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Fig. 5. Normalized residual-time plots for the 12 healthy subjects. Residuals were obtained from iPBPK-R model fitting to the ERMBT data (results are

shown in Fig. 4). The black dots are normalized residuals.

In Fig. 9A, CYP3A4 clearance varied from 1% to 100% of the
IVIVE value. In Fig. 9B, V., of the meta-uptake transporter
varied from 1% to 200% while keeping the total passive diffusion
at 50% of its optimal value. Modeled *CO, production rates
were sensitive to changes in CYP3A4 clearance (see Fig. 9A).
Changes in total passive diffusion and uptake drug trans-
port together had an effect on the shape of *COq production
rate—time curves (Fig. 9B).

As an exploratory analysis, Spearman correlation analysis
between the estimated adjustment factors for nonrenal elimi-
nation parameters (V. of meta-uptake transporters, CYP3A4
clearance, and total passive diffusion) and baseline parameters
was conducted (see Table 3; Supplemental Table 2). These
baseline parameters were demographic and physical factors

TABLE 2

(height, weights, age, and estimated glomerular filtration
rate) and uremic solute concentrations including serum creat-
inine, BUN (a low molecular weight solute), and tumor necrosis
factor-a (a middle molecular weight solute). In all 12 subjects,
the correlation coefficient between BUN and the adjustment
factor for V., of meta-uptake transporters was estimated
to be negative and strong, and this correlation was statisti-
cally significant (p = —0.608; P = 0.04) (Table 3). In the male
subjects, BUN was negatively correlated with the adjust-
ment factors for V., of meta-uptake transporters (p = —0.857,
P = 0.01), CYP3A4 clearance (p = —0.857; P = 0.01), and
passive diffusion (p = —0.821; P = 0.02), which were very
strong according to Evans’ correlation criteria (Evans, 1996)
(Supplemental Table 2).

Parameter estimates through the nested optimization and normalized residuals in the iPBPK-R modeling of the ERMBT

study in 12 healthy subjects

Estimated parameter Mean *= S.D. Median (Range)

IVIVE adjustment (adjustment factor)
Meta-uptake transporter 0.84 = 0.26 0.98 (0.23, 1.00)
P-gp 1.00 = 0.00 1.00 (1.00,1.00)
MRP2 1.00 = 0.00 1.00 (1.00, 1.00)
CYP3A4 clearance 0.14 += 0.06 0.12 (0.07, 0.24)
Hepatocyte volume 0.78 = 0.19 0.73 (0.50, 1.01)
Partition coefficient in the combined other organs 18.77 = 0.03 18.78 (18.72, 18.84)
Blood flow in the combined other organs 0.80 = 0.27 0.87 (0.45, 1.22)
Exponential decay parameter in the combined other organs 3.99 = 0.01 3.99 (3.97, 4.03)
Total passive diffusion between ES and LC 0.60 = 0.21 0.67 (0.13, 0.87)

Model fit: normalized residual 107* + 1074 0.0001 (0,4 107%
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Fig. 6. (A) Estimated IVIVE adjustment factors for PBPK parameters in
the liver compartments (ES and LC subcompartments). The PBPK parameters
are maximum velocity of the meta-uptake transporter, maximum velocity
of P-gp, maximum velocity of MRP2, CYP3A4 clearance, the volume of the
hepatocyte, and total passive diffusion between ES and LC subcompart-
ments (from the left to the right on the x-axis). These PBPK parameters
were estimated in the main step (third step) of the iPBPK-R framework as
shown in Fig. 3. (B) Estimated IVIVE adjustment factors in the liver
compartments stratified by sex. These selected estimates adjust CYP3A4
clearance, the volume of the hepatocyte, and total passive diffusion between
ES and LC subcompartments. When the IVIVE adjustment factor is
estimated to be 1, it is interpreted that the parameter input was not
adjusted from the original IVIVE input value through the iPBPK-R
model fitting. Exact P values are shown based on Wilcoxon—-Mann—Whitney
tests for comparing between male and female subjects (one-sided test).
*P < 0.05 (statistically significant difference).

Discussion

This is the first study to show that the activity of multiple
nonrenal elimination pathways can be estimated within in-
dividual study subjects with a single probe drug, erythromycin,
via PBPK modeling and optimization-based model fitting of rate
data GPBPK-R). The iPBPK-R method is distinctly different
from and advantageous over other approaches that use multi-
ple pathway-specific probes (i.e., the “cocktail” approach). The
cocktail approach may lead to higher imprecision due to
1) uncertainty in parameter estimates pertinent to different
probes’ characteristics, 2) varying interactions with physio-
logic properties, and 3) intercohort variabilities (Zhou et al.,
2004; Smith et al., 2007). The iPBPK-R method overcomes
these by utilizing the distinct and dynamic information contained
in rate data solely obtained with a single probe.

Nonlinear model fitting of measured rate data (Oppenheim
and Schafer, 2009) was adopted in our individualized PBPK
modeling, which enabled multiple-parameter optimization to
achieve high accuracy (see the normalized residual plots in
Fig. 5). Figure 1 illustrates that the *CO, production rate
data contain more information than the cumulative *CO,
concentration data when they are observed. First, as shown in
the inset panels for hypothetical subjects A, B, C, and D, the
simulated curves of the cumulative amount of “CO, gener-
ated during the study period are not sensitive to any underlying
parameter changes since all four subjects’ cumulative curves
look similar. On the other hand, simulated curves of **CO,
production rates show a dynamic change depending on the
parameter change, since the shape of the rate-time curves
visibly differs across the subjects. This illustrates that, for
a given measurement accuracy, measuring the first derivative
data allows us to estimate parameter differences while these
differences cannot be estimated from the original data. The
iPBPK-R method used here leverages this for the purposes
of characterizing multiple nonrenal clearance pathways
simultaneously.

Historically, erythromycin was commonly used as a met-
abolic probe drug. It was administered intravenously and
employed in the ERMBT to noninvasively measure in vivo
activity of hepatic CYP3A4 (Turgeon et al., 1994; Hirth
et al., 2000; Nolin et al., 2006a; de Wildt et al., 2007).
However, it is now known that erythromycin undergoes hepatic
clearance by OATPs, P-gp, and MRP2-mediated elimination
pathways as well (Lan et al., 2000; Sun et al., 2004; Kurnik
et al., 2006; Lam et al., 2006; Frassetto et al., 2007; Franke
et al., 2011; Chu et al., 2013). Accordingly, interpretations
of ERMBT data were misleading under the assumption that
erythromycin clearance was dependent solely on CYP3A4-
mediated metabolism (Rivory and Watkins, 2001; Rivory
et al., 2001). We were interested in accounting for the

Adjustment of IVIVE in Other Organs
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Fig. 7. Estimated IVIVE adjustment values for PBPK parameters in the
combined other organs (OT) compartment. The PBPK parameters are
arterial blood flow, exponential decay, and partition coefficient between
OT and plasma, respectively (from the left to the right on the x-axis).
These PBPK parameters were estimated in the main step (third step) of
the iPBPK-R framework as shown in Fig. 3. When the IVIVE adjustment
value is estimated to be 1, it is interpreted that the parameter input was
not adjusted from the original IVIVE input value through the iPBPK-R
model fitting.
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Fig. 8. ERMBT data interpretation as a result of the application of
iPBPK-R. The modeled *CO, concentration—time curve represents three
phases: the increasing absorption phase, the first elimination phase after
the peak of the curve, and the second elimination phase. Red line and text:
The increased absorption phase gets less steep as CYP3A4 clearance
decreases. Blue line and text: The peak of the curve increases as 1)
CYP3A4 clearance increases, 2) maximum velocity of the meta-uptake
transporter increases, 3) arterial blood flow in the combined other organ
(OT) compartment (QoT,art) decreases, 4) the partition coefficient of OT to
plasma decreases, and/or 5) total passive diffusion between ES and LC
subcompartments increases. Green line and text: the first elimination
phase of the curve gets less steep as 1) the partition coefficient of OT to
plasma decreases, 2) maximum velocity of the meta-uptake transporter
increases, and/or 3) Qor,art increases. Yellow line and text: the second
elimination phase of the curve gets less steep or shifts upward as 1) the
partition coefficient of OT to plasma decreases, 2) exponential decay in the
OT compartment decreases, and/or 3) total passive diffusion between ES
and LC subcompartments decreases. Purple text: the AUC of the curve
increases as 1) the volume of the hepatocyte decreases, 2) CYP3A4
clearance increases, and/or 3) Qor,a. decreases.

multiple nonrenal elimination pathways of erythromycin and
estimating corresponding kinetic parameters within individ-
ual healthy subjects through modeling observed rate data.
Rate data is commonly used in engineering disciplines, typi-
cally in digital signal processing. We anticipated that by
applying mechanistic iPBPK-R to the ERMBT data, we could
simultaneously estimate the activity of multiple nonrenal
elimination pathways. Although this is a pilot study, we found
that CYP3A4 activity was consistently estimated to be lower
than the IVIVE-based CYP3A4 activity in all subjects. We
showed that CYP3A4 clearance, uptake transport, and other
physiologic parameters collectively control the *CO, pro-
duction rates of the ERMBT (Figs. 8 and 9). This serves as
a proof of principle that the iPBPK-R framework is a novel tool
for delineating rate-limiting and nonrate-limiting elimination
pathways using a single probe.

Simultaneous estimation of the activity of multiple nonrenal
elimination pathways facilitates studying the interaction
between enzymatic metabolism and drug transport or enzyme-
transporter interplay (Benet, 2009). As discussed previously,
the ERMBT was actively used to probe in vivo CYP3A catalytic
activity in the past. However, across clinical studies using
the ERMBT, there were conflicting results in predicting total
body clearance from the *CO, production rate analysis. Rivory
et al. (2001) discussed possible causes for the inconsistent
results among the ERMBT studies. The reasons included high
interindividual variability of the **CO, production rate data,
potential overestimation of **CO, production in female sub-
jects, and use of different type of measurements among studies
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Fig. 9. Example of sensitivity analysis. Simulated 3D *CO, production
rate-time curves where (A) CYP3A4 clearance was varied from 1% to
100% of the IVIVE value and (B) maximum velocity of the meta-uptake
transporter was varied from 1% to 200% while keeping the total passive
diffusion at 50% of its optimal value. CYP, cytochrome P450.

(i.e., inverse time to the peak, *COy production rate at
20 minutes, and AUC from 0 to 2 hours). Because erythromy-
cin was found to be a substrate of not only CYP3A but also
P-gp, Mrp2, and Oatp2 in in vitro studies (Sun et al., 2004;
Franke et al., 2011), studying the effect of enzyme-transporter
interplay on nonrenal drug elimination became essential (Chu
et al., 2013). To study the enzyme-transporter interplay,
mechanistic PBPK modeling is a useful tool because it allows
us to explicitly describe the activity of each elimination
pathway in the whole body system. By combining the set of
mathematical equations with multiparameter optimiza-
tion, one can indirectly estimate the activity of different
elimination pathways in the target organ (Chuet al., 2013).
The iPBPK-R approach overcomes infeasible direct sampling
of drug concentrations from the target organ where the in vivo
enzyme-transporter interplay may be occurring.

In studies using the ERMBT, *CO, production may have
been overestimated in female subjects and the difference between
sexes was around 20%—25% (Rivory et al., 2001). We observed
higher CYP3A4 activity in female than in male subjects and the
difference between sexes was about 11%. In fact, the result
for female subjects aligned with the study of human liver
bank samples in which expression levels of CYP3A4 in
female samples were found to be higher than in male samples
(Wolbold et al., 2003). No correlation was observed between
CYP3A4 activity or drug transport activity and physiologic
factors, weight, height, or body mass index in all subjects or
in each sex. Accordingly, our study indicated that there is
a sex-related difference in CYP3A4 activity.
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TABLE 3

Spearman correlation coefficients among the estimated PBPK parameters, demographic and physiologic data, and uremic solute concentrations in 12

healthy subjects

IVIVE adjustment (adjustment factor) Height Weight BMI Age eGFR SCr BUN TNF-a
cm kg kg/m? years L/h mg/dl mg/dl pg/ml
Meta-uptake transporter
o 0.371 0.147 —0.259 —0.372 0.007 0.351 —0.608 —-0.161
P value 0.235 0.648 0.417 0.234 0.983 0.263 0.036° 0.618
CYP3A4 clearance
p —0.529 -0.378 0.154 0.319 -0.571 0.092 —0.504 —0.399
P value 0.077 0.225 0.633 0.312 0.053 0.775 0.095 0.199
Total passive diffusion between ES and LC
p 0.476 0.308 -0.175 —0.204 -0.175 0.414 —0.196 0.112
P value 0.117 0.330 0.589 0.526 0.586 0.181 0.542 0.729

BMI, body mass index; eGFR, estimated glomerular filtration rate; SCr, serum creatinine; TNF-a, tumor necrosis factor.-a

“Spearman correlation coefficient.
bP < 0.05 indicates a statistically significant correlation.

We further conducted correlation analysis on the adjustment
factors for nonrenal elimination clearance with plasma concen-
trations of uremic solutes. There was a significant inverse
correlation between the uremic solute BUN and the adjustment
factor for V.. of the meta-uptake transporter (OATPs) in 12
subjects (p = —0.608). In male subjects, significant inverse
correlations were observed between BUN and maximum velocity
of OATPs, CYP3A4 clearance, and passive diffusion, respectively.
Despite the small sample size, we showed that correlation
analysis can be used to explore relationships between the activity
of nonrenal elimination pathways and potential surrogate
biomarkers (such as uremic solutes) after iPBPK-R modeling.

There are several limitations in this study. First, the de-
tailed structures in the kidney compartment were omitted
and were not modeled so that multiple parameters could be
estimated using a reduced order model. Second, in the reduced
order PBPK model, it is not possible to distinguish the value of
maximum velocity and the number of individual transporters.
Third, we did not distinguish in vitro parameter values
between #C-erythromycin and erythromycin for IVIVE
calculations. The two compounds are not the same but they
are used interchangeably in clinical research. Therefore, the
literature values are the best parameters that we could use.
Fourth, no genetic variant data of OATPs were available, so
we could not conclude whether low CYP3A4 activity was
truly caused by the sex difference or the interplay with
OATP variants. Fifth, IVIVE values were calculated based
on average 70-kg male data. Although both male and female
subjects were enrolled in the clinical study with ERMBT, the
average body weight was close to 70 kg (68 kg). Therefore,
use of the average 70-kg male data is not expected to cause
alarge bias. The variability in weight is reflected in the estimated
adjustment factors for the total hepatic volume. Finally, the
CYP3A4 and transporter activity estimates derived from
iPBPK-R modeling were not compared with or validated using
specific pharmacologic probe substrates as controls. The fitted
model cannot be validated against the measurements beyond
the breath data. However, the model is a reduced order model,
and we could establish that the model was not overfitted.
Furthermore, the visual inspection and normalized residuals
calculated from predicted and observed curves indicated
excellent model fit across all individual subjects. By conduct-
ing simultaneous optimizations of parameters and sensitivity
analysis, we showed the robustness of parameter estimates
and consistency in the estimated CYP3A4 activity across

12 subjects. Similarly, the estimated uptake transporter activ-
ity was robust and consistent across male subjects, whereas
a wider variability was seen in female subjects.

iPBPK-R can be applied to any rate-derived data beyond
ERMBT. Ideal characteristics of measurements are as follows:
1) rate measurement with long elimination half-life and
frequent sampling, 2) in vitro data sufficient for IVIVE,
3) intravenous dosing, and 4) individual data. The underlying
idea for measurement 1 is that rate information can be used
to capture both non-rate-limiting and rate-limiting steps in
elimination pathways of interest. As another example, breath
rate data of volatile organic compounds can be used to study
the role of potential biomarkers on hemodialysis efficiency
(Grabowska-Polanowska et al., 2019). Other potential areas of
application include drug—drug interaction, pathophysiological
effects, and the effect of intervention, polypharmacy, or any
other extrinsic factors on drug disposition by estimating
adjustment factors and conducting correlation analysis. In
the future, we plan to apply the iPBPK-R framework to rate
data of other compounds that are known to be cleared by
multiple nonrenal elimination pathways.

Conclusion

The iPBPK-R approach was applied to evaluate *CO,
production rate data of the ERMBT in healthy subjects.
Optimized iPBPK-R models fit the individual data well and
they allowed us to distinguish and simultaneously estimate
the activity of multiple nonrenal elimination pathways of the
single probe 1*C-erythromycin. The median in vivo CYP3A4
activity was estimated as low as 12.2% of the IVIVE-based
CYP3A4 clearance. **CO, production rate data has rich in-
formation allowing estimation of per-person rate-limiting and
nonrate-limiting PK parameters. Accordingly, we found that
the multiple PK and physiologic parameters collectively control
the *CO, production rate—time curve of the ERMBT. Adjust-
ment factors for the activity of drug transporters were also
estimated in all subjects. Finally, correlation analysis can be
used to explore relationships between the activity of nonrenal
elimination pathways and potential surrogate biomarkers
(such as uremic solutes) via iPBPK-R modeling. In summary,
we applied iPBPK-R to ERMBT data to distinguish and
simultaneously estimate the activity of multiple nonrenal elim-
ination pathways in healthy subjects. This serves as proof
of principle that the iPBPK-R framework is a novel tool for
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delineating rate-limiting and non-rate-limiting elimination
pathways using a single probe.
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