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ABSTRACT

Introduction: In targeted therapies and immunotherapies, the occurrence of low-grade (e.g., grade 1–2) toxicities (LGT) is
common, while dose-limiting toxicities (DLT) are relatively rare. As a result, conventional phase I trial designs, solely based on
DLTs and disregarding milder toxicities, are problematic when evaluating these novel therapies. Methods: To address this issue,
we propose a novel phase I design called a multiple-constraint keyboard (MC-Keyboard) that integrates multiple toxicity constraints,
accounting for both DLT and LGT, for precise dose escalation and de-escalation, and identification of the maximum tolerated dose
(MTD). As a model-assisted design, an important feature of MC-Keyboard is that its dose-escalation or de-escalation rule can be
pretabulated and incorporated into the trial protocol before the initiation of the trial, greatly simplifying its implementation.
Results: The simulation study showed that the MC-Keyboard had high accuracy in identifying the MTD and is safer than
some existing designs. Conclusion: The MC-Keyboard provides a novel, simple, and safe approach to assessing safety and
identifying the MTD for targeted therapies and immunotherapies.
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INTRODUCTION

Traditionally, phase I trial designs have focused on
severe toxicities referred to as dose-limiting toxicities (DLT)
and perform dose escalation solely based on DLT occur-
rences. Treatment-related toxicities are classified into five
grades by the National Cancer Institute Common Termi-
nology Criteria for Adverse Events: grade 0, indicating no
toxicity; grades 1 and 2, indicating mild to moderate tox-
icity; and grades 3 and higher, indicating severe toxicity.[1]

DLT is typically defined as grade 3 or higher toxicity.[2]

The primary objective of conventional phase I trial designs
was to establish the maximum tolerated dose (MTD),
which was defined as the highest dose that yields a DLT
rate equal to or closest to a predefined target, such as 25%
or 30%.[3]

Numerous phase I designs based on DLT have been
proposed, including algorithm-based, model-based, and
model-assisted designs. An example of an algorithm-based

design is the widely used the 3 þ 3 design,[4] which, while
easy to understand and implement, often exhibits poor
performance in identifying the MTD accurately. Model-
based designs, such as the continual reassessment method
(CRM),[5] rely on statistical models for the dose-toxicity
relationship and continually update these models based
on accumulated data to guide dose escalation and de-esca-
lation. Althoughmodel-based designs generally outperform
the 3 þ 3 design, their implementation is hindered by
complex statistical models and estimation procedures.[6]

The model-assisted design was introduced to combine
the simplicity of the 3 þ 3 design with the superior perfor-
mance of model-based approaches.[6,7] An eminent example
of this category is the Bayesian optimal interval (BOIN)
design,[8] which derives its decision rules through rigor-
ous statistical optimization theory, akin to model-based
designs. At the same time, the resulting dose-escalation
and de-escalation rules can be pretabulated and incorpo-
rated into the trial protocol, mirroring the straightforward
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implementation of algorithm-based designs. The BOIN
design has garnered increasing attention for its ease of
implementation, high efficiency, and flexibility, leading
the United States Food and Drug Administration (FDA)
to designate it as a fit-for-purpose tool for drug develop-
ment.[9] Additionally, the Keyboard design represents
another model-assisted approach that has found practical
use.[10] However, most existing designs, including those
mentioned above, primarily focus on DLT, overlooking the
significance of low-grade (e.g., grade 1–2) toxicities (LGT).
The emergence of molecularly targeted therapies and

immunotherapies has posed a challenge to the conven-
tional dose-finding paradigm. These innovative treat-
ments exhibit distinct safety profiles compared with
traditional chemotherapies. Often, toxicities induced
by targeted therapies and immunotherapies manifest as
LGT, with rare instances of DLT. For instance, treat-
ment-related adverse events of grades 3 and higher were
observed in less than 10% of patients treated with pem-
brolizumab.[11] Consequently, applying the conventional
DLT-based designs to phase I trials of targeted therapies
and immunotherapies often fails to establish the MTD.
Furthermore, traditional designs neglect to account for

the impact of LGT, which, despite being less severe, hold
significant clinical relevance and bear substantial implica-
tions for treatment. The high frequency of LGTs can greatly
diminish the patient’s quality of life and lead to tolerance
issues, such as dose reduction, interruption, or termination,
ultimately affecting the treatment’s effectiveness. An exam-
ple is ceritinib, which initially received approval by the FDA
at a daily dose of 750 mg. However, an excessive number of
low-grade gastrointestinal toxicities were observed, leading
to dose modifications occurring in 38% of patients and
approximately 60% of patients requiring at least one dose
reduction.[12] As a result, the FDA modified the approved
dose to 450 mg.[13] This is one of the key issues that moti-
vated the FDA to launch Project Optimus to reform the
dose selection paradigm.
To address these limitations, we propose a novel phase

I design called the multiple-constraint keyboard (MC-
Keyboard), which integrates multiple toxicity constraints,
accounting for both DLT and LGT, for precise dose escala-
tion and de-escalation. Considering both toxicity types,
the proposed approach aimed to identify the MTD more
accurately, providing valuable insights for optimal treat-
ment strategies. The MC-Keyboard is an extension of the
Keyboard design. As a model-assisted design, the MC-Key-
board offers a crucial advantage in that its dose-escalation
and de-escalation rules can be tabulated and included in
the trial protocol even before commencing the trial. This
feature greatly simplifies the implementation of the MC-
Keyboard, making it a practical and efficient approach for
dose finding.
Several designs have been proposed to integrate LGT

into the dose-finding process. Bekele and Thall[14] intro-
duced the concept of severity weights and defined the MTD
as the dose associated with a prespecified expected total

toxicity burden, which aggregates severity weights for dif-
ferent toxicities. Yuan et al[15] developed the quasi-CRM
design, wherein toxicity grades are converted into the
number of DLT events and integrated into the CRM
using the quasi-Bernoulli likelihood. Lee et al[16,17] summa-
rized the toxicity profiles from cancer trials by employing a
toxicity burden score, determined through a weighted
sum, and established DLT criteria based on the toxicity
burden score. Furthermore, they proposed an extension
of CRM known as the multiple-toxicity constraints CRM
(MC-CRM), which accommodates multiple-toxicity thresh-
olds.[18] Mu et al[19] proposed the generalized BOIN, an
extension of BOIN that handles multiple-toxicity grades
and incorporates all existing toxicity burden scoring systems
within a unified framework.

METHODS

AReview of KeyboardDesign
We first briefly reviewed the Keyboard design,[10] which

was the foundation of the MC-Keyboard. Let /DLT denote
the prespecified target DLT rate, and dDLT denote the
indifference margins. Keyboard design starts by specifying
a target dosing interval (/DLT � dDLT ;/DLT þ dDLTÞ, referred
to as the “target key.” Any dose with a DLT rate in that
range is considered as the MTD. For example, when /DLT ¼
0.25 and dDLT ¼ 0:05, the target key or interval is (0.2,
0.3), implying a dose with a DLT rate within this range
could be deemed the MTD. Afterward, the design con-
structs a series of keys, equally spaced on both sides of the
target key. These keys serve as potential intervals where
the true DLT rate of the current dose is likely to lie. With
the observed data from the current dose level j, the “stron-
gest key” is identified, which corresponds to the key with
the largest posterior probability. The strongest key offers
crucial information regarding the probable location of the
true DLT rate for the current dose level.
Based on the target key and the strongest key, the

decision of dose escalation and de-escalation was made
as follows:

• If the strongest key is on the left side of the target key,
escalate the dose level to j þ 1 ;

• If the strongest key is on the right side of the target
key, de-escalate the dose level to j – 1;

• Otherwise, stay at the current dose, j.

Simulation studies have demonstrated that the Key-
board design performs on par with the model-based
CRM design and the model-assisted BOIN design while
outperforming the modified toxicity probability interval
design.[20] However, one of the limitations of the Key-
board design is that it makes dose escalation and de-
escalation decisions solely based on DLT, disregarding
the importance of LGT in early-phase clinical trials.
To address this limitation, we introduced the MC-
Keyboard design to incorporate the relevance of both DLT
and LGT.
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MC-KeyboardDesign
The MC-Keyboard determines dose escalation or de-

escalation based on both DLT and LGT. Let /LGT denote the
prespecified target for the LGT rate, representing the highest
acceptable LGT rate, and dLGT denote the corresponding
indifference margin. Suppose that the current dose level is j,
to determine the dose for the next cohort of patients, the
MC-Keyboard forms two sets of keys independently based
on (/DLT ; dDLTÞ and (/LGT ; dLGTÞ, respectively. The indiffer-
ence margins dDLT and dLGT determine the width of the key.
They should be chosen in a way that any deviation from
the target /DLT , no more than dDLT , and any deviation from
the target /LGT , no more than dLGT , are deemed clinically
not different from the targets. The values of dDLT and dLGT
are typically selected within the range of 0.05 to 0.1 and
may differ from each other. The margin within the range of
0.05 to 0.1 might seem large, but it is actually reasonable
considering small sample size (e.g., 3–9 patients at each
dose) and thus the very limited power to distinguish a dif-
ference within the range of 0.05 to 0.1. In application, the
values of /DLT , dDLT , /LGT , and dLGT should be chosen care-
fully based on the treatment’s characteristics, clinicians’
prior knowledge of risks and benefits of the treatment, and
patients’ inputs. They should also be calibrated by simula-
tion to ensure desirable operating characteristics. These val-
ues may vary from trial to trial.
We apply the same posterior probability calculation

as the Keyboard design to DLT data and LGT data inde-
pendently to determine the strongest key for each toxic-
ity type. The strongest key for LGT indicates the most
likely location of the true LGT rate, while the strongest
key for DLT presents where the true DLT rate is most
likely located.
Given the identified strongest keys for LGT and DLT,

the dose-escalation and de-escalation rule of MC-Keyboard
is as follows and illustrated in Figure 1.

• If the strongest key of LGT is on the left side of its tar-
get key AND the strongest key of DLT is on the left
side of its target key, escalate the dose level to j þ 1;

• If the strongest key of LGT is on the right side of its
target key OR the strongest key of DLT is on the right
side of its target key, de-escalate the dose level to j – 1;

• Otherwise, stay at the current dose j.

The trial proceeds with dose escalation or de-escalation
using the above rule until a predefined stopping criterion
is met (e.g., stopping when a predetermined maximum
sample size is achieved). Subsequently, based on the accumu-
lated DLT and LGT data across all doses, the MC-Keyboard
identifies the MTD as follows. The design first identifies
the dose, denoted as dDLT , whose estimate of the DLT rate
is closest to the prespecified target DLT rate /DLT . Simi-
larly, it identifies another dose, denoted as dLGT , whose
estimate of the LGT rate is closest to the prespecified tar-
get LGT rate /LGT . The MTD is then determined as the
minimum of dDLT and dLGT , ensuring that the MTD
accounts for both DLT and LGT considerations. To

differentiate this MTD, which considers both DLT and
LGT, from the traditional definition of MTD based solely
on DLT, we will henceforth refer to the latter as the DLT-
based MTD. The MC-Keyboard design employs a statisti-
cal method known as isotonic regression to obtain the
estimates of the DLT rate and LGT rate for each dose. The
details of this method can be found in the works of Liu
and Yuan[8] and Yan et al.[10] The technical details of the
MC-Keyboard are provided in the Supplementary Materi-
als (available online). Here, we select the MTD as the dose
that has the estimate closest to the target LDT and LGT
rates, which could be outside of the target intervals, i.e.,
(/DLT � dDLT ;/DLT þ dDLTÞ and (/LGT � dLGT ;/LGT þ dLGTÞ.
This selection rule aligns with the majority of dose-find-
ing methods. Nevertheless, if desired, it is straightforward
to impose the additional condition that the estimate of
the DLT rate and/or LGT rate for the MTDmust be located
within the target intervals. However, it is important to
note that this additional condition may be excessively
restrictive, given the small sample size. There is a substan-
tial likelihood that the estimates of DLT and LGT rates are
outside the target intervals, even when the true DLT and
LGT rates are within the target intervals and vice versa.
As a model-assisted design, the MC-Keyboard offers a

crucial advantage in that its dose-escalation and de-
escalation rule described above can be tabulated and
included in the trial protocol before commencing the
trial. This feature greatly simplifies the implementation
of the MC-Keyboard, making it a practical and efficient
approach for dose finding. Table 1 presents the MC-Key-
board decision rule for a cohort size of 3, with a target
LGT rate /LGT ¼ 0.35 and a target DLT rate /DLT ¼ 0.2.
For example, suppose that among three patients treated

Figure 1. Dose escalation, retainment, and de-escalation region of
the MC-Keyboard. MC-Keyboard: multiple-constraint keyboard.
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at the current dose, none experienced DLTand LGT (with-
out DLT); by looking up the table, the dose should be
escalated. Consider another case where nine patients
have been treated at the current dose, one patient
experienced DLT, and four experienced LGT without
DLT; then the dose should be de-escalated. Of note, if
a patient experiences multiple different-grade toxici-
ties, only the highest grade is counted for that patient
to guide dose escalation. For example, if a patient
experienced grade 2 hypotension and grade 4 nausea,
that patient is counted as a DLT, not LGT. In addition,
it is important to mention that Table 1 assumes a
cohort size of 3; however, the MC-Keyboard is flexible
and can be applied for any prespecified cohort size.
The MC-Keyboard’s simplicity stands in contrast to com-

petitive methods like the model-based MC-CRM, which
also considers multiple toxicity constraints but requires
complex real-time model fitting and estimation for dose
assignment in each cohort. Simulation studies demon-
strate that the MC-Keyboard offers accuracy similar to
the MC-CRM in identifying the MTD but is safer.
For patient safety, the MC-Keyboard includes a dose

elimination and early stopping rule as follows. When the
observed data at the current dose level indicates a high
posterior probability (e.g., 95% chance) that the dose is
above the MTD, the current dose and higher doses are
eliminated from the trial. Subsequently, the next cohort
of patients is treated at the next lower dose. Note that at
least three patients must be treated before a dose can be
eliminated. If the lowest dose is eliminated, the trial is termi-
nated early, and no MTD is selected. This dose-elimination
rule is applied after each cohort and is displayed in
Table 1 under the column titled “De-escalate,” repre-
sented as “Y&Elimi,” signifying the de-escalation of the
current dose and elimination of it and higher doses. For
instance, when six patients have been treated at the cur-
rent dose, among them, three patients experienced DLT,
and three patients had LGT without DLT. The MC-

Table 1. Dose-escalation and de-escalation decision rule table
for the MC-Keyboard with a cohort size of 3, a target DLT rate
of 0.2, and a target LGT rate of 0.35

No. of Patients Treated

at Current Dose Level

DLTs

(n)

LGTs

(n)

Decision

Escalate Stay De-escalate

3 0 0 Y

3 0 1 Y

3 0 2 Y

3 0 3 Y&Elim

3 1 0–1 Y

3 1 2 Y&Elim

3 2–3 0–1 Y&Elim

6 0 0–1 Y

6 0 2 Y

6 0 3–4 Y

6 0 5–6 Y&Elim

6 1 0–2 Y

6 1 3–4 Y

6 1 5 Y&Elim

6 2 0–3 Y

6 2 4 Y&Elim

6 3–6 0–3 Y&Elim

9 0 0–2 Y

9 0 3 Y

9 0 4–5 Y

9 0 6–9 Y&Elim

9 1 0–2 Y

9 1 3 Y

9 1 4–5 Y

9 1 6–8 Y&Elim

9 2 0–3 Y

9 2 4–5 Y

9 2 6–7 Y&Elim

9 3 0–5 Y

9 3 6 Y&Elim

9 4–9 0–5 Y&Elim

12 0 0–3 Y

12 0 4 Y

12 0 5–6 Y

12 0 7–12 Y&Elim

12 1 0–3 Y

12 1 4 Y

12 1 5–6 Y

12 1 7–11 Y&Elim

12 2 0–4 Y

12 2 5–6 Y

12 2 7–10 Y&Elim

12 3 0–6 Y

12 3 7–9 Y&Elim

12 4 0–6 Y

12 4 7–8 Y&Elim

12 5–12 0–7 Y&Elim

15 0 0–4 Y

15 0 5 Y

15 0 6�8 Y

15 0 9�15 Y&Elim

15 1 0�4 Y

15 1 5 Y

15 1 6�8 Y

15 1 9�14 Y&Elim

15 2 0�4 Y

15 2 5 Y

15 2 6�8 Y

15 2 9�13 Y&Elim

Table 1 continues on next column

Table 1. Continued

No. of Patients Treated

at Current Dose Level

DLTs

(n)

LGTs

(n)

Decision

Escalate Stay De-escalate

15 3 0�5 Y

15 3 6�8 Y

15 3 9�12 Y&Elim

15 4 0�8 Y

15 4 9�11 Y&Elim

15 5 0�8 Y

15 5 9�10 Y&Elim

15 6–15 0�9 Y&Elim

Note: If a patient experiences multiple different-grade toxicities (e.g.,
both DLT and LGT), only the highest grade (e.g., DLT) is counted
for that patient to guide dose escalation (i.e., the patient is only
counted once).
MC-Keyboard: multiple-constraint keyboard; DLTs: dose-limiting
toxicities; LGTs: low-grade toxicities; Y: yes; Y&Elim: de-escalating the
current dose and eliminating this dose and higher doses.
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Keyboard would then eliminate the current and higher
doses, and the next cohort would be treated at the next
lower dose, ensuring patient safety. The MC-Keyboard
design is summarized in Box 1.

Box1.MC-KeyboardDesign

1. Start the trial by treating the first cohort of patients
at the lowest dose;

2. Count the number of patients treated, the number
of patients who experienced DLT, and the number
of patients who experienced LGT (without DLT) at
the current dose. Then, select the dose for the next
cohort of patients based on the MC-Keyboard deci-
sion rule table (e.g., Table 1);

3. Repeat step 2 until the maximum sample size is
reached or the trial is terminated early for safety;

4. Select the MTD based on both DLT and LGT data
using isotonic regression as described in the main
text.

Trial Example
We present a hypothetical example to illustrate using

the MC-Keyboard in practice. Consider a phase I trial that
aims to find the MTD with a target LGT rate of 0.35, a tar-
get DLT rate of 0.2, and an indifference margin of 0.05 for
both LGT and DLT. The target rates were chosen based on
the input of clinicians involved in the trial to reflect the
clinical consideration that the desirable DLT rate and LGT
rate should not exceed 0.25 (i.e., 0.2 þ 0.05) and 0.4 (i.e.,
0.35 þ 0.05), respectively. The total sample size is 30, and
patients are treated in cohorts of three. There are five
doses. Figure 2 shows the dose-escalation or de-escalation
process by applying the MC-Keyboard design. The trial

started by assigning the first cohort of patients to the low-
est dose, dose level 1. No DLTs and LGTs were observed
among the three patients. Based on the decision rule pre-
sented in Table 1, the next three patients were treated at
dose level 2. As none experienced DLTand LGTat this dose
level, the dose was escalated to dose level 3 for the next
cohort. Among the three patients treated at dose level 3,
no DLTs and LGTs were observed, and the next cohort was
treated at dose level 4. Because one DLT and one LGT were
observed at dose level 4, the MC-Keyboard de-escalated the
dose to level 3 for the next cohort. However, in this case,
the 3þ 3 design would retain dose level 4 because of ignor-
ing LGT information. Based on all observed data at the cur-
rent dose and by continuously applying the decision rule
in Table 1, the trial ended when the maximum sample size
of 30 was reached. Finally, observed DLT rates and LGT
rates for five doses were (0/3, 0/3, 2/18, 1/6, 0/0) and (0/3,
0/3, 6/18, 3/6, 0/0), respectively. TheMC-Keyboard selected
dose 3 as the MTD with an estimated LGT rate of 33% and
DLT rate of 11%, whereas the 3 þ 3 design would select
dose 4 (overly toxic, with an estimated LGT rate of 50%)
or higher as MTD because of ignoring LGT information.

RESULTS

Simulation Configuration
We evaluated the operating characteristics of the MC-

Keyboard through computer simulation. We compared
the MC-Keyboard with the 3 þ 3 and Keyboard designs,[10]

which only consider DLT and ignore LGT. We considered
five doses with a target LGT rate of 0.35 and a target DLT
rate of 0.2. The total sample size is 30, and patients are
treated in cohorts of 3. We considered eight scenarios that
are displayed in Table 2. Under each scenario, we simulated
1000 trials. Because the 3 þ 3 design often stops the trial

Figure 2. A hypothetical trial to illustrate the MC-Keyboard, with a
total sample size of 30, cohort size of 3, target DLT rate of 20%, and
target LGT rate of 35%. Dose level 3 was selected as the MTD based
on DLT and LGT. In contrast, the 3 þ 3 design, based only on DLT,
would select dose level 4 or higher as the MTD. MC-Keyboard: multiple-
constraint keyboard; DLT: dose-limiting toxicity; LGT: low-grade
toxicity; MTD: maximum tolerated dose.

Table 2. Eight scenarios for true DLT and LGT rates, with the
target DLT rate of 0.2 and the target LGT rate of 0.35

Scenario Toxicity

Dose Level

1 2 3 4 5

1 DLT rate 0.10 0.20 0.27 0.38 0.42
LGT rate 0.19 0.35 0.42 0.44 0.45

2 DLT rate 0.03 0.10 0.20 0.26 0.37
LGT rate 0.10 0.18 0.35 0.43 0.50

3 DLT rate 0.03 0.06 0.10 0.20 0.26
LGT rate 0.05 0.09 0.18 0.35 0.45

4 DLT rate 0.01 0.02 0.04 0.08 0.20
LGT rate 0.05 0.06 0.10 0.18 0.35

5 DLT rate 0.12 0.20 0.28 0.34 0.43
LGT rate 0.35 0.42 0.46 0.50 0.52

6 DLT rate 0.03 0.06 0.08 0.12 0.20
LGT rate 0.06 0.10 0.19 0.35 0.46

7 DLT rate 0.03 0.05 0.11 0.20 0.33
LGT rate 0.09 0.20 0.35 0.45 0.49

8 DLT rate 0.04 0.10 0.20 0.35 0.40
LGT rate 0.18 0.35 0.46 0.52 0.53

The true maximum tolerated dose is in bold. DLT: dose-limiting
toxicity; LGT: low-grade toxicity.
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early (e.g., when 2/3 patients have DLT) before the total
sample size is reached, to have a comparable sample size,
the remaining patients are assigned to the selected MTD as
a dose expansion.

PerformanceMetrics
Following Zhou et al,[21] we used the following perfor-

mance metrics to summarize the operating characteris-
tics of the designs.

(a) Accuracy

1. Percentage of correct selection (PCS) of the MTD
2. Percentage of patients treated at the MTD

(b) Safety

3. Percentage of trials that select over toxic doses
(above the MTD)

4. Percentage of patients assigned to over-toxic doses
(above the MTD)

5. Percentage of trials terminated early because of
toxicity

(c) Reliability

6. The risk of overdosing, defined as the percentage
of trials with 60% or more patients assigned to
doses above the MTD

7. The risk of poor allocation, defined as the percent-
age of trials where less than six patients are
assigned to the MTD

8. The risk of irrational dose assignment, defined as
the percentage of trials that fail to de-escalate the
dose when two out of the first three patients had
DLTs at any dose

Simulation Results

Accuracy
Figure 3 presents the results for PCS and the percentage

of patients treated at the MTD for the 3þ 3, Keyboard, and
MC-Keyboard designs. Both the Keyboard and MC-

Keyboard surpass the 3 þ 3 design, exhibiting higher PCS
rates and larger percentages of patients treated at the
MTD. In scenarios 1–4, where the MTD aligns with the
DLT-based MTD, the MC-Keyboard performs comparable
to the Keyboard, with slightly lower percentages of
patients treated at the MTD (e.g., 4.7% and 4.4% lower
in scenarios 1 and 3) but slightly higher PCS rates (e.g.,
2.2% and 1.9% higher in scenarios 1 and 2). However, in
scenarios 5–8, where the MTD falls below the DLT-based
MTD, the MC-Keyboard substantially outperforms the
Keyboard. By ignoring LGT, the Keyboard, tends to select
overly toxic doses, resulting in significantly lower PCS
rates and percentages of patients treated at the MTD. For
instance, in scenario 5, the Keyboard exhibits a 30%
lower PCS rate and a 27.5% lower percentage of patients
treated at the MTD compared with the MC-Keyboard.
This outcome underscores the critical importance of con-
sidering both LGTand DLT in dose-finding trials.

Safety
Figure 4 shows the safety results, including the percent-

ages of trials selecting doses above theMTD, the percentages
of patients assigned to overly toxic doses, and the percent-
ages of trials that were stopped early because of toxicity.
The MC-Keyboard consistently demonstrates superior safety
compared with the 3 þ 3 and Keyboard designs. It exhibits
lower percentages of overdosing selection, fewer patients
overdosed in most scenarios, and higher percentages of
trials stopped for toxicity in scenarios 5–8.

Reliability
Figure 5 displays the results of reliability metrics, includ-

ing risks related to overdosing, poor allocation, and irra-
tional dose assignment. Of note, all the designs exhibit no
risk of irrational dose assignment. In terms of the risk of
overdosing 60% or more patients, the MC-Keyboard stands
out with a lower risk compared with the 3 þ 3 and Key-
board designs, especially in scenarios 5–8. For instance, in
scenario 8, the MC-Keyboard presents a 33.1% lower
chance of overdosing 60% or more patients than the Key-
board. The risk of poor allocation with the MC-Keyboard is

Figure 3. A) PCS of MTD and B) a percentage of patients treated at MTD for the 3 þ 3, Keyboard, and MC-Keyboard designs, with a target DLT
rate of 0.2 and target LGT rate of 0.35. PCS: percentage of correct selection; MTD: maximum tolerated dose; MC-Keyboard: multiple-constraint
keyboard; DLT: dose-limiting toxicity; LGT: low-grade toxicity.
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higher than that of the Keyboard in scenarios 1–4, but it
becomes lower in scenarios 5 through 8. Overall, the
MC-Keyboard demonstrates a good performance in terms
of reliability.

Sensitivity Analysis
We also examined different target DLT rates of 0.3 and

target LGT rates of 0.4. The corresponding dose-escalation
and de-escalation decision tables and true scenarios are dis-
played in Table S1 and Table S2, respectively (Supplemen-
tary Materials are available online). The simulation results
(refer to Supplemental Figs. S1–S3) generally align with
those previously described. Furthermore, we conducted a
comparison between the MC-Keyboard and the model-
based MC-CRM.[18] The simulation results are depicted in
Supplemental Figures S4–S6. Overall, the MC-Keyboard’s
performance is either comparable or superior to that of
the MC-CRM. The most notable advantage of the MC-
Keyboard, in comparison to the MC-CRM, lies in its sim-
plicity. The MC-CRM necessitates the specification of a
complex statistical model and repeated estimation after
each cohort, whereas implementing the MC-Keyboard
merely requires referencing the decision table (Table 1).

DISCUSSION

Generalized from the Keyboard design, the MC-Keyboard
accounts for both DLT and LGT, precisely guiding dose

escalation or de-escalation and determining the MTD for
immunotherapy ormolecularly targeted agent trials. When
compared with the 3 þ 3 and Keyboard designs, the MC-
Keyboard offers the same convenience for practical imple-
mentation but boasts higher accuracy in finding the MTD
and enhanced safety. In contrast to the complex model-
based design of the MC-CRM, the MC-Keyboard exhibits
comparable accuracy in identifying the MTD while being
safer, more reliable, and easier for clinicians to implement.
Additionally, unlike the 3 þ 3 design with a fixed cohort
size of three patients, the MC-Keyboard can be applied
with any specified cohort size, providing greater flexibility
for clinicians who can select the cohort size based on prac-
tical considerations.
The MC-Keyboard primarily focuses on assessing DLT

and LGT, defined as binary endpoints. In practice, it may be
interesting to further distinguish between grade 1 and grade
2 toxicities, as well as the severity of different types of toxici-
ties. An approach to incorporate this consideration is by
assigning different weights to various grades and types of
toxicities. For example, grade 1 increased amylase could be
counted as 0.6 LGT, and grade 2 anorexia could be counted
as 1 LGT. This approach can also be used to account for the
larger uncertainty related to rating the attribution of LGT
compared with DLT. For instance, an LGT with clear evi-
dence of being drug-related could be counted as a full LGT,
while an LGTwith uncertainty regarding whether it is drug-

Figure 4. A) The percentage of trials selecting doses above MTD, B) a percentage of patients treated at doses above MTD, and C) a percentage of
trials early stopped for toxicity for the 3 þ 3, Keyboard, and MC-Keyboard designs, with the target DLT rate of 0.2 and target LGT rate of 0.35.
MTD: maximum tolerated dose; MC-Keyboard: multiple-constraint keyboard; DLT: dose-limiting toxicity; LGT: low-grade toxicity.
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related is counted as a fraction of LGT (eg, an LGT that is
considered to have a 30% chance of being drug-related
is counted as 0.3 LGT). Depending on the trial setting,
for patients who have experienced multiple grades and
types of toxicities, we can either count the most severe
LGT they experienced or sum up all toxicities as the
total toxicity burden. Then, the MC-Keyboard can be
applied to guide dose escalation. It is worth noting
that in this case, the number of LGT and DLT may not
be integers, but this poses no issue based on a statisti-
cal method known as the quasi–binomial-likelihood
approach.[15,19]

In addition, the MC-Keyboard can be readily extended
to accommodate more than two categories of toxicities.
For instance, in certain trials, it is useful to consider three
levels of toxicities (low, medium, high) and incorporate
three corresponding constraints to guide dose escalation
and determine the MTD. Moreover, DLT and LGT tend to
be late onset for many immunotherapy agents. This poses
logistical challenges when implementing the MC-Keyboard
because the design necessitates that patients treated at the
current dose must complete DLT and LGT assessments
before enrolling the next cohort. This can result in infeasi-
bly long trials. To address this issue, an approach similar to
that of TITE-BOIN[22] or Lin and Yuan [23] may be
adopted to extend the MC-Keyboard’s applicability and
accommodate late-onset toxicities.

Lastly, it is worth noting that immunotherapy agents
are frequently administered in combination with other
agents. The MC-Keyboard can be further extended to deter-
mine MTDs in drug combination trials, following a similar
approach to the Keyboard combination design by Pan and
colleagues.[24]

Supplemental Material

Supplemental materials are available online with the
article.
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