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ModVizPop is an interactive and dynamic visualization tool developed for simu-
lating differential equation-based population pharmacokinetic (PK) and phar-
macodynamic (PD) models with variability. It has a built-in PK/PD ordinary
differential equations library of models to choose from alongside the ability to
plug in a user-defined model from a local or project directory. The user interface
consists of several key inputs for performing the simulations as well as options
to visualize the plots, perform simple noncompartmental analysis, and review
inputs and model code. It also provides the ability to download the underlying
model, plots, simulated data, or a comprehensive report consisting of all the key
inputs and outputs of the simulations. The interface includes advanced features
where users can overlay external data on a simulation, set a certain simulation
scenario as a reference, or carry out sensitivity analysis—based simulations. This
easy-to-use interface can serve as a valuable tool to project teams to evaluate po-
tential scenarios facilitating collaborative decision making in the drug discovery

INTRODUCTION

ModVizPop is an interactive and dynamic visualiza-
tion tool developed for simulating ordinary differential
equation-based pharmacokinetic (PK) and pharmacody-
namic (PD) models with variability (Figure 1). The fol-
lowing features make ModVizPop an attractive platform
to be leveraged by PK/PD scientists and modelers in their
day-to-day activities: availability of a wide array of library
PK/PD models; flexibility to simulate from any ordinary
differential equations (ODE)-based, user-defined model;
customizable plotting features; advanced features to

and development paradigm.

overlay external data; abilities to set a simulation as a ref-
erence; conduct parameter sensitivity analysis; and robust
reporting. It is primarily programmed in R and uses key
R packages such as tidyverse,' mrgsolve,” PKNCA,* and
xtable.* It uses Shiny” for the web application framework,
LaTeX for PDF report generation, and HTML and CSS for
styling graphical interface.

The user interface consists of a sidebar with several key
inputs for performing the simulations. A tabbed naviga-
tion allows the user to visualize the simulated data and
plots; perform PK noncompartmental analysis (NCA);
and review model equations, code, and input parameters.

Pavan Vaddady and Bhargava Kandala contributed equally towards the development of this tutorial.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 Merck Sharp & Dohme Corp. CPT: Pharmacometrics & Systems Pharmacology published by Wiley Periodicals LLC on behalf of American Society for Clinical

Pharmacology and Therapeutics

CPT Pharmacometrics Syst Pharmacol. 2021;10:1323-1331.

WWW.psp-journal.com 1323


http://www.psp-journal.com
https://doi.org/10.1002/psp4.12697
mailto:﻿￼
https://orcid.org/0000-0002-7369-6649
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:vvaddady@dsi.com

1324 |

VADDADY AND KANDALA

ASCPT

ModViz rop

s Model Selection
@Help P Run Simulation
@ Fixed Effects

8 Random Effects Simulated Data Plots PK-NCA Model Inputs

Downloads
@ Dosing Options

= Simulation Options

o Advanced Options

It also provides users the ability to download the underly-
ing model, plots, simulated data, a comprehensive report
consisting of all the key inputs and outputs of the simula-
tions, and a complete simulation session the user works
on. The Help button is a link to ModVizPop documenta-
tion with detailed instructions on different components of
the interface for running custom simulations.

APPLICATION DEVELOPMENT
AND MAINTENANCE

As more drug development teams embrace model-
informed drug development approaches to streamline
and accelerate the development of novel therapies,
there is a need for tools that enable drug developers to
test ideas and simulate relevant clinical trial scenarios
before actual trials are run. This was the motivation be-
hind ModVizPop—an application that can be used to run
model-based simulations by changing key inputs in a live
team setting. The development of this application started
almost 4 years ago with an initial version where mean
PK/PD profiles could be simulated. Encouraged by the
utility of the application by colleagues within the discov-
ery and development groups, the ability to simulate ran-
dom effects was incorporated to cater to the needs of the
quantitative clinical pharmacologists within the clinical
development groups.

The current set of features in ModVizPop® are thought-
fully incorporated based on the user feedback over time
while ensuring ease of navigation. Also, as a part of quali-
fication, we compared the outputs of ModVizPop simula-
tions from different PK/PD models with NONMEM-based
simulations and found them to be comparable.’

FIGURE 1 ModVizPop interface
showing the different navigation options

In the spirit of making this an open-source applica-
tion, the code is released under the terms of GNU General
Public License Version 3°, which is a strong copyleft li-
cense, conditioned on making available complete source
code of licensed works and modifications. The underlying
code is accessible on GitHub and the instructions to install
and access the application are provided in the Accessing
the Application section.

We welcome fellow pharmacometricians from aca-
demia, industry, regulatory agencies, and nonprofit orga-
nizations to further enhance this application by directly
contributing to the code or by submitting relevant PK/PD
models for the benefit of the pharmacometrics commu-
nity. This would help organically add useful features based
on the feedback and contributions from the userbase.

MODEL SELECTION

Model Selection option (Figure 2) provides a pop-up
menu for selecting the source for the models (default:
PKPD ODE Library) along with a custom event input or
individual data set as input option.

The source selection, via a drop-down menu, provides
the following sources to choose the model file from:

1. PKPD ODE Library: a library of PK/PD models
based on the compartmental nomenclature (e.g., V1,
CL, KA) for simulating standard intravenous (i.v.)
bolus, i.v. infusion, or first-order absorption routes
of administration.

2. Project Library: a repository of PK/PD models for pro-
ject teams developed specifically for a project-based ap-
plication to impact decision making.
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FIGURE 2 Different model selection options available in the interface to customize the model input

3. User Defined: provides the user an option to input a
custom model from local directory to simulate from. An
example of a user-defined model is shown in the Model
S1. Model files have to follow mrgsolve nomenclature.’

A custom event input option provides the ability to
input complex dosing scenarios by uploading a custom
dosing file from the user's local directory. In instances
where the user wants to define the complete input data
set, that can also be provided as an input with this option.
Examples of custom event input files are illustrated in the
(Data S1-S3). Please note that the number of compart-
ments in the event input should be at maximum the num-
ber of compartments defined in the model. For example,
a one-compartment i.v. bolus model cannot accept events
that are dosed into the second compartment. That will re-
quire a model that defines at least two compartments.

IfaPKPD ODE Libraryisselectedin the Source Selection
(also the default selection), the Model Selection provides
options for selection of Route, Number of Compartments,
and PD Model. Route of administration selection includes
IV Bolus, IV Infusion, and 1st Order Absorption. Number
of Compartments selection includes one-compartment
and two-compartment models as options. PD Model
selection includes options None (for PK-only simula-
tions); E,.., Effect Compartment, Indirect Response I to
IV models (for PK/PD simulations) (Figure 2). Once all of
the options are chosen in the Model Selection, by clicking
Load Model, ModVizPop loads and compiles the model.
A progress bar on the bottom right-hand corner indicates

when the process is complete. Also, the loaded model is
shown under the Load Model button to provide the user
clarity on which model is currently loaded for simulation.

The Project Library option in the Source Selection
(within Model Selection tab) lets the user select a model
from a repository of PK/PD models. These models are
developed by individuals, groups, or project teams to aid
model-informed drug discovery and development deci-
sions across relevant programs. Users who would like to
have a model that needs to be uploaded to the repository,
please create a pull request on the ModVizPop github re-
pository (https://github.com/PavanVaddady/modvizpop).
For User Defined Source Selection, select the *.cpp model
file from the local path and select Load Model. It will load
the model onto ModVizPop.

FIXED AND RANDOM EFFECTS

Once the model selection is complete, ModVizPop pro-
vides an interface to input fixed and random effects. The
Fixed Effects option brings up the fixed effect parameters
window, and the Random Effects option opens the ran-
dom effect parameters. ModVizPop automatically popu-
lates the fixed and random effects parameters and their
default values from the model file that was loaded. For the
PKPD ODE Library models, the parameter values need to
be updated to the set of PK/PD parameters for compounds
of interest. The unit options of the parameters are place-
holders for users to note the correct units. They are not
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programmed to adjust for the specified doses or concen-
trations automatically. Users must carefully provide the
units as ModVizPop is agnostic to these units.

Random Effects (Figure 3) provides the follow-
ing options for random effect parameters for different
simulations:

None: simulate with only fixed effects and no variability.
Between Subject Only: simulate using only between
subject variability and no residual variability.

Residual Only: simulate using only residual variability
and no between subject variability.

Both: simulate using both between subject variability
and residual variability.

Additional details around the random effects options
are illustrated in the examples provided in the (Text S1).
Interoccasion variability can also be included if it is
coded using the ETA nomenclature (by using either the
Between Subject Only or Both option). All of the input
matrices must be block matrices. The covariances need
to be properly set to zero in instances where there are
only diagonal elements. When there are two separate
matrices such as for PK and PD parameters, they need to
be pooled into a single block matrix. In instances where
the input matrix gets very large, such as for a given user-
defined model, the recommendation is that the matrix

Random Parameters Selection

Variability

None Between Subject Only

s Model Selection
ETA_KA 001 000 0.0
@ Fixed Effects ETA_CL 0.00 0.01| 0.00
ETA_Q 000 0.00 001
i Random Effects ETA_V1 000 000 0.00
ETA_V2 0.00 000/ 0.00
© Dosing Options ETA_F1 000 000 0.0
ETA_LAGTIME 000 0.00 0.0
= Simulation Options ETA_KIN 0.00 000 0.0
ETA_KOUT 000 0.00 000
of Ad 1 Options ETA_ECS0 000 000 000
ETA_EMAX 0.00 0.00 0.00

Residual Variability - Covariance Martix

Residual Only

Between Subject Variability - Covariance Martix

be filled out in the actual model file with ideally mini-
mal edits needed in the interface.

DOSING INPUTS

Dosing options include Dose(s), Duration of Infusion,
Number of Doses, Dosing Interval, and Dosing
Compartment as inputs. Dose(s) input lets the user simu-
late more than one dose at a time by using comma-separated
values for the doses. Number of Doses input can be used to
simulate a multiple-dose scenario. Dosing interval can be
customized using the Dosing Interval input. Duration of
Infusion option is available when an i.v. infusion option is
chosen in the Model Selection from the Library of PK/PD
models. Duration of Infusion and Dosing Compartment
options are both available when a User Defined or Project
Library model is chosen. Dosing compartment defaults to
one but can be modified as per the model requirements.
Note that in instances where a custom event option is used,
Dosing Options cannot be selected.

SIMULATION OPTIONS

Simulation options include selection of start time, end time,
and in between timepoints that can be given as an input to

® Both

ETA_KA ETA_CL| ETA_Q ETA_V1 ETA_V2|ETA_F1 ETA_LAGTIME ETA_KIN ETA_KOUT ETA_ECS0 ETA_EMAX

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

PK_ADD PK_PROP PD_ADD PD_PROP

PK_ADD 0.00 0.00
PK_PROP 0.00 0.10
PD_ADD 0.00 0.00
PD_PROP 0.00 0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.01

FIGURE 3 Random Parameters Selection window to customize the inputs for between subject and residual variability
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simulation, an optional seed and the number of subjects to
simulate. These options are filled out by default and can be
left as such or they can be further modified as per the user
requirements. For example, End Time can be extended to
simulate the elimination of the drug beyond the default end
time of the last dosing interval. The default timepoints in-
clude a sequence of timepoints with a step size of 0.25. This
step size indicates the smallest time interval between two
timepoints in the simulation and can be modified as neces-
sary. The user can also define new comma-separated values
or sequences or a combination of these as timepoints for
simulation. Some examples are the following:

seq (0, 24, 1)
c(0,1, 2, 4, 6, 8, 12, le, 24)
c(0, 1, 2, seq(4, 24, 2), 48)

When random effects are turned off using the None op-
tion, Select Seed will not be available, and Select Number
of Subjects will default to one. Once all of the options are
selected, clicking Run Simulation will run the simulation.
A progress bar indicates the simulation completion.

SIMULATION OPTIONS

There are multiple outputs generated once the simula-
tion is carried out. The tabs on the right side include these
outputs. These include Simulated Data, Plots, PK-NCA,
Model, Inputs, and Downloads tabs.

The first of these tabsis the simulated data. The Column
Visibility option lets users choose columns that will be vis-
ible in the table. A Search option can let one search for the
existence of any content within the table. Through the col-
umn headers, the users can sort the order of the column
contents. Searchable text boxes are available in the footer
of each column to subset the data in the columns. Also,
a paged navigation is available on the right-hand bottom
corner to switch through multiple pages of data.

Under the Plots tab, two additional options are pro-
vided. Plot Options is used to customize the plots gener-
ated, and the Plot Simulation button plots the data per the
options chosen. Various plot options are available to cus-
tomize the plots (Figure 4).

« Select X, Select Y: you can select the variables to be plot-
ted on the X-axis and the Y-axis. ALL COMPARTMENTS
defaults to all the compartments present in the model.

« Select Grouping: one can select a grouping variable to
group the lines by (e.g., ID).

« Select Color Variable: similarly, a color variable option
is available to color the groups specified in this option.

« Select Faceting: selecting one or more faceting variables
(e.g., ID, Dose) allows you to visualize a matrix of simu-
lations based on the levels of the faceting variables.

ASCPT

« Subset: Subset is an option to create a subset for plot-
ting. For example, if one is interested in looking only
at a particular dose, say 100 mg, despite simulating
many dose levels, they can use subset option and have
“dose==100,” which will subset the simulated data set
to this dose and will only plot these new data. Note that
the simulated data will not change.

« Plot Prediction Interval, Prediction Interval (%): when
simulating with variability, the Prediction Interval pro-
vides an option to look at the bands as shaded areas
rather than spaghetti plots (e.g., a visual predictive
check or VPC-like set up). One can also specify the level
of the prediction intervals. An illustration of a VPC-type
simulation is provided in the (Text S1).

« X-axis,Y-axis: linear, log-linear, log-log plotting are pos-
sible by changing the x and y axes to either a linear scale
or a log scale.

« Scales: Scales provides a means to have a uniform scale
between different facets to easily compare profiles
across them. One can choose either a Fixed, Free X, Free
Y, or Free Both scale to tailor the plots.

 Include Points: this option provides the user an option
to plot points on top of the existing plot.

o X-axisLabel, Y-axis Label, Title, Footnote: one can
also customize the labels for X-axis, Y-axis, title, and
footnote.

« Horizontal and Vertical Reference Line: a reference
horizontal or vertical line can be added to the plots by
specifying values at which these reference lines should
occur.

« Plot Height, Plot Width: plot height and width can be
adjusted (in pixels) to customize the size of the plot.

« Plot Text Font Size: font size of the text in the figure can
be adjusted to make it readable.

« Number of Figure Rows: this provides an option to cus-
tomize the layout of the facets. For example, if there are
eight facets, and one wants to have a 4-row X 2-column
layout, they can provide 4 rows as an option and the fig-
ure automatically chooses 2 columns, making it a 4 X
2 layout.

« Number of Rows for Legend: if there are many parts in
the legend, one can choose the number of rows for the
legend for ease of reading the legend.

The PK NCA tab summarizes the NCA for the simu-
lated PK data. The interface provides Calculate NCA but-
ton to perform NCA calculations. Depending on whether
it is a single dose or multiple dose, NCA-calculated
parameters differ. For example, with a single dose, AUCO-
inf will be provided. For multiple doses, the first and last
dose NCA parameters will be provided. Instead of AUCO-
inf, AUCO-tau and Cavg will be estimated. For documen-
tation on how these NCA parameters are calculated, refer
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FIGURE 5 The available Advanced Options as well as an example illustrating overlaying external data

to the PKNCA R library documentation. Note that PK- - When compartment CENTRAL is labeled differently
NCA will not be calculated in the following situations: or is not present in the model.

- When clearance and central volume of distribution param-
- When a custom event input data set is provided. eters are not explicitly labelled as CL and V1 in the model.

- For any external overlaid data. - When total observations exceed 100,000.
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FIGURE 6 Advanced option of setting an existing simulation (dose = 50) as a reference and overlaying a new simulation (dose = 100)

The Model tab lists the initial conditions for the pa-
rameters along with the differential equations and any
associated equations describing the underlying model.
This tab also lists the complete model code for user
reference.

The inputs tab lists the values of the dosing events,
fixed and random effects parameters of the model, and the
simulation options for the currently run simulation sce-
nario. When advanced features such as Set As Reference
are used, ModVizPop presents the values of both the cur-
rent simulation and the reference scenarios.

There are several download options once the simula-
tion is run. They include Simulated Data (.csv), Simulation
Plot (.png), Individual NCA results (.csv), NCA Summary
(.tab), Model file (.cpp), and Report (.pdf), which summa-
rizes all of the components and results of the simulation
in a comprehensive report. There is also a Session (.zip)
download option that can be used to download the com-
plete user session, which includes all the plots, model
files, and individual and summary NCA files generated
during the session.

ADVANCED OPTIONS
The advanced options tab enables users to:

- Overlay External Data: upload external data and over-
lay that on top of a simulation (Figure 5).

- Set As Reference: set a certain simulation scenario as
a reference and perform a second simulation and com-
pare the two results (Figure 6).

- Parameter Sweep: carry out simulations with a wide
range of values for a given parameter that serves the
purpose of a sensitivity analysis (Figure 7).

Note that the Model Selection option will not be acces-
sible if Advanced Options are chosen.

After performing a simulation and obtaining an output,
the user has an option to overlay external data by selecting
the Overlay External Data option from the advanced op-
tions. Subsequently, users can browse and select an input
data set from their local directory. Upon selection of the
data set and running simulation, the uploaded data will
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FIGURE 7 Advanced option for performing a parameter sweep. Shown are the different ways one could provide the input of varying the

values of CL and the resulting plot from those different values

be added to the plot as points on top of the simulated lines
in the plot. The additional plotting options Overlay Shape
and Overlay Point Size are available, and they can be used
to customize the shape and size of the points.

There are formatting rules for input data set. ID, time,
dose, and compartment name(s) are the minimum col-
umn names needed to overlay data. Column names for
compartments should match the exact names as denoted
in the plot headers or in the simulated data, which can be
downloaded and explored. Data classes should be all nu-
meric in the external data set. Overlay does not work if
there is a character in the data set to be overlaid. The Help
section in the interface provides details on the format of
the input data set.

Following a simulation, the user can set that scenario
as a reference by selecting Set As Reference option from
the Advanced Options. Subsequently, the user can change
any of the values under Fixed Effects, Random Effects,
Dosing Options, and/or Simulation Options to perform
a second simulation. The output will contain both the

reference scenario (dotted line) and the latest simulation
(solid line) results in all of the outputs. The additional
plotting options Reference Linetype and Reference Line
Size are available, and they can be used to customize the
line type and size of the lines.

On some occasions, it is worthwhile performing a
sensitivity analysis by varying the values of a certain
parameter and studying how these changes affect the
overall output. ModVizPop users can do that by selecting
Parameter Sweep option from the Advanced Options.
Once selected, the user is asked to select a parameter of
interest from the model for which a sensitivity analysis
is to be carried out. Once the parameter is selected, the
user has an option of providing values of the parameter
as a sequence or comma-separated values or a combina-
tion of these to evaluate the outcome at these different
values as shown in Figure 7. Selecting Run Simulation
and selecting a grouping variable or color variable to
be the parameter of interest in the Plot Options helps
better visualize the results of the sensitivity analysis.
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ACCESSING THE APPLICATION
There a couple of options available to access the application.

1. Using the github repository (https://github.com/Pavan
Vaddady/modvizpop).

Users can install the application as an R package using
the following command. They need to ensure that the R
package dependencies and Rtools are preinstalled (see
https://github.com/PavanVaddady/modvizpop/blob/
main/inst/shiny-apps/myapp/installPackages.R).
devtools::install github ("PavanVaddady/
modvizpop")

Once installed, they can access the application using
the following commands:

11 brary

(mo dv iz p op)

runmodvizpop ()

2. Using shinyapps.io (https://pavanvaddady.shinyapps.
io/modvizpop/):

The application is ready to use by clicking on the link.
There is no additional installation needed.

CONCLUSION

This easy-to-use interface can serve as a valuable tool for
teams to explore and evaluate potential scenarios and
thus facilitate collaborative decision making in the drug
discovery and development paradigm.
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