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Abstract
Background  Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) continues to impose significant 
economic losses on pig production globally. In Costa Rica, where the virus is endemic, there is limited knowledge of 
the farm-level risk factors influencing PRRSV spread. This study aimed to identify biosecurity factors associated with 
PRRSV seroprevalence in Costa Rican pig farms.

Methods  A cross-sectional survey was conducted on 21 pig farms across Costa Rica. Data on farm management and 
biosecurity practices were collected using a structured questionnaire and linked to PRRSV seroprevalence data from 
a companion study. Logistic regression, and machine learning methods like LASSO (Least Absolute Shrinkage and 
Selection Operator), and Random Forest models were used to identify significant risk factors associated with herd-
level PRRSV positivity.

Results  Three key risk factors were consistently identified by both LASSO and Random Forest models: historical 
controlled exposure to PRRSV, restrictions on employee access to the farm, and restrictions on employee visits to 
other pig farms. Additional risk factors identified included topography, disinfection practices for transport vehicles, 
sanitation measures for visitors, boot and clothing protocols, and feedback procedures. Farms with a history of 
controlled exposure had an odds ratio of 90 (95% CI: 7.6–3,550) for being PRRSV-positive.

Conclusion  The findings underscore the importance of internal and external biosecurity measures, particularly 
in relation to personnel movement and intentional exposure practices. Modeling approaches such as LASSO and 
Random Forest provided complementary insights into PRRSV risk factors in a tropical production setting. These 
insights can guide tailored interventions to reduce PRRSV transmission in Costa Rica and similar regions.

Keywords  PRRSV, Biosecurity, Pig farms, Costa Rica, LASSO, Random Forest, Seroprevalence, Controlled exposure, Risk 
factors, Machine learning

Uncovering biosecurity gaps: risk factors 
for PRRSV seropositivity in Costa Rican pig 
farms identified through machine learning
Ronald Meléndez-Arce1,2, Emily Jiménez-Loaiza3, Berta Leiva-Bonilla4, Juan Carlos Venegas-Soto4,  
Milania Rocha-Palma5, Arie Van Nes1*, Arjan Stegeman1, Hans Vernooij1 and Juan José Romero-Zúñiga2

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
https://doi.org/10.1186/s40813-026-00495-4
http://crossmark.crossref.org/dialog/?doi=10.1186/s40813-026-00495-4&domain=pdf&date_stamp=2026-3-4


Page 2 of 6Meléndez-Arce et al. Porcine Health Management           (2026) 12:16 

Background
Porcine reproductive and respiratory syndrome (PRRS) 
was first reported in the United States (USA) in 1987 [1] 
and in Europe in 1990 [2]. Since then, the disease has 
spread widely across in many pig-producing countries, 
affecting both reproduction and respiratory health in 
pigs [3, 4]. Porcine Reproductive and Respiratory Syn-
drome Virus (PRRSV), the causative agent, is considered 
one of the most economically significant pathogens in pig 
farming globally. In the United States alone, annual losses 
to PRRS were estimated at $664 million in 2013, rising 
$1.2 billion by 2024 [5]. In Costa Rica, there is no esti-
mate of the real costs, but a model predicted the costs to 
be US$240 - US $890 per sow for a farrow-to-finish farm 
with PRRS-low, medium and high scenarios [6].

Given the high economic impact, preventing PRRSV-
infection is of paramount importance. This can be 
achieved through a combination of vaccination and 
enhanced biosecurity measures [7]. While vaccination 
helps to reduce viraemia and clinical signs [8], biosecurity 
measures include several actions applied in animal health 
to prevent introduction and spread (external) and within 
transmission (internal) of infectious diseases. Enhancing 
both biosecurity measures may be done by limiting both 
direct and indirect contacts between pigs.

In Costa Rica, PRRSV was first reported in 1996 [9] and 
has since had a major impact on the national pig indus-
try, causing reproductive failures and respiratory illness 
[10]. A recent study reported a PRRSV seroprevalence of 
44% in Costa Rican farms [11], consistent with findings 
from other regions in Latin America [12]. Controlling 
PRRSV remains one of the key challenges in Costa Rican 
pig production. Understanding and managing risk factors 
associated with virus introduction (external biosecurity) 
[13], and within-farm transmission (internal biosecurity) 
are crucial for effective control and prevention [14, 15]. 
Several studies have identified important risk factors for 
PRRSV infection [13–15], including importation of live 
pigs or semen, movement of people, contaminated cloth-
ing and boots, shared needles, insect vectors (mosqui-
toes/flies), transport vehicles and aerosol transmission. 
However, it remains unclear to what extent these risk 

factors are relevant for Costa Rican farms compared to 
those in the US or Europe.

This study aimed to investigate the association between 
PRRSV-infection herd status and both external and inter-
nal biosecurity risk factors on pig farms in Costa Rica. 
The findings are expected to benefit not only Costa Rican 
producers, but also pig producers in other tropical and 
subtropical countries seeking to control PRRSV more 
effectively.

Methods
Study design and population
The total number of farms in Costa Rica affiliated to the 
National Chamber of Pig Farmers is 87. A cross-sectional 
study was conducted on 21 farrow-to-finish pig farms 
across the country, selected based on stratified sampling 
regarding herd size using the nationwide SIREA system 
(Integrated System of Registration of Agricultural Estab-
lishments) of the National Service of Animal Health 
and on willingness. All participating farms included the 
three production phases: breeding, weaning, and grow-
ing/finishing and maintained reproductive and produc-
tion records. Farms were stratified by herd size: Stratum 
1 (large farms > 500 sows) and Stratum 2 (small farms, 
≤ 500 sows). The geographical distribution of sampled 
farms across the country’s provinces is presented in 
Table 1.

Within-herd prevalence
The within-herd seroprevalence data used for this study 
was derived from a previously published survey [11]. In 
summary, 50–60 blood samples per farm were taken from 
8–12-week-old piglets and of own replacement gilts, 
accounting for detecting 5% within herd prevalence with 
95% confidence level. A farm was classified as PRRSV-
positive if at least one sampled animal tested positive by 
[ELISA/PCR], regardless of age group or location within 
the herd. There was one farm with one positive sample, 
which was also positive in the retest. 52% of the farms 
(11/21) tested seropositive for PRRSV, with positive cases 
found in six of Costa Rica’s seven provinces.

Questionnaire
A structured questionnaire based on the PADRAP tool 
(Production Animal Disease Risk Assessment Program) 
[16] was adjusted to the Costa Rican pig production con-
text. The modified version included 155 questions: 31 
addressing internal risk factors (IR) and 124 addressing 
external risk factors (ER) [17]. Variables were grouped 
into risk categories according to their relevance to 
PRRSV introduction and spread (Supplementary Mate-
rial, Table 1). All data collectors (4 veterinarians, some-
times supported by an assistant) received standardized 
training in interviewing techniques, auditing and data 

Table 1  Distribution of sampled farms by stratum and province 
in Costa Rica
Province Stratum 1 Stratum 2
San José 0 3

Alajuela 2 5

Heredia 0 1

Cartago 1 1

Limón 4 1

Guanacaste 0 1

Puntarenas 0 2
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quality assurance. After completion, questionnaires were 
reviewed for completeness and clarity. In case of incon-
sistencies or missing information, data were verified and 
corrected via phone calls, e-mails, or follow-up farm 
visits.

Statistical analysis
The dependent variable was farm PRRSV serostatus, 
coded as binary: 1 = seropositive or 0 = seronegative. 
Numerical responses were categorized when exact val-
ues were unavailable (e.g., responses such as “greater than 
…”) or dichotomized using the median (low versus high).

Categories of categorical variables were merged when 
some levels contained few or no positive or negative 
cases, which could compromise statistical power and 
model stability, as shown in Supplementary Material, 
Table 2.

The association between biosecurity variables and 
PRRSV status was assessed in two steps. Firstly, univari-
able binary logistic regression was used to estimate odds 
ratios (OR) with 95% confidence interval [18]. Firth’s cor-
rection was applied when zero-cell counts were encoun-
tered. Secondly, based on the lowest AIC from the 
univariable models, 36 plausible variables were selected 
for multivariable models. These included a Random For-
est model for classification [19, 20] and a Least Absolute 
Shrinkage and Selection Operator (LASSO) model using 
the glmnet package [21–23]. Both models are machine 
learning models and use regression by decreasing the 
variance to find an association between the dependent 
and independent variables. The factors that emerge from 
the models are not by default significant but may show 
some biological or clinical importance to the outcome. 
For the LASSO model [24], 10-fold cross-validation 
identified an optimal lambda value of 0.026, correspond-
ing to the model with the lowest deviance. All analyses 
were performed in statistical package R version 4.2.3 [25]. 
Extra information on Random Forest and LASSO model 
is given in supplementary file “Statistics”.

Results
Of the 226 variables analyzed, 36 were identified as 
promising based on their contribution to model perfor-
mance. These variables either reduced the overall AIC or, 
if removed resulted in a higher AIC, indicating their sig-
nificance in explaining variation in the dependent vari-
able (Supplementary Material, Table 2).

Combined modeling using Random Forest and LASSO 
selected three risk factors associated with PRRSV posi-
tivity status (Table  2), two associated with internal and 
one associated with external biosecurity. Farms with a 
history of controlled (intentional) exposure of PRRSV 
had a higher risk of testing positive (OR = 91% CI: 7.6–
3547). Conversely, farms requiring a change of clothing 

and boots between sites tended to have a lower risk 
(OR = 0.11, 95% CI: 0.00-1.04). Unexpectedly, farms with-
out restrictions on employee had a lower risk (OR = 0.04, 
95% CI: 0.00-0.41) compared to those imposing restric-
tions after specific hours.

Random Forest identified three additional variables 
as important: sanitation measures for employees and 
visitors entering the site, the farm’s topography (physical 
landscape), and the type of disinfectant used on vehicles 
transporting breeding animals. LASSO, on the other 
hand, identified several other potentially relevant fac-
tors, including clothing and boot protocols, the sow-to-
employee ratio, the practice of feedback (feeding tissues 
from deceased pigs to stimulate immunity) prior intro-
duction, and restrictions on employees visiting other 
swine farms.

Some variables, such as prior PRRSV status and sow-
to-employee ratio, remained in the LASSO model despite 
confidence intervals including 1, as these still contributed 
to the overall model performance.

Discussion
In this study, we identified three risk factors in Costa Rica 
that were significantly associated with the prevalence 
of PRRSV on farrow-to-finish pig farms: historical con-
trolled exposure, sanitation before human entries, and 
topography of the area. Both historical controlled expo-
sure and feedback practices before entry demonstrate 
that intentional pathogen introduction - even under con-
trolled conditions - increases the risk of PRRSV positiv-
ity. These practices involve exposing herds or individual 
animals to the pathogen in a controlled manner, often 
using feedback materials such as infected tissues or flu-
ids [26], with the aim to stimulate the animal’s immune 
systems and induce immunity without causing severe 
disease [27]. This approach carries inherent risks. The 
virus could spread beyond the intended group of ani-
mals, potentially leading to larger outbreaks, as reported 
in Korea and Japan for PEDv [28, 29]. Breaches in bios-
ecurity measures or unforeseen environmental factors 
can exacerbate this risk. Furthermore, feedback practices 
may promote the co-circulation of multiple viral strains 
on a farm, particularly given PRRSV’s high mutation rate 
and genetic variability [30].

This was an observational study, and certain biosecu-
rity-related factors, such as restrictions on employee 
movement between sites, were paradoxically associated 
with PRRSV seropositivity. This may reflect a response 
to prior outbreaks, where stricter biosecurity protocols 
were implemented after infection occurred. Nonetheless, 
limiting the movement of personnel between different 
sites remains critical to reduce the risk of inadvertently 
carrying the virus from one location to another [31]. 
In addition, our findings underscore the importance 
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Variable Herd status for 
PRRSv

OR 95% CI

positive
(n = 11)

nega-
tive
(n = 10)

LL UL

Selection by LASSO and Random Forest
Historical controlled exposure

  No 1 9 Ref. - -

  Yes 10 1 90.02 7.59 3547.50

Employee restrictions on visits to other swine production facilities

  No restrictions 6 2 Ref. - -

  Not Applicable (farm has no employees) 1 0 1.15 0.03 35.86

  Visits to other swine farms are restricted 4 8 0.17 0.02 1.10

Restrictions on employee access to the site

  Restricted after-hours only 10 2 Ref. - -

  Always restricted 0 3 0.03 0.00 6.05

  Not restricted 1 5 0.04 0.00 0.41

Selection only by Random Forest
Sanitation procedure for employees and visitors entering the site

  Unrestricted entry 7 2 Ref. - -

  One or more restrictions 4 8 0.14 0.02 0.91

Topography at the site

  Flat 2 7 Ref. - -

  Hills or mountains 9 3 10.49 1.57 105.00

Disinfectant use on vehicles used to transport genetic animals

  Hypochlorite (Clorox, Halazone, Chloramine-T) or peroxygen (Virkon) used 0 2 Ref. - -

  Iodine (Wescodyne, Premise, Iofec, Iosdyn, Losan), or quaternary ammonium combinations (Synergize, 
Aseptol) used

0 2 1.01 0.00 73.24

  No disinfectant used or unknown 2 3 3.63 0.12 111.68

  Not Applicable (Select if vehicle used to transport animals is dedicated to this site) 3 0 35.04 0.48 2435.04

  Phenol-based compound (BioPhene, Environ, Tek-Trol, Laro, Lysol) or aldehydes (DC&R, Cidex, Formaldegen) 
used

1 0 15.02 0.19 1236.03

  Quaternary ammonium used (Roccal, Germex, Zephiran, Hi-Lethol, BioSentry) 5 3 7.90 0.27 217.08

Selection only by LASSO
Boot and clothing restrictions between sites

  No requirements 7 4 Ref. - -

  Required to change boots but not clothing 3 1 1.71 0.15 41.39

  Required to change clothing and boots 1 5 0.11 0.01 1.04

Feedback prior to entry

  All sites naive, negative, or unknown/not positive 6 9 Ref. - -

  Positive stable, or active 5 1 7.50 0.69 81.24

Breeding females per on-site employee

  2.9–58.0 7 4 Ref. - -

  58.1–167.0 3 7 4.08 0.70 29.08

Association of herd status with other PRRSV measurements
PRRSV status, perception of the owner

  Naive-entire herd never exposed 1 7 Ref. - -

  Negative but not naive (contains exposed animals) 1 2 3.50 0.11 123.60

  Positive stable, or active 9 1 62.99 5.08 2525.01

Time since the most recent PRRSV clinical outbreak

  Never 2 9 Ref. - -

  Sometime ago 9 1 40.49 4.34 1037.95

N° of clinical outbreaks last 1 year

Table 2  Estimated odds ratios and 95% confidence intervals for positive PRRSV herd status, based on risk factors selected by Random 
Forest and LASSO models
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of implementing robust biosecurity measures, such as 
changing clothing and footwear and showering, and dis-
infectant use of vehicles, to prevent the transmission of 
pathogens between different production sites and other 
external sources [32]. Strategies to mitigate these risk 
factors include enforcing stricter biosecurity protocols, 
optimizing animal-to-staff ratios, and strengthening 
communication channels for dissemination of informa-
tion on disease prevention and control [14].

Although hills and mountains can act as natural barri-
ers and are often assumed to reduce the risk of PRRSV 
infection in pig herds, our study found that the probabil-
ity of infection was higher for farms located in mountain-
ous terrain. A previous study also associated increased 
risk of infection with the premontane forest ecozone [33]. 
This may be due to the more humid environment found 
in such areas, which could favor viral transmission or 
persistence. A key limitation of this study is the relatively 
small number of farms included in the modelling. Even 
though these were 21 of all 87 commercial farrow-to-fin-
ish farms in Costa Rica, this limits the generalizability of 
the results to the broader pig farming population.

To understand and predict PRRSV risk, we used two 
machine learning models with different algorithms: the 
Random Forest model and the LASSO model. Both mod-
els indicate possible associations, which can be used to 
generate hypotheses. The strength of the Random Forest 
model lies in its ability to handle complex interactions 
and non-linear relationships [18] and is well-suited for 
classification tasks. However, it may highlight variables 
that, while influential, are not necessarily emphasized 
in more parsimonious models. In contrast, the LASSO 
model focuses on identifying the most statistically signifi-
cant predictors by applying regularization, thereby nar-
rowing the analysis to key risk factors such as historically 
controlled exposure, employee visit restrictions, and site 
access restrictions. While LASSO offers a more simpli-
fied and interpretable set of predictors, it may overlook 
other potentially influential factors captured by the Ran-
dom Forest model.

In summary, both models offer distinct advantages and 
limitations. The Random Forest model provides a com-
prehensive perspective by incorporating a broad range of 
variables, while the LASSO model narrows the focus to 

the most critical risk factors, enhancing interpretability. 
Integrating insights from both approaches can support 
the development of more targeted and effective strategies 
for PRRSV control.
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