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1 | INTRODUCTION

Ron A. A. Mathot? |

| Sjoerd F. Koopmanl® |
for the SYMPHONY consortium

Alexander Janssen?

Abstract

The potential of using ChatGPT in pharmacometrics was explored in this study, with
a focus on developing a population pharmacokinetic (PK) model for standard half-life
factor VIII. Our results demonstrated that ChatGPT can be utilized to accurately
obtain typical PK parameters from literature, generate a population PK model in R
and develop an interactive Shiny application to visualize the results. ChatGPT's
language generation capabilities enabled the development of R codes with minimal
programming knowledge and helped to identify as well fix errors in the code. While
ChatGPT presents several advantages, such as its ability to streamline the develop-
ment process, its use in pharmacometrics also has limitations and challenges,
including the accuracy and reliability of Al-generated data, the lack of transparency
and reproducibility regarding codes generated by ChatGPT. Overall, our study
demonstrates the potential of using ChatGPT in pharmacometrics, but researchers

must carefully evaluate its use for their specific needs.
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Transformer®) has shown to be very capable of achieving strong natu-

ral language understanding, while its accessible graphical user inter-

Over the years, the use of artificial intelligence (Al) in medical research
has shown great promise in enhancing drug discovery, identifying new
treatment targets and predicting disease outcomes.® Al is an umbrella
term encompassing several advanced technologies, such as machine
learning, natural language processing and deep learning. These
methods facilitate the extraction of patterns and insights from vast
amounts of data. A recent exciting development in Al research has
been the public release of ChatGPT,? developed by OpenAl. The
model architecture behind ChatGPT (GPT; Generative Pre-trained

The authors confirm that the Principal Investigator for this paper is R.A.A. Mathét and no
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face has resulted in widespread adoption.

Large language models (LLMs) such as ChatGPT are trained on an
enormous corpus of text in order to generative responses to queries.*
By devoting considerable human time labelling the quality of generated
responses and re-training the model to produce the best responses,
ChatGPT has surprised many by producing fluent and accurate
responses to human inquiries. Aside from the public interest in the use
of ChatGPT, there have also been suggestions to using the model to
assist students and researchers by editing text, answering questions,
writing code and finding relevant literature given a query.>®

There

potential impact of LLMs on a wide range of different research

already exist several publications discussing the
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fields.” ! It however remains unknown if tools like ChatGPT can also
support researchers from relatively small research fields, potentially
underrepresented in the training data. In this work, we investigate if
ChatGPT can be used to assist during the development of population
pharmacokinetic (PK) models. As an use case, we use ChatGPT to gen-
erate R code for predicting in vivo drug concentrations of standard
half-life factor VII (FVII) concentrates in patients with
haemophilia A.1? Next, we query ChatGPT to generate an interactive
R shiny application that can be used for the interpretation of the
model and the selection of optimal doses to reach certain target FVIII
levels. Based on this use case, we aim to show that researchers unfa-
miliar with programming in R can nonetheless produce usable code
for data analysis and discuss its limitations.

2 | METHODS

2.1 | Data collection and model development

We used the official implementation of ChatGPT v3.5 (https://chat.
openai.com; OpenAl; 2023 May 24 version) to send and receive
answers to queries. We wanted to make a population PK model for
standard half-life FVIIl in R and visualize the results by using a Shiny
application. First, a simple query (“in R, make a one-compartment
pharmacokinetic model for FVIII?) was used and the output
generated by ChatGPT was evaluated. Based on the generated R
code, follow-up queries were used to extend the functionalities of
the PK model.

2.2 | Population PK modelling

1. In R, can you make a one-compartment pharmacokinetic model for
FVIII using the package ‘desolve’? In the R code, use a CL of
2.5dL/hand aV of 40 dL.

2. Can you use a dose of 1000 IU?

3. Can you add allometric body weight scaling on the PK parameters?

4. Can you also include inter-individual variability on the PK

parameters?

2.3 | Population PK simulations
. Can you simulate a population of 50 subjects?
. Can you display every subject into one plot?

. How can | reproduce this population for the simulation?

0w N O w»

. In the plot, can you display a prediction interval of the FVIII levels
for the simulated population? Add a shaded area for the prediction
interval in the plot.

2.4 | Shiny application

9. Can you display the results in a shiny application?

10. Define a slider input for dose (250-4000 IU, steps of 250 1U) and
body weight (40-100 kg, steps of 1 kg).

11. Also, add as a slider a target FVIII level (ranging from 30 to
100 1U/dL with steps of 10 IU/dL). The app should also print the

Query:

‘T‘ In R, make an one compartment PK model for FVIIL

Different responses:

deslgned specifically for pharmacometrics and PK/PD
modeling in R.

R

# Load require
library(deSo

with(es.list{c(state, peremeters)), {

# Parameters

) To create a one-compartment pharmacokinetic (PK) model ® To create a one-compartment pharmacokinetic (PK) model for ) In ph kinetics (PK), &
Zl for FVIII in R, you can use the 'mrgsolve’ package, which is SO FVIII (Factor VIII), you can use a simple differential equation SOl model that assumes the body behaves as a single homogenous
that describes the drug concentration in the body over time.
Here's an example of how to do it in R:

model is a simple

compartment. Here, I'll demonstrate how to create a
one-compartment PK model for FVIII using R.

# Define the o t PK model functior

one_conpartment_PK <- ion(t, €O, V, k) {
€O * expl-k * t / V)

¥

0L required lib
library{ggplot2)

CL <~ parameters["CL"] # Clearance

V <~ parameters('v'] # Volume of distribution

# Differential equation

# Rata of change of drug concentration with tisme

dcdt <- -(CL/V) = C

return(list(dcde))
B
¥

FIGURE 1

time <~ seq(®,
# Set the initi
€9 <- 100

¥ Set t
V <~ 508

Example of variability in responses from ChatGPT when asking simple queries. Original conversations can be obtained from

https://chat.openai.com/share/340f6b7a-324c-4d07-ba2c-adb85337520b, https://chat.openai.com/share/0b992845-cebd-40f8-81a9-
€7753a83eb2a and https://chat.openai.com/share/cbd18eca-aea%-4cea-a99d-6707ae42cd7b.
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probability of reaching the target FVIII level at time O in this

whole population.

The full queries are available at: https://chat.openai.com/share/
5bd2a0fb-1662-4baa-88a2-2a7a44b31e1f.

Answers to the above queries were regenerated multiple times to
investigate the reproducibility of responses by ChatGPT.

3 | RESULTS

31 |
ChatGPT

Developing a population PK model using

First, we asked ChatGPT to make a one-compartment pharmacoki-
netic model for FVIII in R and regenerate the responses. Each time,
we obtained different R codes with different R packages used to
develop the PK model. Furthermore, we encountered several errors
while executing some of the generated R codes. A short overview of
the output is displayed in Figure 1.

In R, can you make an one-compartment pharmacokinetic model for FVIII using
the package "desolve'? In the R code, use a CL of 2.5 dL/h and a V of 40 dL

@ Sure, I can help you create a one-compartment pharmacokinetic model for Factor
4 VIII (FVIII) using the “desolve’ package in R. The tment model
that the drug is i ly and letely absorbed into the central compartment
and follows first-order elimination.

First, you need to install and load the "deSolve” package. If you haven't installed it
before, you can do so with the following command:

install.packages("deSolve®)
After installing, you can load the package:
library(deSolve)

Now, let's define the one-compartment model for FVIII using the clearance (CL) and
volume of distribution (V) provided:

<R code and explanation>

Can you use a dose of 1000 IU?

Certainly! If you want to simulate the one-compartment pharmacokinetic model for
FVIII with a dose of 1000 IU, you need to update the initial amount (initial _amount)

to reflect the dose.

Here's the modified R code with a dose of 1000 1U:

<R code and explanation>

In the R code, a dose of 1000 IU was used. I ran the code and the plot displays
at t=0h a FVIII concentration of 1000 1U/dL. This is a mistake. Can you fix it?

@ Apologies for the oversight. You are right; I made a mistake in the initial amount
4 assignment. We should convert the dose (IU) to concentration (IU/mL) based on
the volume of distribution (V) to get the correct initial concentration.
Let's fix the code:

<R code and explanation>

FIGURE 2
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Next, more detailed queries were used in a step-wise manner to
generate a population PK model by ChatGPT. Some of the output is
displayed in Figure 2. We then iteratively asked ChatGPT to add
components to the model. ChatGPT understood how to normalize
the PK parameters to body weight using allometric scaling and add
inter-individual variability. Some of the code generated by ChatGPT
resulted in errors. For example, after requesting ChatGPT to use a
dose of 1000 IU, the initial concentration of FVIII was incorrect. We
promptly asked ChatGPT to correct the error, in which ChatGPT suc-
cessfully corrected the initial concentration. Other errors occurred;
however, ChatGPT demonstrated its problem-solving capabilities by
providing revised R codes and solutions to address these issues. Not
only did ChatGPT often produce functional code, but it also provided
explanation on each section of the code. Afterwards, we asked
ChatGPT to develop a shiny application to visualize FVIII levels. The
Shiny application allowed the adjustment of patient body weight
(from 40 to 100 kg with steps of 1 kg) and within the desired dosing
interval (between 250 and 4000 IU). A shaded area displayed the
95% prediction interval. ChatGPT was able to successfully generate a

Shiny application that can simulate population FVIII levels over time,

Generated R code after asking for allometric scaling and IIV on CL and Vi:

# variability

one_compartment_model <= fun
ClL_typical <- parms(1]
V_typical <- parms[2]
CL_IIV <~ parms[3])
V_IIV <- parms[4]
scaling_factor_CL <=
scaling_factor_V <—

n{time, amount, parms, BW) {

CL <= CL_typical * (BW / ) # scaling_factor_CL % exp(CL_IIV)
V <- V_typical * (BW / ) » scaling_factor_V * exp(V_IIV)

dFVIII <- -CL/V * amount
list(dFVIII)
}

dose <— 1008
W

CL_typical <= 2.
V_typical <— 40

CL_iIv <= rnorm(1, mean = 0, sd =
V_IIV <- rnorm{1l, mean = 8, sd =

# Time pc for

sim
time_points <— seq(®, 45, by

# Paramete r (passing B d IT\
parameters <- c(CL_typical, V_typical, Cl

usir
# Ia
result <- ode(

y = initial_concentration, times = time_points,

func = one_compartment_model, parms = parameters, BW = BW
)

# t e results

plot(result, type = , xlab = " (hour , ylab
main =

"One-Ce tme - okin

Example of conversation-wise development of population PK model using ChatGPT. Excerpt of our conversation with ChatGPT

with the goal of iteratively developing a population PK model for factor VIII. ChatGPT produces usable code with detailed explanations and
correctly resolves code errors when prompted. Full conversation can be obtained from https://chat.openai.com/share/5bd2a0fb-1662-4baa-

88a2-2a7a44b31elf.
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FVIII Concentration-Time Profiles for Population of 50 Subjects

Mean Concentration-Time Profile with 95% Prediction Interval for Population of 50 Subjects

Choose Dose (IU) 100-

250 2,000] 4,000
o ey ey (TR

250 750 1,250 1,750 2,250 2,750 2,250 2,730000

Choose Body Weight (kg)
40 100

RN RN RN R
40 46 52 58 €4 70 76 82 83 94 100

Choose Target FVIII Level (IU/dL)
a0 50| 100
mli.,‘.._,...p.‘,..w =

30 40 50 6 70 80 80 100

F\II concentration (IU/mL)

0 20 D 42

Time (hours)

Probability of reaching 50 1U/dL at time O in the whole population: 58%

FIGURE 3 Generated Shiny application for simulating population factor VIII (FVIII) levels. The figure shows the simulated FVIII levels over
48 h in a population. The black solid line represents the mean FVIII prediction; the shaded areas display the 95% prediction interval. The
probability of reaching the target FVIII level at time = O h in the population is printed.

with realistic predictions® (figure 3). The R code is displayed in
Appendix S1.

3.2 | Whatitcannotdo

While ChatGPT was successful in generating the model and Shiny
application, reruns of the prompts often resulted in different outcomes.
In some of these, the R code resulted in an error. To assess the impact
of different querying approaches, a comparison was made between
simple query and step-wise queries. The results revealed that the
reproducibility of outcomes was higher when employing step-wise
queries. However, even with this approach, achieving exact replication
of R code based on a given query was difficult. Nonetheless, more simi-
lar R code was produced through step-wise querying. Moreover,
ChatGPT was successful in generating R code for single dose simula-
tions but struggled to provide appropriate code for simulating multiple
doses of FVIII. Therefore, caution must be exercised when using R
codes generated by ChatGPT in pharmacometrics. We also asked
ChatGPT to produce NONMEM code for the same model. Although
the produced code did resemble a NONMEM control stream, the pro-
duced file contained multiple errors and redundancies and failed to run.

4 | DISCUSSION

We show that ChatGPT has the ability to generate functional R code
for predicting drug concentration using a population PK model as well

to develop an interactive Shiny application to visualize model
predictions.

ChatGPT generated a one-compartment population PK model in
R and updated the code based on user specifications. By using
ChatGPT to develop a Shiny application in R, users inexperienced
with R shiny can easily produce web applications for interpreting
their models. Both applications show how ChatGPT can be used
without extensive coding or programming knowledge. This can sig-
nificantly reduce development time and effort while potentially
improving user experience of such applications. Another advantage
of using ChatGPT for programming is its ability to assist developers
in identifying and fixing errors in their code. ChatGPT can suggest
possible solutions for errors and other coding mistakes, which helps
inexperienced users to debug their code.'*> This feature can help
streamline the development process and improve the overall quality
of R code.

There are also some limitations and challenges to the use of
ChatGPT for applications related to pharmacometrics. ChatGPT is a
stochastic model, meaning that generating responses to the same
query multiple times may yield different results. This variability can be
influenced by factors such as model randomness, potential biases in
the training data, but most importantly input phrasing. During our
analysis, we observed that using a simple query yielded different out-
comes. For instance, ChatGPT generated R code using packages such
as mrgsolve or deSolve to generate a PK model. To address this, we
incorporated step-wise queries with specific instructions to use the
deSolve package. Additionally, we employed more detailed queries to

develop the model and Shiny application, resulting in higher success
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rates and improved reproducibility. Therefore, it is important to
employ careful phrasing of queries in order to produce the desired
results. To enhance reproducibility, it is recommended to document
the specific inputs used and the code generated by ChatGPT. This
documentation can help ensure that the exact same conditions are
used in subsequent runs or when sharing the code with others. By
providing detailed information about the inputs and code, other
researchers or users can attempt to reproduce the results. Moreover,
the generated code by ChatGPT may contain errors and therefore the
code may not provide the intended results. Often errors may resolved
by regenerating the R code by ChatGPT or by copying the error from
the R console as a follow-up query into ChatGPT. Code generated by
ChatGPT should be thoroughly reviewed and validated to ensure its
correctness and completeness. This involves testing the code,
comparing the results with expected outcomes and verifying that it
aligns with established pharmacometric principles and practices.
Unfortunately, this might be difficult for the potential target audience
of those learning to code.

Next, the accuracy and reliability of Al-generated data may be
affected by biases and knowledge gaps in the training data or the
complexity of the query, for example, when asking to produce code
for more complex biological systems.'®'” ChatGPT often appears very
confident in its responses. However, when responding with queries
such as ‘there was an error in the code’, it is quick to acknowledge
the previous response as incorrect, even if it was not. Additionally, the
lack of transparency and interpretability of Al algorithms may raise
ethical concerns and limit their widespread adoption.*8?

Another limitation to consider is that in our tests, ChatGPT was
unable to generate functional NONMEM control streams. This
was unfortunate as NONMEM is considered to be the gold standard
in pharmacometrics research, and the identification of errors in these
streams can greatly support students learning to use it.2° This may be
due to the limited availability of publicly available control streams,
making it difficult for ChatGPT to learn from and generate accurate
and reliable code for NONMEM models.

In conclusion, the integration of ChatGPT in pharmacometrics has
the potential to streamline the development process and improve the
user experience for pharmacometrics researchers. We deem it unlikely
that ChatGPT will replace pharmacometricians in its current state.
ChatGPT does have great value with respect to aiding researchers in
finding and explaining information, generating and helping to debug
code and the education of new generations of pharmacometricians.
As ChatGPT continues to evolve and improve, it has the potential to
become an even more valuable tool in the field of pharmacometrics. It
is likely that other pharmacometricians will find new and innovative
ways to integrate it into their workflows and further enhance its capa-

bilities in the field of pharmacometrics.

4.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org and

BRITISH 50f6
3 PHARMACOLOGICAL:
1 SOCIETY
S

are permanently archived in the Concise Guide to PHARMACOLOGY
2019/20.%
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