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This article reviews currently used approaches for establishing dose proportionality in Phase I dose

escalation studies. A review of relevant literature between 2002 and 2006 found that the power model

was the preferred choice for assessing dose proportionality in about one-third of the articles. This

article promotes the use of the power model and a conceptually appealing extension, i.e. a criterion

based on comparing the 90% confidence interval for the ratio of predicted mean values from the

extremes of the dose range ðRdnmÞ to pre-defined equivalence criterion ð!L;!UÞ: The choice of

bioequivalence default values of !L=0.8 and !U=1.25 seems reasonable for dose levels only a

doubling apart but are impractically strict when applied over the complete dose range. Power

calculations are used to show that this prescribed criterion lacks power to conclude dose

proportionality in typical Phase I dose-escalation studies. A more lenient criterion with values

!L=0:5 and !U=2 is proposed for exploratory dose proportionality assessments across the complete

dose range. Copyright # 2008 John Wiley & Sons, Ltd.
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assessment of dose proportionality. In essence, this
investigates whether an r-fold increase in dose
leads to an r-fold increase in total or maximal
systemic exposure, measured by the PK para-
meters AUC and Cmax: Dose proportionality is a
desirable property as it makes predicting the effects
of dose adjustments easier, although in practice
this is not a global property as it usually applies
only to a certain dose range.

Dose proportionality is often assessed at two
different stages of the drug development process.
An exploratory assessment of approximate dose
proportionality is often carried out using PK data
from first time in human (FTIH) studies, whereas
a definitive assessment of confirmatory dose
proportionality is generally conducted during
Phase II or III [1].

2. DESIGN OF FTIH STUDIES

While there is FDA guidance on the estimation of
the starting dose in healthy volunteer studies [2], no
such guidance exists on the design of FTIH studies,
and as a result there is considerable variety in how
such studies are conducted. A report with 21
recommendations on the design and analysis of
FTIH studies [3, 4] was issued recently following the
unfortunate outcome of the FTIH study conducted
at Northwick Park Hospital in March 2006.

Generally, increasing doses are administered to
3–10 healthy volunteers per dose with a small
number of concurrent subjects administered pla-
cebo (see [1, 5]). Single and repeat administrations
are investigated separately. Patterson and Jones [1]
state that, ‘cross-over designs are generally em-
ployed for the purposes of informative dose-
escalation in FTIH and Phase I studies’. This
was not backed up by our experience gained in
FTIH studies in different Contract Research
Organizations (CROs) or by Buoen et al. [5],
who conducted a survey of 105 Phase I dose-
escalation trials in healthy volunteers between
1995 and 2004 and found ascending dose design
with independent cohorts (‘parallel design’) the
most frequent design within all therapeutic areas.

Parallel designs are likely to be more popular
because the study duration for each subject is
considerably shorter, reducing the likelihood of
premature withdrawal.

More flexible study designs have been proposed
for Phase I oncology studies, where the dose level
allocated to the next cohort of patients depends on
the toxicities observed in the patients to date and
where dose levels do not necessarily increase [6–9],
but they have not yet been applied very frequently
to Phase I healthy volunteer studies.

3. REVIEW OF CURRENTLY USED
STATISTICAL ANALYSIS
METHODOLOGY FOR DOSE
PROPORTIONALITY

3.1. Options

Different statistical analysis approaches can be
used for the assessment of dose proportionality
[10, 11]. The following options are investigated in
more depth in this section:

(a) Dose normalization of the PK parameter
followed by an analysis of variance (ANOVA)
(or an equivalent non-parametric test) on log-
transformed data to test for differences be-
tween dose levels. This is done either using an
overall test (e.g. F-test) and/or several pair-
wise comparisons (which may be presented as
confidence intervals (CIs) for the ratios of dose
normalized geometric means).

(b) Weighted simple linear regression between the
PK parameter ðyÞ and dose

y ¼ aþ b dose

where the hypothesis that a ¼ 0 is tested and
the lack of fit of the model is generally tested
by adding a quadratic term.

(c) Power model proposed by Gough et al. [12].
The relationship between the PK parameter ðyÞ
and dose is defined as follows:

y ¼ a doseb

This becomes a linear relationship following a
logarithmic transformation, to which a linear
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regression approach can be applied:

logðyÞ ¼ mþ b logðdoseÞ

Assuming that the underlying relationship
between logðyÞ and logðdoseÞ is linear, a value
of 1 for b indicates perfect dose proportion-
ality. Therefore, the estimate of b together
with a suitable CI can be used to quantify dose
proportionality.

(d) Equivalence criterion: On the basis of
the criterion suggested by the FDA and
EMEA guidelines for the assessment of
bioequivalence [13, 14], Smith et al. [15]
propose a criterion for dose proportionality
based on 90% CI for the ratio of
dose normalized means ðRdnmÞ lying within
pre-specified limits ðWL;WUÞ: Different ap-
proaches can be used to estimate Rdnm: In
the case of the power model, Rdnm can be
estimated as rb�1 where r is the ratio of the
highest to the lowest dose, and comparing the
90% CI around Rdnm to pre-specified limits
ðWL;WUÞ is mathematically equivalent to com-
paring the 90% CI around b to the limits

ðbL;bUÞ ¼ 1þ
lnðWLÞ
lnðrÞ

; 1þ
lnðWUÞ
lnðrÞ

� �

While no specific values are advocated
for WL and WU in [15], the article states
the choice should be based on safety,
efficacy or drug registration considerations
and provides an example using the values
0.8 and 1.25 as in the FDA guideline for
bioequivalence.

3.2. Literature review

A list of 85 articles was obtained from a literature
search using Pubmed (http://www.ncbi.nlm.nih.
gov/sites/entrez?db=PubMed) with the keyword
‘dose proportionality’, limited to Humans, lan-
guage English and publication dates between 1
January 2002 and 31 December 2006. Since we
were interested in applications to dose-escalation
studies rather than studies that, for example,
assessed different formulations, we restricted our
review to the 50 articles [16–65] where there were

three or more dose levels of the same formulation.
A summary of this review is shown in Table I.

Note that some papers used more than one of
the approaches (a)–(d). The most commonly used
techniques were pair-wise comparisons on dose-
normalized data [17–21, 23, 28, 29, 37, 41, 49, 52,
54, 59, 63, 65] and power model approach
[18, 19, 22, 25, 27, 28, 38, 42, 44, 45, 48, 51, 52, 55, 5-
7, 58, 64] used in 16 and 17 articles, respectively. In
six of the articles [42, 45, 55, 57, 58, 64] that utilized
the power model, interpretation was based on a
hypothesis testing approach with dose proportion-
ality concluded if a suitable CI around b included
1. In a further five articles [18, 19, 22, 25, 48]
utilizing the power model the conclusion was
based on the equivalence criterion; these criteria
were set without consideration to the correspond-
ing power. In four articles [18, 19, 52, 65] the
criterion of (0.8, 1.25) or (0.7, 1.43) was applied
to pair-wise comparisons resulting from an
ANOVA of dose-normalized data.

Analysis of dose-normalized data is still widely
used in the literature despite this being an
inefficient use of data that, therefore, lacks power
(see [12]). We consider the power model to be the
best approach to assess dose proportionality with

Table I. Summary of the literature review.

Methodology n

(a) Dose-adjusted data analysed 29
Overall test only 6
Overall test followed by pair-wise comparisons 2
Pair-wise comparisons 14
Descriptive statistics only 7

(b) Weighted simple linear regression 2

(c) Power model 17
Interpretation based on CI includes/excludes 1 6
Interpretation based on equivalence criteria 5
Neither of the above 6

(d) Equivalence criterion 7
Pair-wise comparisons only 2
Power model approach 3
Power model and pair-wise approach 2

(e) No statistical testing or confidence intervals 12

Exploratory assessment of dose proportionality
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an analysis of dose-normalized data recommended
only where there is evidence for lack of fit of the
power model. The equivalence criterion applied to
the power model is appealing, although it does not
yet appear to have been commonly utilized in
published work.

4. SUITABILITY OF CURRENTLY
USED DOSE PROPORTIONALITY
CRITERION

4.1. Sample data set

A sample of 34 Phase I dose-escalation studies
conducted in healthy volunteers, for which Aptuit
Ltd (a CRO) performed the PK analysis between
2000 and 2006, was chosen to assess the suitability
of the equivalence criterion with the values 0.8 and
1.25 for WL and WU; respectively, for an exploratory
assessment of dose proportionality.

Table II presents an outline of the study design
of all studies in the sample data set, which were
restricted to the more typical ‘parallel group’
designs and where cohorts had identical dosing
intervals and formulations. The median number of
subjects on active treatment was 6; however,
changes in design sometimes resulted in numbers
fluctuating between doses.

The sample of 43 study parts yielded a total of
143 PK analyses, where the power model was used
to assess dose proportionality (72 analyses for AUC
and 71 analyses for Cmax). To maintain confidenti-
ality of the individual study results, none of the
individual CIs for b are presented. For consistency
between studies, AUC was taken as AUC021

unless data were considerably less complete than
for AUC02t and data sets were excluded if there
was evidence of lack of fit (see [12]). For some
studies, more than one analyte was investigated and
analyses were performed after a single dose and at
steady state in repeated dose studies.

4.2. Results

Dose proportionality can be claimed over the
complete dose range in few of the analyses using

the equivalence criterion values of 0.8 and 1.25 for
WL and WU; respectively (Table III). It is recognized
that Cmax is generally more variable than AUC
[14], typically leading to wider CIs for b:Hence, the
proportion of PK analyses classed as dose propor-
tional is smaller for Cmax (1/71; 1%) than for AUC
(7/72; 10%). Seven of the 8 PK analyses classed as
dose proportional had no more than three dose
levels and a dose range ratio no greater than 3.

However, the vast majority (88% in our sample)
of single dose studies have either more dose levels
or a wider dose range ratio. This also applies to the
majority (53% in our sample) of repeated dose
studies, although to a lesser extent.

5. ALTERNATIVE CRITERION FOR
EXPLORATORY ASSESSMENT FOR
DOSE PROPORTIONALITY

5.1. Rationale for alternative criterion

The suitability of the equivalence criterion (with the
values 0.8 and 1.25 for WL and WU; respectively) has
been acknowledged [11] for definitive dose pro-
portionality assessments in confirmatory studies.
However, the above results indicate its limitations
for exploratory dose proportionality assessments.

It is important to gain good understanding of
the dose proportionality properties of a compound
early in the drug development process to facilitate
the dose escalation within a study and to assist
dose selection for subsequent healthy volunteer
and patient studies [66]. While the provision of an
estimate of b with a suitable CI may be more
appealing than a hypothesis testing approach, the
clinical relevance of any deviation from 1 will
depend on the dose range investigated. As the
therapeutic dose range to be studied in patients is
generally unknown at this stage, it will in practice
be sufficient in most cases to know whether the
compound is approximately dose proportional or
clearly more or less than dose proportional.

We use the framework of the conceptually
appealing equivalence criterion to suggest an
alternative criterion for exploratory dose propor-
tionality assessments by determining more suitable
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Table II. Study design outline for the studies in the sample data set.

Study type/study number Administration
route

Total number of
subjects

Number of subjects
per dose (min/max)

Number of
dose levels

Dose range
ratio

Parallel single dose studies
1 Oral 48 6 8 60
2 Oral 24 4 6 20
3 Oral 34 8/18 3 6
4 Oral 48 6 8 60
5 Oral 48 6 8 128
6 Oral 48 6 8 40
7 Oral 48 8 6 32
8 Oral 16 4 4 12
9 Oral 56 8 7 72
10 Oral 42 6 7 72
11 Oral 36 6 6 32
12* (Part 1) Oral 30 6/12 4 8
12* (Part 2) Oral 18 6 3 2
13 (Part 1) Oral 36 6 6 8
14 (Part 1) Oral 54 6 9 64
15 (Part 1) Oral 36 6 6 24
16 (Part 1) Oral 24 4 6 20
17 Intravenous 16 4/6 3 33
18 Intravenous 9 3 3 10
19 Intravenous 36 3/6 7 28
20y (Part 1) Intravenous 12 6 2 3
20y (Part 2) Intravenous 18 6 3 10
21 Intravenous 24 6 4 2.33
22 Subcutaneous 18 6 3 3
23 (Part 1) Subcutaneous 25 5 5 20
24 (Part 1) Subcutaneous 41 5/6 7 40

Summary single dose ðn ¼ 26Þ: median 35 6 6 22
(minimum, maximum) (9, 56) (3, 8/18) (2, 9) (2, 128)

Parallel repeated dose studies
13 (Part 2) Oral 18 6 3 3
14 (Part 2) Oral 24 6 4 8
15 (Part 2) Oral 18 6 3 5
16 (Part 2) Oral 12 4 3 3.75
25 Oral 24 8 3 3
26 Oral 18 6 3 2
27 Oral 18 6 3 3
28 Oral 24 6 4 8
29 Oral 50 10 5 8
30 Oral 18 6 3 3
31 Oral 18 6 3 8.33
32 Oral 36 9 4 4
33z (Part 1) Intravenous 12 6 2 2
33z (Part 2) Intravenous 12 6 2 2
34 Intravenous 21 7 3 33
22 (Part 2) Subcutaneous 12 6 2 5
23 (Part 2) Subcutaneous 18 9 2 2.5

Summary repeated dose ðn ¼ 17Þ: median 18 6 3 3.75
(minimum, maximum) (12, 50) (4, 10) (2,5) (2, 33)

*Part 1 was conducted under fasted conditions and Part 2 under fed conditions.
yPart 1 was conducted under normal and Part 2 under challenge conditions.
zParts 1 and 2 had different frequency of administration of the study drug.

Exploratory assessment of dose proportionality
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values for WL and WU than 0.8 and 1.25,
respectively.

5.2. Power calculations

To explore suitable parameters for WL and WU for
the equivalence criterion, power calculations were
performed for a typical repeated dose-escalation
study, which (based on the properties of our
sample studies in Section 4.1) had a sample size ðnÞ
of six subjects at each dose level and three
doubling doses ðr ¼ 4Þ: The power of establishing
dose proportionality can be calculated as

power ¼maxfF½�Ua=2 � ðt� bUÞ
ffiffiffiffi
w

p
�

� F½Ua=2 � ðt� bLÞ
ffiffiffiffi
w

p
�; 0g ð1Þ

where w is the inverse of the variance of the slope

estimator (see Technical Appendix for further
details). Different calculations were performed
for the true slope, b ¼ t; ranging from 1.0 to 1.6,
and the lower limit of the equivalence criterion WL
ranging from 0.3 to 0.8 (upper limit WU defined
correspondingly). Based on our experience, the
variability was set at s ¼ 0:294 (equivalent to a
geometric CV of 30%).

The resulting power curves plotted against WL
are shown in Figure 1. As to be expected, the
probability of concluding dose proportionality
over the whole dose range increased as the
equivalence criterion widened and as b tended
towards one. Calculations using Equation (1)
showed that for an underlying perfectly dose
proportional compound (i.e. b ¼ 1:0), the power
of concluding dose proportionality using the (0.8,
1.25) criterion was 0% for n up to nine subjects.
Similar calculations show that only large n of 30
and 38 subjects would achieve power of at least
80% and 90%, respectively, to conclude dose
proportionality over a dose range of 4 using the
(0.8, 1.25) criterion.

A practical dose proportionality criterion
should conclude dose proportionality in the
majority of cases if a compound is truly close to
dose proportional and reject dose proportionality
in the majority of cases if a compound is markedly

Table III. Dose proportionality assessment over whole

dose range of study using the equivalence criterion with

WL ¼ 0:8 and WU ¼ 1:25:

PK parameter

Dose proportionality criterion AUC Cmax

Met 7 (10%) 1 (1%)
Not met 65 (90%) 70 (99%)
Total 72 (100%) 71 (100%)

Figure 1. Relationship between YL and power of concluding dose proportionality for b from 1.0 to 1.6 (six subjects at

each dose level with values of 1, 2, 4).
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non-dose proportional. Clearly the bioequivalence
criterion of (0.8, 1.25) is too strict for an
exploratory assessment of dose proportionality
over the whole dose range as the type II error is
extremely high (i.e. low power) and the use of
wider criterion should be considered.

Using the wider criterion of (0.5, 2), the power
to conclude dose proportionality increased to
98.6% based on n ¼ 6: If a compound is truly
not dose proportional (underlying b ¼ 1:6), then
the power to conclude dose proportionality should
be low, which the wider criterion of (0.5, 2)
achieves just as well with a value of only 0.7%.

5.3. Input from pharmacokineticists

Using the sample data set of 143 PK analyses
introduced in Section 4.1, two experienced phar-
macokineticists independently assessed whether
they intuitively regarded a compound as dose
proportional for the relevant PK parameter. The
only information available to them from each PK
analysis was the name of the PK parameter
investigated, the estimate and 90% CI for b and
basic information on the study design as shown in
Table II. Both pharmacokineticists erred on the
side of caution in their assessment as they classed a
compound only as dose proportional if in their
opinion the evidence was beyond reasonable
doubt. Table IV summarizes the results of the
dose proportionality classifications made by the
two pharmacokineticists. Overall Pharmacokineti-
cist 1 was less conservative in the assessment than
Pharmacokineticist 2, but both concluded dose
proportionality in more analyses than resulted
from use of the equivalence criterion of 0.8, 1.25.

We acknowledge the limited size of the sample
of experienced pharmacokineticists used, but the
above exercise shows that their intuitive dose
proportionality criterion appears to be wider than
0.8–1.25.

5.4. Suggested exploratory dose proportionality

criterion

Providing a robust criterion for exploratory dose
proportionality is difficult as it needs to cover many
different compounds and dose-escalation study de-
signs. As such, the choice of the parameters WL and
WU should be guided by prior information about the
compound investigated as well as the variability of
its PK parameters (where this is available) and
therefore by the power of the study. However, we
feel that the predominantly chosen default values of
WL ¼ 0:8 and WU ¼ 1:25; while useful for a definitive
assessment of dose proportionality, are too con-
servative for an exploratory assessment of dose
proportionality. On the basis of the power calcula-
tions, but also taking into account the intuitive
assessments of pharmacokineticists, we suggest
instead the use of the default values WL ¼ 0:50 and
WU ¼ 2 for typical single and repeated dose studies.
This, therefore, leads to the following exploratory
criterion: approximate dose proportionality will be
concluded if the 90% CI for b is entirely within

1þ
lnð0:5Þ
lnðrÞ

; 1þ
lnð2Þ
lnðrÞ

� �

Table V compares the equivalence criterion with
values of (0.8, 1.25) with (0.5, 2) for WL and WU as
well as with the assessment by the pharmacokine-
ticists and shows that the proposed criterion of

Table IV. Cross-tabulation of dose proportionality assessment by pharmacokineticist for AUC.

Pharmacokineticist 1

AUC Cmax

Dose proportionality criterion Met Not met Met Not met

Pharmacokineticist 2 Met 17 ð24%Þ 1 ð1%Þ 11 ð15%Þ 0 ð0%Þ
Not met 15 ð21%Þ 39 ð54%Þ 15 ð21%Þ 45 ð63%Þ
Total 32 ð44%Þ 40 ð56%Þ 26 ð37%Þ 45 ð63%Þ

Exploratory assessment of dose proportionality
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WL ¼ 0:5 and WU ¼ 2 broadly agrees with the
pharmacokineticists’ assessment.

6. SUMMARY AND DISCUSSION

This article promotes the use of the power model
(considered to be the best approach provided that
there is no evidence of lack of fit) and its
conceptually appealing extension suggested by
Smith et al. [15] by comparing 90% CIs for Rdnm

to pre-defined equivalence criterion ðWL;WUÞ: The
choice of the bioequivalence default values of WL ¼
0:8 and WU ¼ 1:25 seems reasonable for dose levels
only a doubling apart but are impractically strict
with unacceptably high Type II error when applied
over the complete dose range. A more lenient
criterion with values WL ¼ 0:5 and WU ¼ 2 is
proposed for exploratory dose proportionality
assessments across the complete dose range, but it
is recognized that higher values for WL (and lower
corresponding values for WU) will be required for
studies intending to gain a definitive answer on the
dose proportionality of a new compound in the
later stage of its development.

TECHNICAL APPENDIX:
DERIVATION OF POWER FOR
ESTABLISHING DOSE
PROPORTIONALITY

Smith et al. [15] proposed that to establish dose
proportionality, the 90% CI for the ratio of dose
normalized means ðRdnmÞ should lie within pre-

specified limits ðWL;WUÞ: In the case of applying the
power model, this equates to comparing the 90%
CI around the slope, b; to limits

ðbL; bUÞ ¼ 1þ
lnðWLÞ
lnðrÞ

; 1þ
lnðWUÞ
lnðrÞ

� �

where r is the dose range.
This in turn can be formulated as rejecting the

following two one-sided hypotheses (H01 and H02)
in favour of their alternative hypotheses (HA1 and
HA2; respectively):

H01 b4bL versus HA1 b > bL;
H02 b5bU versus HA2 b5bU:

To simplify the subsequent mathematics, we
introduce w as the inverse of the variance of the
slope estimator. For a parallel group design, w is a
function of the number of subjects per dose ðniÞ;
residual variability ðs2Þ and distribution of log
doses ðdiÞ about their mean in the study design

Sdd ¼
Xk
i¼1

niðdi � %dÞ2
 !

Thus, the variance of the slope is expressed as

varð #bÞ ¼
1

w
¼

s2

Sdd

(see [67]).
For a true underlying slope of b ¼ t; the

power of establishing dose proportionality can be

Table V. Comparison of dose proportionality criteria using sample data set.

PK parameter

Dose proportionality criterion AUC Cmax

ðWL; WUÞ ¼ ð0:8; 1:25Þ* 7 (10%) 1 (1%)
Intuitive assessment by pharmacokineticistsy 17 (24%)–33 (46%) 11 (15%)–26 (37%)
ðWL; WUÞ ¼ ð0:5; 2Þ

z 32 (44%) 31 (44%)

*Current example using FDA bioequivalence guidelines [13]; source Table III.
yPharmacokineticist assessment. Lower bound displays studies where both pharmacokineticists concluded dose proportionality, upper
bound where at least one did so; source Table IV.
zProposed limits for W:
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expressed as

Power ¼Pðreject H01 and reject H02Þ

¼P½ð #b� bLÞ
ffiffiffiffi
w

p
> Ua=2 and

ð #b� bUÞ
ffiffiffiffi
w

p
5�Ua=2jb ¼ t�

¼P ð #b� tÞ >
Ua=2ffiffiffiffi

w
p � ðt� bLÞ and

"

ð #b� tÞ5�
Ua=2ffiffiffiffi

w
p � ðt� bUÞjb ¼ t

#

¼P½ð #b� tÞ
ffiffiffiffi
w

p
> Ua=2 � ðt� bLÞ

ffiffiffiffi
w

p
and

ð #b�tÞ
ffiffiffiffi
w

p
5�Ua=2�ðt� bUÞ

ffiffiffiffi
w

p
jb ¼ t�

Given a true slope of t; ð #b� tÞ
ffiffiffiffi
w

p
is expected to

be distributed Nð0; 1Þ: The probability of lying
between two quantities a and b on the normal
curve for b > a is expressed as F½b� � F½a�; where F
represents the cumulative Normal (i.e. area under
the curve up to that point). Thus, the power for
establishing dose proportionality simplifies to the
probability of meeting the upper criterion minus
the probability of failing the lower criterion or

power ¼maxfF½�Ua=2 � ðt� bUÞ
ffiffiffiffi
w

p
�

� F½Ua=2 � ðt� bLÞ
ffiffiffiffi
w

p
�; 0g ð1Þ

Note that the maximum of this quantity or zero
is introduced to guard against a negative power
(i.e. the situation where the probability of meeting
the upper criterion is smaller than the probability
of failing the lower criterion).
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