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Abstract
Background Antimicrobial resistance (AMR) in human and animal pathogens remains a global One-Health threat. 
The associations between antimicrobial use (AMU) and the evolution and dissemination of AMR bacteria, and their 
resistance genes, highlight the importance of monitoring and regulating AMU. Here, we present an analysis of 
national monitoring data of AMU in pig facilities in Ireland from 2019 to 2023 via the recently established National 
AMU Database. AMU was measured using two metrics (mg per corrected population units (mg/PCU) and defined 
daily dose (DDDvet/PCU)). Temporal trend models were fit using regression models with population average effects 
given there were multiple observations per herd, while controlling for herd type and size.

Results Linear spline models revealed no significant change in overall usage from Q1-2019 until mid-2020, followed 
by a significant decrease in usage until mid-2022. There was evidence of increases in usage from mid-2022 until 
the end of the time series; the exact timing of the changes in trends varied by the AMU metric. A multinomial 
logit regression model suggested that there was a significantly decreased probability of premix use relative to oral 
administration from Q3-2021 through Q4-2023 (OR: 0.70 − 0.58; P < 0.03). The predicted probability that a high priority 
critically important antimicrobial (HPCIA) was used in a herd during a year-quarter declined by an average of 9% per 
quarter (OR: 0.91; 95% CI: 0.90–0.92; p < 0.001) over the study period. The mean decline in use of cephalosporin (3rd 
/4th generation), fluoroquinolone and macrolide (a former HPCIA) per quarter were estimated to be -12% (95% CI: -8– 
-15%), -9% (95% CI: -8– -10%) and − 4% (95% CI: -2– -4%), respectively.

Conclusions This exploration of AMU in pigs in Ireland revealed significant changes in overall usage, with both 
decreases and increases. There were declines in usage of HPCIA agents. Additionally, there was evidence of a 
significant decline in the use of oral premixes, coinciding with policy change. Further monitoring of AMU is essential 
to understand how the pig farming sector is responding to policy changes (e.g., increasing AMU in response to zinc 
oxide bans).
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Background
Antimicrobial resistance (AMR) remains a significant 
global challenge for human and animal health [1, 2]. 
Antimicrobial resistance is a one health issue, whereby 
AMR bacteria and their resistance genes may be prefer-
entially selected through the use of antimicrobials (AMs) 
in both humans and animals [3]. Global antimicrobial 
usage (AMU) in livestock has been estimated at tens of 
thousands of tonnes per annum [4], with future increases 
forecast [5]. Pig farming is recognised as the sector with 
the highest AMU in many countries [6–9] and has natu-
rally been a focus of attention for improving antimicro-
bial stewardship and decreasing use. Several European 
countries have demonstrated significant reductions of 
AMU in their respective pig farming sectors in recent 
years, with national reports claiming reductions of 69% in 
the UK between 2015 and 2023, 67% in France between 
2011 and 2022 and 45% in Belgium between 2018 and 
2023 [6–9]. Peer reviewed research has also found posi-
tive declining trends in several other countries in Europe 
(e.g. Switzerland [10], Denmark ([11]), as a consequence 
of concerted efforts at responsible usage.

Despite this, increased awareness of the dangers of 
improper usage practices are still required to gain greater 
improvements. Such warnings focus on the appropriate 
usage and improving regulation of AMs for food pro-
duction [12]. For example, the European Union (EU) in 
2022 implemented policy changes (e.g. implementation 
of Regulations EU 2019/6 on veterinary medicinal prod-
ucts [13] and EU 2019/4 on medicated feed [14]). These 
regulations prohibit the prophylactic use of AMs and, 
in individual animals only, represent an outright ban on 
the prophylactic use of AMs in feed and restrictions on 
certain other applications (e.g. using high priority AMs) 
(legislation: [13, 14] and see [15] for discussion). Further-
more, legislation sets out that AMs should not be used to 
overcome other inadequate practices (e.g. poor hygiene, 
animal husbandry, or management), and the requirement 
for monitoring of AMU at the farm/species level.

The National Antimicrobial Usage Database (NAMUD) 
for pigs was officially launched by the Department of 
Agriculture Food and the Marine Medicine (DAFM) in 
2019 [16]. Farmers directly enter their herd AMU data 
four times per annum on an online portal [17]. Participa-
tion is a requirement a national assurance scheme (Bord 
Bia Farm quality), with the majority of commercial pig 
farms subscribe (e.g. >95% of herds with 1000 animals 
or more). The NAMUD facilitates individualised bench-
marking reports to herd keepers, as a means of promot-
ing reduced AMU and, where necessary, responsible use.

The analysis of national-level representative datasets 
is key to monitoring AMU, assessing changes in use and 
informing responses to national and international pol-
icy [18]. Before the establishment of NAMUD, the only 

published data on AMU in the Irish pig sector were from 
a cross-sectional study conducted on 67 farrow-to-finish 
farms [19]. This former study, which was based on data 
from 2016 and prior to the new EU regulations, estimated 
that pig farming accounted for 40% of veterinary AMU 
in Ireland and revealed that AMU was characterised by 
a high proportion of prophylactic use and was delivered 
primarily via medicated feed. Here, we present an analy-
sis of data from the initial five years of NAMUD with the 
objective of analysing national-level AMU data from pigs 
from a temporal and selected risk factor perspective.

Methods
Target population
This study included all pig herds contributing data (by 
July 2024), for any quarters during the study period, to 
the NAMUD for pigs between quarter 1, 2019, and quar-
ter 4, 2023. The only eligibility criterion was that informa-
tion was provided by the herd owner/keeper (the person 
responsible for entering data for the particular herd) on 
AMU for a particular year quarter. The initial rollout of 
the NAMUD was targeted at commercial herds that hold 
the majority of pigs in Ireland, and was made one pre-
requisite of the Bord Bia pig quality assurance scheme 
(Bord Bia, 2021). This is an accredited voluntary scheme 
(ISO17065) (there is no legal requirement for submission 
to this database) that sets out the best practice for pig 
production in Ireland and leads to certification for quali-
fying herds. Insight into the data collected and entered 
by participants can be found in DAFM [17]. Herd owners 
filled in herd/company details, holding identifiers, enter-
prise types (e.g. finisher/fattening), in-feed and non-feed 
medication, administration route (e.g. oral), quantities of 
AMs attributable to each population category (e.g. pig-
lets), breeding animal population, movements off farm by 
animal types (e.g. sows/gilts, piglets, weaners/growers), 
and the number of pigs going to slaughter.

Herd types were categorised according to the type of 
enterprise inputted by the participating farmers as fol-
lows: farrow-to-finish finishing/fattening units, breeder-
to-weaner units or “other”. Typically, breeder-to-weaner 
farms in Ireland move pigs off the farm when they are 
ready for transfer to a finishing/fattening unit, while fin-
ishing/fattening units usually receive pigs from a single 
source.

Database metrics
The milligram per kilogram population corrected unit 
(mg/PCU) is the indicator of antimicrobial consump-
tion used by the NAMUD for pigs (note, for the ben-
efit of communications with stakeholders, this metric is 
described as “mg/kg” within the database). This metric 
is analogous to the mg/PCU indicator used by the Euro-
pean Medicines Agency (EMA) to report sales of AMs in 
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the EU/EEA which uses the weight of the active ingredi-
ent (mg) as the numerator and the weight of pigs (kg) as 
the denominator. The denominator used by NAMUD is 
calculated at farm level using the assigned weights for 
each category of pig as defined by the EMA: 240 kg per 
breeding sow, 65 kg per finisher pig sold from the farm 
(i.e., sold to another farm or sent to slaughter) and, 25 kg 
per weaner pig sold from the farm [20].

We also calculated a second metric based on Daily 
Defined Dose (DDD). This analysis used the Daily 
Defined Dose per population correction unit (DDDvet/
PCU), which was calculated following European Medi-
cines Agency guidelines [20, 21] and can be found in 
the supplementary material. The DDDvet numerator 
uses doses assigned by the EMA to each AM and route 
of administration and thus accounts for differences in 
potency between different AMs [22].

Data management
Electronic data were obtained for pig herds from the 
NAMUD, with data on usage provided on a herd-quar-
ter basis for each antimicrobial and each administration 
route (oral, premix and parenteral) from quarter 1, 2019, 
to quarter 4, 2023. An initial selection screened out all 
herds that had no AMU data for any given quarter dur-
ing the study period. All the data were received in CSV 
format before being merged and restructured via Stata 16 
MP [23]. Depending on the analysis type, the data were 
collapsed to herd, herd-quarter, or herd-quarter-adminis-
tration levels (the “experimental unit”).

Statistical analyses
Trend analysis
To establish whether there were temporal changes in 
the raw mean herd-level AMU in mg/PCU changes over 
quarters, trend models were fitted. Given that there were 
repeated measures from herds, the models were fitted 
via a population-averaged (PA) framework (generalised 
estimating equation (GEE) model [24]) to control for the 
nonindependence of observations clustered within herds 
via an exchangeable correlation matrix structure [25, 26]. 
This model estimates the average response across the 
population, which was our interest (in comparison with 
subject-specific models [25]). We used a gamma distri-
bution and log link to model usage on continuous scales, 
given the non-normal distributions of the outcome vari-
ables. Competing models were compared via the quasi-
likelihood information criterion (QIC), an indicator 
similar to Akaike’s information criterion (AIC) that can 
be applied to nonlikelihood-based PA models [24]. The 
models with the lowest QIC values were considered those 
with the greatest support [24]. Year quarters were fitted 
as categorical dummy variables (predictors). Interquar-
ter comparisons were tested within the model via Wald 

tests. Second, a linear-spline model was fitted to the data 
to model the trend in the data (also known as a “broken 
stick” model), assuming one or two breakpoints (knots) 
between quarters across the time series, as used else-
where to model temporal trends (e.g [27]). Breakpoints 
were chosen on the basis of the inflection point from the 
categorical model, but different breakpoints were com-
pared (using QIC) by assessing the fit of the competing 
spline models.

Given that the population varied over time, as not all 
herds were represented across all the time series, the 
trend analysis controlled for the potential confound-
ers. Both herd size and type were forced into the model 
irrespective of whether being significant. The multivari-
able model was developed to control for these potential 
effects, with year–quarter fit as a categorical variable, lin-
ear predictor and as a linear spline, respectively, to assess 
adjusted mean AMU over time.

Models were fitted with (A) all data and (B) restricted 
to herds that reported AMU for each quarter of the time 
series. Predictions with estimated 95% CIs were com-
puted via the MARGINS command in Stata 16 MP [23].

Changes in AM route of administration over time
Changes in how AMs were administered over time at 
the herd-quarter level were assessed via a multinomial 
logit regression model [28, 29]. In pig production, anti-
microbials are primarily administered via oral or paren-
teral routes. Oral medications may be administered using 
water or feed. However, there is a distinction between 
the use of oral premix in medicated feed (which must be 
manufactured by a licensed feed mill) and the use of oral 
remedies in feed or water which may be administered 
by the farmer (Regulation (EU) 2019/4). Therefore, the 
three administration routes assessed were, oral premix, 
oral and parenteral with the a priori hypothesis that the 
probability of oral premix administration occurring dur-
ing a quarter would decline over time relative to oral or 
parenteral routes. This approach models the relative pro-
portion of administrations of AM with a 3-level variable 
representing the reporting of any oral, parenteral and oral 
premix routes via a dichotomised outcome at each herd 
quarter within the dataset. For example, a herd would be 
coded “1” during a given quarter for premix administra-
tion where any premix AMU was reported or “0” if no 
premix AMU was reported. Therefore, the relative pro-
portions reported are not equivalent to the proportions 
of administrations within herds that could be attributable 
to each route, as animal-administration level data were 
not available within the NAMUD.

Since herds were represented within the time series 
more than once, cluster-adjusted robust standard errors 
were employed via the CLUSTER option within the 
MLOGIT suite. This model outcome was compared 
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with a multinomial random effects model, as imple-
mented with the generalised structural equation model-
ling (GSEM) suite in Stata 16 [30]. To aid interpretation, 
parameters were reported as relative risk ratios, which 
were derived by exponentiating the logit coefficients.

Changes in the use of highest priority critically important 
antimicrobials
The change in the use of highest priority critically impor-
tant antimicrobials (HPCIA [31]) over time was modelled 
as a binary outcome via a population averaged mixed 
effect logit model, with time (quarters) modelled as both 
categorical and linear predictors. Herd was fitted as a 
random effect, with fixed effects for herd type and size. In 
the dataset, the HPCIA classes used on the study farms 
included, fluoroquinolones (enrofloxacin and marboflox-
acin), 3rd /4th gen cephalosporins (ceftiofur) and poly-
myxins (colistin). Individual models for each AM class 
were also fitted to explore which classes may drive any 
changes in HPCIA use. In addition, models of macrolides 
(tildipirosin, tilmicosin, tulathromycin, tylosin, and tyl-
valosin), which had previously been classed as a HCPIA, 
were explored. The European Medicines Agency (EMA) 
classifies fluoroquinolones, polymyxins and 3rd- and 4th-
generation cephalosporins as category B antimicrobials 
(‘restrict’) and macrolides as category C (‘caution’). In 

2024, the WHO published a List of Medically Important 
Antimicrobials intended as a risk management tool for 
mitigating antimicrobial resistance due to non-human 
use which saw macrolides being reclassified from HPCIA 
to CIA by the WHO after a thorough review [32]. How-
ever, for the purposes of the present study, we fitted mod-
els to the macrolide data.

Results
Descriptive results
Overall, the dataset contained 23,996 observations, with 
each observation relating to the use of an AM/herd/quar-
ter for each administration route (oral, premix, or paren-
teral). There were 4,498 year–quarter observations from 
359 herds, meaning that the average herd had 12.5 quar-
terly reports within the dataset (median: 13; IQR: 8–17; 
max: 20). Fifty-seven herds (16%) submitted data for all 
quarters over the five years, whereas 146 (41%) submitted 
a minimum of 16 quarters (four years). The median herd 
began reporting during year 2 (2020; IQR: 1–3), with 71% 
(n = 255) of herds having reported by the end of that year.

A total of 278 herds with > 1000 animals were rep-
resented within the dataset, from a total population 
estimated from data from a national pig census of 281 
(98.9%) [33]. Taking the average breeding herd size 
reported per quarter for each herd and summing across 
all herds, an average of 148,248 breeding pigs were 
reported. In 2019, only a mean of 64,989 breeding ani-
mals were reported, representing 45% of the national 
breeding herd; however, from 2020 to 2023, the coverage 
exceeded 78% of the census figure.

The population (based on the average number of 
breeding animals present per quarter and the total 
number of animals sent to slaughter) per quarter var-
ied from 373,776 to 482,953 in 2019 when the database 
was being established, increasing dramatically thereaf-
ter, with a range of 766,942–1,014,414 (Supplementary 
material Fig. S1). In addition, the average total number 
of animals moved per quarter varied by animal type: the 
mean number of breeding animals moved per quarter 
was 6,111 (quarterly range: 1,703–13,784), the number 
of piglets moved per quarter was 63,154 (quarterly range: 
39,080–98,137), and the average number of weaner/
growers moved per quarter was 190,153 (quarterly range: 
87,701 − 300,793). The maximum number of herds con-
tributing data during a quarter was 293 (82% of all farms 
that contributed data over the time series; Q1–2022).

Among the herds within the study population, 50% 
(n = 178) were reported as farrow-to-finish units, 39% 
(n = 140) were finishing/fattening units, 9% (n = 33) were 
breeder-to-weaner units, and the remaining 8 herds were 
classified as “other” production units (Table 1). Informa-
tion on the variation in herd size and composition across 
herd types is presented in Table 1.

Table 1 Summary statistics on pig herd types and herd sizes 
across year quarters. AMU: antimicrobial usage
Herd type Farrow-to-

finish unit
Breeder 
to Weaner 
unit

Finisher/
fatten-
ing unit

Other Total

Herds-n 178 33 140 8 359
Observations 2,639 435 1,334 90 4,498
Herd size
 Mean 4359 1101 2468 2449 3445
 Median 3158 829 1697 1407 2300
 25th%ile 1445 562 766 429 972
 75th%ile 5820 1425 3177 4500 4650
Breeding pigs
 Mean 630 886 15 298 466
 Median 499 730 0 191 290
 25th%ile 220 430 0 0 0
 75th%ile 819 1200 0 450 680
AMU (mg/PCU)
 Mean 80.9 116.8 34.5 49.0 70.0
 Median 25.9 36.5 1.1 22.9 12.3
 25th%ile 4.4 4.8 0.3 1.1 1.3
 75th%ile 94.0 151.6 12.9 61.4 78.6
AMU 
(DDDvetPCU)
 Mean 5.4 21.9 2.2 2.6 6.0
 Median 1.9 7.3 0.1 1.0 1.1
 25th%ile 0.4 1.2 0.0 0.1 0.1
 75th%ile 6.0 33.1 0.9 4.6 5.5
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Summary statistics for overall AMU is presented in 
Table  1, and for of each AM compound/class are pre-
sented in the supplementary material for mg/PCU (Table 
S1) and DDDvetPCU (Table S2). Visual trends for each 
AM per quarter are presented in Figures S2-S5.

Adjusted Temporal trend– mg/PCU
The final categorical and spline models explained sig-
nificant variation in the outcome (joint Prob > χ2 < 0.001). 
Overall, herd size did not explain significant varia-
tion in the outcome (post hoc Wald test: χ (DF: 3) > 6; 
Prob > χ2 > 0.09) but was retained within both final mod-
els to control for potential confounding effects. Herd 
production type significantly explained the variation 
in AMU (χ2(DF: 2) = 28.94; Prob > χ2 < 0.001), with sig-
nificantly lower AMU in fattening/finishing units than 
in farrow-to-finish units (categorical model: RR: 0.49; 
p < 0.001; spline: RR: 0.49; p < 0.001) or breeder-to-weaner 
units (categorical model: RR: 0.31; p < 0.001; spline model: 
β: 0.32; p = 0.001).

Modelling time as a categorical variable (per quar-
ter) suggested that there was a period of nonsignificant 
change in AMU (Q1-2019 to Q3-2020; mean predicted 
AMU range: 87.6  mg/PCU to 100.0  mg/PCU) before 
a significant decline (from 100.0  mg/PCU to 50.5  mg/
PCU) before increasing again to 74.7  mg/PCU in 
Q4-2023 (Fig. 1). Controlling for covariables, the lowest 
mean marginal predicted usage was found in Q2-2022 
at 50.5  mg/PCU (95% CI: 38.4–62.7  mg/PCU), and the 
highest usage was reported in Q3-2020 at 100.0 mg/PCU 
(95% CI: 75.7–124.4  mg/PCU). Usage was significantly 
lower in each quarter from Q2–2021 to Q4–2023 relative 
to the peak usage (P < 0.04; referent Q3–2020; Table 2).

The most supported spline model (based on the QIC) 
had cut-off points at Q3–2020 and Q1–2022. The first 
linear spline from Q1–2019 to Q3–2020 had a nonsignif-
icant positive coefficient (RR: 1.02; p = 0.253), followed by 
a significant decline in AMU from Q4–2020 to Q1–2022 
(p < 0.001). For each subsequent quarter, the mean mg/
PCU decreased by 10% (95% CI: 7.1–12.0% decline per 
quarter). Finally, there was an increasing trend thereafter, 
with a 4% increase in mean usage per quarter (RR: 1.04; 
95% CI: 1.01–1.06).

A similar pattern was found when the dataset was 
restricted to only herds that were represented in all 
quarters (n = 1140; herds = 57; Fig. S6). The final mul-
tivariable categorical model suggested that AMU was 
significantly lower in Q1–2021 (RR: 0.61; p = 0.021) 
and from Q2–2021 to Q4–2023 (RR range: 0.59–0.45); 
p < 0.020) than in Q2–2020. The predicted mean marginal 
AMU from this model peaked at Q3–2020 at 83.5  mg/
PCU (95% CI: 51.1–116.0) and declined to 37.6 mg/PCU 
(95% CI: 23.0–52.2) at its nadir in Q1–2022.

Fitting a spline model suggested that the first linear 
spline exhibited a significant increasing trend in usage 
(RR: 1.06 per quarter; p = 0.012), followed by a significant 
decline from Q4–2020 to Q1–2022 (RR: 0.89 per quarter; 
p < 0.001), before a nonsignificant trend until Q4–2023 
(RR: 1.04; p = 0.054; Fig. S7).

Adjusted Temporal trend– DDDvet/PCU
The final multivariable model where quarters were fitted 
as categories is presented in Table 2, with broadly simi-
lar trends to those of the mg/PCU model (Fig. 1). There 
was significantly lower mean usage relative to Q3–2020 
from Q2–2022 through Q2–2023 (p < 0.03). However, 
there was no significant difference between Q3 and Q4 
2023 relative to Q3–2022 (p > = 0.06). A linear spline 
model with two knots suggested a nonsignificant increase 
between Q1-2019 and Q2-2020 (RR: 1.04 per quarter; 
P = 0.09), followed by a significant decrease of 7% per 
quarter until Q3-2022 (RR: 0.93 per quarter; P < 0.001), 
and finally a significant increasing trend of 15% per quar-
ter until Q4-2023 (RR: 1.15 per quarter; P < 0.001).

Compositional changes in AMs over time
Using AMU data organised by route of administration 
level, the proportions of administrations among the three 
routes (categorised as oral, parenteral and oral premixes) 
across quarters were analysed via a multivariable multi-
nominal logit regression model. The model predictions 
(Fig. 2) revealed that there was a decrease in the relative 
proportion of premix administrations over time, espe-
cially in 2022, relative to previous years. The relative log 
odds of oral premix administration significantly declined 
in comparison with those of oral administration at the 
base (referent) period (Q2 2019) and Q3 2021 (relative 
risk ratio (RRR): 0.70; p = 0.028) through Q4 2023 (RRR: 
0.58; p < 0.001; Table S3), with all other variables remain-
ing constant in the model. There was also a trend towards 
a reduced relative risk of oral premix use relative to par-
enteral administration between baseline (Q2 2019) and 
Q2 2022–Q4 2023 (RRR < 0.78; p < 0.04).

There was significant variation in the proportion of 
administrative routes used across production types 
(Table S3). Breeder-to-weaner herds had the highest 
probability of oral administration, whereas parenteral 
administration had a higher probability of use in finisher 
herds (Fig. 2). There was less evidence of large variation 
in oral premix use among herd types. The probability 
of parenteral, relative to oral, use in breeder-to-weaner 
herds was significantly lower than that for farrow to fin-
ish units (RRR: 0.62; p = 0.010) but significantly greater 
for finisher herds (RRR: 1.93; P < 0.001; Table S3). The 
proportion of administrations that were premixes, rela-
tive to parenteral, increased with increasing herd-size 
(Fig.  2), though not significantly so ((RRR: 1.27–1.46; 
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P = 0.108–0.278). Compared with parenteral administra-
tions, larger herds tended to have higher relative prob-
abilities of oral use than herds in the first quartile (< 1442 
total animals) of herd size (RRR: 1.53–1.55; P < 0.03; 
Fig. 2).

Similar results were found when the data were fitted 
within a GSEM framework (Supplementary material: Fig. 
S8; Table S4).

Changes in the use of HPCIAs over time
Over the study period, there was a significant decline in 
the use of HPCIAs. The odds of HPCIA use declined by 
an average of 9% per quarter when quarter was treated 
as a linear predictor across the time series (OR: 0.91; 
95% CI: 0.90–0.92; p < 0.001; Fig.  3). A model treating 
the quarter-year as a categorical variable predicted a 
marginal probability high of 52.9% (95% CI: 45.7-60.1%) 
for Q3-2019, which decreased to a low of 21.7% (95% 
CI: 16.9-26.5%) in Q2-2023. A spline model with a knot 
at Q4-2022 suggested that the trend was composed of a 

Fig. 1 Relationship between quarter and the marginal predicted AMU measured as (A) mg/PCU and (B) DDDvet/PCU from a multivariable model con-
trolling for herd type and size. Dashed line: predictions from a linear spline model; points and error bars: predictions from a multivariable categorical GEE 
regression model with associated 95% CIs
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decline of 9.6% per quarter (p < 0.001) from 2019 to 2022, 
and then declining trend of 5.9% per quarter until the end 
of 2023 (p = 0.04; Fig. 3).

Negative trends over time in the probabilities of 
HPCIA use per quarter for each of the 3rd /4th genera-
tion cephalosporin, fluoroquinolone families, and also 
macrolides were found (Fig. 4). The 3rd /4th generation 
cephalosporin usage declined significantly, by an aver-
age of 12% per quarter (OR: 0.88 per quarter; 95% CI: 
0.85–0.92; p < 0.001). The categorical model suggested 

a significant decline in the probability of use from 
Q3–2021 onwards relative to the peak usage probability 
from Q2–2021 (p < 0.05). Multivariable models for fluo-
roquinolones (OR: 0.91 per quarter; 95% CI: 0.90–0.92; 
p < 0.001) and macrolides (OR: 0.96 per quarter; 95% 
CI: 0.96–0.98; p < 0.001) showed significant negative lin-
ear trends in usage odds of 9% per quarter and 4% per 
quarter, respectively. For fluoroquinolones, a signifi-
cantly lower probability of use occurred from Q4–2020 
to Q4–2023 compared to Q4–2019 (OR: 0.74–0.20; 
P < 0.05). For macrolides, a significantly lower probabil-
ity of use relative to the peak (Q3-2019) occurred from 
Q3–2021 to Q4–2023 (p < 0.02), with the exception of 
Q3–2023, which was not distinguishable from Q3–2019 
(OR: 0.75; 95% CI: 0.50–1.14; p = 0.177) (Table 3).

Discussion
The present study is the first analysis of AMU data from 
the NAMUD for pigs and demonstrates that there has 
been significant variation in AMU over time in pig herds 
in Ireland and, most importantly, that there has been a 
quantifiable decline in AMU in response to policy change 
and programs aimed at reducing AMU usage as part of 
a broader One Health initiative. The paper also shows 
how there has been a change in the administration routes 
of AMs over time, again in response to policy changes. 
The data presented clearly provide evidence for action 
for stakeholders to continue reducing AMU. Despite the 
overall positive picture, there was evidence to suggest an 
increasing trends in overall usage in the final year of the 
time-series, coinciding with the ban on the use of high-
dose zinc oxide in pig diets within the EU.

The models demonstrated a significant decline in 
AMU, with an inflection point occurring approximately 
in quarter 3, 2020, and significant reductions for each 
subsequent quarter until mid-2022. This reduction 
coincided with policies brought forward from Ireland’s 
National Action Plan on AMR (iNAP; gov.ie - Antimi-
crobial Resistance (AMR) (www.gov.ie)). These improve-
ments mirror progress made elsewhere in the European 
pig sector [34, 35] and trends reported elsewhere at the 
national level, such as in the UK [8]. Furthermore, there 
was a significant decline in the use of oral premixes rel-
ative to oral administration in Q1 and Q2 of 2022. The 
overall reduction in AMU and reduction in oral premix 
use are linked. Prior to the implementation of the EU reg-
ulations in 2022, routine prophylactic use of medicated 
feed accounted for the majority of AMU within the sector 
[13, 19]. Since the implementation of these regulations, 
prophylactic AMU is no longer permitted, and metaphy-
lactic AMU is no longer allowed without sufficient jus-
tification. While these restrictions do not prevent AMU 
per se, they present an increased administrative burden, 
and as a result, veterinarians and farmers have had to 

Table 2 Generalised estimating equation model of the AMU 
Mg/PCU and DDDvet/PCU variation in pig herds in Ireland 
across the year quarters over the study period (2019–2023); 
distribution = gamma; link function = log

mg/PCU DDDvet/PCU
EXP(β)1 (95% 
CI)

p value EXP(β)1 (95% 
CI)

p 
value

Year-quarter
2019-1 0.92 (0.66–1.28) 0.616 0.72 (0.5–1.05) 0.091
2019-2 0.88 (0.63–1.23) 0.440 0.7 (0.48–1.01) 0.060
2019-3 0.89 (0.63–1.24) 0.475 0.92 (0.63–1.33) 0.654
2019-4 0.88 (0.64–1.21) 0.424 0.83 (0.58–1.18) 0.294
2020-1 0.9 (0.69–1.17) 0.440 0.81 (0.61–1.09) 0.168
2020-2 0.9 (0.69–1.17) 0.429 0.81 (0.6–1.09) 0.160
2020-3 (Referent)
2020-4 0.89 (0.69–1.16) 0.403 0.82 (0.61–1.1) 0.176
2021-1 0.8 (0.62–1.05) 0.105 0.77 (0.58–1.03) 0.083
2021-2 0.77 (0.59–0.99) 0.043 0.72 (0.54–0.95) 0.023
2021-3 0.7 (0.54–0.9) 0.006 0.67 (0.5–0.89) 0.006
2021-4 0.57 (0.44–0.74) < 0.001 0.54 (0.4–0.71) < 0.001
2022-1 0.55 (0.42–0.7) < 0.001 0.55 (0.41–0.73) < 0.001
2022-2 0.58 (0.45–0.76) < 0.001 0.54 (0.41–0.72) < 0.001
2022-3 0.51 (0.39–0.66) < 0.001 0.44 (0.33–0.6) < 0.001
2022-4 0.6 (0.46–0.79) < 0.001 0.52 (0.38–0.7) < 0.001
2023-1 0.53 (0.41–0.69) < 0.001 0.5 (0.37–0.67) < 0.001
2023-2 0.61 (0.46–0.79) < 0.001 0.66 (0.49–0.9) 0.008
2023-3 0.7 (0.53–0.91) 0.009 0.77 (0.57–1.04) 0.091
2023-4 0.75 (0.57 - NA) 0.039 0.74 (0.55–1.01) 0.060
Herd type
Breeder to 
Weaner unit 
(Ref.)
Farrow-to-finish 0.64 (0.38–1.09) 0.099 0.25 (0.15–0.43) < 0.001
Finisher/fatten-
ing unit

0.31 (0.18–0.53) < 0.001 0.12 (0.07–0.2) < 0.001

Other 0.44 (0.15–1.3) 0.136 0.16 (0.05–0.5) 0.001
Herd size quar-
tiles (range)
1 (< 1442; Ref.)
2 (1442–3157) 1.07 (0.86–1.34) 0.529 1.04 (0.82–1.32) 0.744
3 (3158–6006) 1.06 (0.82–1.38) 0.650 0.84 (0.64–1.11) 0.231
4 (6001–23056) 1.08 (0.79–1.48) 0.611 0.91 (0.65–1.27) 0.572
Constant 166.12 

(100.07–275.78)
< 0.001 32.28 

(19.2–54.27)
< 0.001

1 exponentiated coefficients are relative ratios (RR)

http://www.gov.ie
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adapt their respective prescribing and AMU practices, 
especially with regard to the use of oral premixes in 
medicated feed. Indeed, differences in regulatory, admin-
istrative and practical workloads were suggested as an 
explanation for the observation that farms that mill their 
own feed (and thus have relatively restricted access to 
medicated feed) had lower AMU than farms that sourced 
their feed from commercial mills [36]. However, the 
fact that AMU began to decrease 18 months before the 
implementation of the new EU regulations suggests that 
farmers and veterinarians began preparing for the new 
regulatory environment well in advance, or may reflect a 
growing awareness of the importance of AMR and bet-
ter antimicrobial stewardship within the sector. On the 
other hand, the declining trend in AMU reversed from 
mid-2022 onwards, coinciding with the EU-wide ban on 
therapeutic use of ZnO in pig diets. Previously zinc oxide 
was widely used on Irish pig farms [35], as it was in other 

pig producing countries [36], to control post weaning 
diarrhoea. The increase in AMU observed after its prohi-
bition may be due to the use of antimicrobials as an alter-
native control strategy and other countries have reported 
increased AMU (e.g., Denmark, and UK) in their respec-
tive pig sectors since 2022. However, previous research 
found no association between zinc oxide and AMU [37]. 
Further research would be required to verify whether the 
increased population-level usage was related to the ZnO 
ban, and it should be noted that AMU levels in 2023 were 
still below the peak observed in Q3 of 2020.

The analysis presented here also revealed a significant 
reduction in the use of HPCIAs. In contrast with the 
overall AMU pattern, there was a more gradual and sus-
tained linear reduction from at least Q3 2019. Current 
policy guidelines in Ireland state that HPCIAs, which 
include fluoroquinolones, 3rd−/4th -generation cephalo-
sporins, macrolides and colistin, should not be used as 

Fig. 2 Predicted marginal probabilities from a multinomial logit model of the administration (oral, parenteral, or oral premix) of AMs across year quarters 
for different pig herd types (farrow-to-finish (farrow), breeder-to-weaner (breed), finisher/fattening unit (finish) and other, and herd size (quartiles)
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first-line treatments in animals [38] and should be used 
only in exceptional cases after culture and susceptibil-
ity testing are completed. Increasing awareness of the 
importance of better antimicrobial stewardship among 
farmers and adherence to these guidelines may explain 
the decreasing trends observed in this study.

Herd size was not associated with AMU in this study. 
While other studies have reported positive associations 
between herd size and AMU [39, 40], the findings here 
are in agreement with a previous study on Irish pig farms 
[34] and elsewhere [37]. Herd type was associated with 
AMU in this study. There was lower AMU associated 
with finishing herds compared to farrow-to-finish herds 
or breeder-to-weaner farms. Higher AMU levels were 
observed on breeder-to-weaner units than on farrow-
to-finish units, although not significantly different using 
the mg/PCU metric (p = 0.099). This may be explained, in 
part, by the difference in denominators: since the former 
category moves pigs off the farm at an earlier age, the 
denominator for pigs moving off the farm is lower (25 kg 
vs. 65  kg) and hence the AMU is higher. Higher AMU 
on farrow-to-finish and breeder-to-weaner farms than 
on finisher farms was an expected finding in this study 
and was also reported in a Swiss study (Echtermann et al., 
2019). This can be explained by the greater use of AMs 
during the weaner stages. While accurate attribution to 
the stage of production is not possible with these data, 
a previous study showed that 69.7% of all AMs used on 
Irish pig farms were administered to weaner pigs (O’Neill 
et al., 2020a), which is consistent with findings in Europe 
and worldwide (use DANMAP, SDa, Sjollund, and [41, 
42]. On the other hand, finisher farms receive pigs after 
the weaning stage and thus are less likely to receive 

antimicrobial agents. Notably, in the Irish pig sector, fin-
isher units are usually linked to a single breeder unit and 
thus do not mix pigs from different sources, a practice 
that has been associated with higher AMU in finisher 
pigs in other studies [35, 39, 43].

Limitations
The present study relied on self-reported data from herd 
owners/keepers, which may be prone to error and poten-
tially to reporting, or other unknown, bias.Another limi-
tation was the changing population encompassed within 
the dataset over time. Early in the study, corresponding 
with the establishment phase of the quality scheme, the 
population was smaller and may not have fully repre-
sented the totality of the target population (commercial 
pig herds), although with increasing participation, the 
dataset would have become more representative over 
time. However, there was a slight decline in the number 
of herds submitting data towards the end of the time 
series. While we do not know why some herds were 
missing data submissions, we speculate that this could 
relate to lags in data capture and submission, reviews 
and updates of data, and because of any reviews arising 
from scheduled and unscheduled audits undertaken as 
part of the quality scheme. The additional model focus-
ing on herds that participated throughout the study also 
allowed us to assess the trends for this cohort with a full 
time series.

This study used two indicators of AMU for the purpose 
of analysis. The use of different indicators can hamper 
comparisons between countries (or studies) which use 
their own defined AMU indicators (e.g., Denmark [6], 
or the Netherlands [9]. The mg/PCU (which is the actual 
metric used by NAMUD) and the DDDvet/PCU were 
chosen as these are the metrics defined by the EMA. The 
mg/PCU is currently used in the EMA’s European Sur-
veillance Veterinary Antimicrobial Consumption reports 
[20] and by the electronic Medicines Database for pigs in 
the UK [44]. A major limitation of the mg/PCU is that it 
does not account for differences in potency between anti-
microbials which is problematic if large number of farms 
are using highly potent drugs such as fluoroquinolones, 
cephalosporins or long-acting macrolides. Using a dose-
based metric such as the DDDvet/PCU, likely to be used 
by the EMA once species-specific AMU data becomes 
available [17], can overcome this limitation. Nevertheless, 
the results for both indicators were remarkably similar 
which is in agreement with other studies in this field [45]. 
Detailed information on the length of production stages 
and accurate data on when AMs were administered were 
not available to this study, and therefore classical therapy 
incidence metrics (e.g. treatment incidence; [46]) could 
not be computed. Similarly, detailed data on the indica-
tions for use are not recorded by NAMUD. Such metrics 

Fig. 3 Predicted probability that an HPCIA is used per quarter from a lo-
gistic population-averaged mixed effect model. The solid connected line 
represents the predictions from a model where time is fitted as a categori-
cal variable, with associated 95% CI spikes. The dashed line is the marginal 
prediction from the linear spline model with two knots, adjusted for pro-
duction type and herd size; the transparent green range is the 95% CI for 
the spline prediction
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Fig. 4 Predicted probabilities from separate logistic regression models for the use per quarter of HPCIAs − 3rd /4th generation cephalosporins, fluoro-
quinolones, and macrolides
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would be very valuable from an epidemiological perspec-
tive, and are available to other, longer established moni-
toring programmes (SDa [35]). While this represents a 
potential point of improvement for the NAMUD project, 
the results presented demonstrate its importance and 
usefulness in monitoring and benchmarking AMU in 
Irish pig farming.

Conclusions
This exploration of AMU in pigs in Ireland revealed sig-
nificant reductions in overall use from 2019 to 2022, but 
signs of an increasing trend in 2023, which coincides 
with national-level One Health policy and international 
bans. The use of HPCIAs has also declined over the 
study period. Additionally, there was evidence of a sig-
nificant decline in the use of oral premixes, coinciding 
with policy change. Herd production practices appear to 

be associated with AMU. These data are important for 
tracking the impact of national policies to reduce AMU 
in pig farming. Future longitudinal analysis of monitor-
ing data will be needed to ensure that positive outcomes 
accrue and to understand whether/how these changes 
ultimately impact the emergence, dissemination and 
maintenance of AMR on Irish pig farms [47].
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AMR  Antimicrobial resistance
AMU  Antimicrobial usage
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GEE  Generalised estimating equation
HPCIA  High priority critically important antimicrobial
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Table 3 Models fitting the probability of use per herd quarter of a HPCIA 3rd /4th generation cephalosporins. Notably, cephalosporins 
were not used in “other” production types and were therefore omitted from the final model

a.      Pr(macrolide use/quarter) b.     Pr(fluoroquinolone use/
quarter)

c.      Pr(cephalosporin use/
quarter)

EXP(β) (95% CI) p value EXP(β) (95% CI) p value EXP(β) (95% CI) p value
Year-quarter
2019-1 0.878 (0.551-1.400) 0.585 0.975 (0.650–1.464) 0.904 0.932 (0.389–2.234) 0.874
2019-2 0.909 (0.57–1.447) 0.686 0.813 (0.542–1.219) 0.316 ref (-)
2019-3 ref (-) 0.97 (0.648–1.453) 0.882 0.898 (0.372–2.168) 0.810
2019-4 0.990 (0.636–1.543) 0.966 ref (-) 0.776 (0.323–1.865) 0.571
2020-1 0.791 (0.528–1.186) 0.257 0.899 (0.637–1.267) 0.542 0.624 (0.279–1.395) 0.251
2020-2 0.788 (0.526–1.182) 0.250 0.757 (0.537–1.068) 0.113 0.685 (0.31–1.513) 0.350
2020-3 0.740 (0.491–1.113) 0.148 0.735 (0.520–1.038) 0.080 0.665 (0.3-1.477) 0.316
2020-4 0.769 (0.512–1.153) 0.203 0.706 (0.500-0.996) 0.047 0.588 (0.262–1.319) 0.198
2021-1 0.670 (0.445–1.009) 0.055 0.643 (0.456–0.905) 0.011 0.476 (0.206–1.099) 0.082
2021-2 0.671 (0.447–1.006) 0.054 0.684 (0.487–0.960) 0.028 0.43 (0.184–1.009) 0.052
2021-3 0.516 (0.340–0.782) 0.002 0.577 (0.411–0.810) 0.002 0.416 (0.178–0.972) 0.043
2021-4 0.608 (0.404–0.915) 0.017 0.585 (0.417–0.822) 0.002 0.414 (0.177–0.966) 0.041
2022-1 0.637 (0.425–0.955) 0.029 0.504 (0.359–0.708) < 0.001 0.316 (0.129–0.776) 0.012
2022-2 0.484 (0.316–0.741) 0.001 0.305 (0.214–0.435) < 0.001 0.046 (0.007–0.319) 0.002
2022-3 0.531 (0.347–0.814) 0.004 0.266 (0.185–0.383) < 0.001 0.145 (0.043–0.491) 0.002
2022-4 0.450 (0.289-0.700) < 0.001 0.205 (0.140–0.298) < 0.001 0.13 (0.035–0.475) 0.002
2024-1 0.439 (0.283–0.682) < 0.001 0.268 (0.186–0.385) < 0.001 0.129 (0.036–0.459) 0.002
2024-2 0.585 (0.382–0.896) 0.014 0.225 (0.155–0.327) < 0.001 0.137 (0.038–0.49) 0.002
2024-3 0.751 (0.496–1.138) 0.177 0.306 (0.213–0.441) < 0.001 0.077 (0.015–0.397) 0.002
2024-4 0.586 (0.379–0.906) 0.016 0.226 (0.154–0.331) < 0.001 0.09 (0.019–0.435) 0.003
Herd type
Farrow-to-finish (Ref.) ref (-) ref (-) ref (-)
Breeder to Weaner unit 1.059 (0.532–2.109) 0.871 1.669 (0.956–2.913) 0.072 1.791 (0.578–5.551) 0.313
Finisher/fattening unit 0.364 (0.218–0.606) < 0.001 0.205 (0.136–0.309) < 0.001 0.195 (0.059–0.647) 0.008
Other 0.549 (0.126–2.395) 0.425 0.525 (0.169–1.636) 0.267 no obs. (-)
Herd size quartiles (size range)
1 (< 1442; Ref.) ref (-) ref (-) ref (-)
2 (1442–3157) 1.314 (0.944–1.828) 0.105 1.506 (1.153–1.967) 0.003 1.009 (0.407–2.498) 0.985
3 (3158–6006) 2.033 (1.421–2.909) < 0.001 1.939 (1.434–2.621) < 0.001 3.658 (1.595–8.387) 0.002
4 (6001–23056) 1.946 (1.283–2.951) 0.002 2.317 (1.628–3.298) < 0.001 4.025 (1.676–9.667) 0.002
Constant 0.293 (0.181–0.472) < 0.001 1.026 (0.688–1.531) 0.898 0.049 (0.019–0.132) < 0.001
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