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Systematic Evaluation of Dose Proportionality Studies in Clinical Pharmacokinetics
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Abstract: An understanding of dose proportionality is essential in drug development, and the results are of great clinical importance for
predicting the effects of dose adjustments. However, little consensus exists with regard to study design and analysis. The aim of this pa-
per was to produce a detailed profile of the information on dose proportionality studies in the last 10 years and to provide a foundation for
reflection and debate on future priorities. A total of 147 publications comprising 156 studies were analyzed. The typical dose proportion-
ality study enrolled 20 to 30 subjects and randomly allocated them into 3 to 4 dose levels to investigate pharmacokinetic behaviors within
a dose ratio range of 2-6. The most common design was the crossover experiment (52.6%), and evaluating dose-adjusted pharmacoki-
netic parameters followed by hypothesis testing (43%) was the most frequent statistical approach. However, the alternative crossover de-
sign and equivalence criterion based on the power model represented only 4% and 8% of studies, respectively. The power model as a
recommendable empirical relationship to assess dose proportionality was applied in 25 (16%) studies. This research suggests that the al-
ternative crossover design and power model statistical method should be attracting more attention in order to obtain more information in

studies with limited subjects.
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INTRODUCTION

As a fundamental component of pharmacokinetic (PK) research
in drug development, dose proportionality characterizes the rela-
tionship between dose of drug and its pharmacokinetic effect [1, 2].
If the drug possesses this property, increasing the dose should in-
crease the PK parameter (such as AUC, Cmax) by the same factor
[3, 4]. Hence, it is easy to predict the medication effects within a
certain dosage range. ‘Greater than proportional’ may imply a
saturable metabolism at higher doses, while ‘lower than propor-
tional’ may imply a saturable absorption at higher doses. These two
situations suggest that the pharmacokinetic behavior of an investi-
gated drug is nonlinear and may undergo loss of predictability in
dosage adjustment. Such drugs often require therapeutic concentra-
tion monitoring to achieve the targeted therapeutic plasma concen-
tration. Because almost all drugs may show nonlinear pharmacoki-
netics when the doses are extremely high, dose proportionality as-
sessment provides evidence to support the statement that the phar-
macokinetics of an investigated drug are linear over a certain dose
range, i.e., that any degree of nonlinearity is negligible. Thus, the
assessment of dose proportionality is of great clinical importance
for predicting the consequences of rational dose adjustments.

Despite the fact that dose proportionality studies are very im-
portant in the drug development process, a lack of consensus exists
concerning the optimal study design for assessment of dose propor-
tionality [3, 5]. In the past decade, there have been many articles [6-
8] focused on the methodology of dose proportionality studies in an
attempt to quantify the relationships between dose and PK parame-
ters. Although some more efficient techniques for design and analy-
sis have been developed, so far no standard approach has been iden-
tified, and the method chosen is based on practical considerations
rather than any statistical rationale. There is considerable variety in
how such studies are conducted, and not all such studies are pub-
lished when performed in phase | clinical trials [9], making it diffi-
cult to get a profile of dose proportionality studies.

The goal of this article is to quantitatively evaluate the detailed
designs and assessments of all dose proportionality studies pub-
lished during the past decade in order to show how dose propor-
tionality studies are being performed and to discuss the differences
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in these studies. We hope that our research presents a useful profile
of dose proportionality studies and provides a focus for reflection
and debate on future priorities

METHODS
Search Strategy

Because the phrase, ‘dose proportionality’, was not included in
MESH terms, initial article selection was conducted in Medline
(Pubmed) using the keyword “dose proportionality” in all fields.
Additionally, the search was limited to ‘English language’ and
‘humans’, as well as to studies published from 1 January 1999 to 12
December 2008. Retrieved articles further limited to those dealing
with medications or analyses performed on original clinical data
were assessed by one of the authors (YS), who screened the papers
based on the abstract or, if necessary, on the full article to identify
the relevant studies. Articles were included only if the study was
identified as a dose proportionality study and published as a full-
text article. Population pharmacokinetics studies, reviews, method-
ology articles, and articles published as abstracts only, editorials,
news, or correspondence sections were excluded.

Data Extraction

Each article was assessed independently by two reviewers (YS
and YH). Any disagreement between the two researchers was re-
solved by discussion. In order to gather data on the characteristics
of the articles, a Microsoft Excel database was developed and used
as a template for data collection. The database was constructed
around the design and assessment of dose proportionality studies
within selected articles rather than the article itself because our
work focused mainly on the methodology used in published dose
proportionality studies rather than on the quality of published pa-
pers. Consequently, when an article described more than one dose
proportionality study, it had as many entries in the database as the
number of studies described in the article. The database contained
56 fields, most of which included a coding framework of predefined
options. Free-text fields were also offered in the database, some of
which contained article identification and useful information con-
tained in the article, and others enabled reviewers to highlight any
coding in need of additional clarification, any ambiguities, and
issues for discussion among the research team. Such discrepancies
were clarified and defined further.

Recorded data variables related to a range of study characteris-
tics were as follows: article identification (5 items) contained
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PMID, first author’s name, article title, year of publication, and the
journal in which it was published. Context of the analysis (5 items)
collected information about the phase of clinical development, first-
in-human, objectives of the study (PK or PK & safe), therapeutic
area and routes of administration. Therapeutic classes were defined
according to the World Health Organization's Anatomical Thera-
peutic Chemical (ATC) classification system. Study design (15
items) included design type, wash-out period, number of doses
(single-dose, multiple-dose or both), number of study subjects and
sample size estimations, randomization, blinding, control, cohort
size, distribution of subjects within the cohorts, dose levels, dose
increments, target population, percentage male and age range. Dose
proportionality information (10 items) was gathered about the
pharmacokinetics group size, blood sample volume, sample time,
blood sample numbers, results of the dose proportionality assess-
ment, the dose proportionality range, PK parameters, AUC calcula-
tion methods, and the dose proportionality analysis approach and
criteria.

Statistical Analysis

For each item, descriptive statistics (mean, SD, minimum and
maximum values) were used to report the results for continuous
variables, whereas frequencies and percentages were used to de-
scribe categorical variables. All data analyses were performed using
SAS version 9.1.3 (SAS Institute Inc, Cary, NC).

RESULTS
Selected Articles

Of the 194 published articles initially identified in Medline, 165
were selected for assessment. The 29 excluded articles were re-
views (n=9) or population pharmacokinetics studies (n=5), did not
assess medications (n=11), or were not in humans (n=4). Eighteen
articles were secondarily excluded because the full texts were not
available (n=2), or after the full text was obtained, they were found
not to be dose proportionality studies (n=16). A total of 147 articles
[10-156] comprising 156 studies were included in the final analysis.

Of the 147 final articles included between 1999 and 2008, the
number in any one year varied from 9 to 20 (Fig. 1). More than half
of these articles were frequently published in pharmacological jour-
nals, with most coming from leading journals in the pharmacology
field (Fig. 2). The routes of administration included oral (56%),
parenteral (35%), inhalation (9%), sublingual/buccal (7%), nasal
(4%) or transdermal (3%). There were two administration routes in
four articles [51, 61, 76, 78]; in these cases, each article was ana-
lyzed with the two routes (Fig. 3). The distribution of therapeutic
classes according to the WHO's Anatomical Therapeutic Chemical
(ATC) classification system is presented in Fig. (4). Consistent with
Table 1, nervous system, anti-neoplastic and immunomodulating
agents were among those for which a dose proportionality study has
been most often published in the last decade. At level 2 of the ATC
classification system, these studies could be divided into 36 sub-
groups. The two largest subgroups, drugs for obstructive airway
diseases and analgesics, contained 15 and 14 studies, respectively.
One study was seen in 12 subgroups.

Study Design

All included studies comprised a total of 7869 subjects ranging
from 3 to 1300 subjects per study (Fig. 5A). The median number of
subjects for each study was 25 and 55% of studies enrolled 20 to 30
subjects. Likewise, the cohort size in each study also showed great
variation and varied from 2 to over 200. As illustrated in Fig. (5B),
over 50 percent of these studies’ cohort size was 4 to 9. Ninety-nine
studies (62.8%) were single-dose, 23(14.1%) were multiple-dose,
and 36 studies (23.1%) were single- and multiple-dose. Except for
two studies [18, 111] that did not report sex, 26.6%, 4.5%, and
68.8% of the studies were conducted in males, females, or both
males and females, respectively. The majorities (66.7%) of these
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studies were performed in healthy subjects, with 32.7% in patients,
and one (0.64%) study [29] included both patients and health volun-
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Fig. (3). The routes of administration in published dose proportionality
studies (n = 151); four articles containing two administration routes were
analyzed for each route.

Within 130 studies reporting randomization, a large majority
(126 studies; 96.9%) had random allocation of participants. How-
ever, most of the included studies (117 studies; 75%) did not have a
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control group. Thirty-two (21%) of the remaining 39 studies were
placebo controlled. Some degree of blinding was present in 145
studies: 96 (61.5%) of the studies were open, 37 (23.7%) were dou-
ble-blind, 9 (5.8%) were single-blind, and for 3 (1.9%) of the stud-
ies [29, 30, 76], the degree of blinding could not be grouped into
the classes above.
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Fig. (4). Therapeutic areas of dose proportionality studies according to the
WHO's ATC classification system (n = 147).

In Fig. (6), the results concerning dose range ratio and the num-
ber of dose levels were reported. The considerable variation in these
two aspects of the study schemes was also shown within these stud-
ies. The dose range ratios were from 1.33-fold to 50-fold, and 57%
were from 2-fold to 6-fold. The number of dose levels in each study
varied from 2 to 11, and about 60% of the studies contained 3 or 4
levels.

Various designs were employed in the dose proportionality
studies, so that it is difficult to categorize (Fig. 7). For the purpose
of analysis, the studies were roughly divided into six groups as
follows: (1) parallel single-dose design, (2) parallel multi-dose de-
sign, (3) alternating crossover design, (4) crossover and grouped
crossover design, (5) parallel single- and multiple-dose design, and
(6) idiosyncratic study design. All parallel designs included time-
lagged study. Time-lagged study means that the drug was given in a
lagged order, with dose progression to the next higher dose level
being made only if the safety and tolerability of the preceding dose
level were satisfactory [79]. According to this categorization, 82
(52.6%) of the studies were crossover design, and 6 (3.85%) were
alternating crossover design. This finding indicates that a crossover
experiment at several predetermined dose levels was the most
commonly employed design in dose proportionality studies.

Because dose proportionality studies were commonly per-
formed as part of phase | clinical trials, sample size estimation for
most of these studies was dependent on practical considerations
rather than power calculations. Only 28 studies stated that sample
size calculations were based on statistics estimation.

Sampling and Pharmacokinetic Analysis

Except for four articles that did not report the time of blood
sampling [13, 20, 147, 151], in single-dose studies blood samples
were from 6 to 25 time points, with the median number 15 in each
dose, while in multi-dose studies, the number of time points were
from 1 to 29, with the median number 12 in each dose. The 94 stud-
ies that mentioned the related information showed significant dif-
ferences in blood sample volume over a range of 0.5-20 ml (Fig. 8).
Furthermore, blood sample volume was 4-8 ml in more than half of
these studies.

Almost all dose proportionality studies use non-compartmental
analysis to estimate relevant PK parameters. Only two studies [59,
148] used compartmental PK parameters to display dose propor-
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tionality results. All included studies used AUC or/and Cmax as
exposure PK parameters to evaluate dose proportionality. Urine
collection was reported in 23 studies, but only one article [104]
indicated that total-drug excretion over 24 h (Aey_,4) Was included
in the PK parameters for the dose proportion assessment. In one
study [35], the pharmacokinetic parameters were determined using
a population pharmacokinetic model; this study was still designated
as a PK study rather than a population pharmacokinetics study by
two independent reviewers and was also included in our study.

Statistical Evaluation

The methodology used for classifying the statistical ap-
proaches for assessing dose proportionality was referred to in the
work of Hummel et al. [5]. Thus, the statistical analysis approaches
used for the assessment of dose proportionality were as follows: (1)
linear regression approach, (2) dose-adjusted PK parameter fol-
lowed by hypothesis testing (parametric or non-parametric), (3)
power model, (4) equivalence criterion, (5) others, (6) more than
one approach and (7) no statistical testing or confidence intervals. If
one study used equivalence criterion for assessment and the confi-
dence interval was calculated by another of these approaches, this
study was still recognized as using the equivalence criterion
method.

Twenty-nine (19%) studies used more than one approach for
dose proportionality assessment. A dose-adjusted PK parameter
following hypothesis testing was applied in all of these studies; the
other approaches in these studies included the linear regression
approach (14), power model (12), and equivalence criterion (3).
The dose-adjusted PK parameter followed by hypothesis testing
was applied as the only method for evaluation in 38 (24%) of the
studies and was therefore the most frequent methodology for dose
proportionality assessment. A power model was employed in 25
(16%) of the studies (it was the unique approach in 13, and in 12,
the equivalence criterion was based on the power model). Equiva-
lence criterion was used in 31(20%) studies as the unique technique
and in 3 studies as one of the evaluation methods. In 12 of these 34
studies, equivalence criterion was based upon a power model, and
in the other 22 studies, it was based upon a dose-adjusted PK pa-
rameter followed by hypothesis testing. Other statistical methods
(Mann-Whitney U test, Student's t test, etc.) were employed in 5
studies. The distribution of statistical analysis methodology for dose
proportionality is presented in Fig. (9). Of note, about 15% (23) of
the included studies did not report any statistical testing or confi-
dence intervals.

Based on the methodology introduced above, 119 (76%) studies
declared that the dose proportionality was met. In 37 studies that
deviated from dose proportionality, 12 were greater than propor-
tionality, 20 were less than proportionality, and 4 were inconclu-
sive. One study [43] reported AUC was greater than proportionality
while Cmax was less than proportionality. Nineteen of these non-
proportional studies stated that dose proportionality over a certain
dose range was observed.

DISCUSSION

The focus of new drug development in human is to determine
an appropriate dose range in which the drug produces the desired
therapeutic effect without undue toxicity, but it is impossible to
observe the human response to all doses of investigated drugs. Once
dose proportionality has been proven, it is easy to predict the phar-
macokinetic response of the investigated drug in humans over a
specific dose range, and then the dose can be adjusted accordingly
to achieve the desired magnitude of effect.

Note that dose proportionality is different from dose linearity.
The existence of dose proportionality implies dose linearity, but not
vice versa. Dose proportionality requires dose linearity and means
that a dose of zero leads to an AUC of zero. This is also the reason
why this paper used the term “dose proportionality” rather than
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Table 1. Therapeutic Catalogues According to the WHO Anatomical Therapeutic Chemical (ATC) Classification System
ATC Group ATC Subgroup Number of Studies
Drugs For Acid Related Disorders 1
Drugs For Functional Gastrointestinal Disorders 1
Alimentary Tract And Metabolism Antiemetics And Antinauseants 2
Bile And Liver Therapy 1
Drugs Used In Diabetes 9
Antithrombotic Agents 3
Blood And Blood Forming Organs Antihemorrhagics 3
Other Hematological Agents 1
Cardiac Therapy 2
Antihypertensives 1
Vasoprotectives 1
Cardiovascular System
Calcium Channel Blockers 1
Agents Acting On The Renin-Angiotensin System 2
Lipid Modifying Agents 5
Sex Hormones And Modulators Of The Genital System 6
Genito Urinary System And Sex Hormones
Urologicals 4
Systemic Hormonal Preparatio:lisr,],SExcl. Sex Hormones And Insu- Pituitary And Hypothalamic Hormones And Analogues 5
Antibacterials For Systemic Use 4
Antimycotics For Systemic Use 3
Antiinfectives For Systemic Use
Antivirals For Systemic Use 6
Immune Sera And Immunoglobulins 1
Antineoplastic Agents 10
Antineoplastic And Immunomodulating Agents Immunostimulants 1
Immunosuppressants 12
Antiinflammatory And Antirheumatic Products 6
Musculo-Skeletal System
Muscle Relaxants 1
Anesthetics 4
Analgesics 14
Antiepileptics 2
Nervous System Anti-Parkinson Drugs 2
Psycholeptics 7
Psychoanaleptics 5
Other Nervous System Drugs 4
_ Drugs For Obstructive Airway Diseases 15
Respiratory System
Antihistamines For Systemic Use 1
Various All Other Non-Therapeutic Products 1

“dose linearity” to retrieve articles. Certainly, a publication bias
might exist in selecting articles, but the 147 included articles de-
scribing 156 studies should still provide a useful overview of dose
proportionality studies.

An early assessment of dose proportionality can help to guide
the selection of doses for later trials and to determine the regimen
for dosage adjustment. It is also useful to estimate the need for
therapeutic concentration monitoring and the evaluation of the
commercial viability of a new chemical entity [8]. Consequently, it

is imperative to explore dose proportionality as soon as possible in
early clinical development, so that informed decisions can be made
for long-term clinical studies. Some articles [8] proposed that dose-
escalating phase | studies were ideal opportunities, and sometimes
the only opportunity, for investigating dose proportionality because
an extended dose range is investigated in phase | studies and the
safety of the test subjects is closely monitored. Of the 147 studies
included, 35 reported the stage of clinical development. Twenty-
five studies were in phase | clinical trials, and 6 of them definitely
declared that the study was first-time-in-humans. Because of low
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power due to limited subject numbers treated at each dose level in
early clinical studies, it was suggested that dose proportionality
should be assessed at two different stages of the drug development
process [157]. Dose proportionality could be approximately as-
sessed from phase | studies and then confirmed in further clinical
trials. In our analysis, only 10 studies were definitively reported to
be in phase Il or Ill. This might be caused by a lower publication
rate for dose proportionality studies in late stage clinical trials
(Phase I1b/Il) because these trials are focused on efficacy and
safety.

A variety of designs with varying reliability have been used to
analyze dose proportionality. More than 50% of studies were per-
formed using a crossover design; however, there were still remark-
able differences within these studies. Some [14, 72, 75, 81] consid-
ered that the safety and tolerability of the higher dose and the lower
dose might be afflicted by a potential carryover effect of the higher
doses administered in the previous period; hence, the sequences of
dose levels were designed in an escalating manner. Others [19, 93,
95, 115, 124] ignored the carryover effect or used a statistical
method (a Latin squares or a balanced incomplete block design) to
adjust for it such that the first dose in sequences of dose levels
could be the higher dose. Within crossover design studies, a single
study evaluating both single- and multiple-dose proportionality is
very popular. A typical example is as follows: for each treatment
period, the single doses were administered on study Day 1, fol-
lowed by the same drug in multiple doses on Days 3-7. A washout
period separated the last dose of the previous treatment period and
the first dose of the next. This type of design was performed in 82
dose proportionality studies among the included studies. Alternative
crossover design is more time efficient than other designs and re-
quires fewer subjects without sacrificing safety concerns; thus, this
design was recommended for investigating dose proportionality [8].
However, less than 5% of all included studies (6 studies) were un-
dertaken using alternative crossover design. Because it allows for
more information to be gathered using fewer subjects, thus saving
time and money, dose proportionality studies should focus more on
this design.

The distributions of the designs employed also varied depend-
ing on therapeutic areas (Fig. 10). Among two of the ATC groups
("Antiinfectives For Systemic Use" and "Antineoplastic And Im-
munomodulating Agents"), a crossover experiment was not the
most frequent design for assessing dose proportionality. A small
proportion of crossover design in these groups could be attributed
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to the features of the investigated drug. As exemplified by antineo-
plastic and immunomodulating agents, the major objective of this
kind of drug in early clinical study is to determine the maximum
tolerance dose (MTD), and the studies are always performed in
patients, so idiosyncratic design (3+3 design) is most frequently
used.

Though many exploratory studies are included in this work,
using 3 or fewer subjects per dose level, as occurred in 15% of the
studies included, is still considered inadequate for investigating
dose proportionality. For those studies in which cohort sizes were
smaller than 6 active subjects, Buoen et al. [158] advised that there
is much to gain in power with the inclusion of 1 extra subject. The
weak correlation between the number of dose levels and dose range
ratios was observed in our study (Fig. 11). Only two dose levels
were investigated to assess dose proportionality in 25% of the stud-
ies. From a statistical perspective, treating half of the subjects at the
lowest dose and half at the maximum tolerated dose is an efficient
design [7]. However, the reliability of conclusions would be en-
hanced by collecting data from other levels because there may be a
nonlinear pattern to the relationship between the PK parameters and
dose levels. Practically, assessing the dose proportionality of a
compound requires at least three doses.

Graphical representations of PK parameters versus dose level
with statistical approaches are valuable in all assessments of pro-
portionality. About one-third (49) of the studies used graphical
plots to display dose proportionality. In these 49 studies, most of
which were scatter plots of dose versus PK or dose versus dose-
adjusted PK to show dose proportionality (Fig. 12). One study
[145] represented a plot of mean dose-normalized plasma concen-
tration versus time curves. The variation of the PK parameter (AUC
and Cmax) increases as the dose increases [159]. Therefore, dis-
playing the PK parameter on a logarithmic scale, which was done in
only two studies [128, 146], would be considered an appropriate
plot for visual assessment of dose proportionality.

Several statistical methods for the assessment of dose propor-
tionality were employed in these studies. Due to easy understanding
and calculation, evaluating dose-adjusted PK parameters followed
by hypothesis testing was the most frequent approach in dose pro-
portionality studies. However, the method still has some disadvan-
tages in that it treats the dose as a categorical variable, ignores the
ordering of the doses and presents potential problems with multiple
comparisons. According to the characteristics of dose proportional-
ity, a linear regression approach is the simplest method for assess-

@ Parallel single-dose
Parallel multi-dose
[ Alternating crossover

O Crossover and
grouped crossover

[ Parallel single- and
multiple- dose

B Idiosyncratic study

Fig. (10). The distributions of the designs employed within all therapeutic areas: (A) Alimentary Tract And Metabolism, (B) Blood And Blood Forming Or-
gans, (C) Cardiovascular System, (G) Genito Urinary System And Sex Hormones, (H) Systemic Hormonal Preparations, Excl. Sex Hormones And Insulins,
(J) Antiinfectives For Systemic Use, (L) Antineoplastic And Immunomodulating Agents, (M) Musculo-Skeletal System, (N) Nervous System, (R) Respiratory

System, (V) Various.
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ment. However, as the power of a linear regression approach is
incapable of detecting departures from proportionality, this ap-
proach is a poor representation of the dose versus PK parameter
relationship and should be avoided in dose proportionality study [3,
160].
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The power model has the ability to measure the degree of non-
proportionality and associate confidence intervals and pre-specified
critical regions for assessing proportionality. Because the standard
deviation of a PK parameter (Y) often increases as the dose in-
creases, the power model presents an appealing empirical relation-
ship between the PK parameter (Y) and dose. The model can be
described as: Y=o * dose®. B equal to 1 implies perfect dose propor-
tionality. a represents random subject effects, fixed period effects
and errors. Then, the degree of nonproportionality can be measured
by B together with its confidence interval. Compared with other
statistical methods, more information can be obtained from the
power model: an r’-fold increase in AUC can be easily obtained
when the dose is increased r-fold. The increase in dose for a given
increase in AUC can be predicted by: R=(Y/Y )%, where Y, and Y,
correspond to the AUC for the highest dose and lowest dose, re-
spectively. Therefore, the power model was recommended because
it is well suited to detect nonproportional pharmacokinetic effects
and to measure the departure from proportionality [3, 7]. However,
this approach was used in 25 (16%) studies for dose proportionality
assessment and should be applied more widely.

Gough et al. [3] reasoned that dose proportionality assessment
is a problem of equivalence rather than hypothesis testing. When
hypothesis tests were used, lack of dose proportionality could be
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concluded by deciding against the null hypothesis and acceptance
of the alternative hypothesis. However, failing to reject null hy-
potheses is not sufficient to announce dose proportionality. From a
statistical viewpoint, however, the null hypothesis can never be
proven. Hence, referring to the FDA guidance for testing average
bioequivalence, Smith et al. [7] proposed proportionality assess-
ment based on confidence intervals and equivalence regions. Then,
dose proportionality is declared if the confidence interval for geo-
metric means of a pharmacokinetic variable lies completely within
the predefined acceptance interval.

A confidence interval criterion for the assessment of dose pro-
portionality can be applied to many statistical models. When confi-
dence interval criteria are coupled with a power model to define
proportionality, the dose-proportional range is related to the dose
ratio rather than to specific dose levels. In addition to assessing
whether proportionality is attained, this approach also provides
more valuable information. Once the equivalence criterion is speci-
fied, a maximal dose ratio can be calculated, below which propor-
tionality is concluded, and a threshold ratio might also be calcu-
lated, above which nonproportionality is concluded. The values of
these two ratios are occasionally larger or smaller than the ratio of
the high to low dose in the actual dose range studied. Thus, the
approach is not constrained to the exact dose levels studied and has
the ability to support extrapolation beyond the studied dose range
with caution.

With the advantages of the power model and equivalence crite-
rion, a method combining the equivalence criterion and the power
model enhances the information available from a dose proportional-
ity study and was recommended in several articles [3, 7, 160]. Se-
lecting the equivalence criterion is based upon safety, efficacy or
drug registration considerations. The most common criterion was
the interval of 0.8 to 1.25, which was suggested by the FDA and
EMEA [161, 162] for the assessment of bioequivalence. Of the 156
included studies, 12 employed the equivalence criterion based on
the power model to evaluate dose proportionality, and 11 used the
standard limits of 0.80 to 1.25 as the acceptance interval. It should
be noted that when the confidence interval comes from the power
model, the equivalence criterion should be adjusted as following:

Lower limit =1 + In(0.8)/In(r)
Upper limit = 1 + In(1.25)/In(r)

where In is the natural logarithm and r is the ratio of (highest
dose)/(lower dose).

Recently, this default equivalence criterion of 0.8 to 1.25 was
questioned because it seems too strict in exploratory dose propor-
tionality studies over the complete dose range, and a more lenient
criterion of 0.5 to 2 has been proposed [5]. However, no study
among all of the included studies adopted this criterion.

CONCLUSIONS

The dose proportionality study is very important in drug devel-
opment, but its design and analysis are still very arbitrary. Based on
the studies that we have examined, significant variations were seen
in therapeutic areas, cohort sizes, number of dose levels, dose range
ratios, total number of subjects and blood sampling; however, ma-
jorities of each criterion were within a certain range. Crossover
design with some varieties was the most frequent design, and
evaluating dose-adjusted pharmacokinetic parameters followed by
hypothesis testing was the most common statistical approach in
dose proportionality studies. For enhancing the information from a
dose proportionality study using limited subjects, more focus
should be given to the alternative crossover design and the power
model statistical method. We hope that this work, which developed
a profile of the manner in which studies were performed during the
past decade, might serve as a point of discussion for debating the
future direction of dose proportionality studies.



Systematic Evaluation of Dose Proportionality Studies in Clinical Pharmacokinetics

ACKNOWLEDGMENTS

This work was supported in part by the National Science and
Technology Supporting Project (2008BAI51B03, 2006BAI08B04-
7); the Leading Academic Discipline Project of Shanghai Municipal
Education Commission (J50303, 2008GSP19-5) and E-Institute of
Shanghai High Education (E03008).

REFERENCES

[1] Sethuraman, V. S.; Leonov, S.; Squassante, L.; Mitchell, T. R;;
Hale, M. D. Sample size calculation for the Power Model for dose
proportionality studies. Pharm. Stat., 2007, 6(1), 35-41.

[2] Smith, Brian P. Assessment of Dose Proportionality. In Pharma-
cokinetics in drug development : clinical study design and analysis,
Bonate, P. L.; Howard, D., Eds. AAPS Press: Arlington, VA, 2004;
pp. 363-82.

[3] Gough, K.; Hutchison, M.; Keene, O.; Byrom, B.; Ellis, S.; Lacey,
L.; McKellar, J. Assessment of dose proportionality : report from
the statisticians in the pharmaceutical industry/pharmacokinetics
UK joint working party. Drug informat. J., 1995, 29, 1039-48.

[4] Law, C. Gordon Dose Proportionality. In Encyclopedia of Bio-
pharmaceutical Statistics, 2nd ed.; Chow, S.-C., Ed. Marcel Dek-
ker: New York, 2003; pp. 295 - 297.

[5] Hummel, J.; McKendrick, S.; Brindley, C.; French, R. Exploratory
assessment of dose proportionality: review of current approaches
and proposal for a practical criterion. Pharm. Stat., 2009, 8(1), 38-
49.

[6] Cheng, B.; Chow, S. C.; Su, W. L. On the assessment of dose pro-
portionality: a comparison of two slope approaches. J. Biopharm.
Stat., 2006, 16(3), 385-92.

[7] Smith, B. P.; Vandenhende, F. R.; DeSante, K. A.; Farid, N. A;;
Welch, P. A.; Callaghan, J. T.; Forgue, S. T. Confidence interval
criteria for assessment of dose proportionality. Pharm. Res., 2000,
17(10), 1278-83.

[8] Yin, Y.; Chen, C. Optimizing first-time-in-human trial design for
studying dose proportionality. Drug Informat. J., 2001, 35, 1065-
78.

[9] Decullier, E.; Chan, A. W.; Chapuis, F. Inadequate dissemination
of phase | trials: a retrospective cohort study. PLoS. Med., 2009,
6(2), €1000034.

[10] Budde, K.; Neumayer, H. H.; Lehne, G.; Winkler, M.; Hauser, I.
A.; Lison, A.; Fritsche, L.; Soulillou, J. P.; Fauchald, P.; Dantal, J.
Tolerability and steady-state pharmacokinetics of everolimus in
maintenance renal transplant patients. Nephrol Dial Transplant,
2004, 19(10), 2606-14.

[11] Teo, S. K.; Scheffler, M. R.; Kook, K. A.; Tracewell, W. G.; Col-
burn, W. A.; Stirling, D. I.; Thomas, S. D. Thalidomide dose pro-
portionality assessment following single doses to healthy subjects.
J. Clin. Pharmacol., 2001, 41(6), 662-7.

[12] Forgue, S. T.; Patterson, B. E.; Bedding, A. W.; Payne, C. D
Phillips, D. L.; Wrishko, R. E.; Mitchell, M. I. Tadalafil pharma-
cokinetics in healthy subjects. Br. J. Clin. Pharmacol., 2006, 61(3),
280-8.

[13] Wangemann, M.; Retzow, A.; Mazur, D.; Vens-Cappell, B. Study
on the dose proportionality of the pharmacokinetics of sustained re-
lease sodium valproate. Int. J. Clin. Pharmacol. Ther., 2000, 38(8),
395-401.

[14] Fridberg, M. J.; Hedner, U.; Roberts, H. R.; Erhardtsen, E. A study
of the pharmacokinetics and safety of recombinant activated factor
VII in healthy Caucasian and Japanese subjects. Blood Coagul. Fi-
brinolysis, 2005, 16(4), 259-66.

[15] Limoges, D.; Dieterich, H. A.; Yeh, C. M.; Vaidyanathan, S.;
Howard, D.; Dole, W. P. A study of dose-proportionality in the
pharmacokinetics of the oral direct renin inhibitor aliskiren in
healthy subjects. Int. J. Clin. Pharmacol. Ther., 2008, 46(5), 252-8.

[16] Barilla, D.; Prasad, P.; Hubert, M.; Gumbhir-Shah, K. Steady-state
pharmacokinetics of fluvastatin in healthy subjects following a new
extended release fluvastatin tablet, Lescol XL. Biopharm. Drug
Dispos., 2004, 25(2), 51-9.

[17] Loi, C. M.; Alvey, C. W.; Vassos, A. B.; Randinitis, E. J.; Sedman,
A. J.; Koup, J. R. Steady-state pharmacokinetics and dose propor-
tionality of troglitazone and its metabolites. J. Clin. Pharmacol.,
1999, 39(9), 920-6.

[18] Tompson, D. J.; Vearer, D. Steady-state pharmacokinetic properties
of a 24-hour prolonged-release formulation of ropinirole: results of

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Current Drug Metabolism, 2010, Vol. 11, No.6 533

two randomized studies in patients with Parkinson's disease. Clin.
Ther., 2007, 29(12), 2654-66.

Zhao, Q.; Jiang, J.; Li, X.; Lu, Z. S.; Hu, P. Single-dose pharma-
cokinetics of levetiracetam in healthy Chinese male subjects. Br. J.
Clin. Pharmacol., 2007, 63(5), 614-7.

Swaisland, H. C.; Smith, R. P.; Laight, A.; Kerr, D. J.; Ranson, M.;
Wilder-Smith, C. H.; Duvauchelle, T. Single-dose clinical pharma-
cokinetic studies of gefitinib. Clin. Pharmacokinet., 2005, 44(11),
1165-77.

Marmarou, A.; Guy, M.; Murphey, L.; Roy, F.; Layani, L.; Com-
bal, J. P.; Marquer, C. A single dose, three-arm, placebo-controlled,
phase | study of the bradykinin B2 receptor antagonist Anati-
bant(LF16-0687Ms) in patients with severe traumatic brain injury.
J. Neurotrauma, 2005, 22(12), 1444-55.

Duijkers, 1. J.; Klipping, C.; Boerrigter, P. J.; Machielsen, C. S.; De
Bie, J. J.; Voortman, G. Single dose pharmacokinetics and effects
on follicular growth and serum hormones of a long-acting recom-
binant FSH preparation(FSH-CTP) in healthy pituitary-suppressed
females. Hum. Reprod., 2002, 17(8), 1987-93.

Miceli, J. J.; Wilner, K. D.; Hansen, R. A.; Johnson, A. C.;
Apseloff, G.; Gerber, N. Single- and multiple-dose pharmacokinet-
ics of ziprasidone under non-fasting conditions in healthy male
volunteers. Br. J. Clin. Pharmacol., 2000, 49(Suppl 1), 5S-13S.
Dimmitt, D. C.; Choo, Y. S.; Martin, L. A.; Arumugham, T.;
Hahne, W. F.; Weir, S. J. Single- and multiple-dose pharmacoki-
netics of oral dolasetron and its active metabolites in healthy volun-
teers: part 2. Biopharm. Drug Dispos., 1999, 20(1), 41-8.

Agrawal, N. G.; Porras, A. G.; Matthews, C. Z.; Rose, M. J.;
Woolf, E. J.; Musser, B. J.; Dynder, A. L.; Mazina, K. E.; Lasseter,
K. C.; Hunt, T. L.; Schwartz, J. I.; McCrea, J. B.; Gottesdiener, K.
M. Single- and multiple-dose pharmacokinetics of etoricoxib, a se-
lective inhibitor of cyclooxygenase-2, in man. J. Clin. Pharmacol.,
2003, 43(3), 268-76.

Modi, N. B.; Dresser, M. J.; Simon, M.; Lin, D.; Desai, D.; Gupta,
S. Single- and multiple-dose pharmacokinetics of dapoxetine hy-
drochloride, a novel agent for the treatment of premature ejacula-
tion. J. Clin. Pharmacol., 2006, 46(3), 301-9.

Clausen, S. B.; Read, S. C.; Tulloch, S. J. Single- and multiple-dose
pharmacokinetics of an oral mixed amphetamine salts extended-
release formulation in adults. CNS Spectr., 2005, 10(12 Suppl 20),
6-15.

Adams, M. P.; Ahdieh, H. Single- and multiple-dose pharmacoki-
netic and dose-proportionality study of oxymorphone immediate-
release tablets. Drugs R D, 2005, 6(2), 91-9.

Sardh, E.; Rejkjaer, L.; Andersson, D. E.; Harper, P. Safety, phar-
macokinetics and pharmocodynamics of recombinant human por-
phobilinogen deaminase in healthy subjects and asymptomatic car-
riers of the acute intermittent porphyria gene who have increased
porphyrin precursor excretion. Clin. Pharmacokinet., 2007, 46(4),
335-49.

Otulana, B.; Okikawa, J.; Linn, L.; Morishige, R.; Thipphawong, J.
Safety and pharmacokinetics of inhaled morphine delivered using
the AERX system in patients with moderate-to-severe asthma. Int.
J. Clin. Pharmacol. Ther., 2004, 42(8), 456-62.

Darwish, M.; Tempero, K.; Kirby, M.; Thompson, J. Relative
bioavailability of the fentanyl effervescent buccal tablet(FEBT)
1,080 pg versus oral transmucosal fentanyl citrate 1,600 pg and
dose proportionality of FEBT 270 to 1,300 microg: a single-dose,
randomized, open-label, three-period study in healthy adult volun-
teers. Clin. Ther., 2006, 28(5), 715-24.

Shearer, W. T.; Israel, R. J.; Starr, S.; Fletcher, C. V.; Wara, D.;
Rathore, M.; Church, J.; DeVille, J.; Fenton, T.; Graham, B.; Sam-
son, P.; Staprans, S.; McNamara, J.; Moye, J.; Maddon, P. J.; Ol-
son, W. C. Recombinant CD4-1gG2 in human immunodeficiency
virus type 1-infected children: phase 1/2 study. The Pediatric AIDS
Clinical Trials Group Protocol 351 Study Team. J. Infect. Dis.,
2000, 182(6), 1774-9.

Doyle, R. L.; Hertz, M. L.; Dunitz, J. M.; Loyd, J. E.; Stecenko, A.
A.; Wong, R. L.; Chappell, K. A.; Brazelton, T.; Kovarik, J. M.;
Appeldingemanse, S.; Dou, L.; Smith, H. T.; Tudor, D.; Morris, R.
E. RAD in stable lung and heart/lung transplant recipients: safety,
tolerability, pharmacokinetics, and impact of cystic fibrosis. J.
Heart Lung Transplant, 2001, 20(3), 330-9.

Wautte, A.; Plank, J.; Bodenlenz, M.; Magnes, C.; Regittnig, W.;
Sinner, F.; Ronn, B.; Zdravkovic, M.; Pieber, T. R. Proportional
dose-response relationship and lower within-patient variability of



534 Current Drug Metabolism, 2010, Vol. 11, No. 6

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

insulin detemir and NPH insulin in subjects with type 1 diabetes
mellitus. Exp. Clin. Endocrinol. Diabetes, 2007, 115(7), 461-7.
Jakubowski, J. A.; Payne, C. D.; Brandt, J. T.; Weerakkody, G. J.;
Farid, N. A,; Small, D. S.; Naganuma, H.; Li, G. Y.; Winters, K. J.
The platelet inhibitory effects and pharmacokinetics of prasugrel
after administration of loading and maintenance doses in healthy
subjects. J. Cardiovasc. Pharmacol., 2006, 47(3), 377-84.
Swearingen, D.; Pennick, M.; Shojaei, A.; Lyne, A.; Fiske, K. A
phase I, randomized, open-label, crossover study of the single-dose
pharmacokinetic properties of guanfacine extended-release 1-, 2-,
and 4-mg tablets in healthy adults. Clin. Ther., 2007, 29(4), 617-25.
Kahan, B. D.; Wong, R. L.; Carter, C.; Katz, S. H.; Von Fellenberg,
J.; Van Buren, C. T.; Appel-Dingemanse, S. A phase | study of a 4-
week course of SDZ-RAD(RAD) quiescent cyclosporine-
prednisone-treated renal transplant recipients. Transplantation,
1999, 68(8), 1100-6.

Appels, N. M.; Bolijn, M. J.; Chan, K.; Stephens, T. C.; Hoctin-
Boes, G.; Middleton, M.; Beijnen, J. H.; de Bono, J. S.; Harris, A.
L.; Schellens, J. H. Phase | pharmacokinetic and pharmacodynamic
study of the prenyl transferase inhibitor AZD3409 in patients with
advanced cancer. Br. J. Cancer, 2008, 98(12), 1951-8.

Eskens, F. A.; Mom, C. H.; Planting, A. S.; Gietema, J. A.; Amels-
berg, A.; Huisman, H.; van Doorn, L.; Burger, H.; Stopfer, P.;
Verweij, J.; de Vries, E. G. A phase | dose escalation study of
BIBW 2992, an irreversible dual inhibitor of epidermal growth fac-
tor receptor 1(EGFR) and 2(HER?2) tyrosine kinase in a 2-week on,
2-week off schedule in patients with advanced solid tumours. Br. J.
Cancer, 2008, 98(1), 80-5.

Kantarjian, H. M.; Gandhi, V.; Kozuch, P.; Faderl, S.; Giles, F.;
Cortes, J.; O'Brien, S.; Ibrahim, N.; Khuri, F.; Du, M.; Rios, M. B.;
Jeha, S.; McLaughlin, P.; Plunkett, W.; Keating, M. Phase I clinical
and pharmacology study of clofarabine in patients with solid and
hematologic cancers. J. Clin. Oncol., 2003, 21(6), 1167-73.

Crul, M.; de Klerk, G. J.; Swart, M.; van't Veer, L. J.; de Jong, D.;
Boerrigter, L.; Palmer, P. A; Bol, C. J.; Tan, H.; de Gast, G. C.;
Beijnen, J. H.; Schellens, J. H. Phase I clinical and pharmacologic
study of chronic oral administration of the farnesyl protein trans-
ferase inhibitor R115777 in advanced cancer. J. Clin. Oncol., 2002,
20(11), 2726-35.

Crul, M.; Rosing, H.; de Klerk, G. J.; Dubbelman, R.; Traiser, M.;
Reichert, S.; Knebel, N. G.; Schellens, J. H.; Beijnen, J. H.; ten
Bokkel Huinink, W. W. Phase | and pharmacological study of daily
oral administration of perifosine(D-21266) in patients with ad-
vanced solid tumours. Eur. J. Cancer, 2002, 38(12), 1615-21.
Forouzesh, B.; Takimoto, C. H.; Goetz, A.; Diab, S.; Hammond, L.
A.; Smetzer, L.; Schwartz, G.; Gazak, R.; Callaghan, J. T.; Von
Hoff, D. D.; Rowinsky, E. K. A phase | and pharmacokinetic study
of ILX-295501, an oral diarylsulfonylurea, on a weekly for 3 weeks
every 4-week schedule in patients with advanced solid malignan-
cies. Clin. Cancer Res., 2003, 9(15), 5540-9.

Mita, A. C.; Olszanski, A. J.; Walovitch, R. C.; Perez, R. P,;
MacKay, K.; Tuck, D. P.; Simmons, C.; Hammond, S.; Mita, M.
M.; Beeram, M.; Stone, A. J.; Rowinsky, E. K.; Lewis, L. D. Phase
I and pharmacokinetic study of Al-850, a novel microparticle hy-
drophobic drug delivery system for paclitaxel. Clin. Cancer Res.,
2007, 13(11), 3293-301.

Courtney, R.; Pai, S.; Laughlin, M.; Lim, J.; Batra, V. Pharmacoki-
netics, safety, and tolerability of oral posaconazole administered in
single and multiple doses in healthy adults. Antimicrob. Agents
Chemother., 2003, 47(9), 2788-95.

Frey, R.; Muck, W.; Unger, S.; Artmeier-Brandt, U.; Weimann, G.;
Wensing, G. Pharmacokinetics, pharmacodynamics, tolerability,
and safety of the soluble guanylate cyclase activator ci-
naciguat(BAY 58-2667) in healthy male volunteers. J. Clin. Phar-
macol., 2008, 48(12), 1400-10.

Yates, R.; Nairn, K.; Dixon, R.; Kemp, J. V.; Dane, A. L. Pharma-
cokinetics, dose proportionality, and tolerability of single and re-
peat doses of a nasal spray formulation of zolmitriptan in healthy
volunteers. J. Clin. Pharmacol., 2002, 42(11), 1244-50.

Rolan, P.; Sargentini-Maier, M. L.; Pigeolet, E.; Stockis, A. The
pharmacokinetics, CNS pharmacodynamics and adverse event pro-
file of brivaracetam after multiple increasing oral doses in healthy
men. Br. J. Clin. Pharmacol., 2008, 66(1), 71-5.

Namour, F.; Wessels, D. H.; Pascual, M. H.; Reynolds, D.; Sultan,
E.; Lenfant, B. Pharmacokinetics of the new ketolide telithromy-

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Sheng et al.

cin(HMR 3647) administered in ascending single and multiple
doses. Antimicrob. Agents Chemother., 2001, 45(1), 170-5.

Budde, K.; Fritsche, L.; Waiser, J.; Glander, P.; Slowinski, T.;
Neumayer, H. H. Pharmacokinetics of the immunosuppressant
everolimus in maintenance renal transplant patients. Eur. J. Med.
Res., 2005, 10(4), 169-74.

Fekkes, D.; Tuiten, A.; Bom, I.; Pepplinkhuizen, L. Pharmacokinet-
ics of the beta-carboline norharman in man. Life Sci., 2001, 69(18),
2113-21.

Nestorov, 1.; Zitnik, R.; DeVries, T.; Nakanishi, A. M.; Wang, A.;
Banfield, C. Pharmacokinetics of subcutaneously administered
etanercept in subjects with psoriasis. Br. J. Clin. Pharmacol., 2006,
62(4), 435-45.

Nichols, D. J.; Muirhead, G. J.; Harness, J. A. Pharmacokinetics of
sildenafil after single oral doses in healthy male subjects: absolute
bioavailability, food effects and dose proportionality. Br. J. Clin.
Pharmacol., 2002, 53(Suppl 1), 5S-12S.

Zhang, X.; Nieforth, K.; Lang, J. M.; Rouzier-Panis, R.; Reynes, J.;
Dorr, A.; Kolis, S.; Stiles, M. R.; Kinchelow, T.; Patel, I. H. Phar-
macokinetics of plasma enfuvirtide after subcutaneous administra-
tion to patients with human immunodeficiency virus: Inverse Gaus-
sian density absorption and 2-compartment disposition. Clin.
Pharmacol. Ther., 2002, 72(1), 10-9.

Madden, T.; de Lima, M.; Thapar, N.; Nguyen, J.; Roberson, S.;
Couriel, D.; Pierre, B.; Shpall, E. J.; Jones, R. B.; Champlin, R. E.;
Andersson, B. S. Pharmacokinetics of once-daily IV busulfan as
part of pretransplantation preparative regimens: a comparison with
an every 6-hour dosing schedule. Biol. Blood Marrow Transplant,
2007, 13(1), 56-64.

Mao, Z. L.; Wheeler, J. J.; Clohs, L.; Beatch, G. N.; Keirns, J.
Pharmacokinetics of novel atrial-selective antiarrhythmic agent
vernakalant hydrochloride injection(RSD1235): influence of
CYP2D6 expression and other factors. J. Clin. Pharmacol., 2009,
49(1), 17-29.

Prasad, P. P.; Yeh, C. M.; Gurrieri, P.; Glazer, R.; McLeod, J.
Pharmacokinetics of multiple doses of valsartan in patients with
heart failure. J. Cardiovasc. Pharmacol., 2002, 40(5), 801-7.
Kienzler, J. L.; Sallin, D.; Schifflers, M. H.; Ghika, A. Pharma-
cokinetics of mono-3'- and mono-4'-0-(beta-hydroxyethyl)-rutoside
derivatives, after single doses of Venoruton powder in healthy vol-
unteers. Eur. J. Clin. Pharmacol., 2002, 58(6), 395-402.

Dandekar, P. K.; Maglio, D.; Sutherland, C. A.; Nightingale, C. H.;
Nicolau, D. P. Pharmacokinetics of meropenem 0.5 and 2 g every 8
hours as a 3-hour infusion. Pharmacotherapy, 2003, 23(8), 988-91.
Lamson, M.; Phillips, G.; Shen, J.; Lukacsko, P.; Friedhoff, L.;
Niecestro, R. M. Pharmacokinetics of lovastatin extended-release
dosage form(Lovastatin XL) in healthy volunteers. Biopharm.
Drug Dispos., 2002, 23(4), 143-9.

Wenning, L. A.; Murphy, M. G.; James, L. P.; Blumer, J. L.; Mar-
shall, J. D.; Baier, J.; Scheimann, A. O.; Panebianco, D. L.; Zhong,
L.; Eisenhandler, R.; Yeh, K. C.; Kearns, G. L. Pharmacokinetics
of famotidine in infants. Clin. Pharmacokinet., 2005, 44(4), 395-
406.

Eklund, A.; Tronde, A.; Johannes-Hellberg, I.; Gillen, M.; Borg-
strom, L. Pharmacokinetics of budesonide and formoterol adminis-
tered via a series of single-drug and combination inhalers: four
open-label, randomized, crossover studies in healthy adults. Bio-
pharm. Drug Dispos., 2008, 29(7), 382-95.

Harrison, L. I.; Kurup, S.; Wagner, C.; Ekholm, B. P.; Larson, J. S.;
Kaiser, H. B. Pharmacokinetics of beclomethasone 17-
monopropionate from a beclomethasone dipropionate extrafine
aerosol in adults with asthma. Eur. J. Clin. Pharmacol., 2002,
58(3), 197-201.

Ahlstrom, H.; Alvero, J.; Alvero, R.; Espos, R.; Fajutrao, L.; Her-
rera, J.; Kjellman, B.; Kubista, J.; Leviste, C.; Meyer, P.; Oldaeus,
G.; Siricururat, A.; Vichyanond, P.; Wettrell, G.; Wong, E.; Lax-
myr, L.; Nyberg, L.; Olsson, H.; Weibull, E.; Rosenborg, J. Phar-
macokinetics of bambuterol during oral administration to asthmatic
children. Br. J. Clin. Pharmacol., 1999, 48(3), 299-308.

Lins, R. L.; Matthys, K. E.; Verpooten, G. A.; Peeters, P. C.;
Dratwa, M.; Stolear, J. C.; Lameire, N. H. Pharmacokinetics of
atorvastatin and its metabolites after single and multiple dosing in
hypercholesterolaemic haemodialysis patients. Nephrol. Dial.
Transplant, 2003, 18(5), 967-76.

Persiani, S.; D'Amato, M.; Makovec, F.; Arshad, S. H.; Holgate, S.
T.; Rovati, L. C. Pharmacokinetics of andolast after administration



Systematic Evaluation of Dose Proportionality Studies in Clinical Pharmacokinetics

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

of single escalating doses by inhalation in mild asthmatic patients.
Biopharm. Drug Dispos., 2001, 22(2), 73-81.

Glue, P.; Fang, A.; Gandelman, K.; Klee, B. Pharmacokinetics of
an extended release formulation of alprazolam(Xanax XR) in
healthy normal adolescent and adult volunteers. Am. J. Ther., 2006,
13(5), 418-22.

Kovarik, J. M.; Kaplan, B.; Silva, H. T.; Kahan, B. D.; Dantal, J.;
McMahon, L.; Berthier, S.; Hsu, C. H.; Rordorf, C. Pharmacokinet-
ics of an everolimus-cyclosporine immunosuppressive regimen
over the first 6 months after kidney transplantation. Am. J. Trans-
plant, 2003, 3(5), 606-13.

Villar, A.; Aronis, S.; Morfini, M.; Santagostino, E.; Auerswald,
G.; Thomsen, H. F.; Erhardtsen, E.; Giangrande, P. L. Pharmacoki-
netics of activated recombinant coagulation factor VII(NovoSeven)
in children vs. adults with haemophilia A. Haemophilia, 2004,
10(4), 352-9.

Boulton, D. W.; Kollia, G.; Mallikaarjun, S.; Komoroski, B.;
Sharma, A.; Kovalick, L. J.; Reeves, R. A. Pharmacokinetics and
tolerability of intramuscular, oral and intravenous aripiprazole in
healthy subjects and in patients with schizophrenia. Clin. Pharma-
cokinet, 2008, 47(7), 475-85.

Lennernas, B.; Hedner, T.; Holmberg, M.; Bredenberg, S.;
Nystrom, C.; Lennernas, H. Pharmacokinetics and tolerability of
different doses of fentanyl following sublingual administration of a
rapidly dissolving tablet to cancer patients: a new approach to
treatment of incident pain. Br. J. Clin. Pharmacol., 2005, 59(2),
249-53.

Harris, D. S.; Mendelson, J. E.; Lin, E. T.; Upton, R. A.; Jones, R.
T. Pharmacokinetics and subjective effects of sublingual buprenor-
phine, alone or in combination with naloxone: lack of dose propor-
tionality. Clin. Pharmacokinet., 2004, 43(5), 329-40.

Lin, C. C.; Philips, L.; Xu, C.; Yeh, L. T. Pharmacokinetics and
safety of viramidine, a prodrug of ribavirin, in healthy volunteers.
J. Clin. Pharmacol., 2004, 44(3), 265-75.

Wang, L. H.; Wiznia, A. A.; Rathore, M. H.; Chittick, G. E.; Bak-
shi, S. S.; Emmanuel, P. J.; Flynn, P. M. Pharmacokinetics and
safety of single oral doses of emtricitabine in human immunodefi-
ciency virus-infected children. Antimicrob. Agents Chemother.,
2004, 48(1), 183-91.

McEwen, J.; Salva, M.; Jansat, J. M.; Cabarrocas, X. Pharmacoki-
netics and safety of oral almotriptan in healthy male volunteers.
Biopharm. Drug Dispos., 2004, 25(7), 303-11.

McAleer, S. D.; Majid, O.; Venables, E.; Polack, T.; Sheikh, M. S.
Pharmacokinetics and safety of ketorolac following single intrana-
sal and intramuscular administration in healthy volunteers. J. Clin.
Pharmacol., 2007, 47(1), 13-8.

Sobue, S.; Sekiguchi, K.; Shimatani, K.; Tan, K. Pharmacokinetics
and safety of Fosfluconazole after single intravenous bolus injec-
tion in healthy male Japanese volunteers. J. Clin. Pharmacol.,
2004, 44(3), 284-92.

Hendrix, C. W.; Flexner, C.; MacFarland, R. T.; Giandomenico, C.;
Fuchs, E. J.; Redpath, E.; Bridger, G.; Henson, G. W. Pharmacoki-
netics and safety of AMD-3100, a novel antagonist of the CXCR-4
chemokine receptor, in human volunteers. Antimicrob. Agents Che-
mother., 2000, 44(6), 1667-73.

Hu, P.; Yin, Q.; Deckert, F.; Jiang, J.; Liu, D.; Kjems, L.; Dole, W.
P.; He, Y. L. Pharmacokinetics and pharmacodynamics of vilda-
gliptin in healthy Chinese volunteers. J. Clin. Pharmacol., 2009,
49(1), 39-49.

Ciraulo, D. A.; Hitzemann, R. J.; Somoza, E.; Knapp, C. M.; Ro-
trosen, J.; Sarid-Segal, O.; Ciraulo, A. M.; Greenblatt, D. J.;
Chiang, C. N. Pharmacokinetics and pharmacodynamics of multi-
ple sublingual buprenorphine tablets in dose-escalation trials. J.
Clin. Pharmacol., 2006, 46(2), 179-92.

Zobrist, R. H.; Quan, D.; Thomas, H. M.; Stanworth, S.; Sanders,
S. W. Pharmacokinetics and metabolism of transdermal oxybu-
tynin: in vitro and in vivo performance of a novel delivery system.
Pharm Res 2003, 20(1), 103-9.

Guiotto, P.; Woelkart, K.; Grabnar, I.; Voinovich, D.; Perissutti, B.;
Invernizzi, S.; Granzotto, M.; Bauer, R. Pharmacokinetics and im-
munomodulatory effects of phytotherapeutic lozenges(bonbons)
with Echinacea purpurea extract. Phytomedicine, 2008, 15(8), 547-
54.

Adams, M. P.; Ahdieh, H. Pharmacokinetics and dose-
proportionality of oxymorphone extended release and its metabo-

[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Current Drug Metabolism, 2010, Vol. 11, No.6 535

lites: results of a randomized crossover study. Pharmacotherapy,
2004, 24(4), 468-76.

Karhu, D.; El-Jammal, A.; Dupain, T.; Gaulin, D.; Bouchard, S.
Pharmacokinetics and dose proportionality of three Tramadol Con-
tramid OAD tablet strengths. Biopharm. Drug Dispos., 2007, 28(6),
323-30.

Darwish, M.; Tempero, K.; Kirby, M.; Thompson, J. Pharmacoki-
netics and dose proportionality of fentanyl effervescent buccal tab-
lets in healthy volunteers. Clin. Pharmacokinet., 2005, 44(12),
1279-86.

Cullen, E.; Liao, J.; Lukacsko, P.; Niecestro, R.; Friedhoff, L.
Pharmacokinetics and dose proportionality of extended-release
metformin following administration of 1000, 1500, 2000 and 2500
mg in healthy volunteers. Biopharm. Drug Dispos., 2004, 25(6),
261-3.

Coda, B. A.; Rudy, A. C.; Archer, S. M.; Wermeling, D. P. Phar-
macokinetics and bioavailability of single-dose intranasal hydro-
morphone hydrochloride in healthy volunteers. Anesth. Analg.,
2003, 97(1), 117-23, table of contents.

Gobburu, J. V.; Agerso, H.; Jusko, W. J.; Ynddal, L. Pharmacoki-
netic-pharmacodynamic modeling of ipamorelin, a growth hor-
mone releasing peptide, in human volunteers. Pharm. Res., 1999,
16(9), 1412-6.

Karim, A.; Laurent, A.; Slater, M. E.; Kuss, M. E.; Qian, J.;
Crosby-Sessoms, S. L.; Hubbard, R. C. A pharmacokinetic study of
intramuscular(i.m.) parecoxib sodium in normal subjects. J. Clin.
Pharmacol., 2001, 41(10), 1111-9.

Raynaud, J. P.; Aumonier, C.; Gualano, V.; Betea, D.; Beckers, A.
Pharmacokinetic study of a new testosterone-in-adhesive matrix
patch applied every 2 days to hypogonadal men. J. Steroid Bio-
chem. Mol. Biol., 2008, 109(1-2), 177-84.

Houwing, N. S.; Maris, F.; Schnabel, P. G.; Bagchus, W. M. Phar-
macokinetic study in women of three different doses of a new for-
mulation of oral testosterone undecanoate, Andriol Testocaps.
Pharmacotherapy, 2003, 23(10), 1257-65.

Li, Y.; Jiang, X.; Lan, K.; Zhang, R.; Li, X.; Jiang, Q. Pharmacoki-
netic properties of rosuvastatin after single-dose, oral administra-
tion in Chinese volunteers: a randomized, open-label, three-way
crossover study. Clin. Ther., 2007, 29(10), 2194-203.

Darwish, M.; Kirby, M.; Robertson, P., Jr.; Tracewell, W.; Jiang, J.
G. Pharmacokinetic properties of fentanyl effervescent buccal tab-
lets: a phase I, open-label, crossover study of single-dose 100, 200,
400, and 800 microg in healthy adult volunteers. Clin. Ther., 2006,
28(5), 707-14.

Bronstein, M.; Musolino, N.; Jallad, R.; Cendros, J. M.; Ramis, J.;
Obach, R.; Leselbaum, A.; Catus, F. Pharmacokinetic profile of
lanreotide Autogel in patients with acromegaly after four deep sub-
cutaneous injections of 60, 90 or 120 mg every 28 days. Clin. En-
docrinol.,(Oxf) 2005, 63(5), 514-9.

Sathyan, G.; Xu, E.; Thipphawong, J.; Gupta, S. K. Pharmacoki-
netic investigation of dose proportionality with a 24-hour con-
trolled-release formulation of hydromorphone. BMC Clin. Pharma-
col., 2007, 7, 3.

Molander, L.; Lunell, E. Pharmacokinetic investigation of a nico-
tine sublingual tablet. Eur. J. Clin. Pharmacol., 2001, 56(11), 813-
9.

Harrison, L. I.; Soria, I.; Cline, A. C.; Ekholm, B. P. Pharmacoki-
netic differences between chlorofluorocarbon and chlorofluorocar-
bon-free metered dose inhalers of beclomethasone dipropionate in
adult asthmatics. J. Pharm. Pharmacol., 1999, 51(11), 1235-40.
Harrison, L. I.; Kurup, S.; Chen, L. Z.; Ekholm, B. P.; Wighton, T.
G.; Shapiro, G. G. Pharmacokinetic comparison of beclomethasone
dipropionate extrafine aerosol from two inhaler devices in children
with asthma. Eur. J. Clin. Pharmacol., 2002, 58(3), 191-5.

Peter, F.; Savoy, C.; Ji, H. J.; Juhasz, M.; Bidlingmaier, M.; Saen-
ger, P. Pharmacokinetic and pharmacodynamic profile of a new
sustained-release GH formulation, LB03002, in children with GH
deficiency. Eur. J. Endocrinol., 2009, 160(3), 349-55.

Oberye, J. J.; Mannaerts, B. M.; Huisman, J. A.; Timmer, C. J.
Pharmacokinetic and pharmacodynamic characteristics of gani-
relix(Antagon/Orgalutran). Part 1l. Dose-proportionality and go-
nadotropin suppression after multiple doses of ganirelix in healthy
female volunteers. Fertil. Steril., 1999, 72(6), 1006-12.

Erb, K.; Klipping, C.; Duijkers, I.; Pechstein, B.; Schueler, A;
Hermann, R. Pharmacodynamic effects and plasma pharmacokinet-



536 Current Drug Metabolism, 2010, Vol. 11, No. 6

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

ics of single doses of cetrorelix acetate in healthy premenopausal
women. Fertil. Steril., 2001, 75(2), 316-23.

Sathirakul, K.; Chan, C.; Teng, L.; Bergstrom, R. F.; Yeo, K. P,;
Wise, S. D. Olanzapine pharmacokinetics are similar in Chinese
and Caucasian subjects. Br. J. Clin. Pharmacol., 2003, 56(2), 184-
7.

de la Torre, R.; Farre, M.; Ortuno, J.; Mas, M.; Brenneisen, R.;
Roset, P. N.; Segura, J.; Cami, J. Non-linear pharmacokinetics of
MDMA (‘ecstasy') in humans. Br. J. Clin. Pharmacol., 2000, 49(2),
104-9.

Gross, N. J.; Kerwin, E.; Levine, B.; Kim, K. T.; Denis-Mize, K.;
Hamzavi, M.; Carpenter, M.; Rinehart, M. Nebulized formoterol
fumarate: Dose selection and pharmacokinetics. Pulm. Pharmacol.
Ther., 2008, 21(5), 818-23.

Nolting, A.; Abramowitz, W. Multiple-dose proportionality study
of flunisolide hydrofluoroalkane. Allergy Asthma Proc., 2002,
23(5), 311-8.

Rudy, A. C.; Coda, B. A.; Archer, S. M.; Wermeling, D. P. A mul-
tiple-dose phase | study of intranasal hydromorphone hydrochlo-
ride in healthy volunteers. Anesth Analg., 2004, 99(5), 1379-86; ta-
ble of contents.

Appel-Dingemanse, S.; Hirschberg, Y.; Osborne, S.; Pommier, F.;
McLeod, J. Multiple-dose pharmacokinetics confirm no accumula-
tion and dose proportionality of the novel promotile drug tegase-
rod(HTF 919). Eur. J. Clin. Pharmacol., 2001, 56(12), 889-91.
Martin, D. E.; Blum, R.; Doto, J.; Galbraith, H.; Ballow, C. Multi-
ple-dose pharmacokinetics and safety of bevirimat, a novel inhibi-
tor of HIV maturation, in healthy volunteers. Clin. Pharmacokinet.,
2007, 46(7), 589-98.

Kovarik, J. M.; Schmouder, R.; Barilla, D.; Riviere, G. J.; Wang,
Y.; Hunt, T. Multiple-dose FTY720: tolerability, pharmacokinetics,
and lymphocyte responses in healthy subjects. J. Clin. Pharmacol.,
2004, 44(5), 532-7.

Stone, N. D.; Dunaway, S. B.; Flexner, C.; Tierney, C.; Calandra,
G. B.; Becker, S.; Cao, Y. J.; Wiggins, I. P.; Conley, J.; MacFar-
land, R. T.; Park, J. G.; Lalama, C.; Snyder, S.; Kallungal, B.;
Klingman, K. L.; Hendrix, C. W. Multiple-dose escalation study of
the safety, pharmacokinetics, and biologic activity of oral
AMDO070, a selective CXCR4 receptor inhibitor, in human sub-
jects. Antimicrob. Agents Chemother., 2007, 51(7), 2351-8.

Caruso, F. S. MorphiDex pharmacokinetic studies and single-dose
analgesic efficacy studies in patients with postoperative pain. J.
Pain Symptom Manage, 2000, 19(1 Suppl), S31-6.

Kovarik, J. M.; Kahan, B. D.; Kaplan, B.; Lorber, M.; Winkler, M.;
Rouilly, M.; Gerbeau, C.; Cambon, N.; Boger, R.; Rordorf, C.
Longitudinal assessment of everolimus in de novo renal transplant
recipients over the first post-transplant year: pharmacokinetics, ex-
posure-response relationships, and influence on cyclosporine. Clin.
Pharmacol. Ther., 2001, 69(1), 48-56.

Dimmitt, D. C.; Choo, Y. S.; Martin, L. A.; Arumugham, T.;
Hahne, W. F.; Weir, S. J. Intravenous pharmacokinetics and abso-
lute oral bioavailability of dolasetron in healthy volunteers: part 1.
Biopharm. Drug Dispos., 1999, 20(1), 29-39.

Payne, C. D.; Li, Y. G.; Small, D. S.; Ernest, C. S., 2nd; Farid, N.
A.; Jakubowski, J. A.; Brandt, J. T.; Salazar, D. E.; Winters, K. J.
Increased active metabolite formation explains the greater platelet
inhibition with prasugrel compared to high-dose clopidogrel. J.
Cardiovasc. Pharmacol., 2007, 50(5), 555-62.

Persiani, S.; Roda, E.; Rovati, L. C.; Locatelli, M.; Giacovelli, G.;
Roda, A. Glucosamine oral bioavailability and plasma pharma-
cokinetics after increasing doses of crystalline glucosamine sulfate
in man. Osteoarthritis Cartilage, 2005, 13(12), 1041-9.

Zhao, Q.; Brett, M.; Van Osselaer, N.; Huang, F.; Raoult, A.; Van
Peer, A.; Verhaeghe, T.; Hust, R. Galantamine pharmacokinetics,
safety, and tolerability profiles are similar in healthy Caucasian and
Japanese subjects. J. Clin. Pharmacol., 2002, 42(9), 1002-10.
Kunka, R.; Andrews, S.; Pimazzoni, M.; Callejas, S.; Ziviani, L.;
Squassante, L.; Daley-Yates, P. T. From hydrofluoroalkane pres-
surized metered dose inhalers(pMDIs) and comparability with
chlorofluorocarbon pMDlIs. Respir. Med., 2000, 94(Suppl B), S10-
6.

Nolting, A.; Sista, S.; Abramowitz, W. Flunisolide HFA vs fluni-
solide CFC: pharmacokinetic comparison in healthy volunteers.
Biopharm. Drug Dispos., 2001, 22(9), 373-82.

Hoelscher, D.; Chu, P. L.; Lyness, W. Fixed-dose combination
tablet of repaglinide and metformin is bioequivalent to concomi-

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Sheng et al.

tantly administered individual tablets of repaglinide and metformin
: randomized, single-blind, three-period crossover study in healthy
subjects. Clin. Drug Investig., 2008, 28(9), 573-82.

Dudek, A. Z.; Yunis, C.; Harrison, L. I.; Kumar, S.; Hawkinson,
R.; Cooley, S.; Vasilakos, J. P.; Gorski, K. S.; Miller, J. S. First in
human phase | trial of 852A, a novel systemic toll-like receptor 7
agonist, to activate innate immune responses in patients with ad-
vanced cancer. Clin. Cancer Res., 2007, 13(23), 7119-25.

Kovarik, J. M.; Eisen, H.; Dorent, R.; Mancini, D.; Vigano, M.;
Rouilly, M.; Hsu, C. H.; Rordorf, C. Everolimus in de novo cardiac
transplantation: pharmacokinetics, therapeutic range, and influence
on cyclosporine exposure. J. Heart Lung Transplant, 2003, 22(10),
1117-25.

Moss, J.; Scharling, B.; Ezban, M.; Moller Sorensen, T. Evaluation
of the safety and pharmacokinetics of a fast-acting recombinant
FVlla analogue, NN1731, in healthy male subjects. J. Thromb.
Haemost, 2009, 7(2), 299-305.

Morganroth, J.; Talbot, G. H.; Dorr, M. B.; Johnson, R. D.; Geary,
W.; Magner, D. Effect of single ascending, supratherapeutic doses
of sparfloxacin on cardiac repolarization(QTc interval). Clin. Ther.,
1999, 21(5), 818-28.

Martin, P. D.; Warwick, M. J.; Dane, A. L.; Cantarini, M. V. A
double-blind, randomized, incomplete crossover trial to assess the
dose proportionality of rosuvastatin in healthy volunteers. Clin.
Ther., 2003, 25(8), 2215-24.

Breithaupt-Grogler, K.; Niebch, G.; Schneider, E.; Erb, K.
Hermann, R.; Blume, H. H.; Schug, B. S.; Belz, G. G. Dose-
proportionality of oral thioctic acid--coincidence of assessments via
pooled plasma and individual data. Eur. J. Pharm. Sci., 1999, 8(1),
57-65.

Bergman, A.; Mistry, G. C.; Luo, W. L.; Liu, Q.; Stone, J.; Wang,
A.; Zeng, W.; Chen, L.; Dilzer, S.; Lasseter, K.; Herman, G. A.;
Wagner, J. A.; Krishna, R. Dose-proportionality of a final market
image sitagliptin formulation, an oral dipeptidyl peptidase-4 inhibi-
tor, in healthy volunteers. Biopharm. Drug Dispos., 2007, 28(6),
307-13.

Tuerck, D.; Appel-Dingemanse, S.; Maboudian, M.; Pommier, F.;
Wang, Y.; Sedek, G. Dose-proportional pharmacokinetics of d-
threo-methylphenidate after a repeated-action release dosage form.
J. Clin. Pharmacol., 2007, 47(1), 64-9.

Kaiser, H.; Aaronson, D.; Dockhorn, R.; Edsbacker, S.; Korenblat,
P.; Kallen, A. Dose-proportional pharmacokinetics of budesonide
inhaled via Turbuhaler. Br. J. Clin. Pharmacol., 1999, 48(3), 309-
16.

Rochdi, M.; Gonzalez, M. A.; Dirksen, S. J. Dose-proportional
pharmacokinetics of a methylphenidate extended-release capsule.
Int. J. Clin. Pharmacol. Ther., 2004, 42(5), 285-92.

Bethke, T. D.; Bohmer, G. M.; Hermann, R.; Hauns, B.; Fux, R.;
Morike, K.; David, M.; Knoerzer, D.; Wurst, W.; Gleiter, C. H.
Dose-proportional intraindividual single- and repeated-dose phar-
macokinetics of roflumilast, an oral, once-daily phosphodiesterase
4 inhibitor. J. Clin. Pharmacol., 2007, 47(1), 26-36.

Immanuel, C.; Hemanthkumar, A. K.; Gurumurthy, P.; Venkatesan,
P. Dose related pharmacokinetics of ofloxacin in healthy volun-
teers. Int. J. Tuberc. Lung Dis., 2002, 6(11), 1017-22.

Voortman, G.; Mannaerts, B. M.; Huisman, J. A. A dose propor-
tionality study of subcutaneously and intramuscularly administered
recombinant human follicle-stimulating hor-
mone(Follistim*/Puregon) in healthy female volunteers. Fertil.
Steril., 2000, 73(6), 1187-93.

Hossain, M.; Quebe-Fehling, E.; Sergejew, T.; Schmidt, G.; Sker-
janec, A.; Ibarra de Palacios, P.; Krinsky, L. Dose proportionality
study of four doses of an estradiol transdermal system, Estradot.
Maturitas, 2003, 46(3), 173-85.

McSwain, C. S.; Benza, R.; Shapiro, S.; Hill, N.; Schilz, R.; Elliott,
C. G.; Zwicke, D. L.; Oudiz, R. J.; Staszewski, J. P.; Arneson, C.
P.; Wade, M.; Zaccardelli, D.; McLaughlin, V. Dose proportional-
ity of treprostinil sodium administered by continuous subcutaneous
and intravenous infusion. J. Clin. Pharmacol., 2008, 48(1), 19-25.
Timmer, C. J.; Houwing, N. S. Dose proportionality of three differ-
ent doses of tibolone. Pharmacotherapy, 2002, 22(1), 6-13.

Durnin, C.; Hind, I. D.; Ghani, S. P.; Yates, D. B.; Cross, M. Dose
proportionality of the pharmacokinetics of oral immediate-release
hydromorphone(Dilaudid IR). Proc. West Pharmacol. Soc., 2001,
44,73-4.



Systematic Evaluation of Dose Proportionality Studies in Clinical Pharmacokinetics

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

Rey, E.; Dostert, P.; d'Athis, P.; Jannuzzo, M. G.; Poggesi, |.;
Olive, G. Dose proportionality of reboxetine enantiomers in healthy
male volunteers. Biopharm. Drug Dispos., 1999, 20(4), 177-81.
Agrawal, N. G.; Porras, A. G.; Matthews, C. Z.; Woolf, E. J.;
Miller, J. L.; Mukhopadhyay, S.; Neu, D. C.; Gottesdiener, K. M.
Dose proportionality of oral etoricoxib, a highly selective cy-
clooxygenase-2 inhibitor, in healthy volunteers. J. Clin. Pharma-
col., 2001, 41(10), 1106-10.

Sunkara, G.; Sabo, R.; Wang, Y.; He, Y. L.; Campestrini, J.;
Rosenberg, M.; Howard, D.; Dole, W. P. Dose proportionality and
the effect of food on vildagliptin, a novel dipeptidyl peptidase IV
inhibitor, in healthy volunteers. J. Clin. Pharmacol., 2007, 47(9),
1152-8.

Da Ros, L.; Squassante, L.; Milleri, S. Dose linearity of lacidipine
pharmacokinetics after single and repeated oral doses in healthy
volunteers. Clin. Pharmacokinet., 2003, 42(1), 99-106.

Bekersky, I.; Dressler, D.; Mekki, Q. A. Dose linearity after oral
administration of tacrolimus 1-mg capsules at doses of 3, 7, and 10
mg. Clin. Ther., 1999, 21(12), 2058-64.

Lim, J. G.; Shah, B.; Rohatagi, S.; Bell, A. Development of a dry
powder inhaler, the Ultrahaler, containing triamcinolone acetonide
using in vitro-in vivo relationships. Am. J. Ther., 2006, 13(1), 32-
42.

Gupta, S.; Banfield, C.; Affrime, M.; Marco, A.; Cayen, M.; Her-
ron, J.; Padhi, D. Desloratadine demonstrates dose proportionality
in healthy adults after single doses. Clin. Pharmacokinet., 2002, 41
Suppl 1, 1-6.

Maurer, K.; Blumenthal, S.; Rentsch, K. M.; Schmid, E. R. Con-
tinuous extrapleural infusion of ropivacaine 0.2% after cardiovas-
cular surgery via the lateral thoracotomy approach. J. Cardiotho-
rac. Vasc. Anesth., 2008, 22(2), 249-54.

Bergeron, L.; Bevan, D. R.; Berrill, A.; Kahwaji, R.; Varin, F.
Concentration-effect relationship of cisatracurium at three different
dose levels in the anesthetized patient. Anesthesiology, 2001, 95(2),
314-23.

Nicolau, G.; Feighner, J. P.; Stout, R.; Hlavka, J.; Gutierrez, M.;
Ciric, S.; Freed, J. Comparison of systemic exposure to nemifitide
following two methods of subcutaneous administration to healthy
volunteers. Biopharm. Drug Dispos., 2005, 26(9), 379-85.
Rosenburg, J. Clinical-pharmacokinetic aspects of prolonged effect
duration as illustrated by beta2-agonists. Eur. J. Clin. Pharmacol.,
2002, 58(4), S1-21.

Pickkers, P.; Snellen, F.; Rogiers, P.; Bakker, J.; Jorens, P.;
Meulenbelt, J.; Spapen, H.; Tulleken, J. E.; Lins, R.; Ramael, S.;
Bulitta, M.; van der Hoeven, J. G. Clinical pharmacology of ex-
ogenously administered alkaline phosphatase. Eur. J. Clin. Phar-
macol., 2009, 65(4), 393-402.

Vashi, V.; Harris, S.; El-Tahtawy, A.; Wu, D.; Cipriano, A. Clini-
cal pharmacology and pharmacokinetics of once-daily hydromor-

Received: November 05, 2009

Revised: April 07, 2010 Accepted: May 17, 2010

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Current Drug Metabolism, 2010, Vol. 11, No. 6 537

phone hydrochloride extended-release capsules. J. Clin. Pharma-
col., 2005, 45(5), 547-54.

Valles, J.; Artigas, R.; Crea, A.; Muller, F.; Paredes, I.; Zapata, A.;
Capriati, A. Clinical pharmacokinetics of parenteral dexketoprofen
trometamol in healthy subjects. Methods Find Exp. Clin. Pharma-
col., 2006, 28(Suppl A), 7-12.

Schwartz, S. L.; Gordi, T.; Hou, E.; Cramer, M.; Heritier, M.;
Cowles, V. E. Clinical development of metformin extended-release
tablets for type 2 diabetes: an overview. Expert Opin. Drug Metab.
Toxicol., 2008, 4(9), 1235-43.

Sathyan, G.; Jaskowiak, J.; Evashenk, M.; Gupta, S. Characterisa-
tion of the pharmacokinetics of the fentanyl HCI patient-controlled
transdermal system(PCTS): effect of current magnitude and multi-
ple-day dosing and comparison with IV fentanyl administration.
Clin. Pharmacokinet., 2005, 44(Suppl 1), 7-15.

Singh, D.; Tutuncu, A.; Lohr, I.; Carlholm, M.; Polanowski, T.
Budesonide administered using chlorofluorocarbon and hydro-
fluoroalkane pressurized metered-dose inhalers: pharmacokinetics,
pharmacodynamics and clinical equivalence. Int. J. Clin. Pharma-
col. Ther., 2007, 45(9), 485-95.

Williams, C. N.; Al-Knawy, B.; Blanchard, W. Bioavailability of
four ursodeoxycholic acid preparations. Aliment Pharmacol. Ther.,
2000, 14(9), 1133-9.

Lehmann, C.; Wannarka, G. L. Bioavailability and dose propor-
tionality of intramuscular diazepam administered by autoinjector. J.
Clin. Pharmacol., 2008, 48(4), 436-44.

Arns, W.; Gies, M.; Choi, L.; Zhu, W.; Cooper, P.; Yeh, C. M.;
Prasad, P.; Graf, P.; Schmouder, R. Absorption characteristics of
EC-MPS--an enteric-coated formulation of mycophenolic sodium.
Int. J. Clin. Pharmacol. Ther., 2006, 44(8), 375-85.

Patterson, S.; Jones, B. Clinical Pharmacology Safety Studies,
Chapman & Hall: London, 2005.

Buoen, C.; Holm, S.; Thomsen, M. S. Evaluation of the cohort size
in phase | dose escalation trials based on laboratory data. J. Clin.
Pharmacol., 2003, 43(5), 470-6.

Chow, Shein-Chung; Liu, Jen-pei. Other Pharmacokinetic Studies.
In Design and analysis of bioavailability and bioequivalence stud-
ies, 3rd ed.; CRC Press: Boca Raton, 2009; pp. 553-80.

Calvo, Emiliano; Zafar, Haider; Goetz, Andrew; Bonate, Peter L.;
De Bono, Johan S.; Patnaik, Amita; Fourezesh, Bahram; Tolcher,
Anthony W.; Rowinsky, Eric K.; Takimoto, Chris H. Analysis of
dose proportionality testing methods in phase | clinical trials of
anticancer agents. AACR Meeting Abstracts, 2005, 2005(1), 973-c-
974.

Committee for Proprietary Medicinal Products(CPMP) EMEA.
Note for guidance on the investigation of bioavailability and bioe-
quivalence, 2001.

U.S. Department of Health and Human Services Food and Drug
Administration. Guidance for industry: statistical approaches to
establishing bioequivalence, 2001.



