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The aim. Development and validation of domestic software for non-compartmental analysis (NCA) of pharmacokinetic data,
comparable in accuracy and functionality to the recognized foreign software Phoenix WinNonlin (USA).

Materials and methods. The PreKinetix web application is implemented in the Python programming language using
the Streamlit framework. Algorithms for calculating pharmacokinetic parameters (maximum concentration [C__ ], area

under the pharmacokinetic curve [AUC], half-life [T,_], mean residence time [MRT], etc.) are based on the methods

1/2
of the reference software Phoenix WinNonlin /(Certara, USA), used for comparison and are widely used
in international practice. Three models of single drug administration are supported: intravenous bolus, intravenous
infusion, and extravascular administration. Literary and experimental data covering more than 450 pharmacokinetic
profiles were used for verification.

Results. Calculations performed using PreKinetix showed complete agreement with the results of Phoenix WinNonlin
with a relative error of less than 0.0001% for all main parameters. The program stably processes zero and missing values,
automatically excludes incorrect records, visualizes pharmacokinetic profiles in linear and semi-logarithmic scales, and
generates reports in .xIsx* and .docx* formats. The application interface allows it to be used not only by specialists but
also by less trained users.

Conclusion. PreKinetix is a domestic tool for NCA that combines accuracy, automation, accessibility, and convenience.
It can be used in preclinical and early phases of clinical trials, as well as in educational settings for training specialists in
pharmacokinetics and biopharmaceutics.

Keywords: pharmacokinetic analysis; preclinical studies; non-compartmental analysis; pharmacokinetics; biopharmaceutical
research; software; pharmaceutical development

List of abbreviations: adjusted R*> — adjusted coefficient of determination; ADME — absorption, distribution, metabolism,
excretion; AUC — area under the concentration—time curve; AUMC — area under the first moment curve; C, — initial
/D — C__ to dose
ratio; GLP — Good Laboratory Practice; GUI — graphical user interface; Kemz — terminal elimination rate constant; MRT —

concentration (for bolus administration only); Cmax — maximum drug concentration in blood; C

mean residence time of the drug in the body; PBPK — physiologically based pharmacokinetics; RE/REi — relative error;
sparse sampling — sparse sampling; Typ = half-life; T~ — time to reach maximum concentration; NCA — non-
compartmental analysis; PK — pharmacokinetics/pharmacokinetic.
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PreKinetix: Be6-npunoxeHne ana nposeaeHus
chapMakOKMHETUYECKOro aHanmsa B 4OKITMHUYECKNX
nccrieqoBaHUSAX NeKapCTBEHHbLIX NpenapaToB
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Llenb. Pa3paboTka M BaanaaLmsa oTe4ecTBEHHOrO NPOrpPaMMHOro obecnevyeHua ANA HEKOMMAPTMEHTHOro aHanmsa (HKA)
hapMaKOKMHETMYECKUX [aHHbIX, COMOCTaBMMOIO MO TOYHOCTM M (YHKLMOHANBbHOCTM C MNPU3HAHHbLIM 3apybeskHbIm
nporpammubim obecnedeHnem Phoenix WinNonlin (CLUA).

Martepuanbl u metoapl. Beb-npunoxkerune PreKinetix peasn3oBaHo Ha A3blke NporpammunpoBaHus Python ¢ ncnonb3oBaHnem
1,
naowaap noa  dapmakokMHeTMyeckor  Kpueon  [AUC], nepuog  nosyBbiBEAEHMUA [Tl/z], cpeaHee  Bpems
npebobiBaHmna [MRT] 1 ap.) ocHoBaHbl Ha MeToauKax pedepeHcHoro mporpammHoro obecneyeHusa Phoenix WinNonlin
(Certara, CLUA), MCNONb30BAHHOrO [ANA CPABHEHMA W LWWPOKO MPUMEHAEMOro B MEXAYHAapPOAHOM MpPaKTUKe.

dpeimBopKa Streamlit. Anroputmbl pacyéta GpapMaKOKMHETUYECKUX MapaMeTpoB (MaKcMManbHas KoHueHTpauua [C

max

Mopfep’KMBatoTCA TPU MOLENN OAHOKPATHOrO BBEAEHMA JIeKapCTBEHHOTO CPEeACTBa: BHYTPUMBEHHOe 6o/tocHoe,
BHYTPMBEHHAA MHDY3UA M BHecocyamcToe BBeaeHue. [na BepudrKaLMmM MCNONb30BaHbl UTEPATYPHbIE U SKCNEPUMEHTA/bHbIE
[OaHHble, oxBaTbiBatowme 6onee 450 papmakoOKMHETUYECKUX Npodunen.

Pe3ynbratbl. PacyéTbl, BbINOAHEHHbIE C Nomowpblo PreKinetix, mokasann nonHoe coBnageHue c pesynbtatamu Phoenix
WinNonlin ¢ oTHocutenbHoi owwnbkoii meHee 0,0001% no Bcem OCHOBHbIM MapameTpam. lporpamma yCTOMYMBO
06pabaTbiBaeT HynEBble U MPOMYLLEHHbIE 3HAYEHUSA, aBTOMATUYECKMU WCK/IIOYAET HEKOPPEKTHbIE 3amuCK, BU3yannsupyeTt
bapmaKoKMHETUYECKME NPOOUAN B IMHEMHOM U MONyNOorapudpmMmUYEecKon WKanax, dopmmpyeTt oT4éTbl B popmaTax .xlsx*
n .docx*. MHTepdelic NPUNOKEHUA NO3BONAET UCMONb30BATb €r0 HE TO/IbKO CMEeLMaNnCcTam, HO U MeHee NOATrOTOBIEHHbIM
nosib3oBaTeNAM.

3akntoueHue. PreKinetix npeactaBnser cobol OTeYeCTBEHHbIN WMHCTPyMeHT gaa HKA, obbeauHAWMA TOYHOCTD,
aBTOMATMU3ALMIO, AOCTYNHOCTb M yAo6cTBO. OH MOXKET NPUMEHATbCA B AOKAMHUYECKMX U PaHHUX $asax KAMHUYECKUX
UccnefoBaHUM, a TakKe B 06pa3oBaTeNbHbIX LenAx A1 MOATOTOBKW crneumannctoB B obnactm GapMakOKMHETUKU U
61odapmaLeBTUKMN.

KnioueBble cnoBa: (GapMaKOKMHETUYECKUI aHanu3; [OKJAMHUYECKME WCCNefOBaHWA; HEKOMMAPTMEHTHbIM aHanus;
dapmaKoKMHeTHKa; BrodapmaueBTUYECKME UCCAe0BaHKUsA; MporpammHoe obecneveHue; bapmaueBTUyeckas pa3paboTka
Cnncok cokpalweHuii: adjusted R? — CKOPPEKTMPOBaHHbIN KoadpduumeHT apeTepmuHaumm; ADME — abcopbuus,
pacnpeaeneHune, metabonnsm, akckpeumsa; AUC — nsiowanb nog KpMBOW «KOHUEHTpauma—spema»; AUMC — naowanb
nos, KpMBOM NepBOro MOMeHTa BpemeHw; C, — HauyanbHas KOHUEHTpauua (Tonbko ana GosmocHoro BeeaeHus); C - —
MaKCUMaJIbHaA KOHLUEHTPaUUA npenapaTta B KPOBY; CmaX/D — otHoweHwue C__ Kk fo3e; GLP — Hapnexawas nabopaTopHas
npaktmka; GUI — rpaduuecknit nonb3oBaTeNbCKU  UHTepdelic; Kip, — TEPMWHANbHAA KOHCTaHTa CKOpOCTM
anumunHaumm; MRT — cpegHee Bpems npebbiBaHMA npenaparta B opraHusme; PBPK — ¢u3smonornyeckn obocHoBaHHan
dapmakoknHeTKa; RE/REi — oTHocuTenbHas OWWGKa; T1/2 — nepuog, nonysbiseaeHuna; T
MaKCMMaNbHOM KoHUeHTpaumu; JIC — nekapcTBeHHoe cpeactBo; HKA — HeKoMnapTMeHTHbIM aHanus; MO — nporpammHoe

— BpemAa O0CTUXKEHUA

max

obecneyeHne; PK — dapmakoknHeTUKa/bapMaKOKMHETUYECKUIA.
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INTRODUCTION

The main aim of pharmacokinetic (PK) studies is
to study the kinetic properties of drugs, including the
processes of absorption, distribution, metabolism,
and excretion (ADME — absorption, distribution,
metabolism, excretion) [1]. One of the simplest and
most effective methods for studying these processes
is non-compartmental analysis (NCA). NCA includes
various approaches for calculation of the area under
the pharmacokinetic curve (AUC — area under
the curve) — a graph of the dependence of the
concentration of drugs in a biological material on the
sampling time [1-4]. The non-compartmental approach
includes calculation of key PK parameters, such as the
maximum observed drug concentration (C_ ), AUC,
time to reach peak concentration (T __), half-life (Tl/z),
area under the first moment curve (AUMC — area
under the first moment curve), and others? [1, 3].

PK studies are increasingly faced with the need to
work with sparse sampling, especially in preclinical and
phase trials, where multiple sampling enquiries may
be ethically and logistically difficult. At low density of
time points, classical NCA demonstrates high error in
estimation of key pharmacokinetic parameters, such as
T, and AUC exposure, which can negatively affect the
accuracy of pharmacotherapeutic decisions [5]. This
necessitates reliable tools for processing sparse data,
while maintaining the accuracy of calculations even
with limited measurements.

At the same time, there is a noticeable increase in the
preference for open-source software in pharmacokinetics
and physiologically based modeling (PBPK). According to
the works of Rajput et al. (2023) and Aldibani et al. (2023),
the proportion of publications using open-source
platforms has significantly increased due to their
transparency, flexibility, and the ability to be expanded
by research groups [6, 7]. However, most existing tools
focus on compartmental analysis or PBPK modeling,
and available NCA toolkits remain either commercial or
require significant programming skills. This underscores
the importance of developing user-friendly, verifiable,
and user-oriented domestic software, such as
PreKinetix, capable of ensuring the independence and
reproducibility of PK studies.

Modern software solutions for PK analysis using
the NCA method are represented by both commercial
(e.g., Phoenix WinNonlin, CPhaMAS, PKanalix) and
freely distributed tools (PKSolver, Pkweb, R-packages
NonCompart and ncar). However, free software has a
number of limitations. For example, the NonCompart
and ncar packages lack a graphical user interface,
which makes them difficult to use by non-specialists. In

! Certara. Phoenix WinNonlin User Guide — Noncompartmental
Analysis. Available from: https://onlinehelp. certara.com/phoenix/8.2/
topics/nca.htm
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addition, some PKSolver algorithms (in particular, the
estimation of the elimination rate constant — Az) are
unstable and give discrepancies in results compared to
commercial solutions. Moreover, most free software
does not meet the validation requirements established
by regulatory authorities [1, 2, 8]. Commercial solutions
for NCA are currently represented mainly by foreign
software; similar products are not yet offered on the
territory of the Russian Federation?, 3 [9]. In this regard,
the development of domestic software is relevant,
which would ensure the technological independence
of research organizations in the field of PK
analysis.

In response to this need, we have developed the
PreKinetix web application, focused on conducting
NCA in preclinical and phase | clinical PK studies. The
current version supports the analysis of a single dose
administration with modeling of three main methods of
administration: intravenous bolus, intravenous infusion,
and extravascular administration, using data on the
concentration of the drug in the blood. Algorithms
for calculating and visualizing the results of studies of
absolute and relative bioavailability, the distribution of
drugs in the organs and tissues of laboratory animals,
dose linearity, etc. have also been implemented. Thus,
THE AIM of this work was to create and initially
validate the PreKinetix program and present its
capabilities for PK analysis.

MATERIALS AND METHODS

Software development

The Python programming language was chosen
to implement the web application, as it is one of the
most popular languages in scientific research due to its
simplicity, flexibility, and extensive ecosystem of tool
libraries. Python is widely used in various fields — from
data analysis to modeling and visualization — which
is confirmed by many works [10-12]. The Streamlit*
framework (open-source Python framework) was used
to speed up the development of the web interface and
simplify testing the application with data.

The main computational logic of PreKinetix is
implemented using a number of Python libraries:
pandas (version 1.5.3) [13], numpy (1.24.2) [14],
matplotlib (3.7.1) [15], seaborn (0.12.2) [16], SciPy
(1.10.1) [17], scikit-learn (1.3.1) [18], statsmodels
(0.14.0) [19], cycler (0.11.0)°, python-docx (0.8.11)°,

2 Certara. Phoenix WinNonlin User Guide — Noncompartmental
Analysis. Available from: https://onlinehelp.certara.com/phoenix/8.2/
topics/nca.htm

3 Lixoft. PKanalix. Available from: https://pkanalix.lixoft.com/

4 Streamlit. Streamlit — The fastest way to build and share data apps.
Available from: https://streamlit.io/

° Droettboom M. Cycler: composable style cycles. GitHub repository.
Available from: https://github.com/ matplotlib/cycler

6 Canny S. python-docx: Create and update Microsoft Word .docx files.
2013. Available from: https://github. com/python-openxml/python-
docx
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networkx (3.4.2) [20] and pyvis (0.3.2)”. The Visual
Studio Code software platform (version 1.99.3)® was
used as the development environment.

Microsoft Excel 2016 (Microsoft Office package,
Microsoft Corporation, USA)° was used to build
certain graphs and diagrams when analyzing data
for vizualization of the comparative analysis results
described below.

Reference software

The Phoenix WinNonlin  program  (version
8.3.4.295, Certara, USA) was applied as a reference
system used for comparison.

Data sets for comparative analysis

450 PK profiles were analyzed as part of the initial
scientific testing of the PreKinetix web application.
Three data groups were used to assess the correctness
of calculations: open reference sets of PK data from the
PKanalix software distribution (version 2024R1, Lixoft,
France'; PKanalix data were obtained by downloading
statistical collections) and the Rdatasets collection
prepared by Arel-Bundock et al.'™ 2, experimental
data obtained in our scientific organization, as well as
specially constructed examples for verifying individual
boundary cases.

The following medicines M2000, cefamandole®®
and indomethacin’* were randomly selected as
demonstration examples for calculating statistical
parameters, NCA, visualizing the obtained results of
comparing Prekinetix and Phoenix WinNonlin (Table 1).

Algorithm for calculating of statistical parameters

To implement the algorithms for calculating
statistical parameters, principles similar to Phoenix
WinNonlin were used according to the documentation
of the reference software®.

7 Rémy P. pyvis: Python library for interactive network visualization.
2019. Available from: https://github. com/WestHealth/pyvis

8 Microsoft. Visual Studio Code. Available from: https://code.
visualstudio.com/

¢ Microsoft. Microsoft Office. Available from: https://www.microsoft.
com/en-us/download/details.aspx?id=49164

10 Lixoft. PKanalix. Available from: https://pkanalix.lixoft.com/

11 Arel-Bundock V. Cefamandole // Rdatasets: A collection of datasets
originally distributed with R and some of its packages. Available
from: https://vincentarelbundock.github.io/Rdatasets/doc/nlme/
Cefamandole.html

12 Arel-Bundock V. Indometh; Rdatasets: A collection of datasets
originally distributed with R and some of its packages. Available from:
https://vincentarelbundock.github.io/Rdatasets/doc/medicaldata/
indometh.html

13 Arel-Bundock V. Cefamandole; Rdatasets: A collection of datasets
originally distributed with R and some of its packages. Available
from: https://vincentarelbundock.github.io/Rdatasets/doc/nlme/
Cefamandole.html

4 Arel-Bundock V. Indometh; Rdatasets: A collection of datasets
originally distributed with R and some of its packages.

5 Certara. Phoenix WinNonlin User Guide — Noncompartmental
Analysis. Available from: https://onlinehelp.certara.com/phoenix/8.2/
topics/nca.htm
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The criterion of compliance was the relative
difference between the values of each statistical
parameter calculated by the two systems, in which
the maximum deviation did not exceed 107°. Thus,
in all tested cases, the calculations of PreKinetix and
Phoenix WinNonlin showed complete coincidence of
results, confirming the correctness of the algorithmic
implementation.

Algorithm for calculating

of pharmacokinetic parameters

To implement the algorithms for calculating NCA,
principles similar to Phoenix WinNonlin were used
according to the documentation of the reference
software?®®.

PreKinetix calculates a complete set of PK
parameters based on the results of NCA, similar to
Phoenix WinNonlin. The designations of key parameters
used in our software and their correspondence to the
designations of Phoenix WinNonlin are given in Table 2
with a brief description of each indicator.

As you can see, most parameters have identical
designations in both software, and some differ slightly
(for example, AUC , as AUC_, etc.).

The criterion of compliance was the relative
difference between the values of each PK parameter
calculated by the two systems, in which the maximum
deviation did not exceed 1078, Thus, in all tested cases,
the calculations of PreKinetix and Phoenix WinNonlin
showed complete coincidence of results, confirming the
correctness of the algorithmic implementation.

Visualization of results of comparative analysis

To assess the accuracy of the coincidence of
PreKinetix results with the reference software, we
used an approach similar to that described in [9].
The relative error of determining the i-th parameter
(RE, — Relative Error,%) was introduced, calculated by

the formula:
REi=[ i ;R‘] x 100%

where Pi is the value of the parameter obtained by
the tested algorithm; and Ri is the corresponding value
calculated using Phoenix WinNonlin.

This indicator allows you to quantitatively assess
the accuracy of the developed algorithm and identify
possible systematic bias in the calculation of one or
another pharmacokinetic indicator. Negative RE values
indicate a slight underestimation of the PreKinetix
result relative to Phoenix, positive values indicate
an overestimation. The criterion of acceptability
was a relative error of less than 0.0001% for most
parameters.

' |bid.
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Visualization of pharmacokinetic profiles

In addition PreKinetix provides convenient tools
for vizualization of PK profiles. The application’s user
interface allows to customize the display of graphs:
change the scale of the axes, the division step, the
location of the legend, and other parameters.

To build graphs of PK profiles using the developed
software, data from subject No. 271 of the M2000"
drug were used (Table 1).

RESULTS

Software implementation results

The PreKinetix web application was developed
and designed for conducting NCA in preclinical
studies and phase | clinical trials. The current version
supports the analysis of PK data after a single
administration of a drug with three main methods
of administration: intravenous bolus, intravenous
infusion, and extravascular administration, based on
measurements of drug concentration in the blood.
In addition to calculating standard NCA parameters,
the system implements algorithms for evaluating
and visualizing the results of studies of absolute and
relative bioavailability, the distribution of a drug in the
organs and tissues of laboratory animals, checking dose
linearity, and other PK analysis tasks.

Python scripts with open-source code are available
at https://github.com/FimalLab/prekinetix.

Calculation of pharmacokinetic parameters

The general principles and sequence for calculation
statistical indicators and PK parameters in the
developed software were based on the algorithms of
the commercially available validated software Phoenix
WinNonlin (version 8.3.4.295), which is considered
as the “gold standard” in the international market
of PK analysis®®. In particular, PreKinetix implements
standard methods for calculating AUC and AUMLC.
There are several main methods for calculating
AUC / AUMC: the linear trapezoid method, the
log-linear trapezoid method, as well as a combined
method involving linear interpolation at the stage of
increasing concentration and logarithmic interpolation
at the stage of decreasing® [3, 21]. PreKinetix includes
two of the most popular approaches: linear trapezoidal
and combined methods for calculating the area under
the curve [21, 22].

7 Lixoft. PKanalix. Available from: https://pkanalix.lixoft.com/

8 Certara. Phoenix WinNonlin User Guide — Noncompartmental
Analysis. Available from: https://onlinehelp.certara.com/phoenix/8.2/
topics/nca.htm
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Assessment of the terminal

constant elimination (Az)

The terminal elimination constant Az (K,) is
estimated using linear regression on the final section
of the PK profile, corresponding to a monoexponential
decrease in concentration [21]. PreKinetix implements
an automatic algorithm for estimating Az according to
the approach used in Phoenix WinNonlin. Automatic
Kel estimation in Phoenix is performed by the best fit
method, sequentially iterating through different sized
sets of points on the terminal section of the curve. In
our software, this algorithm is implemented as follows:

1. Linear regression of the dependence of the
logarithm of concentration on time is performed,
starting from the last 3 positive points (from 2
points for the bolus model).

2. The number of points used in the regression is
gradually increased to 4, 5, etc., excluding in each
such analysis data up to the time of reaching C__,
the C__ point itself (for non-bolus models), as
well as points with C .

3. For the intravenous infusion model, points
before the end of the drug administration are
additionally excluded if C__ is observed earlier
than the end of the infusion.

4. For each regression performed, the adjusted
coefficient of determination (adjusted R2?) is
calculated. The option with the maximum value
of this indicator is selected. If several options give
close values (difference < 0.0001), preference
is given to the option with a larger number of
points.

5. The minimum number of points for calculating
Az is 3 for non-bolus models and 2 for bolus
administration. The condition for the correctness
of the result is a negative value of the angular
coefficient (i.e., a negative slope of the regression
line)?.

Correction of the initial concentration

The calculation of the initial concentration C,
is performed only for the intravenous bolus
administration model. The initial concentration is
taken equal to the first observed concentration value
if it is measured at the time of drug administration;
otherwise, C, is calculated by back extrapolation using
linear regression. This indicator affects the calculation
of a number of PK parameters (AUC and AUMC) in
the bolus administration model, so the user is given
the opportunity to include the back extrapolation
algorithm if necessary for correct accounting of C in
calculations®.

2 |bid.
2 |bid.
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Features of calculation

with infusion administration

For the intravenous infusion model, it is necessary
to take into account the infusion time when calculating
some parameters. For example, when calculating
the mean residence time of the drug in the body
(MRT — mean residence time), the duration of the
infusion affects the result?? [23]. The value of the
infusion time is entered by the user through the
corresponding interface field, and it is used by the
program when calculating MRT and related parameters.

The developed algorithms for calculating statistical
indicators and PK parameters stably process zero
concentration values that may be present in the initial
data array. Records with missing time or concentration
values are automatically excluded from the analysis®.
This ensures the correctness of the results even if
there are missing or zero points in the pharmacokinetic
profile.

Statistical parameters

First, the correctness of calculating basic statistical
indicators was checked. When comparing the values
of statistical parameters calculated by PreKinetix with
the corresponding results of Phoenix WinNonlin, it was
shown that the differences were less than 10°. Table 3
shows data on a number of such indicators using the
example of calculating the elimination constant Az of
M2000%, cefamandole, and indomethacin.

It may be concluded that both software products give
identical values for all statistical parameters (number
of observations, mean, standard deviation, etc.).

Pharmacokinetic parameters

To assess the correctness of the calculation of
PK parameters in general, as well as to check for
the absence of systematic deviations, a series of
comparative calculations were performed on various
data sets. Table 4 shows the results of calculating
the main PK parameters for some of these data sets
(using the example of the M2000, cefamandole, and
indomethacin)?.

In this example, the analysis was performed for the
intravenous bolus administration model (single dose).
As in the case of statistical indicators, the difference in
the values of all PK parameters calculated by PreKinetix
compared to Phoenix WinNonlin was less than 10°®,

The results of the comparative analysis of PK
parameters were demonstrated by calculating the RE
and constructing the corresponding graphs. Figure 1

22 |bid.
2 |bid.
2 Lixoft. PKanalix. Available from: https://pkanalix.lixoft.com/
25 |bid.
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reflects the relative error (RE,%) for the main calculated
PK parameters (according to Table 4).

All detected discrepancies between the programs
were random and extremely small in magnitude (less
than 0.0001% for most parameters). This indicates
that the developed tool does not introduce systematic
errors in calculations and can reproduce results at the
accuracy level of the reference software. The results of
comparing NCA calculations using intravenous infusion
and intravascular administration methods were also
satisfying.

Visualization of pharmacokinetic profiles

Figures 2 and 3 show an example of a graphical
representation of an individual PK profile in the blood,
constructed by PreKinetix using the example of the
drug M2000: in linear coordinates (Fig. 2) and in semi-
logarithmic coordinates (Fig. 3).

Such graphs are generated automatically and can
be included in a .docx* report, which facilitates data
presentation and interpretation.

It should be noted that all graphic materials
created by the program can be saved by the user
for its subsequent application in reports or scientific
publications and help to improve the clarity of
the results, as well as the convenience of their
analysis.

DISCUSSION

The development and validation of the PreKinetix
program were aimed to confirm its equivalence with
the generally accepted means of NCA of PK data.
Phoenix WinNonlin (Phoenix 64, version 8.3.4.295)
is historically known as the “gold standard” for
NCA and is widely used for scientific and regulatory
purposes. PreKinetix calculations for 3 experimental
drugs (M2000, cefamandole, indomethacin) showed
almost complete agreement with the results obtained
using Phoenix WinNonlin. All major pharmacokinetic

parameters — maximum concentration (C ), time
to maximum (T __), area under the curve (AUC), half-
life (T, ), elimination rate constant (Az), etc. — were

1/2
identical when using both software tools, with a

relative difference of less than 0.0001%. For example,
for bolus intravenous administration of M2000,
PreKinetix and Phoenix give the same absence of
time delay in reaching Cmax (T__=0 h) at a high
initial  concentration (C__=2950 ng/mL), while for
extravascular administration of indomethacin, both
tools show the expected delay in reaching the peak
(T .=0.25 h) at a comparatively smaller C__ value
(=1.5 pg/mL). The complete match of parameters
throughout the profile (including, for example,
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AUC, =4126.36 for M2000, 3740.5 for cefamandole
and 1.741 for indomethacin; T1/2=6.4O, 56.04 and
4.38 h, respectively) indicates the correctness of
PreKinetix algorithms and the absence of systematic
error in calculations. As can be seen in Figure 1, a
graphical analysis of relative errors did not reveal
a systematic bias, which confirms the correctness
of the algorithms implemented in PreKinetix. Thus,
PreKinetix provides calculation accuracy at the level of
the reference software, which confirms the successful
verification of the developed tool using the example of
drugs with different PK properties.

The results obtained are consistent with
similar publications of recent years devoted to
the validation of various NCA tools. For example,
in a recent study by Zang et al. (2010) presented
the PKSolver add-in for Microsoft Excel, the

calculation results of key PK parameters of which
showed a satisfactory degree of correspondence
to the results of Phoenix WinNonlin [2].
In the work of Kim et al. (2018) compared calculations
between Phoenix and the R-package NonCompart,
which underlies the online tool PKWeb, which also
confirmed the identity of the output parameters [1].
In addition, a recent article by Kyang et al. (2024)
presented the CPhaMAS cloud platform, designed
for the analysis of PK data, including NCA and
bioequivalence; the authors showed that CPhaMAS
calculations are in close agreement with Phoenix
WinNonlin results in in vivo modeling and parameter
analysis [9]. The totality of these independent
validations confirms that when using the same
algorithmic approaches, different NCA software tools
give practically indistinguishable results.

Table 1 - Part of the initial data of M2000, cefamandole and indomethacin with information about ID (subject),
dose, time and concentration

M2000 cefamandole indomethacin
ID Dose Time Concentration ID  Dose Time Concentration ID Dose (mg) Time (h) Concentration
(mg)  (h) (ng/mL) (mg) (min)  (ug/mL) (ng/mL)
271 100 O 2950 1 15 0 0 1 50 0 0
271 100 0.17 2164 1 15 10 127 1 50 0.25 1.5
271 100 0.25 1884 1 15 15 80 1 50 0.5 0.94
271 100 0.5 1366 1 15 20 47.4 1 50 0.75 0.78
271 100 1 844 1 15 30 39.9 1 50 1 0.48
271 100 1.5 625 1 15 45 24.8 1 50 1.25 0.37
271 100 2 478 1 15 60 17.9 1 50 2 0.19
271 100 4 256 1 15 75 11.7 1 50 3 0.12
271 100 6 147 1 15 90 10.9 1 50 4 0.11
271 100 8 88 1 15 120 5.7 1 50 5 0.08
271 100 10 58 1 15 150 2.55 1 50 6 0.07
271 100 12 48 1 15 180 1.84 1 50 8 0.05
271 100 16 26 1 15 240 1.5 - - - -
271 100 24 13 1 15 300 0.7 - - - -
- - - - 1 15 360 0.34 - - - -
Table 2 — Key pharmacokinetic parameters: correspondence
of designations in PreKinetix and Phoenix WinNonlin
PreKinetix WinNonlin Description
Corox Coo Maximum observed concentration
T T Needed time to reach C__
AUC,. AUC,, Area unde.r the pharmacokinetic curve from the time of dosing to the last measured
as concentration (T, )

Terminal elimination rate constant, estimated from the final part of the pharmacokinetic
K., Lambda_z profile
T, HL_Lambda_z Half-life in the terminal phase
Cl (CI/F) Cl_obs (CI_F_obs)  Total drug clearance
Vz (Vz/F) Vz_obs (Vz_F_obs) Volume of distribution in the terminal phase (for non-stationary data)
AUMC_ AUMClast Area under the concentrationxtime curve to L
MRT_,, MRTlast Mean residence time of the drug in the body to T__,
Vv, Vss_obs Volume of distribution at steady state (for non-stationary data)
252 Volume XIll, Issue 4, 2025
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Figure 1 — Relative error (RE,%) for a number of key pharmacokinetic parameters calculated using PreKinetix
algorithms (intravenous bolus administration model, single dose, linear trapezoidal method, without
extrapolation of initial concentration) compared to Phoenix WinNonlin results.
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Table 4 — Comparison of the results of non-compartmental analysis for the intravenous bolus administration
model (single dose, linear trapezoid method, without extrapolation of the initial concentration) using the
example of M2000, cefamandole and indomethacin

Drug M2000 Cefamandole Indomethacin
Parameter WinNonlin PreKinetix WinNonlin PreKinetix WinNonlin PreKinetix
N_Samples 14 14 15 15 12 12
Dose 100000000 100000000 15000 15000 50000 50000
Rsq 0.984143 0.984143 0.999758 0.999758 0.997067 0.997067
Rsq_adjusted 0.976215 0.976215 0.999516 0.999516 0.994133 0.994133
Corr_XY -0.99204 -0.99204 -0.999879 -0.999879 -0.998532 -0.998532
No_points_lambda_z 4 4 3 3 3 3
K, 0.108265 0.108265 0.012369 0.012369 0.15832 0.15832
Lambda_z_intercept 5.116786 5.116786 3.367347 3.367347 -1.724211 -1.724211
Lambda_z_lower 10 10 240 240 5 5
Lambda_z_upper 24 24 360 360 8 8
Tl/2 6.402296 6.402296 56.039261 56.039261 4.378127 4.378127
Span 2.186716 2.186716 2.141356 2.141356 0.685225 0.685225
Tmax 0 0 10 10 0.25 0.25
Cmax 2950 2950 127 127 1.5 1.5
Cmax/D 0.00003 0.00003 0.008467 0.008467 0.00003 0.00003
C, 2950 2950 0 0 0 0
T 24 24 360 360 8 8
C.. 13 13 0.34 0.34 0.05 0.05
AUCQ,( 4126.36 4126.36 3740.5 3740.5 1.74125 1.74125
AUC, /D 0.000041 0.000041 0.249367 0.249367 0.000035 0.000035
AUC 4126.36 4126.36 3740.5 3740.5 1.74125 1.74125
AUC 4246.435284  4246.435284 3767.988172 3767.988172  2.057065 2.057065
AUC ., /D 0.000042 0.000042 0.251199 0.251199 0.000041 0.000041
AUC_%Extrap 2.827673 2.827673 0.729519 0.729519 15.352703 15.352703
AUC_%Back_Ext 0 0 0 0 0 0
Vz 217513.271517 217513.271517 321.84641 321.84641 153527.034923 153527.034923
Cl 23549.163784 23549.163784  3.980904 3.980904 24306.47423  24306.47423
AUMC(H 14317.575 14317.575 190453.5 190453.5 3.27125 3.27125
AUMC, 18308.464419 18308.464419  202571.593629 202571.593629 7.792554 7.792554
AUMC_%Extrap 21.798057 21.798057 5.982129 5.982129 58.020826 58.020826
MRT, ., 3.469783 3.469783 50.916589 50.916589 1.878679 1.878679
MRTHN 4.31149 4.31149 53.761207 53.761207 3.78819 3.78819
' 101531.990574 101531.990574 214.018217 214.018217 92077.554608 92077.554608
—— 271
2000
% 1500
g‘
& 1000
§
500
0
0 5 10 15 20 25
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Figure 2 — Individual pharmacokinetic profile in blood (in linear scale), after intravenous bolus administration of
M2000.
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Figure 3 — Individual pharmacokinetic profile in blood (in semi-logarithmic scale) after intravenous bolus
administration of M2000.

It should be noted that the fundamental
algorithms for calculating PK parameters implemented
in  PreKinetix correspond to industry-accepted
approaches similar to Phoenix WinNonlin. In particular,
the area under the curve (AUC) is calculated using
the trapezoidal method, if necessary, in a combined
mode — with linear interpolation at the stage of
increasing concentration and logarithmic at the stage
of decreasing. The estimation of the elimination rate
constant Az and the associated T, in PreKinetix is
performed by automatically selecting the points of the
terminal phase based on maximizing the coefficient
of determination R? (usually for the last sequential
points with decreasing concentration), which is similar
to the built-in Phoenix WinNonlin algorithm. In our
calculations, all programs (PreKinetix, Phoenix, etc.)
showed the same T , values with high statistical
quality of approximation of the terminal section,
which confirms the equivalence of the methods. As
for missing points or concentrations below the limit of
quantification, PreKinetix processes them according to
generally accepted practice: such values are excluded
from the AUC calculation (i.e., do not contribute to
the area under the curve) or, if necessary, replaced by
conditional zeros — similar to the default settings in
Phoenix WinNonlin. Thus, the choice of algorithms
for integrating the “concentration—time” profile and
estimating Az in PreKinetix is consistent with the
approaches implemented in recognized NCA tools,
which ensures comparability of results even in non-
standard cases.

In numerous studies, Phoenix WinNonlin is used
as a reliable tool for NCA calculations on in vivo data.

256

Thus, in the analysis of the PK of the monoclonal
antibody WBP216, the authors report that all PK
parameters were calculated using Phoenix WinNonlin
and used in dose establishment and exposure
assessment [24]. The use of Phoenix in early-phase
clinical trials confirms its practical significance and
compliance with regulatory standards. In addition,
a number of other publications describe the use
of Phoenix for NCA in the analysis of the effect of
food on the PK of various drugs [25]. Thus, the use
of Phoenix WinNonlin in this study as a reference
for comparing the results obtained using PreKinetix
is methodologically justified and consistent with
international practice for validating pharmacokinetic
software.

From a practical point of view, PreKinetix has a
number of advantages. First, the application has an
intuitive web interface, which favorably distinguishes
it from some existing freely distributed solutions (for
example, R-packages without GUI) and facilitates its
use by a wide range of users. Secondly, the program
integrates a full cycle of PK data analysis — from
loading and statistical processing of raw data to
calculating PK parameters and visualizing profiles.
The results are automatically formatted as easy-to-
read reports (Excel tables and Word documents with
graphs), which reduces the researcher’s labor costs for
data formatting. Finally, PreKinetix is based on open
technologies (Python, Streamlit, etc.), which provides
flexibility in refining and expanding functionality in the
future. At the same time, the existing analogues of
PreKinetix software that use a similar methodology for
calculating PK still have a number of disadvantages.
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Comparison of PreKinetix with other available
solutions shows that our application successfully
overcomes a number of limitations inherent in them.
Unlike tools without a graphical interface [1], our web
application provides interactivity and clarity. In terms
of the set of implemented models and parameters,
PreKinetix is at the level of modern commercial
packages (Phoenix, PKanalix, etc.), while being more
accessible. Thus, PreKinetix can be used as a reliable
alternative to commercial software for NCA tasks in
preclinical studies, and also fills a significant gap in
the market of software tools for pharmacokinetic
analysis in Russia and can contribute to strengthening
technological sovereignty in this area.

Study limitations

The limitations of this study include the focus
of the current version of PreKinetix primarily on the
analysis of PK data with a single administration of
the drug. Support for multiple dosing, as well as the
possibility of conducting population PK analysis, has
not yet been implemented. In addition, the validation
of algorithms was carried out mainly on literary and
local experimental data, without the involvement
of external independent centers, which may require
additional confirmation of reproducibility in multicenter
studies. Also, at the time of preparation of the article,
the application had not undergone official certification
or registration as a software tool for use in conditions
regulated by the standards of good laboratory
practice (GLP). Visualization and export of graphs are
implemented with limited flexibility, which may require
refinement when used in complex reporting formats.

Further prospects
Modern studies demonstrate a growing interest

in hybrid approaches that combine traditional NCA
and machine learning methods. Thus, in the work
of Hughes et al. (2024) [26] it was shown that MAP-
Bayesian methods can significantly increase the
accuracy of busulfan dosing compared to classical NCA,
despite the close AUC values. In addition, the Deep-
NCA model [3], based on deep learning algorithms,
demonstrated improved accuracy in predicting C__ and
AUC compared to classical methods.

This underscores the prospect of expanding
PreKinetix in the future by adding machine learning
modules to improve the accuracy of algorithms and
adapt to large and complex data.

CONCLUSION

During the work, a new web application PreKinetix
was created and tested for conducting statistical and
NCA PK data. The program supports the main types
of preclinical PK experiments (bolus intravenous
administration, intravenous infusion, extravascular
single-dose administration) and calculates a wide range
of PK parameters that fully comply with international
standards. The results of the comparative analysis
showed that PreKinetix provides high calculation
accuracy, not inferior in this respect to the recognized
commercial software  Phoenix WinNonlin. The
introduction of PreKinetix into practice will allow
Russian research organizations to reduce the time and
financial costs of PK data analysis, automate routine
calculations and visualize results with high quality.
Thus, PreKinetix is an effective and accessible tool that
has great potential for use in preclinical and clinical
PK studies, as well as in the educational process for
training specialists in the field of biopharmaceutical
analysis.
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