a better safety protection

in limiting higher dose for patients than the CRM designs do. Results are similar to

those based on the proportional hazards model using Weibull distribution.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This dissertation has examined the performance of the CATE design using a Bayesian

approach to find the MTD in phase I cancer clinical trials. The performance of the

CATE design was evaluated using the proportional hazard model approach and the

accelerated failure time model approach assuming that the DLT-free survival time for

the susceptible patients follow an exponential or Weibull distribution. The robustness of

the CATE design was examined using different choice of prior distribution and different

dose-toxicity relationships. The performance of the CATE design was also compared to

the existing methods (CRM, EWOC, Hybrid, TITE-CRM, TITE-EWOC, and TITE-

hybrid).

It has been demonstrated by simulation that the proposed CATE design under

different priors and true dose-toxicity models has generally high performance with high

percentage of correct dose recommendation and low overdose proportion.

Under the proportional hazard model approach assuming that the DLT-free survival

time for the susceptible patients follow an exponential distribution, the performance of

the CATE design is very similar either assuming the baseline hazard rate is a constant

or an informative gamma prior is assumed for the baseline hazard rate. When the true

MTD is above the mid-level of the dose range considered (model 1 and model 2, the

cases where the testing treatment is less toxic), the hybrid design and CRM designs

have better convergence rates and recommend the target dose on MTD more often than

EWOC. Designs using the MTDT definition have better performance than the corre-

sponding one using the MTDπ. The choice of prior has little effect on the performance
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of the designs. When the true MTD is below the mid-level of the dose range consid-

ered (model 3, the cases where the testing treatment is more toxic), EWOC design has

better performance than other designs in most cases, but it somewhat depends on the

prior distributions and the MTD definition. EWOC and the hybrid design generally

provide a better safety protection in limiting higher dose for patients than the CRM

designs do. Comparison between the two MTD definitions depends on the designs

and the prior distributions. EWOC using the MTDT definition generally have better

performance than the corresponding one using the MTDπ, while the opposite is true

for other designs.

The performance of the proposed CATE design is compared with TITE approach

and the conventional approach under different planned follow up time and true dose-

toxicity models using the uniform prior distributions for α, β, γ. The simulation study

shows that the total trial duration is similar for the CATE model (both MTDπ and

MTDT ) and the TITE approach, and is much shorter compared with the conventional

approach in all scenarios. The performance of the different approaches depends some-

what on the underlying dose-toxicity models, the planned follow up time and the dose

selecting designs (CRM and hybrid vs. EWOC).

When 86% to 89% of all DLT expected on MTD level by the planned follow-

up time, the follow-up time is sufficient relative to the risk of time to toxicity. The

performance for cure model using MTDT is similar to that using the TITE approach

or conventional approach, and is better than cure model using MTDπ when the true

MTD is above the mid-level of the dose range considered. CRM and hybrid designs

have better convergence rates and recommend the target dose on MTD more often

than EWOC. When the true MTD is below the mid-level of the dose range considered

(model 3), the performance for EWOC design using cure model MTDT is similar to that

using the TITE approach and the conventional approach, and is better than the cure

model using MTDπ. For CRM and hybrid design, the performance for the cure model

using MTDT is better than MTDπ, and both are better than the TITE approach or

the conventional approach. EWOC design has generally better performance than CRM

or hybrid, and controls the overdose proportion better than CRM or hybrid.



154

When 63% to 67% of all DLT expected on MTD level by the planned follow-up

time, the follow-up time is moderate relative to the risk of time to toxicity. When the

true MTD is above the mid-level of the dose range considered, the performance for

cure model using MTDT is better than TITE or conventional approach. For CRM

and hybrid, the cure model using MTDπ has even better performance than that using

MTDT , TITE or conventional approach. CRM and hybrid designs have better con-

vergence rates and recommend the target dose on MTD more often than EWOC in

most cases. When the true MTD is below the mid-level of the dose range considered

(model 3), the cure model using MTDπ is superior to other approaches and maintains

high proportion of recommendation at the correct dose level. For CRM and hybrid,

TITE and the conventional approaches overestimate MTD and recommend MTD + 1

most of the time. The performance for cure model using MTDT is better than TITE or

conventional approach. The percentage of correct recommendation is higher for EWOC

design than CRM or hybrid design for all approaches.

When the planned follow-up time is short (39% to 43% of all DLT expected on MTD

level by the planned follow-up time), cure model using MTDπ is superior to other

approaches for all true models considered. The cure model using MTDπ maintains

relatively high proportion of recommendation at the correct dose level. TITE and

conventional approach overestimate the MTD, and recommend the MTD + 1 level

most of the time. Although the cure model using MTDT also overestimates the MTD,

it is less likely to recommend overdose levels above MTD + 1 compared with TITE

or conventional approach. CRM and hybrid designs have better convergence rates and

recommend the target dose on MTD more often than EWOC when the true MTD

is above the mid-level of the dose range considered. When the true MTD is below

the mid-level, EWOC design is comparable to CRM or hybrid. EWOC controls the

overdose proportion better than CRM or hybrid for all scenarios.

The effect of prior on the baseline hazard ratio (informative gamma prior vs. non-

informative uniform prior) depends on the designs, MTD definition, true models and

the length of the follow-up time. When the follow-up time is sufficient relative to the

risk of time to toxicity, and the true MTD is above the mid-level of the dose range
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considered (Model 1 or Model 2), the choice of prior on the baseline hazard rate has

little effect on the performance of the CATE design using MTDT for EWOC or hybrid;

the performance is higher for CATE design using MTDπ for all designs or MTDT for

CRM when using informative prior than the non-informative prior. When the true

MTD is below the mid-level of the dose range considered (model 3), the choice of prior

on the baseline hazard rate has generally little effect on the performance of the CATE

design using MTDT or MTDπ, except in the case of EWOC using MTDπ when the

performance is higher using informative prior than the non-informative prior. When

the planned follow-up time is short, the choice of prior on the baseline hazard rate has

little effect on the performance of the CATE design using MTDπ when the true MTD

is below the mid-level. The performance of the CATE design using MTDπ is higher

using informative prior than the non-informative prior when the true MTD is above

the mid-level of the dose range considered.

Simulation shows that the CATE design based on the proportional hazards model

using Weibull distribution under different true dose-toxicity models has generally high

performance with better percentage of correct dose recommendation and low overdose

proportion. Results are similar to those based on the proportional hazards model

using exponential distribution. When data were generated using Weibull distribution

but estimated using the exponential distribution (exponential four-parameter model),

simulation shows that the CATE design maintains the generally high performance with

better percentage of correct dose recommendation and low overdose proportion even

under the inadequate model (exponential distribution). When data were generated

using exponential distribution but estimated using the Weibull distribution, the CATE

design maintains the generally high performance with better percentage of correct dose

recommendation and low overdose proportion under this scenario.

The CATE design based on the accelerated failure time model using Weibull distri-

bution under different true dose-toxicity models has similar performance to that based

on the proportional hazards model using Weibull distribution. The CATE design has

generally high performance with better percentage of correct dose recommendation and

low overdose proportion. Designs using the MTDT definition have better performance
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than the corresponding one using the MTDπ. When the true MTD is above the mid-

level of the dose range considered (model 1 and model 2), the hybrid design and CRM

design have better convergence rates and recommend the target dose on MTD more

often than EWOC. When the true MTD is below the mid-level of the dose range con-

sidered (model 3), EWOC design has comparable high performance as other designs.

EWOC and the hybrid design generally provide a better safety protection in limiting

higher dose for patients than the CRM designs do.

In conclusion, the proposed CATE has generally high percentage of correct dose

recommendation and low overdose proportion. It significantly reduces the overall trial

duration compared with the conventional approach. When the planned follow-up time

is moderate or too short relative to the risk of time to toxicity, the CATE design

(especially MTDπ for the short follow-up time) is superior to TITE or conventional

approach, while TITE or conventional approach would overestimate MTD in certain

situations.

8.2 Future Work

Based on the simulation results, the CATE design has good performance assuming that

the DLT-free survival time for the susceptible patients follows a parametric distribution

such as exponential or Weibull distribution. The CATE design assuming that the DLT-

free survival time for the susceptible patients follows a semi-parametric distribution

based on the proportional hazards model or accelerate failure time model could be

studied.

The stopping rules for the phase I cancer clinical trials could be evaluated for the

CATE design and see how the model performance are affected.
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