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tients required for a phase | trial was reduced from 39.9 for
Background: Many cancer patients in phase I clinical trials  design 1 to 24.4, 20.7, and 21.2 for designs 2, 3, and 4, re-
are treated at doses of chemotherapeutic agents that arespectively. The average number of patients who would be
below the biologically active level, thus reducing their expected to have grade 0-1 toxicity as their worst toxicity
chances for therapeutic benefit. Current phase | trials often over three cycles of treatment is 23.3 for design 1, but only
take a long time to complete and provide little information 7.9, 3.9, and 4.8 for designs 2, 3, and 4, respectively. The
about interpatient variability or cumulative toxicity. Pur- average number of patients with grade 3 toxicity as their
pose: Our objective was to develop alternative designs for worst toxicity increases from 5.5 for design 1 to 6.2, 6.8, and
phase | trials so that fewer patients are treated at subthera- 6.2 for designs 2, 3, and 4, respectively. The average number
peutic dose levels, trials are of reduced duration, and impor- of patients with grade 4 toxicity as their worst toxicity in-
tant information (i.e., cumulative toxicity and maximum tol- creases from 1.9 for design 1 to 3.0, 4.3, and 3.2 for designs
erated dose) needed to plan phase Il trials is obtained. 2, 3, and 4, respectively.Conclusion: Accelerated titration
Methods: We fit a stochastic model to data from 20 phase | (i.e., rapid intrapatient drug dose escalation) designs appear
trials involving the study of nine different drugs. We then to effectively reduce the number of patients who are under-
simulated new data from the model with the parameters treated, speed the completion of phase | trials, and provide a
estimated from the actual trials and evaluated the perfor- substantial increase in the information obtained. [J Natl
mance of alternative phase | designs on this simulated data. Cancer Inst 1997;89:1138-47]
Four designs were evaluated. Design 1 was a conventional
design (similar to the commonly used modified Fibonacci
method) using cohorts of three to six patients, with 40%
dose-step increments and no intrapatient dose escalation.
Designs 2 through 4 included only one patient per cohort
until one patient experienced dose-limiting toxic effects or
two patients experienced grade 2 toxic effects (during their
first course of treatment for designs 2 and 3 or during any
course of treatment for design 4). Designs 3 and 4 used 100%
dose steps during this initial accelerated phase. After the *Affiliations of authors:R. Simon, L. Rubinstein, S. G. Arbuck, M. C. Chris-
initial accelerated phase, designs 2 through 4 resorted to tian, Cancer Therapy Evaluation Program, Division of Cancer Treatment, Diag-
standard cohorts of three to six patients, with 40% dose-step nosis, and Centers, National Cancer Institqte, Bethesda, MD; B. Freidlin,. The
. . . . Emmes Corporation, Potomac, MD; J. Collins, U.S. Food and Drug Adminis-
increments. Designs 2 through 4 used intrapatient dose €S- ation, Rockville, MD.
calation if the worst toxicity is grade 0-1 in the previous  correspondence tcRichard Simon, D.Sc., National Institutes of Health, Ex-
course for that patient. Results: Only three of the actual ecutive Plaza North, Rm. 739, Bethesda, MD 20892.
trials demonstrated cumulative toxic effects of the chemo-  See"Notes” following “References.”
therapeutic agents in patients. The average number of pa- © Oxford University Press

There has been considerable recent interest in new designs for
phase | clinical trials. With currently used designs, many pa-
tients are treated at doses below the biologically active level,
minimizing the opportunity for antitumor respongg.(Although
most patients who patrticipate in phase | trials hope to obtain
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therapeutic benefit from promising new experimental treatlata. Storer also proposed using a single patient per dose level
ments, few achieve this objectiv®)( Whereas most patientsuntil the first DLT is observed.

would not have derived benefit from drugs studied in phase | Several investigators5¢10) have considered Bayesian de-
trials, even if treated at the maximum tolerated dose (MTD§jgns. This approach makes use of a model relating dose admin-
treating patients at substantially lower doses is likely to furthéstered to the probability of DLT. The parameters of the model
reduce whatever chance for benefit might exist. are unknown initially, but some prior probability distribution for

A second problem with current designs is that phase | tridReir values is assumed to be available based on preclinical data
may take a long time to complete, especially when the startif§experience with other drugs. As patients are treated, the prob-
dose is far below the MTD3). Current phase | trials also pro-ability estimates of the unknown parameters are updated based
vide almost no information about variability among patients i the actual toxicity experience observed. Each patient is as-
the dose that can be tolerated without dose-limiting toxici§igned the dose predicted to resultin DLT for a target percentage
(DLT) or about whether there is evidence of cumulative toxicity€-9- 25%) of the population.

In phase | trials of new drugs, the starting dose is usually one Mick and Ratain {1) used a linear model relating white
tenth of the LD, (i.e., the dose that is lethal to 10% of animalsplood cell (WBC) count nadir to dose and pretreatment WBC
in the most sensitive animal species in which toxicology studi§§Unt- They sequentially estimated the regression parameters of
have been performed. Dose steps are defined by a modifieg model as data accumulat_ed and |nd|V|duaI|ze(_j the dose b_a_lsed
Fibonacci series in which the increments of dose for succeedffy Pretreatment WBC count in an attempt to achieve a specified
levels are 100%, 67%, 50%, and 40%, followed by 33% for éﬂptlmal WBC count nadir. Their approach predicts the optimal

subsequent levels. Three patients are usually treated at a oq%eee for each patient is based on pretreatment patient character-
siics.

level and observed for acute toxicity for one course of treatment fthe desi q ibed ab iders h tient

before any more patients are entered. If none of the three patierbté\lcl)giot et c(ias'?tnsthei‘(':nt ed above co(;mthers ow p}a ents

experience DLT, then the next cohort of three patients is trea uid be treated atter the Tirst course, nor do they use informa-
n obtained from subsequent courses. Except for the approach

t the next higher . If two or more of the thr ti n&? : . o : :
at the ne gher dose © or more of the three patie of Mick and Ratain 1), they do not consider interpatient vari-
experience DLT, then three more patients are treated at the next,

) . L ity or use information about toxic effects less than DLT.
lower dose unless six patients have already been treated at aéheiner et al. 12,13 have argued for the use of titration (or

f[jhoesne'trl:crggerﬁé:Qrezt%?;:n;;rﬁzzg;ta? ?ﬁ;esz)ﬁgnli\n/g?sl fD tlﬂ rapatient dose-escalation designs) for evaluating drug efficacy
P - ' 1F diseases where the condition of a patient remains stable over

incidence Of.DLT among those six panents IS onén six, the_n ﬂa eriod of time. Titration designs involve dose escalation within
next cohort is tregted qt the next higher dose. In general, ".ct tients until the desired biologic effect is obtained. If analyzed
or more of the six patients treated at a dose level experiengeney they can provide information about interpatient vari-
DLT, then the MTD is considered to have been exceeded, lity in dose—response effects. The analysis of titration designs

three more patients are treated at the next lower dose as qus been studiedl4,15, but this approach has not been dis-
scribed above. The MTD is defined as the highest dose studigflcaq in the context of phase | trials in oncology.

for which the incidence of DLT was less than 33%. Usually dose

escalation for subsequent courses in the same patient, intrdglethods

tient dose escalation, is not permitted. ) )
In this article we will describe alternative phase | designs thRhase | Designs Studied

at_tempt to overcome some of the prObIemS_ descr_ibed above. Wﬁ1e designs we evaluated differ with regard to the escalation/de-escalation
will then report the results of a computer simulation study coRules for the first-course treatment of subsequent cohorts of patients as indicated
ducted to evaluate the performance of alternative designs. Tihie “Appendix” section. Design 1 is the standard design described above. The

designs will be evaluated with regard to safety, the extent Qger dose-escalation methods are based on a four-grade scale for defining the
’ highest level of overall toxicity during each course of therapy. This scale can be

WhICh they provide Pat'e”ts the Qpportuplty to be treated @LEfined differently to accommodate different clinical situations. For the purposes
higher doses more likely to provide antitumor response, tBethis article, we have related the toxicity experience to grading scales com-
number of patients and time required to complete the trial, amdnly used in oncology, such as the National Cancer Institute Common Toxicity
the amount of information obtained. Criteria, and have described the levels as follows: none-mild (grades 0-1), mod-

Several alternative approaches to the design of phase | trigjfle (grade 2), dose limiting (grade 3), and unacceptable (grades 4-5). Consis-
tent with recent practice, we have not considered grade 3 neutropenia unaccom-

have been discussed in previous years. Collins eBatetom- panied by either fever or infection to be dose limiting. We have grouped no
mended accelerating the dose escalations in humans by usingdkiety with grade 1 toxicity because of the difficulty of determining whether
plasma drudC x T (i.e., the area under the concentration versurjld abnormalities are drug or iliness related in patients with cancer.

time curve) value at the LR in the mouse as the target expo- Design 2 treats one patient per dose level until one patient exhibits DLT or two

Thi id h kinetic basis for d | t.patients exhibit grade 2 toxicity during their first course of treatment. At that
sure. IS provides a pharmacokinetic basis for dose escala lt%‘e, the escalation plan switches to design 1. That is, two additional patients are

but is limited to clinical situations where a sensitive assay for thgcrued at the dose that triggered the switch, and three to six patients are treated

active drug moieties is available and where interspecies phiarihat and each subsequent cohort. This approach offers the possibility of

macodynamic differences do not exist for the drug. speeding up the trial and reducing the number of patients assigned to low doses.
Storer @) introduced the concept that the objective ofa phagéjses the first instance of first-course DLT to trigger the switch as proposed by

L. . . ... Storer @). It also uses first-course grade 2 toxicity to provide an added element
| trial is to estimate the dose that causes DLT in a Specm%g?:aution. We use the second instance of grade 2 toxicity for practical reasons,

proportion (e.g., 25% of the patients), and that this MTD shoulghce it i often difficult to determine whether a grade 2 toxicity is drug related
be estimated by fitting a logistic model to the dose versus DL a heterogeneous population of very ill patients.
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Designs 3 and 4 also use only one patient per cohort during the early stage dfhis model can be viewed as a generalization of ke, model used by
the trial, but they incorporate more rapid dose escalation by using double-dSeiner et al.§2,13. The above expression is equivalent to
steps during this stage. With design 3, the single-patient-cohort stage of the trial
also terminates when one patient experiences first-course DLT or two patients Vi (d; + aDy)
experience first-course grade 2 toxicity. With design 4, this accelerated stage =
terminates when the first instance of DLT or the second instance of grade 2
toxicity is observed in any course of treatment. In either case, after the rapid
escalation stage terminates, subsequent cohort sizes are three to six patients R@dight-hand side of this equation is similar to #g,, model. The stimulus
single-dose escalation steps are used as in design 1. is of the formd; + aD; and the level giving 50% maximum response (exclusive

The Appendix also describes two approaches to individualizing dose throﬁhcumulative toxicity) is taken as a random variable, with mean approximately
intrapatient dose modification. Intrapatient modification option A is the one mo&t”* @nd with a component identified with interpatient variability and a compo-
commonly used. There is no intrapatient dose escalation, only de-escalatiof'&ft associated with intrapatient variability. Our model measures toxicity in a
the toxicity is dose limiting or worse in a course of chemotherapy, then the ddgegorical rather than continuous manner. Since the scale of the corstants
is reduced one level for the next course. Otherwise, the dose stays the samé&#o@nd K; is arbitrary, the fact that the left side of the equation involves a
the next course. Intrapatient modification option B permits escalation for eatgnsformation of the originally defined; does not matter. In fact, it can be
patient if the toxicity is grade 0-1 in the previous course for that patient. If tH0Wn that our model can be viewed as a generalization of the model of Chou
toxicity is moderate (grade 2), the dose remains unchanged. However, if &t Talalay £6) in which the stimulugl; + Dy and 50% value are raised to a
toxicity is DLT or worse, the dose is reduced. Designs 3 and 4 use two-dose-dip/erp- With a categorical response in which tiés may be fit from the data,
(100%) intrapatient escalations during the initial accelerated phase of the trii@wever, the powep is not identifiable, and the model is equivalent to that
although de-escalations are always by single-dose steps. We have combine@ig@/n in equation 1.
standard cohort escalation design with the standard intrapatient dose modifica-ne values? represents the amount of intrapatient variability unexplained by
tion option (A) as design 1 and have combined accelerated cohort escalati§fi§ent and previous doses. Settinfy= 0 means that the toxicity experienced
with the intrapatient dose escalation option (B) as designs 2 through 4. We Wy & patient is determined entirely by the doses and by patient characteristics that
also provide results, however, for the mixed designs such as escalation optiofoanot change from day to day. The value «ff represents the amount of
with designs 2 through 4. interpatient variability. Setting? = 0 means that patients entered in the clinical

The accelerated designs are intended for use in phase | trials of drugs that Keigkdo not differ in their ability to tolerate the drug under study. _
not been used previously in humans, where only preclinical information will be FOr these simulations, we used 40% increments between dose levels. With
available for selecting a starting dose. Starting doses in these cases are ¢t increments, two-dose levels represent approximately a doubling of the dose

quite low, and designs that limit the number of patients treated at very low dof&sause :_L-24: 1.96. A 40% increment is close to the 33% increment that is used
may be particularly useful. after the first few dose levels of trials based on the modified Fibonacci approach

with which phase | investigators are familiar. Because interpatient variability in
patient pharmacokinetic parameters and intrapatient variability in day-to-day
susceptibility to toxicity are often substantial, it is usually not realistic to expect

] ] ] that one can estimate more precisely than to within 40% the dose that will give
To evaluate alternative phase | designs, we wished to use data from acfigksired level of biologic effectLp).

phase I trials as much as possible. This could not be done directly because pasy gl the simulations, we used, = 0, although the results are independent
trials were conducted with a particular escalation plan and we wished to evalugienis parameter. Table 1 shows the maximum likelihood estimates of the model
new plans. Instead, we fit a stochastic model to data from past phase | trials. \@ameters for the 20 actual phase | clinical trials studied. These trials were
then simulated new data from the model with the parameters estimated fromdBscted for a related study of nonstandard dose-escalation procedures. Although
actual trials and evaluated the performance of alternative escalation design$h@9 were selected initially because they were planned to use nonstandard dose-
these simulated data. For any particular phase | trial, we generated 1000 sig¥¢alation methods, only 9.5% of the patients received intrapatient dose escala-
lated sets of data to reliably estimate the relative performance of the alternati¢. Detailed information about the characteristics of these trials will be ad-
designs. We repeated this for 20 different actual phase | trials of nine differgpibssed in a separate report.
drugs. Only three of the 20 trials showed any evidence of substantial cumulative
We required that the model we used be able to represent different levelsgfic effects as seen from the column labedeh Table 1. Two of these studies
worst toxicity, not just presence or absence of DLT, and that the toxicity levgholved the drug pyrazine diazohydroxide (PZDH) administered as a bolus
experienced in a particular course would be determined by the dose administ%r\f,ﬂé}y 3 weeks initially, but the interval between courses was eventually length-
in that course and the total dose administered in previous courses. We reqUigEq to 4-6 weeks because of delayed recovery from myelosuppression. Trial
that both interpatient and intrapatient variability be represented. We used #)-156 administered PZDH daily for 5 days every 4-6 weeks, and no evidence
following model. Suppose that theh patient receives dosiy during cours§  of cumulative toxicity was obtained from our model parameters for that trial. The
and has received a total dose[df for courses previous tp We let the coef-  thjrq trial showing evidence of cumulative toxicity involved flavone acetic acid
ficient o represent the influence of prior total doge € 0 indicates no cumu- (FaA). This latter trial was the only phase | trial with FAA that demonstrated
lative toxicity) and let the magnitude of toxicity increase logarithmically with,ymulative toxicity. It differed from the other four FAA trials in that it used a
dose. We introduced a random numiernormally distributed with meap., weekly schedule of administration.
and varlan_ce;ré. This variable represents the |_nterpat|ent variability in sensitivity The standard deviations for intrapatient) and interpatientd) variability
to the toxic effects of the drug. We also introduced a random nuraber yaried substantially. The larger valuesaf seen could represent true biologic
normally distributed with mean zero and variancg to represent the intrapa- yariability or may reflect the difficulty of distinguishing drug-related toxicity
tient variability in toxic response for a given patient receiving a given dosgom manifestations of illness for very sick patients. We used the original treat-
These terms and random variables determine the magnitude of worst toxiw physician’s assessment as to whether toxicity was drug related. Many of
represented by these patients were taking concomitant medications (not anticancer drugs) that
y; =log(d; + aD;) + B + 5. ¥t hmay have influenced thg toxicity experienced, and, in some casgs, therg may a!so
ave been nonstandardized treatment delays as a result of previous toxicity. With
If this valuey; was less than a specified constént then patient was consid-  prospective use of titration designs, we expect that there will be more attention
ered to have experienced less than grade 2 toxicity during cpurite dosed;.  to these issues than could be the case in a retrospective analysis of a database.
If the value ofy; was greater thak, but less tharK,, then the toxicity levelwas ~ TheK, value is given in terms of{; — log starting dose)/log 1.4 because this
taken to be grade 2; if the value was greater tiarbut less tharK;, then the value represents approximately the number of 40% dose steps between the
toxicity was considered to be dose limiting; and/jfwas greater thaks, then  starting dose and the dose at which the average patient has a 50% chance of
the toxicity was considered unacceptable. The values of the random nugjberexperiencing grade 2 or worse toxicity (singg = 0). The distance between
vary across patients, but the safjevas used for all treatment courses of itite  otherK values is similarly presented. Seven of the actual trials did not have any
patient, while the within patient variability valueg change from patient to patients who experienced grade 4 toxicity. For these cases, the estinkgtésof
patient as well as across courses. very large by default, but the specific value is not meaningful.

[2]

1+e e B4 (d; +aDy)

Methodologic Approach
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Table 1. Estimates of model parameters for 20 phase | clinical trials

Drug Trial a (Ky = In dg)/In 1.4* (K, = K)/in 1.4 K;-Ky/in1.4 og o
Flavone acetic acid 85-168 0 16.2 6.9 35t .26 1.9
Flavone acetic acid 85-244 0 16.1 8.4 291 2.9 .85
Flavone acetic acid 86-004 0 4.4 2.4 0.95 A7 .59
Flavone acetic acid 86-017 24 8.0 2.9 2.2 0 .83
Flavone acetic acid 86-060 0 185 6.4 201 .006 2.8
Piroxantrone 86-227 .08 8.4 2.7 2.3 1.03 .42
Piroxantrone 86-268 0 16.4 13.3f 9.5% 0 1.8
Chloroquinoxaline 88-114 .04 17.3 2.6 1.6 .88 .87
sulfonamide
Chloroquinoxaline 88-127 0 13.7 4.6 2.9 .62 .90
sulfonamide
Pyrazine diazohydroxide 89-053 .56 6.7 1.3 2.0 .37 .50
Pyrazine diazohydroxide 89-175 24 6.6 1.3 0.53 .002 .65
Pyrazine diazohydroxide 90-156 .02 4.6 .53 .56 .001 .18
Pyrazoloacridine 90-073 .04 8.9 1.0 13 .24 .32
Cyclopentenylcytosine 91-018 0 4.4 .83 0.18 .19 .26
Fostriecin 91-106 .04 35 3.6 4.5 1.06 .54
Fostriecin 91-196 0 6.3 7.2 181 .58 1.6
9-Aminocamptothecin 92-108 0 6.4 .48 0.39 24 A1
9-Aminocamptothecin 92-186 0 6.0 .51 11 .35 .27
Penclomedine 93-087 .05 6.0 3.7 15t .68 .81
Penclomedine 93-125 0 5.8 2.0 17t 43 .53

*d, = starting dose.
tNo grade 4 toxicity.
$No grade 3+ toxicity.

It may be noted in Table 1 that the parameter estimates for different trialstpnts than did the other designs. Design 2, which uses single
the same drug sometimes vary substantially. This is due to a variety of causggos dose steps, required an average of only 24.4 patients (me-
but the estimates provide a wide range of conditions for generating simulated Y . . T
data with which to compare alternative escalation designs. ﬁlan’ 21.8 pa’Flents). As seen in Fig. 2, the_ distribution of the

number of patients is much narrower for design 2 than for design

Results 1. Designs 3 and 4 also compare very favorably with design 1
with mean numbers of patients of 20.7 and 21.2, respectively,
Comparison of Designs and median numbers of patients of 19.3 and 19.1, respectively.

Design 2 does not require many more patients than the acceler-

two instances of DLT occurred was very similar for the four

designs for all of the 20 sets of parameters studied (Fig. 1). The
true MTD was defined as the largest dose level for which the
probability of first-course DLT or worse was less than .25, com- A [~—Design 1 |
puted from the model using each set of parameters in Tablg 1. 35 ¢ — —Design 2
For simulations with each set of parameters, we tabulated the - - - Design 3
accuracy of the highest dose level with fewer than two instandes o —- Design4
of first-course DLT as a predictor of the true MTD. Fig. 1 show
that the four designs performed similarly in this regard. Al-
though designs 2 through 4 use many fewer patients than degign
1, in the dose range of interest, they have similar sample sizes.
As will be seen later, fitting the model to data from a phase I trigl
provides a much richer set of information with which to plan
phase Il development. Fig. 1 demonstrates, however, that eyen 5|
with regard to the traditional estimate of phase Il dose, accurgcy
is not sacrificed by the accelerated designs.

[2)

25

20 |

15 +

Percent of trials

MTD MTD MTD MTD MTD

Fig. 2 shows histograms of the average number of patiefts -4 -2 +2 +4
required in the simulated trials for each design. In each gra;rh, MTD chosen
the sum of the heights of the bars is 20, the number of sets| of

parameters that is simulated. Thexis represents the averageig. 1. pistribution of the maximum tolerated dose (MTD) chosen in simulated
number of patients accrued in the 1000 simulated trials with eagtase | trials averaged over the 20 sets of model parameters and 1000 replica-
of the 20 sets of parameters. The standard design has a vieng for each set of parameters. In simulations, MTD is chosen in the traditional

broad distribution of sample size. For six of the sets of paramgy as the Ia_rgest dose level a_t which six‘p‘atients are started and fewerthar_1 two
ex§ﬁr|ence first-course dose-limiting toxicity (DLT) or worse. True MTD is

eters, deS|gn 1 requ"ed more than 55 patients. For the 20 Setﬁe ed as the highest dose level for which the probability of first-course DLT

p?‘rameterS, d?Sign 1 req.Uired an average of 39-9 patients (Bi&orse is less than .25, computed from the model with the use of each set of
dian, 36.7 patients). Design 1 required substantially more p@rameters in Table 1.
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the important difference between design 1 and the others2i3.3. This number is substantially reduced for all of the newer
largely due to a reduction in patients treated early at subthed®signs; 7.9 for design 2, 3.9 for design 3, and 4.8 for design 4.
peutic doses, where designs 2 through 4 accrue only one patieimérefore, the number of undertreated patients is substantially
per level. reduced. This reduction is achieved with some increase in the
Another question of some importance is whether a reductionmber of patients with worst toxicity grade 3 or 4. The average
in the number of patients translates into a reduction in the daamber of patients with worst toxicity grade 3 increases from
ration of the trial. When eligible patients are very limited, th&.5 with design 1 to 6.2, 6.8, and 6.2 for designs 2, 3, and 4,
number of patients is closely associated with the duration of thespectively.
trial. But if eligible patients are readily available, then it would Fig. 4 shows that the average number of patients with grade
take little more time to place three patients on a dose level tharoxicity increased from 1.9 with design 1 to 3.0, 4.3, and 3.2
to place a single patient. Therefore, we also tabulated the numfmerdesigns 2, 3, and 4, respectively. Hence, in comparing design
of cohorts required for each design, as shown in Fig. 3. TReto design 1, on average, there is a reduction of about 15
advantage of design 2 over design 1 with regard to the avergugients per trial whose highest level of toxicity is grade 0-1 and
number of patients does not translate into an advantage in #reaverage increase of 1.8 patients per trial whose highest level
number of cohorts required. In fact, design 1 requires slightbf toxicity is grade 3-4. Design 4 provides a reduction of about
fewer cohorts because design 2 sometimes overshoots its tal@eundertreated patients per trial and an average increase of
and requires more cohorts at de-escalated levels. Designs 3 anolut 2.1 overtreated patients. Design 3 provides a reduction of
4, however, show substantial savings over designs 1 and 2 Abeut 19 undertreated patients per trial, for an average increase
cause of their use of double dose steps during the initial stageobf3.7 overtreated patients. Hence, design 3 appears to have no
the trials. real advantage over design 4. Although the average number of
Fig. 4 shows the toxicity experience in the application gfatients with worst toxicity grade 3-4 is not substantially in-
these designs to the phase | trials. In these simulations, we haxeased using designs 2 through 4 compared with design 1, the
assumed that all patients stay in the study for three coursespafportion of patients with grades 3-4 toxicity is substantially
treatment and have tabulated the distribution of worst toxicitgcreased. This is because designs 2 through 4 substantially re-
over these courses for each patient. For each set of parameteise the expected number of patients with worst toxicity grade
and each design, we have calculated the average numbef-df and the total number of patients on trial compared with
patients whose worst toxicity was grade 0-1, grade 2, grade 3dasign 1. With design 1, a weighted average (taken over the 20
grade 4. This average was computed based on 1000 simulatipasameter sets, weighted by average sample size) of about 18%
for each of the 20 sets of design parameters. With the standafghatients experience grade 3-4 toxicity during some course of
design 1, the average number of patients who have grades tdehtment. For designs 2, 3, and 4, the percentages are about
toxicity as their worst toxicity over three cycles of treatment i88%, 53%, and 45%, respectively. For grade 4 toxicity alone, the
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percentages are 5%, 12%, 20%, and 15% for designs 1 throtight dose escalation. The other three trials for which there were
4, respectively. three or more patients expected to experience grade 4 toxicity

There are six sets of parameters by use of design 1 for whigsing design 1 were T86-004, T88-114, and T91-018. These
three or more patients are expected to experience grade 4 thxee trials are characterized by a combination of very steep
icity. The trial with the largest number of such patients wagdose—toxicity curves [as indicated by small values K§-(
T89-175. This is a PZDH trial witlw = .24. The PZDH trial K,)/In(1.4)] and relatively large amounts of intrapatient variabil-
with @ = .56 (T89-053) and the FAA trial with = .24 are also ity. With designs 2 or 4, the increase in the expected number of
included in this set of six trials. It is not surprising that trials witlgrade 4 toxic effects compared with design 1 is one patient or
a substantial amount of cumulative toxicity should result in pdewer in 12 of the 20 trials. The increase is greater than three
tients experiencing grade 4 toxicity, even without using intrappatients in the three trials (T90-156, T91-018, and T92-108)
characterized by very steep dose—toxicity curves. The increase in
incidence of grade 4 toxicity was greater for design 3 than for
designs 2 or 4.

designs 2 through 4 using option B.

Combining designs 2 through 4 with option A also has little
or no effect on the number of patients or cohorts required com-
pared with the same design using option B. In each case, about
one fewer patient on average experiences grade 3 toxicity using
option A than the same design with option B (5.2, 5.7, and 5.4
for 2A, 3A, and 4A, respectively). The expected number of

atients with grade 4 toxicity is reduced on average by 0.4-1.1

Fig. 4. Expected average number of patients in each toxicity grade for the 90 . .
phase | trials studied. All patients are assumed to stay in the trial for thrgeatlent (3'0’ 4.3, and 3.2 for deS|gnS 2B, 3B,and 4B 10 2.2, 3.2,

courses of therapy. Toxicity grade is the highest toxicity level experienced ov®Rd 2.8, respectively, for designs 2A, 3A, and 4A). The average
the three courses. number of patients with grade 0-1 toxicity is increased by about

25 The results presented above combined the conventional co-
©® B hort escalation design 1 with the conventional intrapatient dose-
_§ 20 O Grade 0-1 | moplification option A. Combining design 1_with intrapatient
8 @ Grade 2 option B has no effect on the number of patients or number of
S 45 | \BGrade 3 coh_orts co.mpared with 1A. It redL_Jces the average .ngmber of
2 {MGrade 4 | patients with grade 0-1 as their highest level of toxicity from
g 23.3 10 19.3, but this is still not competitive with the numbers for
()

o
Y
2
<

Design
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2.4-3.0 patients on average (10.3, 6.5, and 7.0 for 2A, 3A, a@idbecause our simulations and analysis do not distinguish be-
4A, respectively, compared with 7.9, 3.9, and 4.8). Much of theveen grades 0 and 1. Since design 4 is used in this example, the
reduction in numbers of undertreated patients is achieved wiitst patient had her dose escalated by two steps for her second
designs 2A, 3A, and 4A compared with the standard design 1égurse, and she again showed grade 0-1 toxicity. Consequently,
and they result in somewhat less grade 3-4 toxicity than tkhe received dose level 5 for her third course. She again showed
designs using dose titration. They are particularly attractive toxicity.
when there is preclinical concern about cumulative toxicity. Since patient 1 had no toxicity in her first course, patient 2
They do not, however, provide patients accrued early in the trithrted at dose level 3. Our simulations assumed that the time
a full opportunity to be treated at a dose that provides the grebetween patient entries was the same as the length of a single
est opportunity for benefit. Also, in situations where interpatietiteatment course. Patient 2 also did not show any toxicity in her
variability is substantial relative tok{ — K;)/In1.4 and intra- first course, and her dose was escalated two steps to level 5 for
patient variability is small, designs without intrapatient doseer second course. At that same time, patient 3 started at dose
escalation will not give each patient as much opportunity to bevel 5.
treated at a dose level appropriate to her particular level of drugThe first toxicity observed was grade 2, which occurred in the
tolerance and thus will be much less effective than designs witbcond course of therapy for patient 4 at dose level 9. Hence, her
dose titration. Such combinations of parameters are not frequdose was not escalated for her third course.
in Table 1, but smaller values of. may be more prevalent with  Patient 6 had grade 2 toxicity during her first course that was
prospective use of accelerated designs. at dose level 11. She was kept at dose level 11 for her second
course, but it resulted in no toxicity. Consequently, her dose was
escalated to level 12 for her third course. It was escalated only
We generated one set of data for a clinical trial with the usesingle dose step because the grade 2 toxicity she experienced
of design 4 and the parameter values estimated from the acuiaiing her first course was the second instance of grade 2 tox-
data for trial T88-127 of chloroquinoxaline sulfonamide. Table @ity during the trial. This ended the rapid escalation phase of the
shows the data generated using these parameters. The first design. Consequently, the cohort started at dose level 11 was
umn lists patient sequence numbers. Each row of the table cexpanded to three new patients started at that dose. The single
responds to a single patient. The numbers in a row representdise escalations of three patients per cohort continued until the
grades of toxicity experienced by that patient during her threecond patient started at dose level 15, patient 19, experienced
courses of therapy. The columns correspond to dose levels, gralde 3 toxicity. That cohort is therefore expanded to six pa-
the levels are labeled at the top of the columns. tients. Patient 22 experienced grade 4 toxicity in her first course
The first patient received dose level 1 in her first course, ard dose level 15, and hence the escalation of starting dose for
this resulted in toxicity grade 0 or 1. The table records this asnaw cohorts of patients stops. Three additional patients started

Example

Table 2. Sequence of dose escalations and toxicity grades for patients treated in simulated phase | trial using design 4*

Dose stept
Patient No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1 0 0 0
2 0 0 0
3 0 0 0
4 0, 2,10,
5 0 0 0
6 2,/0, 0;
7 0 0 0
8 0 0 0
9 0, 0, 2
10 0, 0, 3,
11 0 0 0
12 2,12,/2,
13 0 0 0
14 2,12,/2,
15 0 0 0
16 0, 0, 2,
17 0, 2,12,
18 0, 0, 3,
19 0, 3,12,
20 2,12,12,
21 2,/2,10,
22 2,12, 4
23 2,12,10,
24 0 0 0
25 0,/24 4,
26 0, 0, 2

*Subscript = treatment course.
TUnits are just the sequentially numbered dose steps. Levelstarting dose. Level 2 corresponds to a dose 40% greater than the starting dose.
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on the next lower dose level, level 14. No patients experiencétt dose step In(1.4) that is about 0.34. Heand K, values
DLT at that level, and hence accrual to the trial was completegbpear to be well separated, but eandK; values are close.
The traditional recommended phase Il dose would be level 14.Fig. 5 shows the probability of grade 2 or worse toxicity as a
We fit the model to the data of Table 2 obtaining the followfunction of dose level and similar functions for the probability of
ing maximum likelihood estimates with 90% confidence integrade 3 or worse toxicity and of grade 4 toxicity. These func-
vals (Cls):K, is estimated as 7.4 (90% Gt 6.8-7.9) instead of tions were computed by use of the model parameters estimated
the true value of 7.5;K, — K,)/.34 is estimated as 4.1 (90% Clfrom the simulated data. From these graphs, one can estimate the
= 1.3-7.0) instead of the true value of 4.85(— K,)/0.34 is dose level associated with any target level of any grade of tox-
estimated as 1.4 (90% G+ 0-2.9) instead of 2.9 is estimated icity. If one were to recommend a single dose level, the recom-
as 0 (90% Cl= 0-0.67) with the true value of @ is estimated mendation should reflect the distance between the grade 3+
as 0.71 (90% Ck= 0.40-1.25), with a true value of 0.62; and curve and grade 4+ curve in Fig. 5. At dose level 17, the model
is estimated as 0.83 (90% G 0.37-1.84), with a true value of estimates that 19% of the patients will experience grade 4 tox-
0.90. In this example, there is good agreement between theiey. At dose level 16, the probability of grade 4 toxicity is
timates obtained from fitting the model and the true values usestluced to 12%, the probability of grade 3+ toxicity is 22%, and
to generate the data example. The Cls are based on the ushualprobability of grade 2+ toxicity is 70%.
normal approximations to the maximum likelihood estimates of The functions in Fig. 5 do not give a clear picture of inter-
theK's, log o, and logo,, and on the approximate chi-squaregbatient differences. Fig. 6 shows curves of the probability of
distribution of the logarithm of the likelihood ratio statistic as grade 2+, 3+, and 4+ toxicity for three representative patients.
function of a. The middle graph is for a patient whoBevalue equals the mean
There is no evidence of cumulative toxicity because the alpha. The upper graph is for a patient whogevalue is one
parameter is estimated as zero. There appears to be a substasttatlard deviation below the mean; i.gy — o5. The lower
amount of both interpatient variability and intrapatient variabigraph is for a patient witfp = w, + og. Dose levels 16 or 17
ity. The standard deviations are large, relative to the logarithmmiay be reasonable for the patient represented by the middle
graph. For the patient represented by the upper graph, dose level
19 would be more appropriate. For the patient represented by the
lower graph, dose level 14 or 15 would be more appropriate.
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Probability
04 0.6 0.8

0.2

0.0
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This graph illustrates the substantial interpatient variability in
the toxic response to this drug in this patient population. The
separation between the grade 2+ and grade 3+ curves here and in
Fig. 5 indicates the ability to effectively titrate patients to grade

2 toxicity. The closeness of the grade 3+ and grade 4+ curves
indicates that doses that give grade 3 toxicity overlap substan-
tially with those that give grade 4 toxicity. Use of any fixed dose
for all patients is problematic, since any dose both overtreats and
undertreats some patients. This is the principal conclusion of the
data analysis.

Discussion

The new designs described here appear to accomplish several
objectives. They reduce the number of patients potentially un-
dertreated. Some of these designs also reduce the duration of
trials by doubling the dose until toxicity develops. These ap-
proaches also improve the information yield of phase | trials.
They provide for estimation of the population distribution of the
MTD and may also provide a statistical estimate of the degree of
cumulative toxicity.

We have addressed phase | trials in which patients may re-
ceive more than one course of treatment. Not all phase | trials are
of this type. Even in trials of this type, many patients remain in

Fig. 5. Probability of toxicity of each grade level in a single course of treatmetfi€ Study for On_ly one or tWO courses of tre?-tment pecause of
as a function of dose level. Probabilities are averaged over the populationtgfmor progression. This limits the information available for
patients. Probability curves are computed from model 1 using maximum likefinalysis. Patients may be able to remain in the study longer with
hood estimates of model parameters. Specifically, the probability of grade 2gglerated titration designs because use of intrapatient dose
toxicity with dosed and cumulative dose for previous coursedois . . . . .
escalation provides greater opportunity for therapeutic benefit.
® log(d +aD) + pg - Ky The reduced risk of design 4 compared with design 3 was based
o2 + 62 ' on using information from the second and third courses in de-
B termining when to stop the initial accelerated stage. This addi-
whered denotes the cumulative standard normal distribution function. For coMpnal protection can be assured with fewer courses of treatment

uting probability of grade 3+ or grade 4 toxicity, repla€e by K, and K, . .. . .
fespfct?vely_ yorg g V. repieee by % ¥ per patient by requiring that when the first instance of grade 2
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toxicity occurs, two other patients be treated at that same dasedeling of cumulative toxicity may be more appropriate in
without grade 2 toxicity before the dose is doubled. This may lspecific trials.
satisfied by later courses at escalated doses in previous patientgse of an accelerated titration design requires careful defini-
or may require starting a new patient at the same dose as the time of the level of toxicity considered dose limiting and the level
who experienced grade 2 toxicity. This modification is natonsidered sufficiently low (e.g., none-mild) that intrapatient
needed for design 2, since it uses only first-course toxicity foilose escalation is acceptable. These definitions must be made
determining when to terminate the accelerated stage and ueesach organ system. In the simulations, we tabulated the in-
smaller dose steps. For designs without intrapatient dose eszdence of unacceptable or grade 4 toxicity, but this is not nec-
lation, this modification would increase the number of patiengssary in using an accelerated titration design. The dose escala-
treated at lower doses and may extend the time to completidimn and de-escalation decisions that must be made during the
In these simulations, we used the conventional stopping rui&al depend on distinguishing none-mild toxicity from moderate
with all designs for consistency. The study stopped when tvioxicity and on distinguishing moderate toxicity from DLT.
patients experienced DLT at a dose level, and six patients wéitgese definitions may be protocol specific. The tracking of tox-
treated at the next lower dose level with no more than one patigity over multiple treatment courses and the use of intrapatient
experiencing DLT. For the new designs, the population disttitrations require careful patient management. However, the re-
bution of MTDs is estimated, and there is nothing special abaault will enhance the likelihood that patients receive therapeutic
the highest dose at which fewer than two patients experienadusing and increase the useful information obtained from each
DLT. One might, therefore, continue entering patients beyomnigtated patient.
the usual stopping point to refine the estimates of the populationThe approach to design and analysis of phase | trials de-
distributions. In fact, the entire second stage of sampling cowddribed in this article will help identify when there is large
use a model-based or Bayesian approach to selecting the finsterpatient variability in sensitivity to the toxic effects of a drug.
course dose for each patient. Simple up-down phase | desi¢fnisiterpatient variability is small, a fixed-dose regimen can be
with cohort sizes other than three to six patients are also somsed in phase Il trials, and few patients will be either overdosed
times used when the amount of DLT that is to be tolerated as underdosed. Mick et al18) have described important sources
much less than 33%. of interpatient and intrapatient variability that might be usefully
We have analyzed the results of 20 actual phase | trials by useorporated into the model. Further improvement might result
of the model described above for the generation of simulattdm modeling toxicity separately by organ system.
trial data. Other models could be used in place of the expressionPharmacokinetic differences are sometimes an important
shown in equation 1 and, in particular, other approaches to theurce of interpatient variability. In such cases, it may be advis-
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able to attempt to control systemic exposure rather than dose. IfOption A: no within-patient dose escalation. De-escalate if

drug clearance can be predicted by use of baseline patient clygiade 3 or worse toxicity at previous course.

acteristics such as liver or renal function, then the dose neededption B: Escalate if grade 0-1 toxicity at previous course.

to achieve the targeted concentration can be estimated. Otli#geg-escalate if grade 3 or worse toxicity at previous course.

wise, an adaptive dosing scheme may be needed to achieve a
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