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Basic concepts in dose-finding

Sylvie Chevret
Département de Biostatistique et Informatique Médicale, U717 Inserm,
Hôpital Saint-Louis, Paris, France

1.1 Main concepts
Dose-finding trials aim at coming up with a safe and efficient drug administration in
humans [1]. They are defined as early phase clinical experiments in which different
doses of a new drug are evaluated to determine the optimal dose that elicits a cer-
tain response to be recommended for the treatment of patients with a given medical
condition. They are to be distinguished from preclinical quantal bioassays, though
statistical analysis of both experiments may be closely related [2–5], as detailed be-
low. They should also be distinguished from dose-ranging experiments, though there
is a frequent confusion in literature between dose-ranging and dose-finding [6]. Actu-
ally, we will consider dose-ranging as the (often random) comparison of two or more
doses of a drug in terms of response, which is not within the scope of this book.

Besides this controversy, the definition of dose-finding studies always uses several
distinct concepts of dose, response and optimal dose, which should be clearly defined.
The dose is the amount of active substance given in a single administration or repeated
over a given period, according to a certain administration schedule of equal or un-
equal single doses at equal or unequal intervals. Of note, it is sometimes important
to include the patient’s body weight (notably in children) in the expression of doses.
The response is the patient’s outcome of interest, defined either in terms of toxic-
ity/tolerability or therapeutic points of view. The tolerability is commonly measured
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by the appareance of unwanted signs and symptoms and changes in some clinical
and laboratory findings, denoting some adverse reactions following drug administra-
tion. By contrast, the therapeutic response is measured by the change observed in
one or more variables taken as indications of the intensity of the patient’s condition,
i.e. depending on the disease under study. According to the measured outcome, ei-
ther toxicity or therapeutic response, two optimal doses are defined in dose-finding,
namely the maximal tolerated dose (MTD) and the minimal effective dose (MED).
The maximal tolerated dose is often defined as the dose that produces an ‘acceptable’
level of toxicity [7] or which, if exceeded, would put patients at ‘unacceptable’ risk
for toxicity, or the dose producing a certain frequency of (medically unacceptable)
reversible, dose-limiting toxicity (DLT) within the treated patient population. DLT
includes host effects up to the point that is acceptable to the patient, based on sev-
eral severity grading scales of adverse events, such as the common toxicity criteria
developed by the National Cancer Institute of the United States. For instance, in oncol-
ogy, DLT is usually defined as any nonhaematological grade III or grade IV toxicity
(except alopecia, nausea, vomiting or fever, which can be rapidly controlled with
appropriate measures), or an absolute neutrophil count <500/ml for at least 7 days, or
febrile neutropenia (absolute neutrophil count <500/ml for at least 3 days and fever
above 38.5 ◦C for 24 hours), or thrombocytopenia grade IV. The minimal effective
dose (MED) is the dose that elicits a prescribed lowest therapeutic response. Such
definitions are particularly important by conditionning the definition of the endpoint
in dose-finding experiments; they will be discussed in Section 1.3.3.2. The difference
between these two doses defines the therapeutic area (window) of interest.

Dose-finding experiments are common for evaluating tolerability, while dose-
finding studies of efficacy are unusual. Dose-finding experiments that focus on the
evaluation of MTD are referred to as phase I clinical trials, whereas those focusing
on the evaluation of MED are referred to as (early) phase II clinical trials. Most of
the time, dose-finding experiments are restricted to phase I trials.

Traditionally, phase I trials are considered ‘first in human’ studies, following
extensive preclinical testing. However, it is important to recognize that phase I studies
are not limited to ‘first in human’ studies. Subsequent phase I trials often evaluate new
schedules or combinations with established drugs. In addition, these secondary phase
I studies may focus on a particular population that was excluded in prior studies, such
as children.

The primary goal of phase I trials is to determine the appropriate dose for phase
II evaluation, i.e. attempting to define a standardized treatment schedule to be safely
applied to humans and worth being further investigated for efficiency. Phase I clin-
ical trials are performed in many medical areas, but are particularly important in
cancer, where they are the essential gateways to the development of new therapies.
Otherwise, for most drugs, as long as the expected toxicity is mild and can be con-
trolled without harm, dose-finding phase I trials involve the administration of usually
subtherapeutic doses of a new agent to healthy adult volunteers, in specially dedi-
cated clinical pharmacology units, to investigate the initial safety and tolerability, and
also the pharmacokinetic drug profile and the pharmacodynamics [8]. By contrast, in
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life-threatening diseases, such as cancer and AIDS, because of the toxicity that gener-
ally is observed in preclinical studies, phase I trials of new agents cannot be conducted
in healthy volunteers. In these settings, participants in phase I trials are almost always
patients with refractory disease or for whom there is no standard therapy, often at a
very high risk of death, who consent to participate in the trial only as a last resort in
seeking a cure.

Actually, most attention has been devoted to the design, conduct and analysis
of phase I dose-finding experiments in cancer patients. Besides the main differ-
ence described above in enrolled subjects, there are many other differences in the
design, the endpoints and the analysis of dose-finding phase I experiments con-
ducted in healthy volunteers and those conducted in cancer patients. Therefore,
dose-finding methods for phase I healthy volunteer studies will be treated separately
(in Chapter 9).

By contrast, there are fewer differences in statistical methods between dose-
finding experiments for cancer phase I studies and those for phase II studies than
between dose-finding phase I studies in cancer and in healthy volunteers. Most of the
methods presented below focus on dose-finding in phase I cancer studies, but would
be extended easily to dose-finding phase II studies in noncancer populations.

1.2 Main issues from a pharmaceutical
point of view

Drug development is a continuous process through which the knowledge of efficacy
and safety of an experimental drug is gradually accumulated. For designing confirma-
tory (phase III) trials, it is essential to have sufficient knowledge of one or two doses
of the drug that can be considered as optimal for safety and efficacy. A well-designed
dose-finding study should provide valuable information for this purpose. Actually, it
constitutes one of the most important steps in the drug’s development [9].

Notably, it should be kept in mind that failure to identify an appropriate dose can
cause delays throughout the drug development process, increase cost and, at last not
at least, compromise the commercial success of the marketed drug, and even cause
widespread harm to patients. This underlines the need for understanding the scientific
and regulatory aspects of dose selection, as well as effective statistical methods for
identifying dosing regimens with maximized likelihood of efficacy and minimized
risk of toxicity. This will be detailed in Chapter 2.

1.3 Statistical issues of dose-finding phase I trials
As stated above, the dose-finding phase I trials usually represent the first application
of a proposed drug to humans. Despite the centrality of these early-phase trials to the
process of drug evaluation, they are not well understood, are subject to many popular
misconceptions [10] and are still unfamiliar to most physicians. Moreover, besides
some guidelines established for phase I trial execution during the 1970s, statistical
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considerations have been mostly absent from the design, analysis and reporting of
these studies until the 1990s. Nevertheless, phase I trials pose challenging problems for
the ethical conduct, for efficient design and for inference (with increased confidence
that our estimate is accurate) of these studies, all of which have important statistical
content [11].

1.3.1 Ethical concerns

Dose-finding studies involve humans, either healthy volunteers or patients. Therefore,
investigators conducting dose-finding trials must adhere to the ethical norms of clinical
research. Moreover, as first-in-man studies, the safety of the participating subjects is
of primary concern. Phase I trials are studies of, for and (increasingly) with patients.
However, the research goals may differ from the patients’ goals, and there is no
consensus on how to achieve the researcher’s goals in the most efficient and ethically
appropriate way. Actually, ethical issues have markedly influenced the sample size
and the design of these studies.

Firstly, typical sample sizes of dose-finding studies are small, commonly about
20 subjects. As mentioned by Gatsonis and Greenhouse [12], perhaps the limited
sample size and the ethical concerns, closely related, are the two most serious problems
currently facing phase I study designs.

Secondly, some rather special designs are used in dose-finding. Indeed, the de-
sign has long been governed by the ethical constraint of minimizing subjects treated
at toxic doses. Therefore, randomly assigning patients between several dose levels
appeared unacceptable. Doing so, some subjects will be assigned to low doses that
are known to be suboptimal in terms of efficacy while other subjects will be exposed
to high doses that are very toxic. Initial standard phase I designs were rule-based (or
algorithm-based) dose-escalation schemes in which the dose is gradually increased
throughout the experiment from the lowest dose level until some desired response or
unwarranted toxicity is observed (see Chapter 3). Intrapatient dose-escalation is fre-
quently not permitted because of concerns about cumulative toxicity obscuring effects
at a subsequent dose level. However, accelerated titration designs have been devel-
oped using such an within-patient dose escalation [13], notably in healthy volunteers.
Such designs will be developed in Chapter 4.

In traditional between-patient group escalation designs, because of fears for safety,
an escalation of doses by group takes place. Thus, the first dose will be examined in one
group of patients before proceeding to study the next dose and so forth. The starting
dose and the escalation scheme, which both determine the distribution of patients at
potentially toxic dose levels, deal with the issue of safety. Issues raised in determining
the starting dose and escalation scheme will be discussed below (Section 1.3.2).

Nevertheless, when conducted in AIDS or cancer patients, phase I trials also
have a therapeutic aim. Thus, another ethical obligation, more recently reported, is to
maximize the chance that the dose which an individual receives has the potential for
therapeutic value or, in other words, that the number of patients treated at ineffective
doses should also be minimized [14]. Therefore, the process of dose escalation is
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governed by a fundamental conflict. On the one hand, there is a need to go slowly
in order to avoid a sudden jump from no observable toxicity to a lethal dose; on the
other hand, there is a need to go rapidly, so that large numbers of patients are not
treated at ineffective doses. In this setting, there is a need to balance the concern
for patient safety when being treated with an unknown agent, as reflected in careful
dose escalation and the desire to treat at doses that will be close to the recommended
phase II dose, thus increasing the likelihood of benefit. Thus, one should design
cancer phase I trials to minimize both the number of patients treated at low, nonther-
apeutic doses, as well as the number given severely toxic overdoses. Attention has
been directed towards the objective of treating as many phase I patients as possible
close to the MTD (see Chapter 6). Alternate designs were developed to treat as few
patients as possible at a biologically inactive dose level. This will be discussed in
Chapter 8.

Finally, two fundamental ethical challenges are often raised about phase I cancer
trials, namely the risk–benefit ratio and informed consent, but available data do not
support these objections [15].

1.3.2 Design

During the past decade, the importance of properly designed early (phase I) trials has
led to dramatic changes in their traditional 3 + 3 design (see Chapter 3), including
selection of starting dose and rapidity of dose-escalation.

1.3.2.1 Starting dose

To begin human testing, a safe starting dose is needed. This is an important step in
dose-findings for anticancer drugs [16]. Guidelines for determining phase I starting
doses for chemotherapeutic agents were developed following retrospective reviews
that compared specific toxic dose levels in animals and in humans [17]. Actually, the
current preclinical toxicology does provide the basis for a safe starting dose, tailored
to potency in rodents. As safety was the primary concern, the starting dose has been
long calculated as the highest fraction of a specific toxic dose level, in a particular
animal species. Early in the history of the development process for phase I trials,
preclinical toxicology studies were used to define the toxic dose low (TDL), or first
toxic dose, in dogs and monkeys for safety considerations in clinical trials; one-third
of the TDL in the more sensitive species was chosen as a safe starting dose for phase
I trials of antitumor agents [18]. However, later studies suggested that the LD10 in
mice, i.e. the dose that was lethal to 10 % of animals, would be a safe starting dose
and would decrease the number of dose-escalation steps required to reach the MTD
as compared with one-third of the TDL in dogs and monkeys [19]. One-tenth of the
mouse LD10, expressed in milligrams per meters squared, has historically been found
to be a safe starting dose in humans, as long as that dose is not lethal or life-threatening
to a second species (e.g. rat, dog). This provides the commonly used basis for initial
doses in phase I studies [20]. The question of whether higher starting doses can be
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safely used was recently pointed out [21], notably through the use of interspecies
scaling [16]. This could help to save time and avoid unecessary steps in attaining
MTD in dose-finding experiments.

1.3.2.2 Dose-escalation

Standard phase I design is a rule-based dose-escalation scheme, in which the dose
is gradually increased throughout the experiment until some desired response or
unwarranted toxicity is observed. Until recently, it was expected that dose-escalation
for all anticancer drugs would continue until limited by toxicity.

The traditional phase I design is algorithm-based. For escalating doses above
the starting dose, the modified Fibonacci search scheme [22] with escalations in
decreasing increments was initially applied to phase I studies on nitrosourea [23].
Once the starting dose has been evaluated, the rate of escalation is empirically defined
by a modified Fibonacci series. The initial dose escalation is thus rapid (100 %, or
doubling of the dose) and narrows down with successive increases until the 30–35 %
range is reached (actually, dose increases of 100 %, 65 %, 50 %, 40 % and 30–35 %
thereafter). In theory, this approach would decrease the risk of overshooting the MTD
as it is approached, but scientific justification for it is lacking.

The widely used standard phase I design (so called 3 + 3 design) is very simple. It
uses three patients at each dose level until one of three patients have DLT; then three
more patients are added. If none of the three additional patients have DLT, escalation
continues; if one or more of the additional patients have DLT and only three patients
were evaluated at the next lower dose, additional patients are added to the lower dose
level. Otherwise, the trial is stopped.

This standard approach treats the MTD as being identifiable from the data [24],
and thus is a statistic rather than a parameter. Actually, no estimation is involved. Of
note, the derivation of exact formulae for statistical quantities of interest has recently
been proposed [25, 26].

By design, the MTD estimate relies heavily on the actual cohort of patients treated
and the order in which they enter the study. A review of phase I studies undergone
during the period 1977–89 has documented that the usual methods for choosing start-
ing doses and dose-escalation schemes for phase I studies are overly conservative
and delay opportunities for therapeutic benefit in phase I and subsequent phase II
trials [27]. Because of the small number of patients who actually receive the recom-
mended phase II dose, there is a large uncertainty in the toxicity rate associated with
that dose. For instance, if all three patients of a hypothetical cohort experience dose-
limiting toxicity, most investigators would agree that the recommended phase II dose
has been exceeded. However, even in that setting, one must acknowledge that the 95
% exact confidence interval for the incidence of dose-limiting toxicity is 37–100 %.
Many investigators would not accept a 33% rate of dose-limiting toxicity (two out of
six patients) at the recommended phase II dose; however, the 95 % exact confidence
interval for this dose-limiting toxicity rate is quite broad (6–73 %). Otherwise, statis-
ticians feel that conventional methods in widespread use for dose-finding in phase I
clinical trials are unrealiable, pointing out the need for alternative methods [28]. As
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an illustration, all participants in a workshop on phase I trial designs in cancer drug
development stated that they no longer would routinely use standard dose escalation
when designing a phase I trial [21].

Therefore, other rules for escalating and de-escalating dose levels have been pro-
posed. For more rapid and efficient dose-escalation schemes, pharmacologically based
designs have been proposed in recent years. Like the traditional modified Fibonacci-
based design, these methods use toxicity, and specifically DLT, as the endpoint of
the trial, using toxicologic projections that are based on pharmacological information
from preclinical models. Such pharmacokinetically guided determination of the MTD
has been suggested in cancer [11,14,29], using preclinical and pharmacokinetical in-
formation in the choice of starting dose, rate of escalation and design. They will be
discussed in Chapter 4.

Finally, statistical-based designs, which treat the MTD as a population parameter,
are driven by accumulating patient observations that refine a model predictive of the
optimal dose. They will be developed below. Whatever the inference, iterative fitting of
the dose–effect model, as data accumulate, allows model-guided dosing. A new data-
driven dose-escalation method, adapative dose-finding (ADF), has been proposed,
which combines the standard rule-based method with a model-guided method [30].

Most of these new proposals will be discussed in Parts III, IV and V.

1.3.3 Inference

The primary purpose of a phase I clinical trial is efficiently and accurately to determine
the dose of a new drug or therapeutic agent being studied for future applications
(in phase II and then in phase III trials). Thus, phase I trials address an estimation
problem rather than the testing of a hypothesis. The fact that phase I clinical trials are
not hypothesis-driven has been considered as potentially the reason why statistical
considerations have largely been ignored in these trials [24]. Moreover, as exposed
above, for a long time phase I studies were often done in small numbers of patients,
with the optimal dose usually administered to only a minority of the patients treated
in the trial. As a result, neither efficacy nor safety data were considered to be reliable.

In the traditional algorithm-based designs, it is common to define the MTD as the
previous lower dose level reached in the trial. Nonetheless, designs for phase I clinical
trials should be concerned with efficiency of estimation of the MTD. Actually, it has
been argued that efficiency is a more relevant consideration than convergence in such
very small trials [31]. Notably, any statistical discussion of issues in dose–finding
trials should begin with a proposal for a formal inferential framework for analysis.
Within this framework, one would specify a form for the dose–response relationship,
define the quantities of interest and proceed to quantify the degree of uncertainty
about these quantities.

1.3.3.1 Specify a form for the dose–response relationship

The basic and cental assumption in cancer dose-finding is that the therapeutic and
toxic effects of a treatment are related to the concentration of the treatment in blood,
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Figure 1.1 Dose–response relationships.

which are dose-dependent (Figure 1.1). In the case of cytotoxic agents, this concept of
dose response has greatly influenced the thought process of oncologists, assuming that
the higher the dose, the greater the likelihood of efficacy (‘more seems better’ [32]).
A monotonic relationship is commonly stated, although some authors have developed
methodology for the design and analysis of nonmonotonic relationships.

The mathematical function describes the hypothetized relationship between the
incidence of DLT and dose in the target population. This parametric quantal re-
sponse model is reasonably predicted to assume a sigmoid shape that can be gener-
ically described by a probit or logit function, and for which the MTD must be
estimated first [6, 12, 33, 34]. This is more in line with the statistical develop-
ment in bioassay with a binary response, which dates back from more than five
decades [35]. Usually, maximum likelihood or least-squares techniques are used to
estimate the model parameters [6, 13, 26], though Bayesian approaches have also
been proposed since 1972 [5], such as the original continual reassessment method
(CRM) [34] (see Chapter 6), the decision–theoretic approach of Whitehead and
Brunier [36] (see Chapter 7), escalation with overdose control (EWOC) [33] (see
Chapter 8) and Bayesian optimal designs for phase I trials of Haines, Perevozskaya and
Rosenberger [31].

Of note, completely nonparametric approaches have been proposed more recently
[33, 37–41].

1.3.3.2 Define the quantities of interest

Because most of these agents exhibit a monotonic dose-toxicity relationship, dose–
related toxicity is regarded, in general, as a surrogate for efficacy. In this setting,
the achievement of significant, but reversible, toxicity becomes desirable, so that
most statistical methods for dose-finding in cancer phase I clinical trials determine a
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maximum tolerabled dose (MTD) based on toxicity alone, while ignoring therapeutic
response [34, 42–46]. Virtually, all designs for dose-finding in phase I characterize
patient response by a binary [45, 47] or possibly ordinal [48] toxicity variable.

In the traditional algorithm-based designs (either the 3 + 3 design, see Chapter 3,
or the up-and-down designs, see Chapter 5), the MTD was first defined as the dose
level at which at least one-third (conventionally in no more than two of six patients)
of the patients experience DLT. Many use the term MTD for the next lower dose,
which is frequently the recommended phase II dose. It is important to note, however,
that the MTD will depend upon the criteria set for DLT. These sometimes vary be-
cause investigators may be more conservative or more agressive in their definition
of acceptable and unacceptable toxicity. In all cases, the MTD is treated as being
observable from the data. Such a definition of MTD appeared vague from a statisti-
cian’s point of view. As stated by Storer [45], a strict quantitative definition of the
MTD is seldom acknowledged, although it is often taken as a specific percentile of the
tolerance distribution of the treatment, i.e. the dose that would be expected to produce
a toxic response in a specified proportion of patients. The percentile of interest could
vary according to the nature and seriousness of the toxicities produced by the drug
under investigation. The 33rd percentile has been proposed for cancer chemotherapy
drugs [45], but other percentiles may be reasonable choices. In this setting, the MTD
is an unknown population parameter that can be estimated from the data. Such an
interpretation of the MTD is more in line with historical statistical developments in
bioassay with quantal response curves for a binary response.

Phase I trials are designed to determine the recommended phase II dose for a
population, not an individual patient. Since there is usually substantial interpatient
variability in toxic effects, the recommended phase II dose will always be an imprecise
estimate of the optimal dose for the individual patient. An alternative target dose, the
patient-specific MTD, has been proposed explicitly to take into account a patient’s
history via an augmented dose–response model [49]. Recently, other researchers have
defined the MTD as the highest dose with toxicity risk not exceeding the tolerable
toxicity [33, 50]. Otherwise, some authors have developed methods to account for
differences among toxicities, using ordinal-valued toxicities according to severity (or
grade). This will be developed in Chapter 12. Strategies for dose-finding where both
toxicity and efficacy are considered have been developed. They will be discussed in
Chapter 14.

Finally, toxicity may no longer be an appropriate endpoint in some phase I stud-
ies [51], so it is no longer expected that determination of the MTD will be the universal
endpoint of a phase I investigation. These include studies of drugs characterized by a
dose–response curve that reaches a plateau at nontoxic doses, or that have the desired
effect at doses without significant toxicity. Probable examples include angiogenesis
inhibitors and colony stimulating factors. Toxicity would also not be an appropriate
endpoint for phase I studies of agents with a bell-shaped dose–response curve and
a dose–toxicity curve that rises after the maximal therapeutic dose. There are al-
ready several classes of molecules undergoing clinical evaluation for which the MTD
was not determined and/or relevant to the drug’s use. Probable examples include
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interferons, some interleukins and negative regulators of hematopoiesis. Thus, with
the development of novel biologic agents such as these, the use of toxicity as an
endpoint would result in unnecessary toxicity and wasted resources. The need for
new endpoints is also apparent for new modalities including monoclonal antibodies
and gene therapy, which may produce nonspecific and sporadic toxicities that are not
clearly dose-related. In many cases, plasma concentration has served as the alterna-
tive endpoint. Pharmacokinetics assessment and correlation of drug levels with target
effects, in addition to pharmacodynamic measures, will be necessary. At last, it is
critical to validate that the proposed target endpoints are correlated with activity [52].

Of note, a recent survey of completed phase I trials for targeted, noncytotoxic
agents showed that nontraditional endpoints (such as measures of molecular drug
effects in tumor or surrogate tissue) were not routinely incorporated in the study
design and rarely formed the basis for dose selection, which is still based on toxicity
traditional endpoints [53].

1.3.3.3 Proceed to quantify the degree of uncertainty
about these quantities

Finally, it is important to include measures of variability in such studies. They are usu-
ally nonreported from traditional algorithm-based designs, in contrast to statistical-
based designs.

The main approach is to quote confidence limits. Confidence limits, due to
Neyman, are the limits of usually the 95 % confidence interval, which represents all
the parameter values compatible with the data accumulated in the trial. In a Bayesian
framework, credible intervals for the model parameter can be computed. This gives
an interval such that (say) the model parameter lay between these limits with 95 %
probability. Of note, the numerical integration procedures are often ignored in report-
ing these Bayesian studies, though of prime interest in evaluating its reliability [24].

1.4 Conclusion
Dose-finding experiments refer to a broad class of early development trial designs
whose purpose is to find a dose of treatment that is optimal with respect to simple
criteria, namely toxicity, efficacy and a low risk of side effects. The tendency has been
to focus on a dose–safety association. Therefore, dose-finding studies are typically
phase I clinical trials, based on very small, uncontrolled, sequential studies of subjects
to determine the maximum tolerated dose (MTD) of an experimental drug that will
be used in further phase II or III trials. While performed in many areas of medicine,
they are mostly devoted to cancer studies due to the severe toxicity of cytotoxic drugs,
assumed to be related to the dose and, expectedly, to the efficacy of the drug. Such
phase I trials are mostly concerned with protecting patients from being assigned to
highly toxic doses and with efficiency of estimation.
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A number of philosophical and statistical issues emerge from the design
and analysis of dose-finding studies, with two main divergent schools. While
algorithm-based designs define the MTD as a statistic computed from data, statis-
tical (or model)-based designs consider the MTD as a parameter of a monotonic
dose–response curve to be estimated from data. However, whatever the statistical
grounds of the proposed techniques, there is still an obvious gap between the statis-
tical approaches developed in this setting and the common use of standard methods
that have been shown to be inefficient for several decades. Indeed, despite proposed
new methodologies for phase I trials, very few are being used in practice and many
of the methods currently used in phase I trial design date back to the 1970s [52]. This
was notably observed through a review of 46 phase I trials of single cytotoxic agents
in adult solid tumors published between 1993 and 1995 [54].

The purpose of this book is to review the main innovative statistical approaches
for dose-finding in phase I/II clinical trials, from both algorithm- and model-based
designs, with emphasis on general concepts and practical considerations.
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