PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Sanhajariya S, Duffull SB, Isbister GK
(2021) Investigating myotoxicity following
Australian red-bellied black snake (Pseudechis
porphyriacus) envenomation. PLoS ONE 16(9):
€0256653. https://doi.org/10.1371/journal.
pone.0256653

Editor: José Maria Gutiérrez, Universidad de Costa
Rica, COSTA RICA

Received: March 13, 2021
Accepted: August 11, 2021
Published: September 10, 2021

Copyright: © 2021 Sanhajariya et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The DOI for the
research data is here: http://dx.doi.org/10.25817/
4i9m-yt03.

Funding: SS is supported by the Australian
Government Research Training Program
Scholarship. GKI is supported by a National Health
and Medical Research Council Senior Research
Fellowship, ID 1061041. The Australian Snakebite
Project is funded by a National Health and Medical
Research Council Centre for Research Excellence
(ID 1110343).

RESEARCH ARTICLE

Investigating myotoxicity following Australian
red-bellied black snake (Pseudechis
porphyriacus) envenomation

Suchaya Sanhajariya®'2*, Stephen B. Duffull?, Geoffrey K. Isbister’

1 Clinical Toxicology Research Group, University of Newcastle, Newcastle, New South Wales, Australia,
2 School of Pharmacy, University of Otago, Dunedin, New Zealand

* suchaya.sanhajariya@uon.edu.au

Abstract

Background

Myotoxicity is one of the common clinical manifestations of red-bellied black snake (Pseude-
chis porphyriacus) envenomation characterised by elevated creatine kinase (CK) concen-
trations of greater than 1000 U/L. This study aimed to investigate the occurrence of
myotoxicity in patients following envenomation.

Methods/Principal findings

Patient characteristics and serial blood samples (timed venom concentrations and CK con-
centrations, pre- and post- antivenom) from 114 patients (median age 41, 2-90y; 80 male)
were extracted from the Australian Snakebite Project database. Patients were categorised
into three groups based on peak CK concentrations [no myotoxicity (<1000 U/L), mild
(1000-10,000 U/L) and severe (>10,000 U/L)]. The odds of (mild or severe) myotoxicity was
lower in patients that received early antivenom (within 6 hours post-bite) compared to those
that received late or no antivenom (odd ratio was 0.186; 95% confidence interval, 0.052—
0.664). A population pharmacokinetic-pharmacodynamic (PKPD) model was developed to
describe the relationship between the time course of venom (a mixture of toxins) and effect
(elevated CK). In addition, a kinetic-pharmacodynamic (KPD) model was developed to
describe the relationship between time course of a theoretical toxin and effect. Model devel-
opment and parameter estimation was performed using NONMEM v7.3. No single set of
parameter values from either the PKPD or KPD models were found that could accurately
describe the time course of different levels of severity of myotoxicity. The predicted theoreti-
cal toxin half-life from the KPD model was 11 + 3.9 hours compared to the half-life of venom
of 5.3 £ 0.36 hours. This indicates that the putative causative toxin’s concentration-time pro-
file does not parallel that of venom.

Conclusion

Early antivenom administration reduces the incidence of myotoxicity. The venom concentra-
tion profile does not appear to be the driver for myotoxicity following envenomation.
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Additional factors that affect the sensitivity of the patient to snake venom/toxins must be
explored to understand the relationship with myotoxicity.

Introduction

Snakebite envenomation remains an important public health burden in many tropical and
subtropical countries, particularly those in South Asia, Southeast Asia, and sub-Saharan Africa
[1]. In some cases, envenomation syndromes can have long-term effects, leading to a perma-
nent change in quality of life or disability, such as tissue necrosis resulting in amputation,
chronic kidney diseases and blindness [2]. Although snake envenomation is uncommon in
Australia, its clinical implications can be life-threatening, challenging to treat and patients may
require a lengthy hospital stays. Red-bellied black snakes (RBBS; Pseudechis porphyriacus)
belong to the black snake (Pseudechis spp.) genus, which is one of the seven medically impor-
tant territorial Australian snake genera, along with brown snakes (Pseudonaja spp.), tiger
snakes (Notechis spp.), rough-scale snakes (Tropidechis carinatus), broad-headed snakes
(Hoplocephalus spp.), taipans (Oxyuranus spp.) and death adders (Acanthophis spp.). The
venom of P. porphyriacus contains a mixture of toxins (e.g. phospholipase A,, procoagulant
serine protease and three-finger toxins) which are responsible for various clinical effects
observed in envenomed patients [3]. The clinical envenomation syndromes of RBBS include
local effects (pain and swelling), non-specific systemic symptoms (nausea, vomiting, abdomi-
nal pain, diarrhoea and headache), anticoagulant coagulopathy (elevated activated partial
thromboplastin time, aPTT) and myotoxicity [4].

Local and systemic skeletal muscle injury is one of the common manifestations of snake
envenomation [5]. There are a number of different myotoxins identified in Australian elapids’
venoms [6-9], although it is unclear whether all of them are clinically relevant. Phospholipase
Ajs (PLA,) are likely to be the major toxins responsible for myotoxicity observed in RBBS
envenomed patients [9]. The binding of PLA,s to the plasma cell membrane of muscles can
cause a disruption in membrane integrity and trigger a series of events leading to the degenera-
tion of the muscle cells [5]. Systemic myotoxicity is the second most common systemic syn-
drome that occurs in Australian snake envenomation, following venom-induced consumption
coagulopathy [10]. It occurs in approximately 20% of patients envenomed by RBBS. Myotoxi-
city can be defined as local or generalised myalgia with or without muscle weakness, in associa-
tion with elevated serum creatine kinase (CK) concentration, usually defined to be greater
than 1000 U/L [4]. Myotoxicity generally develops more slowly, compared to other venom
effects (e.g. venom induced consumption coagulopathy), and the effect can last up to seven
days post-bite. Prolonged muscle injury rarely leads to renal complications such as acute kid-
ney injury associated with myoglobinuria and hyperkalaemia [5]. Patients that develop myo-
toxicity often require a longer hospital stay and more complicated treatment [11].

Creatine kinase is an enzyme that catalyses the reversible phosphorylation of creatine to
phosphocreatine and the interconversion of ATP and ADP, maintaining energy homeostasis
in tissues that have high or fluctuating demand for energy, such as skeletal muscles and cardiac
muscle [12]. Serum CK concentration can be measured based on enzymatic activity (as U) and
is often used clinically as a biomarker for damage in CK-rich tissues including skeletal muscles.
Measured serum CK concentrations reflect both the natural release of CK associated with nor-
mal cellular turn-over, which yields relatively constant basal levels, as well as spikes in CK
release following muscle damage [13]. Following muscle insult, serum CK concentrations
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begin to rise at 2 to 12 hours, peak at 1 to 3 days, and decline after 3 to 5 days [14, 15]. The
delayed peak CK concentration following muscle damage is probably due the involvement of
lymphatic system for transporting CK, a large molecule with molecular weight of approxi-
mately 80 kDa across the interstitial space to the vascular space [16, 17]. This process is gener-
ally slower than direct transcellular or paracellular diffusion into the bloodstream, which is
common for smaller molecules [17]. The delay in abnormal CK concentration appearance
may also contribute to the lack of early repeated CK testing in snakebite patients, making the
early diagnosis of myotoxicity following RBBS envenomation more difficult [15]. In addition,
physical activities such as strenuous exercise prior to envenomation also contribute to elevated
serum CK concentrations, making diagnosis potentially more challenging [11]. Overall, serum
CK concentration alone do not serve as an accurate early detector or predictor of myotoxicity.

The management of RBBS envenomation includes supportive care and antivenom therapy. In
many cases, systemic envenomation syndromes following RBBS bites are mild to moderate and
specific treatment or antivenom may not be required. The use of antivenom is hence, often deter-
mined by the treating clinician based on presenting signs and symptoms. For RBBS envenomation,
the administration of one vial of tiger snake or black snake antivenom has shown to effectively
bind and remove all free venom components [4]. The use of antivenom for RBBS envenomation is
considered safe, although hypersensitivity reactions (e.g. commonly skin reactions and rarely ana-
phylaxis) are reported in about one quarter of patients that receive antivenom [10]. Potential bene-
fits of antivenom administration within 6 hours after bite have been reported by Churchman et al.
[4], including normalisation of aPTT and prevention of myotoxicity. While the early use of anti-
venom is encouraged, the decision to give antivenom to prevent myotoxicity can be complicated
as patients may still present with a normal CK during the first 6 hours despite the likely occurrence
of myotoxicity. Hence, an accurate risk-benefit assessment of antivenom therapy is necessary prior
to the treatment to minimise patients’ exposure to unnecessary risks [10, 18].

An investigation of the relationship between time course of P. porphyriacus venom expo-
sure (pharmacokinetic; PK) and the relationship between venom concentration and effect
(pharmacodynamic; PD) is important for a better understanding of the time course of venom
effect (in this case myotoxicity) following RBBS envenomation. Note the combination of phar-
macokinetic and pharmacodynamic processes yields the time-course of (myo)toxicity and is
termed PKPD. Knowledge of the time-course of myotoxicity following RBBS envenomation
will be helpful for assisting clinicians to determine who should receive antivenom, how long
patients require observation to be confident myotoxicity will not develop (given it has not
developed already) and making subsequent decision for RBBS envenomation treatment.

The aims of this study are 1) to determine whether early antivenom administration (defined
as within 6 hours post-bite) decreases the incidence of myotoxicity, 2) to determine whether
venom (or a putative toxin) is sufficient to describe the severity of myotoxicity determined
based on serum CK concentrations, and 3) to determine whether venom (which is a mixture
of toxins) is an appropriate driver for myotoxicity.

Methods
Data

Patient data used in the present analysis were extracted from the Australian snakebite project
(ASP) database, which is a collection of data of suspected or confirmed snakebites from over 200
hospitals across Australia. Details of the ASP have been described previously in a pharmacoki-
netic analysis of RBBS venom [19] and previous ASP studies [10]. Human research ethics com-
mittee (HREC) approval for ASP was obtained from major State and Territory HRECs, including
the HREC of the Northern Territory Department of Health and Menzies School of Health
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Research (04/08), the Hunter New England HREC and the University of Newcastle (07/11/21/
3.06), the Royal Perth Hospital Ethics Committee and South Metro Area Health Service (RA-08/
003), Western Australian Country Health Service Ethics Committee (2008:03, REC200835), Tas-
mania Network (H00109965), Gold Coast Health Service District HREC as well as an additional
ten HRECs responsible for all facilities involved. Informed consent was obtained from all enrolled
patients, or from a parent or guardian for participants aged under 18 years [10].

A total of 114 RBBS envenomed patients (median age 41, 2-90y; 80 male) with both timed
venom concentration (pre- and post- antivenom) and timed CK concentration were included
for the analysis from ASP between January 2002 and March 2019 (Table 1). For exploratory
purposes, patients were categorised into three groups based on measured peak serum CK con-
centration: 1) no myotoxicity (CK < 1000 U/L); 2) mild myotoxicity (1000 U/L < CK <
10,000 U/L); and 3) severe myotoxicity (CK > 10,000 U/L). The time course of venom and CK
concentrations of patients in each group are provided in Fig 1. Effective use of antivenom was
determined a priori as a patient having received an antivenom dose within 6 hours of pur-
ported envenomation as per [4].

Model development

In this study, data were modelled within a nonlinear mixed-effects modelling framework. The
population analysis was performed in NONMEM version 7.3 (ICON Development Solutions,
Ellicott City, MD, USA) using the first-order conditional estimation method with interaction.
Pre- and post-processing was conducted using Perl-speaks-NONMEM (PsN) version
5.22.2201, RStudio version 1.1.456 (RStudio Inc., Boston, MA, USA).

Covariates available for testing were age and sex. Decisions for model selection were based
on the likelihood ratio test (LRT) with degrees of freedom equal to the number of parameters
different in successive (nested) models, as well as a reduction in between subject variability
(BSV) in the parameter(s) of interest, clinical relevance of the parameters and graphical good-
ness of fit plots. LRT requires a decrease in the objective function value (OFV) of at least 3.84
between two nested models to be statistically significant at an a-error level of 5% ([x°],

p < 0.05) for one degree of freedom.

Visual predictive checks (VPCs) was used to evaluate the final model. One thousand data-
sets were simulated under the final model. The 10th, 50th and 90th percentiles of the observed
data were plotted and compared against their corresponding 95% confidence intervals (CI),
which were calculated from the model simulations. The VPCs were also stratified based on

Table 1. Demographic characteristics of the study population.

Median (range)
Number of patients 114
Male:Female 80:34
Age (years) 41 (2-90)
Number of patients receiving antivenom (1) 54
Timing of antivenom (h) 4.2 (0.67-32)
Peak venom concentration range (mcg/L) 20 (1.3-360)
Measured CK concentration range (U/L) 244 (32-56000)
« Patients with peak CK < 1000 U/L (n) 87
« Patients with 1000 U/L < peak CK < 10,000 U/L (n) 22
« Patients with peak CK > 10,000 U/L (n) 5

Peak CK concentration measured in patients without myotoxicity (U/L)

Peak CK concentration measured in patients with myotoxicity (U/L)

https://doi.org/10.1371/journal.pone.0256653.t001

232 (48-972)
3019 (1065-56000)

PLOS ONE | https://doi.org/10.1371/journal.pone.0256653 September 10, 2021

4/18


https://doi.org/10.1371/journal.pone.0256653.t001
https://doi.org/10.1371/journal.pone.0256653

PLOS ONE Investigating myotoxicity following Australian red-bellied black snake (P. porphyriacus) envenomation

No myotoxicity, no/late antivenom No myotoxicity, early antivenom

100,000

10,000

1,000

100

(@]

=
—_ @
= Mild myotoxicity, no/late antivenom Mild myotoxicity, early antivenom =
3 100,000
g @
=100 2
s 10,000 B
E 10 2
€ o
8 1000 3
(=] o
e @®
g 2
c 100 56’_‘.
ag: 0 N I =
> Severe myotoxicity, no/late antivenom 0 20 40 60 80 100 120 140 160 180 200 E

=

100,000

10,000

1,000

100

0 20 40 60 80 100 120 140 160 180 200
Time post-bite (h)

Fig 1. Plots of timed venom concentration (mcg/L) [red lines] and creatine kinase (CK) concentration (U/L) [blue
lines] following envenomation by red-bellied black snakes. Solid lines are venom concentrations pre- antivenom and
dashed lines are the venom concentrations post-antivenom. Patients data were categorised into three groups based on
measured peak CK concentration: (a) no myotoxicity (CK < 1000 U/L); (b) mild myotoxicity (1000 U/L < CK <
10,000 U/L); and (c) severe myotoxicity (CK > 10,000 U/L). Plots on the left panel are for patients that received no or
late antivenom, and on the right are those that received early antivenom (within 6 hours).

https://doi.org/10.1371/journal.pone.0256653.g001

whether the patients had received early or late/no antivenom therapy and the degree of myo-
toxicity to show the model performance for each group of patients.

The PKPD model for myotoxicity. The relationship between timed venom concentration
and myotoxicity was investigated by a population PKPD approach. In this approach, the PK
data (timed venom concentrations) and PD data (timed CK concentrations) were modelled
using sequential PPP&D (Population PK Parameters and Data) approach [20]. For this
method, the population PK parameters obtained from previously developed population PK
model for P. porphyriacus venom [19] were fixed and the PD parameters were subsequently
estimated based on both PK and PD data. The details of the PK model and parameters used
were described here [19]. The relationship between the plasma venom concentration and its
effect (E,cnom) was described by a linker function which connected the PK data with the release
of CK. Transit compartments were implemented with a turnover model as an empirical
approach to describe the delayed increase in CK concentration post-envenomation that was
apparent during data visualisation. A schematic of the PKPD model is shown in Fig 2.

Differential equations used to describe the amount of venom in the depot compartment (1)
and the central compartment (2) were shown in Egs 1 and 2.

dAdt (1) = —k, - A(1); A(1),_, = Dose - F1 (1)

dAdt (2) =k, - A(1) — ky, - A(2);A(2),_, = 0 (2)

t=0

where k, is the absorption rate constant; k, is the venom elimination rate constant. A repre-
sents the amount in each compartment and A, _ q is the initial condition at time zero.

PLOS ONE | https://doi.org/10.1371/journal.pone.0256653 September 10, 2021 5/18


https://doi.org/10.1371/journal.pone.0256653.g001
https://doi.org/10.1371/journal.pone.0256653

PLOS ONE

Investigating myotoxicity following Australian red-bellied black snake (P. porphyriacus) envenomation

Venom — ef fect
linker function -5 R,

Dose - F1 /| Transit 1
(3)
ke
Depot 5' *
(1) / Transit 2
N PKsamples (4)
) ’/ ktr
Central | .~ Transit 3
2
( ) (5) PD samples
k20 ktr
CK
(6)
kbio

Fig 2. Schematic representation of the structural pharmacokinetic model for P. porphyriacus venom and

pharmacodynamic model for creatine kinase time course. F1 is the relative bioavailability; k, is absorption rate
constant; kg is venom elimination rate constant; R;, is a zero-order creatine kinase production rate constant; k, is the

intercompartment transit rate constant; ky;, is the creatine kinase elimination rate constant. The red pins represent

compartments where blood samples were collected.
https://doi.org/10.1371/journal.pone.0256653.9002

Mathematically, the linker function that describes the typical effect of venom on the release
of CK can be described as a function of plasma concentration, C and the PD parameter vector,

B (shown in Eq 3).
=f(C(t),B) (3)

venom

An example linker function is shown in Eq 4, where a linear model was used as the link
between venom concentration and release of CK. In this case, venom increases the release of

CK from myocytes with the downstream appearance of CK into the plasma. Here the typical
venom effect is a function of venom concentration in the central compartment (C,) and the

slope of the directly proportional relationship between venom concentration and effect.

Evenom = '3 . C2 (4)

The parameter § represents the slope of the relationship. The linker function is then incor-
porated with the parameter R;, (the rate of CK release from myocytes) to describe the expo-
sure-effect relationship (Eq 5). Here venom-effect (E,,..,,,) stimulates the release rate of CK.

Rin = CI<O : kbio . (]‘ + Evenom) (5)

where CKj is the baseline amount of CK in plasma at steady state (the product of

6/18
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concentration and the volume of distribution of CK which is (for simplicity) assumed to be 1)
and ky;, is the elimination rate constant of CK from the circulation. The product of CK, and
ki, represents the normal zero-order release of CK into the systemic circulation (termed R;,,)
in the absence of venom.

The system of equations for the turnover model with transit compartments in which
venom has a stimulatory effect on CK release are shown in Eqgs 6 to 10.

The differential equations for CK transit from intracellular (compartments 3 to 5) to the
central circulation (compartment 6, sampling compartment for CK) are as follows:

dAdt (3) = R, — k, - A(3); A(3)_, = R];_ ©)

dAdt (4) =k, - A(3) — k, -
dAdt (5) =k, - A(4) — k, - A(5); A(5),_, = A(3),., (8)

dAdt (6) =k, - A(5) — k,;, - A(6); A(6),_, = CK, (9)
where the inter-compartment transit rate constant k;, was estimated from the mean transit
time (MTT) and can be calculated from the following equation:

number of transit compartments

The kinetic-pharmacodynamic (KPD) model for myotoxicity. In addition to consider-
ing a PKPD model we also considered a kinetic-pharmacodynamic (KPD) approach in which
the PK data are omitted from the PKPD analysis. The KPD analysis investigates the PD effect
without the PK data which allows for imputation of the likely time course of toxin exposure.
Note that the time course of changes in venom concentration (a mixture of toxins) will not
necessarily parallel that of the toxin that causes the myotoxicity (e.g. PLA,; toxin). In the KPD
model, the overall structure of the model for exposure and effect was the same as the PKPD
model. However, only PD data were used for modelling and the kinetics of the concentration-
driver for the effects (i.e. CK elevation) were imputed. The clearance of the toxin driver was
estimated and the volume of distribution was fixed (for reasons of identifiability). Parameteri-
sation is otherwise based on Ooi [21]. BSV for clearance and relative dose were also estimated
along with other system parameters. The details of the final PKPD and KPD model are
described in the S1 Text.

Aim 1 methods—To determine whether early antivenom administration
(defined as within 6 hours) decreases the incidence of myotoxicity

The odds ratio (OR) was calculated to determine the potential for a reduction in myotoxicity
of administration of antivenom within 6 hours post-envenomation. A 2x2 contingency table
was developed for calculating the OR from the odds of myotoxicity occurring in patients that
received early antivenom therapy and the odds when antivenom was not administered within
a 6-hour timeframe.
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Aim 2 methods—To determine whether venom (or a putative toxin) is
sufficient to describe the severity of myotoxicity determined based on
serum CK concentrations

We evaluated models for the existence of a linker function that could accurately predict the
occurrence and severity of serum CK concentration based on the information on venom concen-
tration (via a PKPD model) or a putative toxin concentration (via a KPD model). A number of
models linking venom or toxin exposure to the effect observed were reviewed including: linear,
log-linear, E, ., sigmoid E, ., quadratic, cubic, threshold and insult models. The threshold
model was defined as a model where only venom concentrations above an estimated threshold
concentration would result in a “venom effect”, while concentrations below the threshold will
give no effect. The insult model was defined as a model in which the venom “insult”, denotes as
total venom exposure (i.e. AUC), causes the muscle insult that releases CK with the assumptions
that: 1) toxin causes irreversible cell injury (i.e. once the insult has occurred then subsequent
venom concentration becomes irrelevant and antivenom would have no beneficial effects), and
2) after 6 hours the insult phase has completed and effect is irreversible.

Aim 3 methods—To determine whether venom (which is a mixture of
toxins) is an appropriate driver for myotoxicity

To test if venom concentration is the best driver for myotoxicity, we compare the exposure
profile of venom (from the PK model [19]) to the imputed exposure profile of toxin (from the
best KPD model) as drivers for myotoxicity. PK simulations for one thousand patients (with-
out the effect of antivenom) were performed to compare the profiles of P. porphyriacus venom
(mixture of toxins) and the putative toxin responsible for raised CK concentration. Simula-
tions were performed using MATLAB version 2020a (The MathWorks, Inc., Natick, MA,
USA). The median concentrations of venom (arise from PK model) and theoretical toxin (PK
predicted from KPD model) and calculated half-lives were then compared. If the two profiles
align this would suggest that the causative toxin PK parallels the venom PK.

Results

Aim 1 results—To determine whether early antivenom administration
(defined as within 6 hours) decreases the incidence of myotoxicity

A 2x2 contingency table (Table 2) was developed for calculating the OR. The OR of myotoxi-
city occurring in patients receiving early vs late or no antivenom was 0.186 (95% confidence
intervals: 0.052-0.664).

Aim 2 results—To determine whether venom (or a putative toxin) is
sufficient to describe the severity of myotoxicity determined based on
serum CK concentrations

Eight different linker functions were evaluated to describe the concentration-effect relation-
ship using both the observed PK data via a PKPD model or imputed PK data via a KPD model.

Table 2. Odds of myotoxicity following red-bellied black snake envenomation in patients that received early antivenom and late/no antivenom treatment.

Antivenom < 6 h (early)

Antivenom > 6 h (late) or no antivenom

https://doi.org/10.1371/journal.pone.0256653.t002

Myotoxicity = Y Myotoxicity = N Total (n) ODDs
3 35 38 0.086
24 52 76 0.46
27 87
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A linear model provided the best fit for the venom concentration and CK concentration data.
When E,., and sigmoid E,,,,x models were evaluated, they provided similar fitting results to
the linear model, and the ratio of the estimated maximum effect (E,,,y) to the Cs, (concentra-
tion that achieves 50% of peak effect) remained constant irrespective of initial starting values
for parameter estimation and were the same as the value of slope in the linear model. The lin-
ear model was also not inferior to the log-linear model, quadratic model, cubic model, thresh-
old model and insult models. The same outcomes were observed with the KPD models. The
model parameters for PKPD and KPD models are shown in Table 3.

Both PKPD and KPD models with linear linker function were able to describe elevated CK
concentrations post-envenomation well at individual levels. At the population level, both
PKPD and KPD models could describe the CK concentrations well in patients with no myo-
toxicity and patients with mild myotoxicity who received early antivenom. However, both
models under-predicted the CK concentrations in patients that received late/no antivenom
and developed myotoxicity (mild and severe). This phenomenon is illustrated in the VPCs
shown for the PKPD (Fig 3) and KPD model (Fig 4) with linear linker function. There was no
single set of linker model parameters that enabled any of the linker functions to capture the
CK concentration profile at all toxicity levels (no-myotoxicity, mild or severe myotoxicity) for
either the PKPD or KPD models.

Table 3. Final pharmacokinetic-pharmacodynamic model and kinetic-pharmacodynamic model parameter esti-
mates. Linear linker model was used here to describe the concentration-effect relationship.

Parameter PKPD model parameter estimates (RSE%) | KPD model parameter estimates (RSE%)
Ocr (L/h) 5.21 (FIXED) 2.21(19)
0y (L) 39.9 (FIXED) 39.9 (FIXED)
O 1 (FIXED) 1 (FIXED)
0, () 8.3 (FIXED) 8.3 (FIXED)
Orav 40 (FIXED) 40 (FIXED)
wer (%) 47.1 (FIXED) 41.7 (42)
wgy (%) 141 (FIXED) 1166.2 (11)
Oprop (venom) (%) 36.5 (FIXED)
Oadd (venom) (Mcg/L) 0.258 (FIXED) _

O, (UIL) 152 (14.1) 153 (6)
Oprrr (h) 345 (31.3) 30 (11)
0, (h™) 0.0459 (6.5) 0.0457 (7)

OsLopE 1.11 (202.7) 0.641 (36)
O, (%) 69.8 (8.9) 70.1 (9)
warrr (%) 42.1(32.8) 50 (19)

wszops (%) 572.6 (41.6) 51.1(34)

prop () (%) 21.1(8.2) 20.8 (7)
Gaad (cio (U/L) 0.1(299.3) 0.1 (24)

0, mean value of the fixed-effect parameter; w, between-subject variability (presented as coefficient of variation
percentage, CV%); 6p,0p, proportional component of the residual variability (presented as CV%); 6444, additive
component of the residual variability (presented as standard deviation); CL, clearance; V, volume of distribution in
the central compartment; F1, relative bioavailability; k,, absorption rate constant; FAV, factor accounting for the
effect of antivenom; CKj, baseline creatine kinase (CK) concentration; MTT, mean transit time; ky;,, elimination rate
constant of CK; RSE, relative standard error. Note: PK parameters were fixed to the previous population estimates for
this dataset based on [19] as per the PPP&D method.

https://doi.org/10.1371/journal.pone.0256653.1003
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Fig 3. Visual predictive checks showing the observed timed creatine kinase (CK) concentration (U/L) versus time
post-bite (h) described by a population pharmacokinetic-pharmacodynamic model with linear linker function to
describe venom-effect relationship. The solid red line represents the median observed CK concentration, and the
dashed lines represent the observed 10th and 90th percentiles. The solid black line represents the median simulated CK

concentration, and the dashed lines represent the simulated 10th and 90th percentiles. Shaded areas are the

corresponding 95% confidence intervals of the observed percentiles based on the simulated data. Patients data were
categorised into three groups based on measured peak CK concentration: (a) no myotoxicity (CK < 1000 U/L); (b)
mild myotoxicity (1000 U/L < CK < 10,000 U/L); and (c) severe myotoxicity (CK > 10,000 U/L). Plots on the left
panel are for patients that received early antivenom (within 6 hours), and on the right are those that received no or late
antivenom.

https://doi.org/10.1371/journal.pone.0256653.9003

predictions for the CK concentration-time profiles for all CK group levels well (Fig 5).

As a diagnostic, to evaluate the linker function performance we modelled each level of CK
concentration-time profiles separately. For the linear model (for example) this means a sepa-
rate slope, BSV for slope and residual variability were estimated for each model at each CK
level. Although this improved the performance of the PKPD model it still under-predicted the
CK concentration in patients that received late/no antivenom and developed myotoxicity
(mild and severe). The same diagnostic was performed for the KPD model. When the KPD
model with separated model parameters for each CK level was considered it provided good

The diagnostic indicated that the KPD model (i.e. a model that represents a putative toxin)
is able to describe the time course of CK for different levels of myotoxicity but is not able to

describe the different levels of severity of myotoxicity. Models based on the venom concentra-
tion (i.e. the PKPD models) were not able to adequately describe either the CK time course or
the occurrence of different myotoxicity levels.
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Fig 4. Visual predictive checks showing the observed timed creatine kinase (CK) concentration (U/L) versus time
post-bite (h) described by a population kinetic-pharmacodynamic model with linear linker function to describe
venom-effect relationship. The solid red line represents the median observed CK concentration, and the dashed lines
represent the observed 10th and 90th percentiles. The solid black line represents the median simulated CK
concentration, and the dashed lines represent the simulated 10th and 90th percentiles. Shaded areas are the
corresponding 95% confidence intervals of the observed percentiles based on the simulated data. Patients data were
categorised into three groups based on measured peak CK concentration: (a) no myotoxicity (CK < 1000 U/L); (b)
mild myotoxicity (1000 U/L < CK < 10,000 U/L); and (c) severe myotoxicity (CK > 10,000 U/L). Plots on the left
panel are for patients that received early antivenom (within 6 hours), and on the right are those that received no or late
antivenom.

https://doi.org/10.1371/journal.pone.0256653.9004

Aim 3 results—To determine whether venom (which is a mixture of toxins)
is an appropriate driver for myotoxicity

Plasma venom concentration-time data were simulated under the final PK model and for the
imputed plasma toxin concentration-time data under the final KPD model. In all cases 1000
virtual patient profiles were simulated. Details are provided in Table 4. The median concentra-
tions of venom (arising from the PK model) and putative toxin (PK predicted from the KPD
model) are shown in Fig 6. The simulation of the imputed PK profile of toxins (driver for
effect) were different from the simulated PK profile of P. porphyriacus venom. The mean half-
life of P. porphyriacus venom was calculated to be 5.3 + 0.36 hours (from the estimated clear-
ance and volume of distribution) and the half-life of the putative toxin component of the
venom was calculated to be 11 + 3.9 hours (from the estimated clearance volume of distribu-
tion from the KPD model).
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Fig 5. Visual predictive checks showing the observed timed creatine kinase (CK) concentration (U/L) versus time
post-bite (h) described by a population kinetic-pharmacodynamic model with linear linker function (model
parameters were separated for each CK group level) to describe venom-effect relationship. The solid red line
represents the median observed CK concentration, and the dashed lines represent the observed 10th and 90th
percentiles. The solid black line represents the median simulated CK concentration, and the dashed lines represent the
simulated 10th and 90th percentiles. Shaded areas are the corresponding 95% confidence intervals of the observed
percentiles based on the simulated data. Patients data were categorised into three groups based on measured peak CK
concentration: (a) no myotoxicity (CK < 1000 U/L); (b) mild myotoxicity (1000 U/L < CK < 10,000 U/L); and (c)
severe myotoxicity (CK > 10,000 U/L). Plots on the left panel are for patients that received early antivenom (within 6
hours), and on the right are those that received no or late antivenom.

https://doi.org/10.1371/journal.pone.0256653.g005

Table 4. Parameter estimates of the final pharmacokinetic model and kinetic-pharmacodynamic model with lin-
ear linker model (separated model parameters for each patient group) used for simulation.

Parameter PK model parameter estimates (RSE%) KPD model parameter estimates (RSE%)
Ocr (L/h) 5.21 (6.4) 2.52 (34)
6y (L) 39.9 (12.7) 39.9 (FIXED)
Ot 1 (FIXED) 1 (FIXED)
0,, (h'') 8.3 (FIXED) 8.3 (FIXED)
wcr (%) 47.1 (106.3) 34.4 (58.5)
wrp (%) 141 (131.7) 178.3 (23.6)

0, mean value of the fixed-effect parameter; w, between-subject variability (presented as coefficient of variation
percentage, CV%); CL, clearance; V, volume of distribution in the central compartment; F1, relative bioavailability;

k,, absorption rate constant; RSE, relative standard error.

https://doi.org/10.1371/journal.pone.0256653.1004
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Fig 6. Simulation of venom profile from the population pharmacokinetic model of P. porphyriacus venom (red line) and the putative toxin profile from the final
population kinetic-pharmacodynamic model (blue line).
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Discussion

This study investigated the occurrence and severity of myotoxicity in patients after envenom-
ation from red-bellied black snakes and the effect of early, late or no antivenom therapy. Due
to the availability of PK and PD data, we have had a unique opportunity to develop a popula-
tion PKPD model and KPD model to investigate the relationship between venom or toxin
exposure and the development of different degrees of myotoxicity (elevated CK concentra-
tions). Three main inferences are gained from this work.

1*" inference: administration of antivenom within the first 6 hours post-bite was effective at
reducing the occurrence of myotoxicity. Patients that received early antivenom therapy are 5.4
times less likely to develop myotoxicity than those that received antivenom later than 6 hours
or did not receive antivenom at all. The benefits of early antivenom administrations to prevent
myotoxicity has previously been reported for P. porphyriacus [4] and other Australian snake
envenomation cases in human, including taipan (Oxyuranus spp.) [22] and mulga snake (P.
australis) [23], as well as in an animal model of mulga snake (P. australis) [24]. Our result
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reinforces the importance of early diagnosis and treatment with antivenom (if indicated) since
myotoxicity and other complications can be prevented with early administration.

2" inference: the pharmacokinetics of venom did not provide an adequate description of
the occurrence or severity of elevation in CK profiles over different levels of myotoxicity. The
concentration of a theoretical toxin (from KPD model) was superior to venom concentration
(from PKPD model) at driving the time course of change in CK for different levels of myotoxi-
city. However, neither venom nor theoretical toxin concentrations were able to describe the
severity of myotoxicity. The lack of relationship between venom concentration and effect is
partially observable by the lack of clear visual delineation in the venom exposure for different
severities of myotoxicity (Fig 7). It would be expected that more severe toxicity would be asso-
ciated with higher venom concentrations. This may in part explain why the PKPD model failed
to capture the different sensitivity levels of CK elevation. Of note the KPD model was also
unable to predict severity of myotoxicity, but was able to describe the changes in CK concen-
trations well. The results suggest that a latent variable exists and contributes to the differences
in snake-people sensitivity (i.e. different degree of elevated CK concentrations in patient). The
latent variable may arise from: a) differences between snakes of the same species, b) different
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sensitivities of some people, or ¢) a combination of both. However, is not possible to test latent
variable in a clinical study, an in-vitro or in-vivo experiments may be the way forward for test-
ing these latent variables.

3™ inference: The exposure profile of the likely (theoretical) causative toxin does not paral-
lel the profile for venom (a mixture of all toxins). The calculated half-life of the likely causative
toxin is about twice the half-life of venom (11 hours vs 5.3 hours). This suggests that the total
venom concentration would not be an appropriate driver for the occurrence or severity of
myotoxicity.

There are several limitations to this study many of which are inherent to clinical toxinology
studies. Firstly, the dose of venom injected during envenomation was not known (or know-
able). This issue has been observed in other works [19, 25]. Here, similar to previous studies,
we set the dose to a nominal value (e.g. 1 mcg) and then estimate the relative bioavailability for
each individual. Secondly, the exact timing of envenomation is seldom available and hence
some error around the timing of toxin administration is likely as well as a the potential for sub-
stantial delays before presentation to a clinic. In this work this resulted in few early timed
venom concentrations and hence the absorption phase parameters for venom were fixed.
Since there was no study that report the absorption profile of P. porphyriacus venom, the
absorption rate constant, k, value was set to provide a similar time to peak concentration (30
minutes) reported for another Australian snake, P. australis venom following IM, SC injection
in rats [24]. Furthermore, there is an uncertainty in the individual snake variability in P. por-
phyriacus venom composition of toxin(s) and how these vary across snakes within and
between regions. Since the snake venom assay used in this study was only able to measure the
total venom concentration (i.e. a mixture of toxins), this does not necessarily reflect the profile
of the myotoxic component. As it is not possible to distinguish a single toxin disposition pro-
file from the total venom concentration disposition [26], this was not able to be explored fur-
ther. Of interest the PK of the likely causative toxin appeared different to that of venom. This
was established using a KPD modelling approach.

Lastly, there are other possible confounders that may affect the different concentrations of
plasma CK in snakebite patients. In particular, those that affect the total muscle mass may
influence baseline plasma CK concentration and the amount of CK released following muscle
injury. In this study, the only two variables that we were able to account for in the model were
age and sex of the patient as model covariates on baseline CK. However, these did not signifi-
cantly improve the overall model fit nor were they able to explain or predict the degree of
severity of myotoxicity. While patients’ size (weight and height) as well as body composition
may contribute to the extent of CK being released, data were not available. This could be a
note to account for moving forward in the study of snakebite and myotoxicity. Another con-
founder to address is the administration of intravenous (IV) fluids as part of envenomation
management. The administration of IV fluids may have a dilutional effect on the plasma CK
concentrations and hence may have affected the peak CK observed. Unfortunately, data on the
timing and the amount of IV fluids is also limited and we were not able to account for this in
our final model.

Although venom concentration was not sufficient to predict the severity of myotoxicity and
serum CK concentrations are too delayed, clinicians may benefit from early testing of other
laboratory parameters such as aPPT and INR, which may help determine the risk of severe
envenomation syndromes [15] and facilitate the decision for early antivenom use. There is a
need for further work on elucidating individual toxin profiles as well as investigating potential
patient sensitivity factors.
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Conclusion

This study investigates myotoxicity in patients envenomed by RBBS. We have found that early
administration of antivenom reduces the occurrence of myotoxicity. Through population
PKPD and KPD modelling, we have found that total venom concentration alone is not infor-
mative of the severity of myotoxicity. Additional studies are required to identify variables that
may affect patient sensitivity to specific toxins.
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(DOCX)
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