
An Improved Approach for Confirmatory Phase III Population Pharmacokinetics Analysis

Abstract
In contrast to the traditional extensive exploratory approach, we propose a confirma-
tory approach to phase III population pharmacokinetics for regulatory submissions. 
In our approach, we recommend a prespecified primary analysis based on phase I/II 
data and phase III study design, and several specific sensitivity analyses to evaluate 
the robustness of the conclusions. According to statistical rationale, this approach 
eliminates certain biases that may occur in the estimated covariate effects, thereby 
precluding potentially unnecessary dosing adjustments and allowing for more accu-
rate assessments of ambiguity in the results. Because exploration is vastly reduced, 
the analysis time is also substantially shortened. The proposed analyses are relatively 
easy to implement, although careful and prospective planning is required. Applications 
of the approach suggest that differences between the proposed approach and the 
commonly used extensive exploratory analyses submitted to regulatory agencies were 
small and consistent with practical expectations.

Introduction
At phase III, population pharmacokinetics (POPPK) is a powerful 
tool to assess covariate influence on exposure,1 and accordingly, 
to recommend potential dosing adjustments for drug-product 
labeling. In submission analyses, covariate detection and quan-
titation can be viewed as the main points of interest, serving as 
the basis for recommendation of potential dosing adjustments 
for drug-product labeling. 

Common POPPK analyses involve, implicitly or explicitly, exten-
sive searches among candidate models. This is commonly rec-
ognized as the “exploratory analysis” approach. In the context of 
recommending covariate-based dosing adjustments, both statis-
tical theory2 and POPPK research3 have shown that the explor-
atory approach can result in certain biases. While it is possible in 
principle for inference accounting to contribute to model explo-
ration, in practice this is difficult.4 In contrast, typical statistical 
analysis plans of clinical studies, especially phase III, use the 
“confirmatory” analysis approach. Analysis models are prespec-
ified even though alternative models are possible. Although a 
few limited circumstances for similar analyses may be planned, 
they are usually considered “sensitivity analyses.”

Phase III POPPK – learning or confirming?
At the submission stage, the results of POPPK used for labeling 
recommendations are treated as if from confirmatory analyses, 
because usually no more data will be collected to confirm the 
findings. The upward biases2 caused by exploratory approaches 
may lead to unnecessary dosing adjustments. For the purpose 
of accurate covariate-based dosing adjustment, finding a parsi-
monious “final” model, while attractive in principle, may be less 
relevant. Instead, it is more important to obtain unbiased esti-
mates of covariate effect on long-term systemic drug exposure, 
such that dose adjustment recommendations are robust with 
respect to modeling assumptions. To achieve these goals, con-
firmatory approaches would be better suited, e.g., the approach 
used in bioequivalence assessment based on sparsely sampled 
PK data.5

Method
The two major goals for phase III POPPK analysis are: (1) esti-
mates of the covariate effect with respect to dosing recommen-
dations be unbiased and (2) the extent of uncertainty in the 
conclusions be clearly understood with respect to the assump-
tions. A typical confirmatory statistical analysis plan may provide 
a good heuristic. It achieves unbiased estimation by prespeci-
fying the analysis model and examining covariates or subgroup 
effects with sensitivity analyses.

From a PK perspective, Cmax and AUC are important parameters 
defining drug systemic exposure. As sparse sampling designs 
usually do not allow accurate assessment of Cmax, the POPPK 
analysis could reasonably be focused on steady-state AUC only. 
This may also be assessed as average concentration, or appar-
ent clearance (CL/F). Therefore, the analysis should focus on 
identifying covariates affecting CL/F. 

The following steps on model specification and analysis are pro-
posed for phase III POPPK analysis.

(1) Establish structural and random effect models based on 
earlier data
Early POPPK models can be built from phase I/II data to simu-
late data under the phase III study design to find out which 
model may be reliably identified from the phase III study design. 
The best-fit identifiable model with the simulated data will be 
prespecified for the phase III data. The model is pre-specified 
in the statistical sense because the dependent variable has not 
been used to select it. 

(2) Establish or build covariate models
Prior to including any covariates, correlation among covariates 
should be examined together with pharmacological. In cases of 
highly correlated covariates, only the more physiologically/phar-
macological/clinically relevant covariates should be retained.3 
The total number of covariates should be small enough so that 
there are at least approximately 20 subjects2 for each estimated 
parameter. These choices may be difficult, but are important to 
ensure accuracy and precision of the results.

For continuous covariates, the model form should be prespeci-
fied with a standard choice, usually the power model scaled by 
the population median. That is, for a positive continuous covari-
ate X, the effect of covariate Xi for the ith subject is modeled in 
the form of

 θ0 [ Xi / Median(X) ]θ1 (1)

For discrete covariates, we use the following parameterization: 
for a binary covariate X taking values 0 and 1, the effect of Xi is 
modeled in the form of

 θ0 [ Xi ]
θ1 (2)

Discrete covariates taking more than two values will be mod-
eled according to the increasing number of parameters. A full 
model assessment using this form, including all covariates on 
CL/F only, is proposed as the primary analysis. 

Criteria for recommending covariate-based dose adjustments 
should depend on the therapeutic window of the compound. 
In absence of clear criteria, it seems reasonable to exclude 
those discrete covariates from dose adjustments if their effects 
are within the usual bioequivalence range of (0.8, 1.25). For 
continuous covariates, it may be reasonable to require the ratio 
between the 1st and 3rd quartiles (i.e., 25th and 75th percentiles) 
be within the range of (0.8, 1.25). 

(3) Sensitivity analyses
Depending on the situation, the following sensitivity analyses 
could be of interest:

(a) Allometric scaling by weight (Analysis a)
Some literature suggests that clearance (CL) parameters are 
proportional to weight to the power of 0.75 and volume parame-
ters are proportional to weight. Using this as an alternative base 
model allows assessment of the robustness of the results relative 
to covariate modeling on other structural model parameters.

(b) Analyzing covariate effect on observed concentrations 
(Analysis b)
The following simple model is proposed:

Yij = a*Dose i
b0 *f1(X1i )* f2(X2i )*… *fn(Xni) *exp(η i ) *exp(εij)

where Yij is jth observed concentration of the ith subject and Xni is 
the nth covariate of the ith subject. fn(Xni) takes the form of equa-
tion (1) or (2). ηi is the between-subject random effect and εij is 
the error term. Parameter b0 may typically be fixed at 1, assum-
ing linear PK. In an approximate sense, the influence on CL is 
represented by -θ1 under equation (1) for continuous covari-
ates and by exp(-θ1) under equation (2) for discrete covariates. 
This model can be implemented as a simple linear mixed-effect 
model in standard statistical software, and the p-values can be 
referenced with little controversy. The time effect can be repre-
sented as a discrete covariate depending on the specific study 
design, e.g., peak/trough. This simple method is less efficient 
than compartment models, but could show whether the results 
are robust with respect to the structure model assumptions.

(c) Base model random effects (if applicable)(Analysis c)
Phase III data may be more variable than that of phase I/II due 
to more and/or a larger range of covariates. Therefore increasing 
the number of random effects in a predefined order of impor-
tance may be attempted. 

In these analyses, (a) and (b) are prespecified, and (c) is only 
partially data-driven. Additional data-driven explorations could 
be interesting but should be limited to, e.g., 1-2 model runs, and 
results from such efforts should be interpreted as secondary. 
The following example implemented analysis (b) with S-PLUS 8 
and other analyses with NONMEM VI.

APPLICATION I: Therapeutic Protein A
Combining two pivotal phase III multi-center studies generated 
a submission POPPK dataset consisting of 1,937 subjects and 
9,948 concentration measurements. The following analysis plan 
and rationale had been prespecified.

(1) Structural and random-effect models
A previous POPPK model based on phase I/II data was devel-
oped, with a structural model of a one-compartment model 
with extravascular absorption. It had between-subject variance 
on absorption rate constant (Ka), apparent clearance (CL/F) 
and apparent volume of distribution (V/F), and an additive-plus-
proportional residual error. In addition, CL/F was proportional 
to weight raised to the power of 0.75 and V/F proportional to 
weight. This model was used to simulate data with the actual 
dosing information and sampling times in the phase III studies. 
The best random-effect structure was developed from the simu-
lated data, based on the usual fitting criteria. 

(2) Covariate model
The covariates were classified into the following order, based on 
a priori considerations of relevance: weight, immune response, 
age, sex, geographic region, past use of biologics, methotrexate, 
cyclosporine, duration of disease, baseline disease score, base-
line physician global assessment score, baseline disease quality 
index, history of concurrent disease A, B, C, alcohol, smoking , 
and concomitant medicines D1 – D10. 

(3) Sensitivity (secondary/exploratory) analysis
For analysis (b), indicators were created for time ≤4 weeks, and 
every 4 weeks from weeks 8 to 40 to account for the time effect. 
Due to the complication of a dosing regimen switch for par-
tial responders, observations beyond 40 weeks were excluded, 
resulting in excluding <10% of total concentrations. Because 
the phase III study design was not expected to allow accurate 
estimation of Ka, analysis (c) was not implemented.

Results
The results are summarized according to the corresponding 
structure of the proposed approach. The (0.8, 1.25) bioequiva-
lence criterion for the estimated effect on CL/F is used to deter-
mine the relevance of a covariate.

(1) Structural and random-effect models
The phase I model had between-subject random-effect term on 
Ka. Base-model exploration on simulated data showed that, as 
expected, this term could not be identified. Influence of weight 
on CL/F and V/F was deemed estimable. This model was reli-
ably estimated from the observed data.

(2) Covariate model
The full model had weight, concurrent disease #1 status, 
and immune response as relevant covariates affecting CL/F, 
with estimated effect being 1.13, 1.22, and 1.37, respectively. 
As the 1st and 3rd quartiles for weight in the population are 
76.4 kg and 104.7 kg, and the weight effect was calculated as 
(104.7 / 76.4)1.13 = 1.428, or 42.8%.

(3) Sensitivity (secondary/exploratory) analysis
Analysis (a) had weight affecting CL/F by default, with an effect 
of (104.7 / 76.4)0.75 = 1.267, or 27%. Concurrent disease #1 
status and immune response were the only other relevant covari-

ates affecting CL/F, with estimated effect being 1.25 and 1.46, 
respectively. Analysis (b) also had weight, concurrent disease 
#2 status, and immune response as relevant covariates affect-
ing CL/F, with estimated effect being 1.157, 1.294, and 1.36, 
respectively. Additionally, it had a concurrent medication D7 
effect of size 1.259. Complete results are as follows.

Table 1. Therapeutic Protein A: POPPK Covariate Effect 
Estimates under Proposed Analyses

Parameter
Primary 
Analysis

Analysis 
(a) 

Analysis 
(b)

Analysis 
(b) 

p-value

Weight (CL/F) 1.13 Fixed to 
0.75

1.157 <0.001

Weight (V/F) 0.835 Fixed to 1 NA NA

Immune response 1.37 1.46 1.36 <0.001

Age 1.11 1.07 1.215 <0.001

Sex (female effect) 1.14 1.07 1.218 <0.001

Race - Black 1.08 1.06 1.206 0.028

Race - Asian 1.05 0.93 0.98 0.771

Race - other 1.12 1.09 1.157 0.082

Geographic region 0.928 0.956 0.911 0.014

Past use of biologics 1.02 1.03 0.999 0.977

Past use of methotrexate 1.03 1.03 1.052 0.056

Past use of cyclosporine 1 1.01 1.005 0.879

Disease duration -0.0336 -0.037 -0.048 0.002

Baseline disease Score 0.0412 0.0475 0.039 0.252

Baseline physician global 
assessment score

0.019 0.0382 0.035 0.635

Baseline disease quality index 0.0214 0.0239 0.039 0.038

Concurrent disease #1 status 1.22 1.25 1.294 <0.001

Concurrent disease #2 status 0.981 1.02 0.986 0.676

Concurrent disease #3 status 1.01 1.02 0.997 0.939

Alcohol history 1 0.99 1.001 0.960

Smoking status 1.07 1.05 1.112 <0.001

Concomitant medication D1 1.05 1.03 1.061 0.373

Concomitant medication D2 0.901 0.903 0.863 0.030

Concomitant medication D3 1.05 1.04 1.008 0.911

Concomitant medication D4 1.03 1.01 1.024 0.650

Concomitant medication D5 1.06 1.08 1.028 0.617

Concomitant medication D6 0.906 0.921 0.892 0.083

Concomitant medication D7 1.13 1.13 1.259 0.003

Concomitant medication D8 0.956 0.946 0.939 0.329

Concomitant medication D9 1.01 1.01 1.06 0.453

Concomitant medication D10 1.02 1.02 1.036 0.502

All analyses consistently suggested that weight, concurrent dis-
ease #1 status, and immune response as important covari-

ates, 27 – 43%, 22 – 26%, and 30 – 37% effect, respectively. 
Sensitivity analysis (b) also had concomitant medication D7, 
with an effect size at borderline importance, with other analyses 
showing approximately half that. Therefore, concomitant medi-
cation D7 was considered unimportant. Overall, the effect esti-
mates appear robust.

Comparison with the submission analysis
The submission analysis had the same base model as (1) above, 
but different covariates affecting CL/F and V/F. Regarding rec-
ommendation of potential dose adjustment, it also had weight, 
concurrent disease #1 status, and immune response as the 
only covariates affecting CL/F, with estimated effect sizes of 
0.862, 1.282, and 1.358, respectively. Given the difference in 
the amount of exploration used between the approaches, these 
results are notably similar.

The submission analysis had sex affecting CL/F with 5.9% 
increase in females. It also had covariates albumin, creati-
nine clearance (CrCL), and alkaline affecting CL/F, which were 
excluded from the prespecified analyses based on a priori con-
siderations. While these covariates were deemed insignificant 
in the submission analysis, CrCL had a high correlation (=0.72) 
with weight, with an effect estimate of 0.181, evaluating which 
at the 1st and 3rd quartiles gives (150.2 / 99.8)0.181 = 1.077, or 
7.7%. This may account for a majority of the 12% (= 43% - 
31%) difference with the primary analysis. Since renal func-
tion is unlikely to notably contribute to apparent clearance of 
Therapeutic Protein A, the CrCL effect is likely spurious. This 
would suggest the weight effect as perhaps closer to 43% than 
to 31%.

Both approaches suggested that weight, concurrent disease #1 
status, and immune response as the only important covariates. 
Our proposed approach used <10 models, including base model 
exploration using simulated data. The submission analysis used 
over 100 documented models alone.

Discussion
Considering the objective of accurately identifying covariate-
based dosing-adjustment factors at phase III, our approach has 
better statistical properties including accuracy and robustness, 
and allows more clarity on the uncertainty of the conclusions. 
In contrast, the exploratory approach usually does not deal with 
the issue of inaccuracies in dosing or sampling time records. 
Neither does it formally address the issue of model misspecifi-
cation, because (1) there is no guarantee that stepwise model 
search will find the best fit, (2) the best-fit model may not be 
best for assessing influential covariates.2, 3 

The proposed approach was also tested on other phase III 
submission POPPK datasets, with relatively similar conclusion 
obtained.
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