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Introduction: Methane production inhibitors included in feed additives are
increasingly used to suppress methane production in the rumen. Most
products interact with the rumen microbiome and/or component biochemical
pathways that scavenge free hydrogen ions (H+) to make methane (CH4 ). The
capacity of these agents to inhibit rumen methane production is determined by
the ability of the chemical to block methane production pathways, the amount of
agent delivered to the rumen (i.e. the dose) and the absorption, distribution,
metabolism and excretion (i.e. the pharmacokinetic) characteristics of the
chemical that contribute to removal from the site of action (the rumen). The
intrinsic inhibitory capacity of an agent determines the maximum rate of
methane suppression. This maximal rate may reduce according to
pharmacokinetic effects arising from dose rate and frequency. Most studies of
additive methane reduction efficacy use total mixed ration (TMR; with the
additive included into the ration) feeding systems and estimate methane
reduction (absolute or relative) across a 24-hour period. Few studies report
critical pharmacokinetic parameters, making it difficult to extrapolate findings
into non-TMR systems (such as grazing) where differing doses and dose
frequencies apply.

Methods: We consider the likely behaviour of a rumen-acting oral additive to
reduce methane production applying basic pharmacokinetic principles to
propose an analytical approach to data from multiple field studies employing
different dose rates and dose frequencies to estimate methane suppression
responses. This is based upon a logistic transformation of relative efficacy
(percentage reduction in methane comparing treatment with control groups)
as the dependent variable and includes total dose, dose frequency, quadratic and
interaction terms between total dose and dose frequency as independent
variables that potentially capture any pharmacokinetic effects on performance.
The model was tested using simulation and verified against real data (cattle 3-
nitrooxypropanol (3-NOP) methane-reduction studies).

Results: Good fit between predicted and observed methane suppression
was obtained.
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Discussion: We propose use of the general form of this logistic model with dose
and dose frequency components included that address basic pharmacological
impacts on methane suppression as the standard approach to meta-analysis.
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1 Introduction

Methane production inhibitors included in feed supplements
are being increasingly used to restrict rumen methane production
[for example (Williams et al., 2024; Alvarez-Hess et al., 2024a, b)].
Additives that may suppress rumen methane production include
plant secondary compounds (such as tannins, saponins, oils, and
essential oils), chemicals (such as nitrate and sulphate), synthetic
chemicals (such as ionophores), and targeted inhibitors [such as
bromoform, 3- nitroxypropanol (3-NOP)]. These are delivered in a
variety of forms such as pellets, impregnated oils, or fed as a direct
component of the diet (e.g., grapemarc, dried asparagopsis). The
type of additive used and the form of delivery are often dictated by
the production system. Agents suitable for use in total mixed ration
(TMR; with the additive included in the ration) systems such as in
feedlots are often not able to be delivered in or suitable for pasture/
rangeland production systems. The efficacy, half-life, toxicity, and
cost of the additive and its delivery system are key considerations.

The results from multiple studies are increasingly being
combined through meta-analysis to understand general suppression
effects [for example (Kebreab et al., 2023; Macdonald et al., 2024)].
Most products operate by interacting with the rumen microbiome
and component biochemical pathways that scavenge free hydrogen
ions (H+) to produce methane (CH,). The capacity of these agents to
inhibit rumen methane production is determined by the amount of
agent delivered to the rumen (i.e.,, the dose) and the duration and
concentration of the drug at the site of action in the rumen. The
absorption, distribution, metabolism, and excretion [i.e., the
pharmacokinetic (PK) characteristics] of a drug influence
the concentration of the drug at the site of action over time. The
maximal inhibitory capacity of a rumen methane-suppressing agent
determines the upper limit of rumen methane suppression. These
intrinsic biochemical and physiological impacts of a drug on animal
function are collectively referred to as the drug’s pharmacodynamic
(PD) properties. Basic pharmacological principles in veterinary
applications are described elsewhere (Riviere and Papich, 2018).
Knowledge of a drug’s PK/PD characteristics combined with
information on a drug’s safety profile inform the development of
optimal treatment regimens by finding the suitable dose rate,
frequency, and delivery modality that provide the desired clinical
effects with minimal adverse effects.
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Most studies of additive methane reduction efficacy use TMR
feeding systems and estimate methane reduction (absolute or relative)
across a 24-hour period. A few studies have reported critical
pharmacokinetic parameters (Bhusal et al., 2024). This lack of basic
PK/PD information likely impedes the identification of the optimal
dose rate, frequency, and modality for the delivery of a drug
(Bjornsson, 1997; Toutain and Lees, 2004). Practically, this suggests
that the results from studies, or combinations of studies (such as from
a meta-analysis), that do not use or report PK/PD information cannot
be reliably extended into non-TMR systems (such as grazing) where
differing doses and dose frequencies must apply. This study examines
how pharmacokinetics and pharmacodynamics may impact the
efficacy of feed additives in abating rumen methane production and
provides a general approach to combining data on efficacy across
studies. The proposed meta-analytic framework fills a gap in the
literature and supports a more effective combination of results from
different studies.

Combining results from across studies is not simply a function
of controlling differences in dose and dose frequency in analysis.
Differences in the rate of rumen methane production arising from
factors outside the feed additive being examined may also be
present. The base rate of methane production may vary between
studies according to differences in dietary intakes, diet compositions
(such as fibre), animal genetics, and the presence or otherwise of
other methane inhibitors within the diet (and any interactions
between methane inhibitors that are present). Some additives may
have different efficacies according to the delivery system [e.g.,
monensin under TMR or pasture systems (Ranga Niroshan
Appuhamy et al, 2013)]. All potential sources of variation must
be controlled for in the analysis. Where this is not possible, clear
study inclusion/exclusion criteria (with stated limits on the
production systems and use cases that the results apply to) must
be developed and applied.

Most drugs have a log-normal-shaped concentration vs. time
curve in vivo. The compartment model of drug pharmacokinetics
models the average concentration of a drug in a theoretical body
compartment using mathematical constants that multiply the average
concentration of the drug in the relevant sample compartment to
represent the rate of drug entry/exit into/from the compartment
(Shankar and Pathak, 2023). Typically, the shape of the up-slope of
the compartment concentration curve is mostly determined by the
rate and characteristics of absorption (A) and distribution (D) of the
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drug and the shape of the concentration down-slope (post-peak
concentration) is mostly a function of metabolism (M) and
excretion (E) of the drug. The pharmacokinetics of a drug are
defined as the combined effects of drug absorption, distribution,
metabolism, and excretion (ADME) characteristics which determine
the active concentration of the drug in the sample compartment over
time, which is generally regarded as proportional to the concentration
at the site of action. An orally-delivered rumen modifier has
effectively zero time to be ‘absorbed’ and available at the site of
action (i.e., the rumen fluid). The concentration in the rumen fluid
after ingestion is therefore simplified to be a function of the rumen
volume, dose, dose frequency, and rumen half-life. For a single dose
of a short-lived active drug, the concentration vs. time curve typically
has a log-linear shape (see Figure 1).

Most drugs operate at the enzyme, receptor, or chemical levels
and typically have Michaelis-Menten kinetics (Cornish-Bowden,
2015). The clinical effect of such a drug is then partly determined by
the degree of saturation of the enzyme or receptor binding site and
the effectiveness of the (bound) drug (as an agonist or antagonist)
on enzyme/receptor activity. An example of the Michaelis-Menten
kinetics function is presented in Figure 2. Practically, this means
most drugs are ineffective if at concentrations below a certain
minimum and effectiveness peaks at a certain maximum
concentration beyond which no further effect is observed.

It is the combination of drug dose, dose frequency, modality and
PK/PD characteristics that determine the clinical response following
treatment. The efficacy response is typically sigmoidal in nature. The
more of a drug that is administered, the more likely the active
concentration of the drug at the site of action will be at or above
the minimal efficacy concentration for a period of time. Similarly, the
more frequently a drug is administered, the greater the proportion of
time that the drug concentration at the site of action will be above the
minimum effective concentration. The more frequently a drug is
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FIGURE 1

Example of a theoretical rumen drug concentration decay curve
(note that availability is assumed to be immediate and complete on
intake and that absorption is instantaneous).
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Example of Michaelis—Menten efficacy dose-response curve typical
of many drugs that modify biochemical reaction equilibria or impact
receptor sites. Most feed additives that abate rumen methane
production are likely to have Michaelis—Menten dose-

response characteristics.

administered, the more likely the concentration curves of the current
and preceding dose(s) will overlap, resulting in a higher active
concentration of the drug for a period than predicted for a single
dose (see Figure 3). This summative pattern for clinical response
implies that dose and frequency of administration should be included
in statistical analysis to control for these effects and to allow a
generalisation of the results. This is especially important for drugs
that are administered to ruminants through feed because ruminants
can spend a high proportion of the day eating and the addition of a
feed additive (drug) to a TMR is effectively the same as providing

Drug efficacy
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0 200 400 600 800 1000 1200 1400

Time (minutes)

FIGURE 3

Example of a feed additive rumen-acting methane suppression
efficacy response curve over time from single dose administration
that considers pharmacokinetic and pharmacodynamic effects.
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multiple doses of a drug or a zero-order infusion within a set period
of a day.

Meta-analysis is increasingly used to combine results from
similar studies and provide generalisations about expected
performance from across the body of research. Because the dose
rate and dose frequency of additive used may affect the methane
suppression response and these may differ between studies the dose
rate and dose frequency used in each study must be included in
meta-analysis to control for these effects. A key challenge of meta-
analysis is determining effective inclusion/exclusion rules for
combining results from different studies. One option relevant to
this application would be to only combine data from studies of
similar design (especially dose frequency, like TMR systems),
however, the results would then only apply to similar use
scenarios in practice (e.g. TMR system). An alternative approach
considers likely pharmacological impacts upon performance and
instead specifically examines the relative reduction in methane
production across dose and dose frequency combinations. This
analytical approach supports combination of studies measuring the
methane-reduction response to additive across a range of delivery
systems because it does not assume that additional doses or more
treatments provide for linearly-predictable change in methane
suppression. It also bypasses need for specific PK/PD parameter
knowledge but instead controls for these unknown effects in
analysis. Another feature of the proposed statistical model is that
it constrains methane suppression to lie between 0-100% by using a
suitable transformation of efficacy response.

2 Method

We propose an analytical model for combining data from field
studies involving ruminants fed with methane-reducing additives,
encompassing both TMR and non-TMR feeding systems with
differing dose rates and frequencies to estimate likely methane
suppression. The proposed analytical method estimates methane
suppression responses controlled for the amount and frequency of
delivery of the additive, thereby supporting use in meta-analyses that
combine studies across the range of rumen additive delivery systems.
A logistic transformation of the relative efficacy (the percentage
reduction in methane when comparing the treatment with control
groups) is proposed as the dependent variable and the analysis
includes total dose, dose frequency, and quadratic and interaction
terms as the independent variables to capture any curvilinear PK/PD
effects on methane suppression. A first-principles PK/PD model of an
orally-delivered feed additive was tested using simulation and verified
against simulated and an example of real data (cattle 3-NOP
methane-reduction studies).

2.1 Simulation modelling

A simulation model of a (theoretical) short-lived rumen additive
supplement with arbitrary PK/PD was built. The model was applied
across all feeding systems ranging from dedicated single-point-in-
time supplementation, as may occur in pastured animals, through to
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total mixed ration systems where the supplement was included in the
formulated diet. The model assumed non-linear suppression of
methane production in the rumen according to Michaelis—-Menten
principles. An equation of this form was used to estimate the efficacy
of methane suppression at given active concentrations of the additive
in the rumen. Cow intake was set as a percentage of body weight (3.5
+0.2%). A regular intake of feed was assumed given the model was of
farmed ruminants.

Data was generated for additive use scenarios across differing
dose rates and dose frequencies (doses per 24-hour period). The total
amount of methane generated by the treatment (supplemented) and
control (non-supplemented) cattle per 24-hour period was calculated.
Scenarios with the uniform inclusion of the additive into the diet were
modelled as a total-mixed-ration (TMR) feeding system and were
assigned a theoretical maximum dose frequency estimated as the
maximum number of meals that a cow within a TMR system would
choose to consume in a day. Cows receiving the diet with the included
additive but in a partial-mixed-ration (PMR) system were assigned a
dose frequency as the proportion of each 24-hour period that PMR
was available multiplied by the theoretical maximum number of
meals consumed in a day (under TMR feeding). The average number
of meals per day for dairy cows under TMR systems was found to be
10 + 0.1 meals, each lasting an average of 35 + 3 minutes per day
(Beauchemin et al., 2002). This dose frequency was used to represent
TMR delivery systems. The maximum simulated dose frequency was
extended beyond this to 30 individual administrations within a 24-
hour period in order to model more additive-saturated rumen
environments and so encourage any non-linearity in methane
suppression to be expressed. The dose frequencies modelled were:
0.25, 0.5, 1, and 2 times per day to represent grazing systems (where
the additive is separated from pasture and administered individually
at set times'); 3, 6, and 8 times per day to represent PMR systems
(calculated either as a proportion of total dry matter intake or as the
proportion of each day of feeding via PMR multiplied by the
maximum number of meals within a TMR system); 8, 10, and 12
to represent TMR systems (being the range in the number of meals
within a TMR system); and 18, 20, 22, 25, and 30 to represent extreme
(but non-PMR/TMR) additive delivery systems. These higher rates
conceivably reflect slow-release technology forms of the additive,
such as a rumen bolus containing sequentially partitioned and
available active concentrations.

It was assumed that dietary intake was not limited (i.e., ad libitum
feeding) and thus there were no restrictions in the supply of substrate
to the rumen methanogens. Studies indicate that for bovines the rate
of production of methane is proportional to the amount of dry matter
consumed (Charmley et al,, 2015; Cottle and Eckard, 2018), with a
possible exception being for cattle on below-maintenance dry matter
intake rations that provide for prolonged gut passage times and more
complete digestion of fibrous dietary matter thereby results in greater
methane production per unit of dry matter consumed (Goopy et al,,
2020). This is unlikely to be present in farming systems considering
the use of feed additives to abate rumen methane production such as
we have simulated. The estimated methane production of the

1 0.25 = once every fourth day and 0.5 = once every second day.
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untreated (control) cows was set at 20.7 grams of methane produced
per kilogram of dry matter intake (Charmley et al, 2015). The
parameter values used for the simulation model are presented in
Table 1. Stochasticity was introduced into the model using random
sampling from the relevant parent (normal) distribution (where a
standard deviation was listed).

2.2 Analytical model

The estimated reduction in methane was calculated for each
group within the study. The relative suppression in methane
production in the treated compared to the control groups within
the study was transformed before statistical analysis using a logistic
transformation, namely the natural logarithm of the suppression
odds (i.e., Ln[lf';‘%%]). The logistic transformation of the
dependent variable allows this to range between -co and +eo,
making it suitable for regression analysis. On back transformation,
the relative suppression can only range between 0%-100%, thereby
providing biologically plausible output. The basic regression model
included dose (24-hour total supplement intake) and dose frequency
(the number of times the supplement was administered per 24-hour
period) with quadratic and interaction terms between these variables
offered to the model to capture potential curvilinear methane
suppression responses.

The (saturated) model is of the form:

Logistic Suppression
= o + B * Dose
+ ¥ # Dose Freq . +0 * Dose  Dose Freq .+ Dose’
+ M Dose Freq2 + K * Dose” * Dose Freq 2

TABLE 1 Simulation model input parameters (a normal distribution was
assumed for variables with means and standard deviations presented).

Parameter Value (SD)

No. studies 50

Avg. no cows per study 15 (3)

Avg. cow body weight (BW) 500 (20)

Avg. dry matter intake (DMI)/kg BW 0.035 (0.002)

Avg. methane production/kg DMI 20.7 (0.25)
No. feeds per day 0.25-30
Min. effective dose (mg) 20.0
Min. dose rate (mg) 25.0
Max. dose rate (mg) 75.0
Max suppression (%) 90.0
Vmax 60.0
Km 30.0
Rumen half-life (t%; mins) 90
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Where o, B,7, 0, {, 1, and k are constants and Dose is the total
24-hour period dose and Dose Freq. is the number of doses
administered in any 24-hour period. The percentage suppression
of methane production is provided by the back transformation of
the model output as follows:

exp(Logistic Suppression)
1 + exp(Logistic Suppression)

Percentage Suppression =

The final model was determined using stepwise removal of non-
significant predictors from the model. If a removed term resulted in
a significant reduction in model fit, it was returned to the model.
Model fit was determined using the Chi-squared test of change in
deviance between nested models using the stats::anova() command
in R. Significance was set at p = 0.05. The R Language and
Environment for Statistical Computing version 4.2.1 was used for
all modelling and analysis (R Core Team, 2024).

2.3 Model validation

The performance of the statistical model was examined using a
recent meta-analysis of the methane suppressive effects of feeding a 3-
nitrooxypropanol (3-NOP) supplement to ruminants (Macdonald et
al., 2024). All studies used TMR feeding systems with 3-NOP
incorporated into the treatment group ration. The number of meals
was unknown for any included study, and was likely (on average)
identical within and between studies. This absence of variation in
dose frequency between studies prevented meaningful inclusion of
dose frequency into the model. However, the logistic transformation
of the suppressive effect of treatment was amenable to study and so
this was the primary subject for validation. A model to predict the
percentage reduction in methane production between treatment and
control groups was developed. The dependent variable was the log of
the odds of percentage reduction in methane per kilogram of dry
matter between treated and control cows. In some circumstances,
treated cows produced more methane than control cows, so the
percentage reduction was set to a nominal small amount (0.1%), to
allow logarithms to be taken. Treated and control cows also often ate
different amounts of dry matter (generally treated cows ate less dry
matter than control cows), so this was controlled in analysis by
inclusion of the total amount of dry matter (kilograms) eaten by the
treated cows and the ratio of dry matter intake between control and
treatment groups. Other variables included in the model were the
organic matter (OM) and neutral detergent fibre (NDF) contents of
the diet. The number of animals in each study was used to weight
the regression.

The default (base) model was:

Reduction = o + 3% Dose + ¥ * Dose Frequency
+ & * Dose * Dose Frequency + § x DMI
+ 1N Ratio DMI + K * NDF + A% OM

Where Dose is the 24-hour total dose of the additive, Dose
Frequency is the number of individual treatment administrations
per 24-hour period, DMI is dry matter intake (per 24 hours), Ratio
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DMI is the ratio of dry matter intake between the treated and control
groups (within the study), NDF is the neutral detergent fibre content
of the diet (%), OM is the organic matter content of the diet (%), and
o, B, v, 6, §, n, k, and A are constants. Dose and dose frequency
quadratic and interaction terms were offered to the model to capture
non-linearity in methane reduction due to PK/PD effects. Quadratic
terms for dose, dose frequency, and interaction terms were also
examined. The optimal model was selected as the most parsimonious
model with the best fit and statistically significant predictor variables
(or interaction terms between individual predictor variables).

3 Results
3.1 Simulation model

The simulation model methane production output was
examined. The relationship between dry matter intake, total dose,

10.3389/fanim.2024.1451266

and dose frequency was less apparent in the treatment group
compared to the control group (see Figures 4A, B). This suggests
that the model produced a non-linear methane reduction response
following the inclusion of the additive in the diet, as would be
expected from the PK/PD parameters used. The model was not
sensitive to changes in underlying distribution parameters; the
standard deviation of the population distributions was altered to
examine this effect.

The logistic transformation regression model with interaction
and quadratic terms between total dose and dose frequency
provided the best fit. The model output is presented in Table 2.
The regression model R* was 0.946, indicating good agreement
between the predicted percentage suppression of methane
production by the model and the actual percentage suppression
(see Figure 5). There was no systematic pattern in model residuals,
further suggesting that the inclusion of interaction and quadratic
terms in the regression model adequately captured any PK/PD
impacts upon methane suppression efficacy within the range of
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FIGURE 4

Total simulated methane (CH,4) production by dry matter intake for the control and treatment groups. (A) Control, (B) Treatment.
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TABLE 2 Simulated data regression model.

10.3389/fanim.2024.1451266

Parameter Estimate Std. Error t-value p-value
Intercept -3.829 0.099 -38.590 0.000
Total dose 0.008 0.002 5229 0.000
Dose freq. 0.427 0.067 6.392 0.000
Dose freq.2 -0.011 0.003 -3.570 0.000
Total dose: Dose freq. -0.001 0.0001 -7.011 0.000
Total dose: Dose freq” 0.00002 0.000 8.044 0.000
e
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FIGURE 5

Actual vs predicted simulated methane (CH,4) proportional suppression from a logistic transformation regression model.

simulated dose rates and frequencies. The regression model was
used to estimate the response curves for combinations of total dose
and dose frequencies across the range of likely total dose rates and
frequencies per 24-hour period. Results were biologically plausible
and are presented in Figure 6.

3.2 Validation testing

Data from cattle studies with NDF measurements from the
Macdonald et al. 3-NOP rumen additive methane suppression
meta-analysis were used in the logistic transformation regression
examination (Macdonald et al., 2024). Neutral detergent fibre was
the only ration component that was a significant predictor and was
retained in the final model. The final model is presented in Table 3.
The residuals were randomly distributed, consistent with the
assumptions of the model. This was supported by an examination
of the predicted versus actual methane suppression arising from
treatment with 3-NOP, as presented in Figures 7A, B, showing
kilograms of dry matter intake and dose of 3NOP, respectively. The
R’ for these regressions were 0.330 and 0.167, respectively,
indicating modest methane suppression predictive ability (i.e.,

Frontiers in Animal Science

07

modest model fit). This suggests that factors not included in the
regression equation were also influential.

4 Discussion

The use of a logistic transformation for rumen methane
production suppression as the dependent variable in the analysis
is supported by this work. This approach ensures that suppression is
constrained to lie within 0%-100% and is reflective of the biological
range. It is recommended that meta-regression models employ a
logistic transformation of rumen methane production for use as the
dependent variable. The model should also include terms to control
for any non-linear pharmacological impacts. The inclusion of
independent variable terms for the total amount of additive
administered, the number of times the additive was administered
(i.e. meals/doses), and the combinations of quadratic and
interaction terms between these variables was demonstrated to
control for PK/PD non-linearity in methane suppression
responses. We also recommend that the dose frequency average
of 10 meals per day, as estimated by Beauchemin et al., be used as an
estimate for studies that include the additive in the base ration
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Predicted methane (CH,) suppression response curves from the logistic transformation regression model.

within TMR systems (Beauchemin et al., 2002). For PMR systems,
this number is adjusted downwards by the proportion of total
intake or feeding time per day to capture the spectrum of feeding
within PMR delivery systems.

This approach avoids the need to either know or calculate PK/
PD parameters and thus supports the use of a meta-analysis that
combines studies that examine the same additive but use different
dose rates and dose frequencies. This will help to ensure that
existing studies (most are without PK/PD information) can be
combined and the effects generalised across the spectrum of likely
dose rates, dose delivery/administration systems, and diets.

Whilst this study did not specifically consider the potential
toxicity of the modelled additive, it was assumed that information
on the safety margin for any proposed additive would be obtained
from dose-setting toxicological studies conducted in advance of any
efficacy study [for example (Borgert et al., 2021)] and that the dose
rate and frequency combinations examined would minimise the
risk of toxicity or other adverse effects.

Meta-analysis is a technique for combining data from studies
that address a common research question. Often, this is to quantify
the effect of a specific intervention (such as the feeding of an
additive) on the outcome of interest. A well-designed meta-analysis
will consider other variables that may impact the outcome of

interest and include terms for these predictors in the statistical
model. Ruminant dietary intervention studies can be particularly
challenging to combine in a meta-analysis because of the inherent
variation in dietary composition and inclusions, feed intakes,
management systems, genetics, and animal exposures that exist
across the range of production systems around the world. The
implication is that the meta-analysis should include terms for other
methanogenesis moderators that may be variably present to allow
some control over these natural differences between studies. These
analytical controls extend beyond just dietary components and feed
additives, as discussed previously, to include any vaccination
(against methanogens) and breeding or management intervention
(such as early life programming) that may impact rumen methane
production. The model should also include terms that control for
differences in the percentage composition of the diet and relative
digestibility of these components along with total dry matter intake.
The inclusion of these other causes of variation will help to refine
the estimate of the effect of the dietary additive of interest. The study
by Almeida, Hegarty, and Cowie exemplifies this approach
(Almeida et al.,, 2021). Whilst our logistic transformation model
provided an unbiased prediction of methane suppressive
effectiveness of 3-NOP as a rumen additive, there remained
important variations around the regression line. This suggests

TABLE 3 Logistic transformation regression model coefficients [data from Macdonald et al. (2024)].

Estimate Std. Error t-value p-value
Intercept -2.890 2.963 -0.980 0.333
Dry matter intake 0.089 0.031 2.910 0.005
DMI ratio (treated vs control) 0.201 2.715 0.070 0.941
Neutral detergent fibre (%) -0.055 0.016 -3.540 0.001
3-NOP Dose 0.018 0.004 4.800 0.000
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FIGURE 7

Predicted versus actual percentage methane (CH,) suppression from a logistic transformation 3-NOP regression model [from Macdonald et al
(2024)]. (A) By kilograms of DMI (R? = 0.330). (B) By dose of 3NOP (R? = 0.167).

that other (non-included) factors influencing rumen methane
production were variably present across the studies examined in
the meta-analysis (Macdonald et al., 2024).

5 Conclusions

The pharmacokinetic and pharmacodynamic properties of a
drug (including feed additives for the control of rumen methane
production) impact efficacy. Most studies do not measure or control
for these effects so any impact must be controlled for in a meta-
analysis. This is especially necessary if the meta-analysis includes
data from studies using different dose rates and frequency of use.
These effects can be at least partly controlled for by the inclusion of
total dose rate, dose frequency, and combinations of quadratic and
interaction terms between these variables to capture any PK/PD-
related non-linearity in response. Whilst it is preferable for
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necessary PK/PD characteristics of feed additives to be known in
advance and for this knowledge to help guide the design of
suppression studies and to optimise drug delivery systems, these
are rarely studied. There are few published studies on rumen
additive pharmacokinetics and pharmacodynamics. The analytical
method that we present provides effective control for any
pharmacokinetic- and/or pharmacodynamic-related non-linearity
in the rumen methane suppression response. An important
implication is that relative and not absolute methane suppression
is analysed, and this further supports combining studies ranging
from single-dose delivery to continuous infusion administrations in
the meta-analysis. The use of a logistic transformation ensures that
the relative suppression can only lie within the biologically plausible
range of 0%-100% suppression. The meta-analysis must also
examine other (non-feed-additive) predictors that may modify
rumen methane production. The set of non-feed-additive
predictor variables would ideally be identified in advance, which
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in turn should help set the meta-analysis’s study inclusion/exclusion
criteria. Individual studies that did not record important non-feed-
additive variables may be excluded from the meta-analysis and this
potentially limits the generalisation of expected rumen methane
suppression effects to only the specific production systems and use
scenarios analysed within the meta-analysis. We recommend this
approach as the standard for meta-analyses.
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