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Oncology dose-finding clinical trials determine the maximum tolerated dose
(MTD) based on toxicity outcomes captured by clinicians. With the availability of
more rigorous instruments for measuring toxicity directly from patients, there is
a growing interest to incorporate patient-reported outcomes (PRO) in clinical tri-
als to inform patient tolerability. This is particularly important for dose-finding
trials to ensure the identification of a well-tolerated dose. In this paper, we pro-
pose three extensions of the continual reassessment method (CRM), termed
PRO-CRMs, that incorporate both clinician and patient outcomes. The first
method is a marginal modeling approach whereby clinician and patient toxicity
outcomes are modeled separately. The other two methods impose a constraint
using a joint outcome defined based on both clinician and patient toxicities and
model them either jointly or marginally. Simulation studies show that while all
three PRO-CRMs select well-tolerated doses based on clinician's and patient's
perspectives, the methods using a joint outcome perform better and have similar
performance. We also show that the proposed PRO-CRMs are consistent under
robust model assumptions.
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1 INTRODUCTION

The goal of dose finding clinical trials is to determine the maximum tolerated dose (MTD), defined as the dose asso-
ciated with a prespecified target probability of toxicity. Conventionally, toxicities are captured by clinicians using the
National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) on a scale from 1 to 5 with
1 being a mild toxicity, 2 a moderate toxicity, 3 a severe toxicity, 4 a life-threatening toxicity, and 5 death.1 In recent
years, there has been increased interest in also including the patient's perspective in clinical trials with the understand-
ing that patients provide a unique perspective on their overall health, function, and symptoms which cannot be captured
by clinician-reported outcomes.2,3 While patient-reported outcomes (PROs) have generally been included in randomized
trials to complement the reporting of the NCI-CTCAE, they are increasingly also being included in phase 1/2 trials. One
example is the CheckMate040, which collected patient-reported health status at baseline and every 6 weeks during their
25 week treatment.4

A growing literature also suggests disagreement between clinician- and patient-reported symptoms, with patients
reporting more frequent and more severe symptoms.5-8 The correlation between clinician- and patient-reported symp-
toms was evaluated in three breast cancer randomized clinical trials.7 Among the patients for whom clinicians reported
no toxicity, 13% to 50% reported “very much” toxicity. The disagreement was more pronounced when the symptoms
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were not previously documented, and thus unexpected, suggesting that this is much more of a concern in early phase
trials.7 This degree of disagreement is concerning in the context of dose-finding trials because it implies that a dose
identified solely based on clinician input may be intolerable from a patient's perspective. This calls for the inclusion of
patient-reported symptoms in dose-finding trials. However, dose-finding designs incorporating both clinician and patient
outcomes have not been proposed. One of the impediments has been the lack of a unified and reliable instrument for
the collection of patient-reported outcomes in clinical trials. However, with the improved rigor of PRO measurements,
such as the Patient-Reported Outcomes version of the CTCAE (PRO-CTCAE9,10), there is impetus to use PROs to inform
patient tolerability and to incorporate PROs in the regulatory process of clinical trials.11,12

With the availability and implementation of the PRO-CTCAE, we expect to have a subset of toxicities that are rated
by both clinicians and patients. One example is a dose-finding trial of cilengitide and paclitaxel which collected the
PRO-CTCAE in cycle one along with the NCI-CTCAE, and although the PRO-CTCAE was not used for determining
the MTD, it was able to capture symptoms not reported by clinicians. Moreover, patient reports indicated more severe
symptoms.13 Thus, it is timely to develop dose-finding methods that can also incorporate toxicities captured using the
PRO-CTCAE in the determination of the MTD. This is of increased relevance and importance for clinical trials of novel
anticancer therapies, given that they have been associated with low-grade toxicities that can impact patient tolerability
while maintaining similar or lower rates of clinician-reported severe toxicity. With the increased number of dose-finding
trials evaluating novel treatments,14 it is important to ensure that doses selected can be well tolerated by patients before
evaluation of efficacy. In this paper, we propose novel approaches for incorporating both clinician's and patient's perspec-
tives in the determination of the MTD. The methods, termed patient-reported outcomes continual reassessment method
(PRO-CRM), are extensions of the CRM15 and allow for the specification of a target probability of toxicity based solely on
clinician input and, in addition, allow for the specification of a toxicity threshold based on patient input. In Section 2, we
describe the problem formulation for the proposed methods. In Section 3, we present a motivating example and the setup
for the simulation studies. In Section 4, we present the simulation results evaluating the operating characteristics of the
proposed methods under various scenarios of toxicity probabilities. We end with a discussion in Section 5.

2 METHODS

2.1 Outcome definition
Most commonly used dose-finding methods assume a binary outcome, conventionally defined as the presence or absence
of a dose-limiting toxicity (DLT). In the context of cancer therapies, a DLT is generally defined as the presence of any
grade 3 or higher nonhematological toxicity or any grade 4 or higher hematological toxicity using the NCI-CTCAE. Let
YC be a clinician-reported binary toxicity outcome, where YC = 1 indicates the occurrence of DLT. Given m dose levels
d1, · · ·, dm under investigation with d1 < · · · < dm, the MTD in traditional dose finding studies is defined as

dC,∗ = argmaxd∈ {P(YC = 1|d) ≤ 𝜃} , (1)

where  = {d1, … , dm} and 𝜃 ∈ (0, 1) is a prespecified threshold for clinician-reported DLT rate, typically chosen as 0.25
or 0.33.

With the availability of the PRO-CTCAE, we will have a subset of symptomatic toxicities with ratings on severity, fre-
quency, interference, amount, and presence. The PRO-CTCAE comprises 124 items covering 78 symptomatic toxicities
from the CTCAE.9 While many CTCAE categories cannot be evaluated by patients themselves (eg, laboratory values), the
information obtained from the PRO-CTCAE can be complementary to the CTCAE in providing a better overall assess-
ment of symptom tolerability. Some items have a single dimension, while others may have multiple dimensions. The
dimensions are rated as follows: severity is graded very similar to the CTCAE with each toxicity being rated as none,
mild, moderate, severe, and very severe; interference is rated on a scale of not at all, a little bit, somewhat, quite a bit, and
very much; frequency is rated as none, rarely, occasionally, frequently, and almost constantly; and presence is a binary
variable.9 Thus, similar to clinician-reported toxicity, we can define patient-reported DLT based on the PRO-CTCAE as
the presence of any toxicity with a rating of severe or worse in severity, quite a bit or worse in interference, frequent or
more often in frequency, or present for presence, assuming these are not present at baseline. DLT from the patient's per-
spective can also be defined based on changes from baseline reported symptoms. Let YP to be the patient-reported binary
toxicity outcome, where YP = 1 indicates the occurrence of a patient-reported DLT.
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Based on the availability of these two binary outcomes, YC and YP, we can apply the multiple constraint framework.
We consider them as separate outcomes and elicit the toxicity thresholds for clinician and patient separately and impose
two separate constraints. In practice, eliciting an additional patient-reported toxicity threshold from clinicians should be
simple given their existing familiarity with the specification of 𝜃. However, most likely YC and YP are correlated. In that
case, it may be preferable to redefine the two binary outcomes as YC and max{YC,YP}. That is, we keep the constraint
specified in traditional designs for YC, but impose an additional toxicity constraint on the probability that either YC = 1
or YP = 1. The elicitation of this threshold would require some knowledge regarding the correlation between YC and YP.

2.2 Designs
We propose three approaches based on the outcome definitions specified above. All three approaches are extensions of
the CRM.15 They differ in the way the outcomes, constraints, and target probability of toxicities are specified. Moreover,
different modeling approaches are evaluated.

2.2.1 Marginal outcomes
In this approach, we define the MTD based on clinician outcome, YC, as in (1) and define the MTD based on the patient's
perspective as

dP,∗ = argmaxd∈ {P(YP = 1|d) ≤ 𝜙} , (2)

where 𝜙 is a preselected threshold for patient-reported DLT, and no inequality relationship is imposed between 𝜙 and 𝜃.
The global MTD based on the marginal method is defined as

d∗ = min
{

dC,∗, dP,∗
}
. (3)

Since definitions (1) and (2) do not involve any joint distribution of (YC,YP), we propose to estimate them separately using
two different working models. Specifically, to estimate dC,∗, we consider a working model

P(YC = 1|d) = u𝛽 , u = HC(d), (4)

where 𝛽 > 0 is an unknown parameter and HC(·) is a known invertible function mapping {d1, … , dM} to {u1, … ,um}, a
dose skeleton as specified in the CRM. Similarly, to estimate dP,∗, we use the following working model:

P(YP = 1|d) = v𝛾 , v = HP(d), (5)

where 𝛾 > 0 is an unknown parameter and HP(·) is a known invertible function mapping {d1, … , dM} to {v1, … , vm},
another skeleton which may differ from {u1, … ,um}. Given data on the first n patients, {(d(i),YC,i,YP,i), i = 1, … ,n}, the
conditional likelihood function based solely on clinician outcome and conditioning on the dose assignments {d(i), i =
1, … ,n} is

Ln(𝛽) =
n∏

i=1
{1 − u(i)𝛽}I(YC,i=0)u(i)I(YC,i=1)𝛽 ,

where u(i) = HC(d(i)). Similarly, the conditional likelihood function based solely on patient outcome is

Ln(𝛾) =
n∏

i=1
{1 − v(i)𝛾}I(YP,i=0)v(i)I(YP,i=1)𝛾 ,

where v(i) = HP(d(i)).
Given that heterogeneity has to be achieved for both YC and YP to estimate the model parameters using the maximum

likelihood estimator (MLE), a staged approach for dose selection starting at the lowest dose is used. A rule-based design
is followed, for example, using a cohort of one and escalating if no toxicity is observed, until heterogeneity is achieved
for either YC or YP. At this time, we proceed to the second stage and estimate the model parameter using the MLE for
the outcome for which heterogeneity has been achieved and continue with the rule-based design for the other outcome.
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Without loss of generality, assume that heterogeneity has been achieved for YP, but not for YC, and let �̂�n be the MLE for
𝛾 , then the (n + 1)th patient will be assigned to the current estimate of d∗

d̂∗,n = min
{

argmind∈
(|HP(d)�̂�n − 𝜙|) , d̂C,n+1

}
, (6)

where d̂C,n+1 is the dose to be assigned to the (n + 1)th patient based on the rule-based design for clinician. Once het-
erogeneity has been achieved for both YC and YP, we switch to the third stage where the MLE is used to estimate both
parameters. Let 𝛽n and �̂�n be the MLE for clinician and patient outcomes, respectively. Then, the (n + 1)th patient will be
assigned to

d̂∗,n = min
{

argmind∈

(|HC(d)𝛽n − 𝜃|) , argmind∈
(|HP(d)�̂�n − 𝜙|)} . (7)

We can further prove the consistency of d̂∗,n. Define

B =
{
(𝛽, 𝛾) ∶ d∗ = min

(
argmin

d∈
|HC(d)𝛽 − 𝜃|, argmin

d∈
|HP(d)𝛾 − 𝜙|

)}
,

BC =
{
𝛽 ∶ dC,∗ = argmin

d∈
|HC(d)𝛽 − 𝜃|

}
,

and

BP =
{
𝛾 ∶ dP,∗ = argmin

d∈
|HP(d)𝛾 − 𝜙|

}
.

Define also 𝛽0l such that P(YC = 1|dl) = HC(dl)𝛽0l for l = 1, … ,m. Similarly, define 𝛾0l such that P(YP = 1|dl) = HP(dl)𝛾0l

for l = 1, … ,m.

Theorem 1. Under working models (4) and (5), assume that {𝛽01, … , 𝛽0m} ⊂ BC and {𝛾01, … , 𝛾0m} ⊂ BP. Then,
d̂∗,n → d∗ almost surely as n → ∞.

The proof of Theorem 1 is given in Appendix A.

2.2.2 Joint outcome with joint modeling
By redefining YC and YP, as YC and max{YC,YP}, we create a joint clinician and patient outcome. In this approach, in
addition to constraint (1), we propose imposing a constraint on max{YC,YP}, that is,

dCP,∗ = argmaxd∈ {P(max{YC,YP} = 1|d) ≤ 𝜓} = argmaxd∈ {P(YC = 1 or YP = 1|d) ≤ 𝜓} , (8)

where 𝜓 is a prespecified threshold for either clinician or patient reporting a DLT, such that 0 < 𝜃 < 𝜓 < 1. Note that we
do not assume YP = 0 if YC = 0. In fact, the reason for including PROs is to accommodate cases where YC = 0 and YP = 1.
In these scenarios, ignoring patient's PRO information can lead to an overly aggressive dose recommendation. We define
the global MTD based on the joint model method as

d∗∗ = min{dC,∗, dCP,∗}. (9)

The MTD d∗∗ is essentially an MTD under multiple constraints as proposed by Lee et al.16,17 To estimate d∗∗, we consider
the following joint working model:

P(YC = 1 or YP = 1|d) = u𝛽1 , P(YC = 1|d) = u𝛽1+𝛽2 , u = HC(d), (10)

where 𝛽1, 𝛽2 > 0 are unknown parameters, and {u1, … ,um} is the dose skeleton. Specifically, the maximum likelihood
estimate (𝛽1n, 𝛽2n) based on {(d(i),YC,i,YP,i), i = 1, … ,n} of the first n subjects is the MLE of the conditional likelihood

Ln(𝛽1, 𝛽2) =
n∏

i=1
{1 − u(i)𝛽1}I(YC,i=0,YP,i=0){u(i)𝛽1 − u(i)𝛽1+𝛽2}I(YC,i=0,YP,i=1)u(i)(𝛽1+𝛽2)I(YC,i=1), (11)

where u(i) = HC(d(i)).
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The dose assignment process follows a similar staged approach as previously described for marginal modeling, with the
exception of having a single skeleton for the estimation of the model parameters. That is, a rule-based design is followed
starting from the lowest dose. Once heterogeneity is achieved for either YC or YP, we proceed to the second stage by estimat-
ing the model parameter using the marginal CRM for the outcome for which heterogeneity has been achieved, continuing
with the rule-based design for the other outcome, and assign the minimum of those two doses. Once heterogeneity has
been achieved for both YC and YP, we switch to the third stage and estimate the parameters using Equation (11). Let 𝛽1n
and 𝛽2n be the MLE, the (n + 1)th patient is assigned to

d̂∗∗,n = min
{

argmind∈

(|HC(d)𝛽1n+𝛽2n − 𝜃|) , argmind∈

(|HC(d)𝛽1n − 𝜓|)} . (12)

Theorem 2. Under the joint working model (10), d̂∗∗,n → d∗∗ almost surely as n → ∞.

For a proof of Theorem 2, see the work of Cheng and Lee.17

2.2.3 Joint outcome marginal modeling
In addition to the method based on the joint likelihood Ln(𝛽1, 𝛽2), we also propose a marginal method to estimate d∗∗.
The method applies a marginal approach to each of the two constraints (1) and (8) separately. Specifically, in addition to
working model (4), we consider a working model for the event {YC = 1 or YP = 1} = {max{YC,YP} = 1} as

P(YC = 1 or YP = 1|d) = P(max{YC,YP} = 1|d) = w𝜂, w = HCP(d), (13)

where 𝜂 > 0 is an unknown parameter and HCP(·) is a known invertible function mapping {d1, … , dm} to a dose skeleton
{w1, … ,wm}. Given the data of the first n patients {(d(i),YC,i,YP,i), i = 1, … ,n}, the MLE �̂�n can be obtained using the
following conditional likelihood:

Ln(𝜂) =
n∏

i=1
{1 − w(i)𝜂}I(max{YC,i,YP,i}=0)w(i)I(max{YC,i,YP,i}=1)𝜂,

where w(i) = HCP(d(i)).
The dose selection process follows the same staged approach specified previously. Once heterogeneity has been achieved

for both YC and YP, we can use the MLE to estimate 𝛽 and 𝜂, and the recommended dose for the (n + 1)th patient is

d̃∗∗,n = min
{

argmind∈

(|HC(d)𝛽n − 𝜃|) , argmind∈
(|HCP(d)�̂�n − 𝜓|)} . (14)

To prove the consistency of d̃∗∗,n, we define

BCP =
{
𝜂 ∶ dCP,∗ = argmin

d∈
|HCP(d)𝜂 − 𝜓|

}
.

Also define 𝜂0l such that P(YC = 1 or YP = 1|dl) = HCP(dl)𝜂0l for l = 1, … ,m.

Theorem 3. Under working models (4) and (13), assume that {𝛽01, … , 𝛽0m} ⊂ BC and {𝜂01, … , 𝜂0m} ⊂ BCP. Then,
d̃∗∗,n → d∗∗ almost surely as n → ∞.

The proof of Theorem 3 is similar to that for Theorem 1 and thus is omitted.

2.2.4 Summary of designs
The three proposed approaches are compared in Table 1 in terms of their outcomes, constraints, models, and skeletons.
All approaches have the constraint on YC. In addition, the PRO-CRM using joint outcomes, namely, PRO-CRM-joint
and PRO-CRM-joint/marginal, imposes a constraint on either the clinician or patient reporting a toxicity, whereas the
PRO-CRM-marginal imposes a constraint directly on YP. The PRO-CRM-joint and PRO-CRM-joint/marginal use the
same outcomes and constraints but are modeled differently.



6 LEE ET AL.

TABLE 1 Summary of designs

Name Outcomes Constraints Model Skeleton
PRO-CRM-marginal YC; YP P(YC = 1|d) ≤ 𝜃; P(YP = 1|d) ≤ 𝜙 u𝛽 ; v𝛾 Different
PRO-CRM-joint YC; max{YC,YP} P(YC = 1|d) ≤ 𝜃; P(max{YC,YP} = 1|d) ≤ 𝜓 u𝛽1 ; u𝛽1+𝛽2 Same
PRO-CRM-joint/marginal YC; max{YC,YP} P(YC = 1|d) ≤ 𝜃; P(max{YC,YP} = 1|d) ≤ 𝜓 u𝛽 ; w𝜂 Different

Abbreviations: PRO-CRM, patient-reported outcomes continual reassessment method.

3 APPLICATION TO THE DESIGN OF A DOSE-FINDING TRIAL

3.1 The study design for the Bortezomib trial
We illustrate the value of this approach in the context of a dose-finding study with the goal of determining the MTD of
Bortezomib when administered in combination with CHOP + Rituximab (CHOP-R).18 The clinician DLT was defined as
grade 3 or higher neurologic toxicity, symptomatic neuropathy, platelet count, nonneurologic or nonhematologic toxicity
in the first cycle of treatment. The target probability of clinician defined DLT was 0.25. Five doses of Bortezomib were
evaluated with a total of 18 patients using the CRM. Thus, during the design of this study only clinician-reported outcomes
were considered.

A subsequent publication has shown that Bortezomib is not well tolerated at the currently approved dose.19 While the
PRO-CTCAE was not available at the time of the design of this trial, physicians postulated that it is possible that having the
PRO-CTCAE would have revealed issues with tolerability from the patient's perspective and led to the recommendation
of a different dose. In this section, we use the general setting of this Bortezomib trial for our numerical studies and assume
the availability of patient-reported DLT.

3.2 Simulation setup
Assuming the setting of the Bortezomib study, we consider five dose levels d1 < · · · < d5. To incorporate patient-reported
DLT, we apply the three proposed methods. The constraints for the PRO-CRM marginal are P(YC = 1|d) ≤ 𝜃 = 0.25
and P(YP = 1|d) ≤ 𝜙 = 0.35 to impose an additional constraint on patient-reported DLT. For the methods with joint
outcome, the same constraint for clinician-reported DLT P(YC = 1|d) ≤ 𝜃 = 0.25 and in addition we impose a constraint
on either the clinician or patient reporting a DLT, that is, P(YC = 1 or YP = 1|d) ≤ 𝜓 = 0.50. The sample sizes of 18 and
40 are considered. Forty is chosen to evaluate the effect of sample size on the operating characteristics of the proposed
methods. The best guess of the MTD at the start of the trial is dose level 3. The skeleton for each approach is calibrated
using the method by Lee and Cheung, which provides a systematic approach for selecting a skeleton with good operating
characteristics.20 For the clinician constraint alone, given five dose levels, a target DLT rate of 0.25, and assuming the
MTD is dose level 3, the skeleton (u1, … ,u5) is (0.02, 0.10, 0.25, 0.44, 0.62) for N = 18 and (0.06, 0.14, 0.25, 0.38, 0.50) for
N = 40, respectively. For the patient constraint alone, given five dose levels, a target DLT rate of 0.35, and assuming the
MTD is dose level 3, the skeleton (v1, … , v5) is (0.06, 0.18, 0.35, 0.53, 0.68) for N = 18 and (0.10, 0.21, 0.35, 0.49, 0.61) for
N = 40, respectively. For the clinician-patient joint outcome based on target DLT rate of 0.50, the skeleton (w1, … ,w5)
is (0.17, 0.33, 0.50, 0.65, 0.76) for both N = 18 and N = 40. As noted previously, different skeletons are chosen when
implementing marginal modeling, while one skeleton is used for the joint modeling approach. The starting dose is dose
level 1 for all methods.

For all methods, the rule-based approach in the first stage uses a cohort size of one. If no DLT is observed, the dose
is escalated. However, if a DLT is observed the same dose is assigned. Dose skipping is not allowed nor dose escalation
immediately after a DLT is observed.

Seven scenarios are considered. For scenarios 1, 2, 3, and 4, the MTD d∗ which incorporates both clinician- and
patient-reported outcomes is the same as dC,∗, the MTD based solely on clinician outcome. These scenarios evaluate the
performance when the additional constraint for patient-reported outcomes is not needed to ensure comparable perfor-
mance to the CRM. In scenarios 5, 6, and 7, d∗ is less than dC,∗. Thus, the objective of the CRM is different than that of
the PRO-CRM. Consequently, we would not expect the CRM to select a dose level that incorporates patient-reported out-
comes. These scenarios were chosen solely to evaluate the performance of the PRO-CRM at targeting a dose d∗ that is
one or two dose levels below dC,∗. To be able to compare the methods using marginal outcomes and joint outcomes, these
seven scenarios are chosen so that d∗ = d∗∗. That is, the MTD under the marginal model is the same as that under the
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Dose level
1 2 3 4 5

Scenario 1
Probability of DLT by clinician 0.05 0.05 0.25 0.40 0.55
Probability of DLT by patient 0.17 0.18 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.20 0.20 0.50 0.65 0.80
% recommended by CRM 1 13 58 25 3
% recommended by PRO-CRM-marginal 6 30 57 7 0
% recommended by PRO-CRM-joint 1 19 64 15 1
% recommended by PRO-CRM-joint/marginal 1 19 64 15 1
Scenario 2
Probability of DLT by clinician 0.05 0.25 0.40 0.55 0.70
Probability of DLT by patient 0.10 0.15 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% recommended by CRM 11 60 26 3 0
% recommended by PRO-CRM-marginal 11 62 25 2 0
% recommended by PRO-CRM-joint 11 60 26 3 0
% recommended by PRO-CRM-joint/marginal 11 60 26 3 0
Scenario 3
Probability of DLT by clinician 0.01 0.02 0.05 0.10 0.25
Probability of DLT by patient 0.04 0.09 0.17 0.20 0.35
Probability of DLT by clinician/patient 0.05 0.10 0.20 0.25 0.50
% recommended by CRM 0 0 3 22 75
% recommended by PRO-CRM-marginal 0 2 13 38 47
% recommended by PRO-CRM-joint 0 0 5 29 66
% recommended by PRO-CRM-joint/marginal 0 0 4 28 68
Scenario 4
Probability of DLT by clinician 0.02 0.05 0.10 0.25 0.40
Probability of DLT by patient 0.09 0.17 0.20 0.35 0.50
Probability of DLT by patient 0.10 0.20 0.25 0.50 0.65
% recommended by CRM 0 2 21 53 24
% recommended by PRO-CRM-marginal 1 11 37 45 6
% recommended by PRO-CRM-joint 0 4 29 53 14
% recommended by PRO-CRM-joint/marginal 0 3 28 55 14

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity; PRO-CRM,
patient-reported outcomes CRM.

TABLE 2 Percentage of recommendations of
each dose level using the marginal, joint, and
joint/marginal methods with N=18

joint model. If d∗ is not the same as d∗∗, the objectives for the two methods are different and consequently they would
target different dose levels.

At each dose d, true probabilities P(YC = 1|d) (probability of DLT by clinician), P(YP = 1|d) (probability of DLT by
patient), and P(max{YC,YP} = 1|d) (probability of DLT by clinician or patient) are specified so that they are nondecreasing
functions of d (see Tables 2 and 3). Data (YC,YP) were generated from a multinomial distribution based on the three
probabilities provided in Tables 2 and 3 such that P(YC = 0,YP = 0|d) = 1−P(max{YC,YP} = 1|d), P(YC = 1,YP = 0|d) =
P(max{YC,YP} = 1|d) −P(YP = 1|d), and P(YC = 0,YP = 1|d) = P(max{YC,YP} = 1|d) −P(YC = 1|d). The same seed was
used for all methods. Ten thousand simulations were performed under each scenario.

4 SIMULATION RESULTS

4.1 A redesign of the Bortezomib trial with patient-reported DLT
Based on the simulation setup above, we illustrate and contrast the proposed methods in the context of a single Borte-
zomib trial. Toxicities are generated based on scenario 5 where the true MTD d∗ and d∗∗ are dose level 3, and dC,∗ is
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TABLE 3 Percentage of recommendations of
each dose level using the marginal, joint, and
joint/marginal methods with N=18

Dose Level
1 2 3 4 5

Scenario 5
Probability of DLT by clinician 0.05 0.10 0.16 0.25 0.40
Probability of DLT by patient 0.05 0.20 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% recommended by CRM 1 11 28 39 21
% recommended by PRO-CRM-marginal 2 31 55 12 0
% recommended by PRO-CRM-joint 1 21 53 23 2
% recommended by PRO-CRM-joint/marginal 1 21 53 23 2
Scenario 6
Probability of DLT by clinician 0.05 0.18 0.20 0.25 0.40
Probability of DLT by patient 0.17 0.35 0.50 0.65 0.80
Probability of DLT by clinician/patient 0.20 0.50 0.65 0.80 0.90
% recommended by CRM 3 23 24 32 18
% recommended by PRO-CRM-marginal 21 62 16 1 0
% recommended by PRO-CRM-joint 10 61 27 2 0
% recommended by PRO-CRM-joint/marginal 11 61 26 2 0
Scenario 7
Probability of DLT by clinician 0.01 0.05 0.10 0.16 0.25
Probability of DLT by patient 0.04 0.05 0.20 0.35 0.50
Probability of DLT by clinician/patient 0.05 0.10 0.30 0.50 0.65
% recommended by CRM 0 2 11 28 59
% recommended by PRO-CRM-marginal 0 3 33 52 12
% recommended by PRO-CRM-joint 0 2 21 53 24
% recommended by PRO-CRM-joint/marginal 0 2 21 52 25

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity; PRO-CRM,
patient-reported outcomes CRM.
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FIGURE 1 Dose assignment flow chart

dose level 4. Figure 1 displays the dose assignment for all 18 patients in the trial. The legend on the Figures specifies
the presence of no DLT, patient-reported DLT only, clinician-reported DLT only, or both reporting DLT. The first panel
shows the dose assignments for a simulated trial using the marginal outcome. Simulated results using the same seed
for the joint outcome with the joint modeling are displayed in the second panel and with the marginally modeling in
the third panel. We can see that given the same seed the assignments all follow the same algorithm until occurrence
of the first patient-reported DLT (patient 3). In general, the joint and marginal modeling using joint outcome yield
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similar dose recommendations, with the joint modeling assigning four more patients to the true MTD. Differences in the
estimated probabilities of DLT at each dose level are more pronounced at the beginning of the trial and decrease with
increase in sample size. These differences can lead to different dose recommendations, which can occur even with small
differences in estimated probability of DLT. The results from the marginal approach differed from those of the joint out-
come once a patient-reported DLT was observed given the different objectives. For example, after the first 3 patients, one
patient-reported DLT was observed out of 1 patient at dose level 3. Thus, the marginal outcome recommended dose level
2 based on a target of 0.35 for patient-reported DLT. However, using a joint outcome with marginal modeling, the dose
recommendation remained at dose level 3 given that the target for either patient or clinician-reported DLT is 0.50. The
recommended dose at the end of the study was dose level three for all three approaches.

4.2 Simulation study results
The percentage of recommendations for each dose level are summarized in Tables 2 and 3, and the percentage of patients
assigned to each dose level are summarized in Tables 4 and 5, for the various scenarios with N = 18. Tables B1 through B4
in Appendix B are for N = 40. When the MTD d∗ which incorporates both clinician- and patient-reported outcomes coin-
cides with dC,∗, the MTD based solely on clinician outcome (scenarios 1, 2, 3, and 4; Tables 2 and 4), having an additional
constraint tends to be more conservative and reduces the percentage of selecting a dose above the MTD. Furthermore, the
joint modeling method (PRO-CRM-joint) and the marginal modeling with a joint outcome (PRO-CRM-joint/marginal)
have similar or better percentage of correct selection compared to the CRM, except when the true MTD is the highest dose
level. However, the difference in the probability of correct selection at the highest dose level diminishes from around 8% to
4% or less when the sample size increases from N = 18 to N = 40. The marginal modeling method (PRO-CRM-marginal)
tends to be more conservative and generally performs worse than the other two proposed methods when the MTDs based
on the constraints coincide, particularly when the true MTD is the median dose level or higher. The percentage of patients
assigned to each dose level follows a similar trend and is presented in Tables 4 and 5.

When d∗ does not coincide with dC,∗ (scenarios 5, 6, and 7; Tables 3 and 5), the CRM as expected targets dC,∗ instead
of d∗. Thus, if d∗ is greater than dC,∗, it recommends dose levels higher than the true MTD d∗ with considerably higher
probabilities. The three proposed methods, however, are all able to account for both constraints and recommend the true
MTD with high probability. Percentages of correct selection higher than 55% are achieved with a sample size of N = 18
and 5 dose levels. The marginal modeling method (PRO-CRM-marginal) tends to recommend less frequently doses above
the MTD with similar percentage of correct selection. The performance of the joint and marginal modeling approaches
using the joint outcome are similar. The percentage of patients assigned to each dose level follows a similar trend. The
conclusions are similar for N = 40.

5 DISCUSSION

This paper proposes three novel methods, called the PRO-CRMs, to estimate the MTD using both clinician- and
patient-reported toxicity data in the context of dose-finding clinical trials. While traditionally, only clinician outcomes
have been considered, it is clear that patients provide a unique perspective in terms of tolerability of drugs. With
the new and ongoing efforts to incorporate PROs in regulatory decision-making and to use PROs to assess treatment
tolerability,11,12 these methods will allow for the selection of doses that are well tolerated from both clinician's and patient's
perspectives. These methods should only be applied with the availability of rigorous PRO measurements. In the absence
of rigorous PRO measurements, it is possible that the application of the proposed methods can result in the selection of
conservative doses that do not truly reflect treatment tolerability. This paper also provides a justification of running sep-
arate CRM for each toxicity component when the MTD is defined via componentwise constraints. This can be done as
long as the componentwise constraints are the same as those in the joint modeling approach. Thus, the method can be
applied whenever there is the desire to select a dose that satisfies two constraints. Another example is the setting where
one is interested in having different toxicity thresholds for different types of toxicities (eg, a threshold of 0.10 for unusual
toxicities and a threshold for 0.25 for expected toxicities).

Generally, the methods based on joint outcome perform better than modeling clinician and patient outcome separately
when the constraints coincide. However, their performance was similar when the constraints led to different true MTDs.
The advantage of modeling clinician and patient outcome separately is its simplicity and familiarity for clinicians in the
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specification of target probabilities of DLT. With the joint outcome, which requires some knowledge regarding the corre-
lation between clinician- and patient-reported toxicities, the performance of the joint modeling and marginal modeling
where similar. However, the latter is much easier to implement and can be implemented using existing software. Thus,
in practice, if investigators are comfortable specifying a constraint for the joint outcome, we would recommend the joint
outcome with marginal modeling.

While the method performs well at selecting a dose that satisfies both clinician and patient constraints, further research
should evaluate the appropriate target probability of toxicity based on the patient's perspective. Target probabilities of
DLT in the range of 0.20 to 0.33 have been used for clinician-reported DLT. It is not clear if the same threshold should be
used for patients or if higher target probabilities should be used to account for the potential greater variability in PROs,
and rigor and reproducibility of the PRO instruments used. This should be assessed in conjunction with the definition
of DLT used for the PRO-CTCAE and the symptom items that are selected. With more experience in the collection and
analysis of the PRO-CTCAE, this may be reevaluated.

With the increase of interest in including patient-reported outcomes in clinical trials and the advent of more standard-
ized and rigorous instruments for the collection of patient-reported outcomes, the development of clinical trial designs and
analysis methods that incorporate both clinician- and patient-reported outcomes becomes important and even imperative.

TABLE 4 Percentage of patients assigned to each dose
level using the marginal, joint, and joint/marginal
methods with N=18

Dose Level
1 2 3 4 5

Scenario 1
Probability of DLT by clinician 0.05 0.05 0.25 0.40 0.55
Probability of DLT by patient 0.17 0.18 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.20 0.20 0.50 0.65 0.80
% assigned by CRM 10 20 39 22 9
% assigned by PRO-CRM-marginal 20 32 38 9 1
% assigned by PRO-CRM-joint 13 26 43 15 3
% assigned by PRO-CRM-joint/marginal 14 25 43 15 3
Scenario 2
Probability of DLT by clinician 0.05 0.25 0.40 0.55 0.70
Probability of DLT by patient 0.10 0.15 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% assigned by CRM 23 42 25 8 2
% assigned by PRO-CRM-marginal 25 45 23 6 1
% assigned by PRO-CRM-joint 24 43 25 7 1
% assigned by PRO-CRM-joint/marginal 24 43 25 7 1
Scenario 3
Probability of DLT by clinician 0.01 0.02 0.05 0.10 0.25
Probability of DLT by patient 0.04 0.09 0.17 0.20 0.35
Probability of DLT by clinician/patient 0.05 0.10 0.20 0.25 0.50
% assigned by CRM 6 7 10 22 55
% assigned by PRO-CRM-marginal 8 11 19 29 33
% assigned by PRO-CRM-joint 7 8 14 28 43
% assigned by PRO-CRM-joint/marginal 7 8 14 27 44
Scenario 4
Probability of DLT by clinician 0.02 0.05 0.10 0.25 0.40
Probability of DLT by patient 0.09 0.17 0.20 0.35 0.50
Probability of DLT by clinician/patient 0.10 0.20 0.25 0.50 0.65
% assigned by CRM 8 11 22 34 25
% assigned by PRO-CRM-marginal 13 19 31 29 8
% assigned by PRO-CRM-joint 9 14 28 35 14
% assigned by PRO-CRM-joint/marginal 9 13 29 35 14

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity;
PRO-CRM, patient-reported outcomes CRM.
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Dose Level
1 2 3 4 5

Scenario 5
Probability of DLT by clinician 0.05 0.10 0.16 0.25 0.40
Probability of DLT by patient 0.05 0.20 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% assigned by CRM 11 16 24 27 22
% assigned by PRO-CRM-marginal 16 34 36 12 2
% assigned by PRO-CRM-joint 13 27 37 19 4
% assigned by PRO-CRM-joint/marginal 13 26 37 19 5
Scenario 6
Probability of DLT by clinician 0.05 0.18 0.20 0.25 0.40
Probability of DLT by patient 0.17 0.35 0.50 0.65 0.80
Probability of DLT by clinician/patient 0.20 0.50 0.65 0.80 0.90
% assigned by CRM 15 23 21 22 19
% assigned by PRO-CRM-marginal 36 45 16 3 0
% assigned by PRO-CRM-joint 25 45 23 6 1
% assigned by PRO-CRM-joint/marginal 26 43 24 6 1
Scenario 7
Probability of DLT by clinician 0.01 0.05 0.10 0.16 0.25
Probability of DLT by patient 0.04 0.05 0.20 0.35 0.50
Probability of DLT by clinician/patient 0.05 0.10 0.30 0.50 0.65
% assigned by CRM 7 10 16 23 44
% assigned by PRO-CRM-marginal 8 14 32 34 12
% assigned by PRO-CRM-joint 8 11 25 35 21
% assigned by PRO-CRM-joint/marginal 8 11 25 35 21

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity;
PRO-CRM, patient-reported outcomes CRM.

TABLE 5 Percentage of patients assigned to each dose
level using the marginal, joint, and joint/marginal
methods with N=18

Otherwise, there is the risk that these measures will be incorporated in a more ad hoc manner. This paper represents a
first effort to address this issue in the context of dose-finding clinical trials.
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APPENDIX A

Proof of Theorem 1. We first prove the following result:

BC × BP ⊂ B. (A1)

When dC,∗ = dP,∗, we have d∗ = dC,∗ = dP,∗ and it is easy to see that BC ×BP = B. When dC,∗ ≠ dP,∗, any (𝛽, 𝛾) ∈ BC ×BP
satisfies

argmin
d∈

|FC(d)𝛽 − 𝜃| = dC,∗, argmin
d∈

|FP(d)𝛾 − 𝜙| = dP,∗,

and thus

min
{

argmin
d∈

|FC(d)𝛽 − 𝜃|, argmin
d∈

|FP(d)𝛾 − 𝜙|
}
= min

{
dC,∗, dP,∗

}
= d∗,

implying that (𝛽, 𝛾) ∈ B, and we conclude that BC × BP ⊂ B.
Let Sn(𝛽) denote the average marginal score function based on {(d(i),YCi), i = 1, … ,n}, and the conditional

expected score function given dose assignments denoted as s̃n(𝛽) = E[sn(𝛽)|(d(1), … , d(n))]. Similarly, let Sn(𝛾)

https://doi.org/10.1002/sim.8402
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denote the average marginal score function based on {(d(i),YPi), i = 1, … ,n} and s̃n(𝛾) = E[sn(𝛾)|(d(1), … , d(n))].
Let 𝛽∗n and 𝛾∗n be the unique solution to s̃n(𝛽) = 0 and sn(𝛾) = 0, respectively. Then, {𝛽01, … , 𝛽0m} ⊂ BC implies
𝛽∗n ∈ BC and {𝛾01, … , 𝛾0m} ⊂ BP implies 𝛾∗n ∈ BP, and by (A1), (𝛽∗n , 𝛾∗n ) ∈ BC × BP ⊂ B. Let B0 be a convex null of
{𝛽01, … , 𝛽0m} × {𝛾01, … , 𝛾0m}, then B0 is a compact set, and B0 ⊂ B by the convexity of BC and BP and (A1). By Shen
and O'Quigley,21 we conclude that

sup
(𝛽,𝛾)∈B0

(|sn(𝛽) − s̃n(𝛽)| + |sn(𝛾) − s̃n(𝛾)|) → 0

almost surely. This implies that when n large enough (𝛽n, �̂�n) ∈ B0 ⊂ B, hence d̂∗,n → d∗, almost surely.

APPENDIX B

Dose Level
1 2 3 4 5

Scenario 1
Probability of DLT by clinician 0.05 0.05 0.25 0.40 0.55
Probability of DLT by patient 0.17 0.18 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.20 0.20 0.50 0.65 0.80
% recommended by CRM 0 7 74 19 0
% recommended by PRO-CRM-marginal 1 18 76 5 0
% recommended by PRO-CRM-joint 0 8 81 11 0
% recommended by PRO-CRM-joint/marginal 0 9 82 9 0
Scenario 2
Probability of DLT by clinician 0.05 0.25 0.40 0.55 0.70
Probability of DLT by patient 0.10 0.15 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% recommended by CRM 7 76 17 0 0
% recommended by PRO-CRM-marginal 6 75 19 0 0
% recommended by PRO-CRM-joint 7 73 20 0 0
% recommended by PRO-CRM-joint/marginal 7 74 19 0 0
Scenario 3
Probability of DLT by clinician 0.01 0.02 0.05 0.10 0.25
Probability of DLT by patient 0.04 0.09 0.17 0.20 0.35
Probability of DLT by clinician/patient 0.05 0.10 0.20 0.25 0.50
% recommended by CRM 0 0 0 12 88
% recommended by PRO-CRM-marginal 0 0 2 27 71
% recommended by PRO-CRM-joint 0 0 0 14 86
% recommended by PRO-CRM-joint/marginal 0 0 0 16 84
Scenario 4
Probability of DLT by clinician 0.02 0.05 0.10 0.25 0.40
Probability of DLT by patient 0.09 0.17 0.20 0.35 0.50
Probability of DLT by clinician/patient 0.10 0.20 0.25 0.50 0.65
% recommended by CRM 0 0 13 69 18
% recommended by PRO-CRM-marginal 0 2 26 68 4
% recommended by PRO-CRM-joint 0 0 14 75 11
% recommended by PRO-CRM-joint/marginal 0 0 14 77 9

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity; PRO-CRM,
patient-reported outcomes CRM.

TABLE B1 Percentage of recommendations of
each dose level using the marginal, joint, and
joint/marginal methods with N=40
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TABLE B2 Percentage of recommendations of
each dose level using the marginal, joint, and
joint/marginal methods with N=40

Dose Level
1 2 3 4 5

Scenario 5
Probability of DLT by clinician 0.05 0.10 0.16 0.25 0.40
Probability of DLT by patient 0.05 0.20 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% recommended by CRM 0 2 27 56 15
% recommended by PRO-CRM-marginal 0 15 73 12 0
% recommended by PRO-CRM-joint 0 10 68 22 0
% recommended by PRO-CRM-joint/marginal 0 9 72 19 0
Scenario 6
Probability of DLT by clinician 0.05 0.18 0.20 0.25 0.40
Probability of DLT by patient 0.17 0.35 0.50 0.65 0.80
Probability of DLT by clinician/patient 0.20 0.50 0.65 0.80 0.90
% recommended by CRM 1 13 28 45 13
% recommended by PRO-CRM-marginal 10 76 14 0 0
% recommended by PRO-CRM-joint 6 71 23 0 0
% recommended by PRO-CRM-joint/marginal 4 74 21 0 0
Scenario 7
Probability of DLT by clinician 0.01 0.05 0.10 0.16 0.25
Probability of DLT by patient 0.04 0.05 0.20 0.35 0.50
Probability of DLT by clinician/patient 0.05 0.10 0.30 0.50 0.65
% recommended by CRM 0 0 2 25 73
% recommended by PRO-CRM-marginal 0 0 15 73 12
% recommended by PRO-CRM-joint 0 0 10 67 23
% recommended by PRO-CRM-joint/marginal 0 0 9 72 19

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity; PRO-CRM,
patient-reported outcomes CRM.
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Dose Level
1 2 3 4 5

Scenario 1
Probability of DLT by clinician 0.05 0.05 0.25 0.40 0.55
Probability of DLT by patient 0.17 0.18 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.20 0.20 0.50 0.65 0.80
% assigned by CRM 4 15 53 22 6
% assigned by PRO-CRM-marginal 11 26 53 9 1
% assigned by PRO-CRM-joint 6 18 58 16 2
% assigned by PRO-CRM-joint/marginal 6 19 59 14 2
Scenario 2
Probability of DLT by clinician 0.05 0.25 0.40 0.55 0.70
Probability of DLT by patient 0.10 0.15 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% assigned by CRM 17 54 24 4 1
% assigned by PRO-CRM-marginal 17 55 24 3 1
% assigned by PRO-CRM-joint 17 54 24 4 1
% assigned by PRO-CRM-joint/marginal 17 54 24 4 1
Scenario 3
Probability of DLT by clinician 0.01 0.02 0.05 0.10 0.25
Probability of DLT by patient 0.04 0.09 0.17 0.20 0.35
Probability of DLT by clinician/patient 0.05 0.10 0.20 0.25 0.50
% assigned by CRM 3 3 5 18 71
% assigned by PRO-CRM-marginal 4 5 10 30 51
% assigned by PRO-CRM-joint 3 3 6 22 66
% assigned by PRO-CRM-joint/marginal 3 4 7 23 63
Scenario 4
Probability of DLT by clinician 0.02 0.05 0.10 0.25 0.40
Probability of DLT by patient 0.09 0.17 0.20 0.35 0.50
Probability of DLT by clinician/patient 0.10 0.20 0.25 0.50 0.65
% assigned by CRM 3 5 19 47 26
% assigned by PRO-CRM-marginal 6 9 30 47 8
% assigned by PRO-CRM-joint 4 6 22 52 16
% assigned by PRO-CRM-joint/marginal 4 6 24 52 14

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity;
PRO-CRM, patient-reported outcomes CRM.

TABLE B3 Percentage of patients assigned to each dose
level using the marginal, joint, and joint/marginal
methods with N=40
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TABLE B4 Percentage of patients assigned to each dose
level using the marginal, joint, and joint/marginal
methods with N=40

Dose Level
1 2 3 4 5

Scenario 5
Probability of DLT by clinician 0.05 0.10 0.16 0.25 0.40
Probability of DLT by patient 0.05 0.20 0.35 0.50 0.65
Probability of DLT by clinician/patient 0.10 0.30 0.50 0.65 0.80
% assigned by CRM 5 9 26 38 22
% assigned by PRO-CRM-marginal 8 25 52 14 1
% assigned by PRO-CRM-joint 6 18 49 23 4
% assigned by PRO-CRM-joint/marginal 6 18 51 22 3
Scenario 6
Probability of DLT by clinician 0.05 0.18 0.20 0.25 0.40
Probability of DLT by patient 0.17 0.35 0.50 0.65 0.80
Probability of DLT by clinician/patient 0.20 0.50 0.65 0.80 0.90
% assigned by CRM 8 18 25 31 18
% assigned by PRO-CRM-marginal 24 57 17 2 0
% assigned by PRO-CRM-joint 16 53 26 4 1
% assigned by PRO-CRM-joint/marginal 16 56 25 3 0
Scenario 7
Probability of DLT by clinician 0.01 0.05 0.10 0.16 0.25
Probability of DLT by patient 0.04 0.05 0.20 0.35 0.50
Probability of DLT by clinician/patient 0.05 0.10 0.30 0.50 0.65
% assigned by CRM 3 4 9 24 60
% assigned by PRO-CRM-marginal 4 6 24 51 15
% assigned by PRO-CRM-joint 3 5 17 47 28
% assigned by PRO-CRM-joint/marginal 3 5 18 50 24

Abbreviations: CRM, continual reassessment method; DLT, dose-limiting toxicity;
PRO-CRM, patient-reported outcomes CRM.
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