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Abstract 1 

Translating basic pain research from rodents to humans has proven to be a challenging task. Efforts have 2 
been made to develop preclinical large animal models of pain, such as the pig. However, no consistent 3 
overview and comparison of pig models of pain are currently available. Therefore, in this review, our 4 
primary aim was to identify the available pig models in pain research and compare these models in terms of 5 
intensity and duration. Firstly, we systematically searched Proquest, Scopus and Web of Science and 6 
compared the duration for which the pigs were significantly sensitized as well as the intensity of mechanical 7 
sensitization. We searched models within the specific field of pain and adjacent fields in which pain 8 
induction or assessment is relevant, such as pig production. Secondly, we compared assessment 9 
methodologies in surrogate pain models in humans and pigs to identify areas of overlap and possible 10 
improvement. Based on the literature search, 23 types of porcine pain models were identified; 13 of which 11 
could be compared quantitatively. The induced sensitization lasted from hours to months and intensities 12 
ranged from insignificant to the maximum attainable. We also found a near to complete overlap of 13 
assessment methodologies between human and pig models within the area of peripheral neurophysiology, 14 
which allows for direct comparison of results obtained in the two species. In spite of this overlap, further 15 
development of pain assessment methodologies is still needed. We suggest that central nervous system 16 
electrophysiology, such as electroencephalography, electrocorticography or intracortical recordings, may 17 
pave the way for future objective pain assessment. 18 

Introduction 19 

Chronic pain affects the lives of approximately 20% of the population, their family members and society1–3. 20 
Yet no adequate treatment is available and it is common practice to relieve pain symptoms with 21 
pharmacological agents1. Developing an effective and valid translational animal model of pain is a 22 
challenging task, and pharmaceutical trials often fail translating promising results from rodents to humans4–23 
7. Differences in the pain system of rodents and humans are believed to contribute to these failures4,5.24 
Based on the subjective nature of pain8, higher order cortical processing is required for pain perception, 25 
and individual context and social interaction are critically modulating the subjective pain experience. 26 
Therefore, the assessment of pain experience in humans is often based on patient-reported outcomes. The 27 
experienced pain intensity is typically tested using a numerical or visual analog scale, while the intensity, 28 
location and the quality of the pain sensation can be assessed with the McGill pain questionnaire9. Pain 29 
assessment in animals predominantly consists of testing stimulus-evoked nociception or nocifensive 30 
behavior rather than spontaneous pain-related behavior5,7,10. 31 

32 
For a translational pain model to be valid, it must to some extent replicate the pathophysiological and 33 

psychological characteristics of the human disease and it should be able to predict the effectivity of 34 
potential treatments10. These aims are challenging as psychological characteristics are hard to translate and 35 
the pathophysiology of human chronic pain conditions is unknown, with no consensus on where in the 36 
neuraxis the critical changes occur11. However, animal models ꟷ rodent models in particular ꟷ have 37 
successfully helped to unravel the molecular mechanisms and circuits of pain processing12–17. Therefore, 38 
improving translation from animal models to humans by selecting suitable approaches for each individual 39 
question, while taking into account the limitations of each model, seems to be the way forward. 40 

41 
In rodents, a variety of pain models are well established and characterized5,14–20. Moreover, genetic 42 

modification allows for unique mechanistic studies21 and new test paradigms such as place preference 43 
tests, pain-depressed operant behavior or facial expression22 are constantly developed to improve 44 
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translatability. However, there are limitations related to species differences particularly in the central 1 
nervous system23, the skin structure24, the lack of naturally occurring chronic pain conditions and the 2 
limited lifespan, as well as practical problems such as interspecies scaling25,26. On the other hand, pigs show 3 
greater similarity to humans in terms of sequency homology, metabolism, digestive system27, central  4 
nervous system28–30, peripheral nociceptive and non-nociceptive fiber classes and axonal excitability27,31–33, 5 
but also similarity in body size27. Moreover, pigs respond similarly to humans to different pharmaceuticals, 6 
which could be expected given their great  genetic sequence homology with humans5. For example, 7 
aprepitant ꟷ a drug that showed promising results in rodents ꟷ later failed to translate to humans in clinical 8 
trials4,34, whereas HTX-011 ꟷ a dual-acting local anesthetic that contains two active ingredients ꟷ showed a 9 
synergistic effect in pigs, which was replicated in human clinical trials35,36. Despite these encouraging results 10 
and the similarities shared with humans, the pig is not commonly used in pain research. 11 

12 
Our primary aim was to identify the different available porcine models that could be used as pain 13 

models. Therefore, we focused not only on models that are already available within pain research but also 14 
in other disciplines such as pig production and research in other diseases. The identified porcine models 15 
were compared qualitatively and quantitatively in terms of intensity and duration. We defined ‘intensity’ 16 
based on the outcome measure most comparable between studies, i.e. mechanical sensitization, and we 17 
defined ‘duration’ as the period in which the pigs were mechanically sensitized. Given that assessment is a 18 
key element in evaluation and interpretation of the pain in translational pain research, we also extracted 19 
information on pain assessment methods used in the porcine models and compared these with assessment 20 
methods used in humans. 21 

22 
Recent reviews on pain in pigs mainly focused on the welfare implications of management procedures 23 

in pig production37–40 or discussed pain assessment methodologies and practices in large animals27,41,42. 24 
However, no consistent overview and comparison of available pig models of pain is currently available. We 25 
believe that this knowledge will assist in improving the translatability of animal pain research to human 26 
applications. 27 

28 
Methods 29 

Literature search for porcine pain models. We performed a systematic search in Proquest, Scopus and 30 
Web of Science to identify all relevant literature concerning pain in porcine models. The protocol was not 31 
registered. It was anticipated that the number of pain studies and models in pigs would be limited. 32 
Keywords and criteria used for the search are listed in box. 1. 33 

34 
Qualitative and quantitiative comparison of the models. Given that our primary aim was to identify the 35 
currently available pain models in pigs, we retrieved all information from the included literature and first 36 
performed a qualitative comparison between models. However, to compare the duration and intensity of 37 
the different pain models, a common outcome measure was required. Although 31 studies assessed a 38 
behavioral response, no standardized assessment was used. Therefore, these outcome measures were not 39 
suitable for our quantitative comparison (Dzikamunhenga et al.38 reported the same problem). Instead, we 40 
selected mechanical sensitization for this purpose since this methodology was used in 18 studies. The 41 
intensity was calculated as the decrease in the withdrawal threshold from baseline. This resulted in a scale 42 
ranging from 0 to 1; 0 reflecting baseline and 1 reflecting a 100% decrease in withdrawal threshold. When 43 
more than one study described the same model, the intensity was a weighted combination of the results 44 
from the different studies. 45 
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 1 
Bias assessement. To evaluate the risk of bias, we assessed all articles in terms of blinding, use of a control 2 
group, randomization and numbers of animals used (Supplementary Table 1). However, none of the studies 3 
were excluded due to risk of bias because the purpose of this review was to identify the pain models 4 
available. We considered the effect of bias on the cumulative evidence to be minor given that only a few 5 
studies are currently available for each model.  6 
 7 
Literature search for human pain models. The most recent reviews on pain assessment all conclude that 8 
the pain assessment methods currently used in pigs are insufficient27,30,42,43. To suggest relevant areas for 9 
improvement of pain assessment in pigs, we qualitatively compared pain assessment methods in pigs to 10 
those used in humans. A systematic search for reversible surrogate pain models (including nerve growth 11 
factor (NGF) injection, carrageenan injection, UV-B irradiation and capsaicin patch) in humans was carried 12 
out in Scopus. Titles were scanned to select relevant articles. This search was secondary and aimed at a 13 
qualitative comparison with porcine models. This search was not conducted as thoroughly as the search for 14 
porcine pain models and did not follow the Prisma guidelines. 15 
 16 
Results overview 17 

Using the defined search strategy, we identified 239 documents; 103 in Scopus, 56 in ProQuest, 23 in Web 18 
of Science and 57 from reference lists. A total of 147 full-text documents were retrieved and a total of 73 19 
articles were included in the review (see Fig. 1). Reasons for exclusion were: study out of scope, 20 
methodological issue (i.e. pain not being an outcome measure), type of study (i.e. not peer-reviewed), 21 
duplicate or if the full-text was not available. The included research literature was grouped in four 22 
categories (Table 1): surrogate pain models, disease models, naturally occurring pain and pig production 23 
procedures, according to the reported purpose of the model. In the next section, we first present a 24 
qualitative overview of the different pain models grouped by category. We then compare the intensity and 25 
duration of the different porcine models and lastly compare the pain assessment methods between pig and 26 
human research.  27 

 28 
Porcine pain models 29 
 30 
Pain research in pigs started for the sake of relieving pain due to production procedures44. The pig was then 31 
used as a translational disease model45 and has only recently gained interest as a translational model in 32 
pain (Fig. 2). The earliest studies in which pain was evoked were aimed at providing proper analgesia for 33 
pigs included in research46–48. In this section, we present an overview of the available pig models grouped 34 
into four categories (surrogate pain, pig production, natural pain and disease models). A summary of the 35 
different models is provided in Table 2.  36 
 37 

Surrogate pain models. Surrogate pain models are models developed solely for the sake of studying pain, 38 
including pain mechanisms and treatments. A total of 20 research papers on surrogate pain models were 39 
identified and subdivided into surgical, inflammatory and irreversible pain models.  40 

 41 
Surgical models 42 
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All the eight surgical pain studies identified had the purpose of testing pharmaceuticals for use in research 1 
pigs46–50 or intended for human use51–53. As the focus of this review was on pain models and not on the 2 
effectiveness of pharmaceuticals to relieve the induced pain, we considered pain suppression by analgesics 3 
as an indication of the validity of the pain model. 4 
 5 
        Analgesic treatments were tested in pigs using implantation of an arterial catheter47, laparotomy50 or 6 
abdominal surgery48 as surgical models. These studies showed increased levels of serum cortisol48,50 and 7 
ACTH50 in pigs during and immediately after surgery compared with baseline, and increased Fos-like-8 
immunoreactive (Fos-LI) neurones in the dorsal horn in pigs undergoing surgery compared with sham 9 
pigs50. These levels could be reduced by administration of analgesics50 to levels that were found at baseline  10 
or in the sham group. Malavasi et al. showed that active behavior was decreased at least two days after 11 
abdominal surgery but could be increased to the presurgical levels with morphine and fentanyl48. 12 
Meloxicam and paracetamol also improved behavioral scores compared to an untreated control group47 13 
The laparotomy model50 was also used as a translational model to study the effect of morphine during 14 
surgery49.  15 
 16 
       A 2014 study introduced a pig model of incisional pain as a post-operative pain model for efficacy 17 
testing of pharmaceutical compounds51. Two different incision models were tested: skin incision alone (SI) 18 
and combined skin and muscle incision and retraction (SMIR). Both models resulted in a large decrease in 19 
the withdrawal threshold (approximately 95%) compared to intact skin) up to one week after surgery51–53 20 
and withdrawal thresholds were slightly lower for SMIR than for SI51. Wilsey and Block found an increasing 21 
trend in the withdrawal thresholds from five days after SMIR53 as opposed to Castel et al. who showed that 22 
at 7 days post-surgery, the withdrawal threshold of the incised skin was still lower compared with the intact 23 
skin of the same pig51. Morphine normalized the withdrawal thresholds completely for the SI, but not the 24 
SMIR model, while other local treatments resulted in an incomplete normalization51,52. SMIR resulted in 25 
higher spontaneous pain-related behavior than SI; morphine improved spontaneous behavior scores in 26 
both SI and SMIR pigs51. Spontaneous locomotor activity, which was measured in an open-field setup, was 27 
not affected in the SMIR model53.  28 
 29 
Inflammatory models 30 
Four types of inflammatory pain models were identified in the literature search: NGF injection54–57, UV-B 31 
irradiation58,59, injection of carrageenan60,61 and application of a capsaicin patch62. The NGF model has been 32 
used most frequently, mainly with the purpose of understanding the neurophysiological processes 33 
underlying hyperalgesia at the peripheral level and studying how the pig can serve as a translational model 34 
in that regard. Although the majority of the studies only looked at nociceptor and peripheral nerve 35 
activation, some studies were also coupled with human experiments55,56, making it possible to link 36 
nociceptor and peripheral nerve fiber activation to the subjective sensation of pain. Sensitization was 37 
detected in humans by increased pain ratings following electrical stimulation, which reached a maximum 38 
three weeks after NGF injection55. Similar results were obtained in pigs, which showed a decrease in 39 
mechanical activation thresholds three weeks after injection of NGF56. Mechanical sensitization might also 40 
be explained by a decrease in activity-dependent slowing (resulting in an increase in axonal firing), a 41 
reduced incidence of conduction failure related to increased post-spike excitability55 as well as an increase 42 
of the receptive field56 and in the number of mechanically sensitive C-fibers56,57. Rukwied et al. showed that 43 
one week after injection in the skin, NGF provoked mechanical, thermal and chemical (but not electrical) 44 
peripheral sensitization, which was measured by an increase in axon reflex erythema, compared with 45 
vehicle54.  46 
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 1 
        The aforementioned methods were also used to evaluate the effects of UV-B irradiation in pigs. At 24 2 
and 48 hours after irradiation, Rukwied and colleagues found an increased axon reflex erythema following 3 
mechanical and thermal stimulation in the irradiated skin compared with control skin58. Hyperalgesia was 4 
confirmed  by Di Giminiani et al. who observed decreased withdrawal latencies and thresholds upon 5 
thermal and mechanical stimulation, respectively, of the irradiated compared to control areas in awake pigs 6 
at 24 and 48 hours after UV-B irradiation59. 7 
 8 
         Injection of carrageenan in the pig’s foot resulted in decreased withdrawal thresholds compared with 9 
saline injection60. In another study, 1,000 mm2 lesions were found in the subcutaneous tissue of the pig’s 10 
back three days after injection of carrageenan. Stretching decreased the size of the lesions and amount of 11 
inflammatory cells, but had no effect on pro-resolving inflammatory mediators levels and gene expression 12 
associated with inflammation and fibrosis in blood, lesion and muscle tissue61. 13 
 14 
         Di Giminiani et al. tested the application of topical capsaicin in pigs. Application of 20 % capsaicin 15 
elicited thermal hyperalgesia in small (27 kg) but not large pigs (57 kg), as shown by a decrease in 16 
withdrawal latency following thermal stimulation62.  17 
 18 
Irreversible pain models 19 
Peripheral neuritis trauma (PNT)34,63,64 was developed in 2016 as the first pig model for chronic pain. In this 20 
model, three sutures pre-soaked in complete Freund’s adjuvant (CFA) were loosely tied around the sciatic 21 
nerve. This procedure resulted in increased tactile and mechanical sensitivity from day 734,64 and increased 22 
pain-related behavior from day 3 compared to baseline and sham operated animals64. Motor function was 23 
minimally affected from day 334,63,64. The PNT model was compared to the partial and full nerve crush 24 
models; in these models decreased withdrawal thresholds were not observed before day 1864, whereas  25 
behavioral scores and motor function were affected already from day 364. At 28 days after PNT surgery, 26 
gabapentin and morphine effectively suppressed sensitization for up to 3 hours after administration, while 27 
aprepitant failed to suppress sensitization34.  28 

 29 
Disease models. Thirteen papers described specific disease models, including lameness, osteoarthritis, 30 
femoral fracture and a genetically modified neurofibromatosis model. Two reviews on spinal cord injury 31 
models described pig models, but did not include models in which pain was assessed30,65. Another review 32 
on neurofibromatosis models mentioned that pain assessment had not yet been carried out in pigs by the 33 
time of the review66 and one of the reviews on spinal cord injury concluded that pain assessment methods 34 
are insufficient in pigs30. 35 
 36 
Lameness models 37 
Five studies used a lameness model67–71. Lameness was induced by an injection of amphotericin B into the 38 
foot and resulted in increased mechanical and thermal sensitivity of the foot67,69,70. Furthermore, after 39 
lameness induction, the frequency of standing postures decreased and the frequency of lying postures 40 
increased; both parameters returned to baseline one week after lameness induction68. Several analgesics 41 
reduced the sensitization and pain-related behavior for up to three days after lameness induction67,68, but 42 
had no effect after six days70. This is most likely because lameness induced by amphotericin B is considered 43 
to be resolved after seven days68. Lameness and hypersensitivity in the foot were also induced for at least 44 
two days using kaolin71. Injection of ketoprofen could reduce the foot sensitivity, but not lameness71.  45 
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 1 
Other models 2 
Injection of mono-iodoacetate (MIA) in the knees of 27 Yucatan swine resulted in progressive joint damage 3 
shown by MRI72. Lameness increased in MIA-injected animals from week 2 until week 12 after injection, 4 
while kinetic weight-bearing parameters were significantly different between MIA injected and control 5 
swine from week 1 after injection73. 6 
 7 
        The review on neurofibromatosis mentions that two genetically modified minipig models have been 8 
developed to investigate this disease66. However, nociceptive assessment was only reported late 2019 9 
where mechanical sensitization was found in female and male Yucatan swine with tumors at 9 months of 10 
age, but not afterwards. Thermal sensitization was found in females, and not in males, and only over a 11 
longer period of time.74 12 
 13 
        Regional anesthesia had no significant effect on physical and biochemical serum measurements 14 
compared to sham during and after surgery on post-operative pain in a femoral fracture model. However, 15 
control animals – receiving systemic opioids and non-steroidal anti-inflammatory drugs (NSAIDS) – 16 
responded more strongly when approached and required more rescue analgesia, hence  providing some 17 
evidence for a beneficial effect of regional anesthesia in addition to systemic analgesics.75 18 

 19 
Pain due to pig production procedures. Pain due to pig production procedures has been relatively 20 
thoroughly investigated (30 papers). Sixteen of 30 studies included >100 animals and one study even 21 
included 2,888 animals.  22 
 23 
Castration 24 
Castration is accompanied by more high-rate high-frequency vocalizations76–83 and defensive behavior79,82 25 
than sham castration. Increased pain-related behavior was also reported on the day after castration 26 
compared with sham castration78,80,84–87. Interestingly, Taylor et al. found that castrates spent more time 27 
sitting or standing inactively and less time lying down78, while Sutherland and colleagues oppositely 28 
observed that castrates spent more time lying down without contact80,86, both compared to sham-29 
castrates. In line with Sutherland et al., another study showed that castrates spent less time walking and 30 
running and had less contact with the sow compared with sham castrates85. Three groups observed the 31 
animals several days after castration and found pain-related behavior 3, 5 and 8 days after castration85,88,89. 32 
These behaviors rarely occurred in non-castrated animals, apart from lying huddled up85,89. The pain-related 33 
behavior peaked on the day of castration while scratching and tail wagging peaked on the first day after 34 
castration89. Only 5 of the 19 studies were blinded80,84,90–92, which induces a substantial risk of bias given 35 
that the assessments might be subjective.  36 
 37 
       The effectivity of analgesic treatment during castration is not obvious. Generally, anesthetics have been 38 
found ineffective79,80,86,88. Conflicting results have been reported for most analgesics82–84,93, except for 39 
lidocaine, which consistently reduced pain during castration81–83. 40 
 41 
Tail docking 42 
Ten studies and one review focused on tail docking. Tail docking leads to both more non-specific and 43 
specific pain-related behavior (such as tail jamming)  during44,94 and after surgery92,95,96 compared with 44 
handling without tail docking. All studies measuring cortisol showed that cortisol levels increased after tail 45 
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docking92,93,95,97, whereas the effectiveness of the different anesthetic agents was unclear92,93,95,96.  Acute 1 
pain-related behavior during and after tail docking persisted hours to days after the procedure94,96,97. 2 
Surgical removal of the tail also induced hypersensitivity of the stump in older piglets98 and changes in gene 3 
expression related to inflammatory and neuropathic pain and wound healing99 for at least 4 months. 4 
 5 
Other procedures 6 
Other pig production procedures include ear tagging, ear notching, injection of transponders and teeth 7 
clipping. All studies converge to prove that these procedures are more stressful compared to handling the 8 
animal without performing the procedures44,94,100. Noonan et al. found that each of these procedures led to 9 
different pain-related behavior directed at the affected body part44. On the other hand, Leslie et al. found 10 
that intraperitoneal injection of transponders led to non-specific pain-related behavior (i.e. isolation)100.  11 
 12 
Naturally occurring pain. Four studies investigated pain related to farrowing101–103. Behavioral observations 13 
were made with a video camera and analyzed using dedicated software, which decreased the risk of bias. 14 
Arching of the back, tail flicking and scratching the floor with the foot were increased during farrowing102. 15 
Back arching is a farrowing-specific behavior, but given that it is also observed during defacation, it may not 16 
be pain-related. In a later study, only back arching occurred frequently enough during farrowing to be 17 
analyzed101. Studies showed no effect of analgesia on this parameter, any other pain-related parameter or 18 
any biomarker (cortisol among others)101,103. A facial scale with a high sensitivity and reliability has also 19 
been developed using farrowing sows104. 20 
 21 
        Two studies investigated naturally occurring lameness in lame sows105 and piglets106. In piglets, gait 22 
symmetry improved and piglets were more active in the open field after treatment with buprenorphine. All 23 
lame piglets were diagnosed post-mortem with arthritis in at least one joint, while the unaffected limbs 24 
were without pathology106. In sows, mechanical nociception thresholds were significantly higher for healthy 25 
limbs compared with lame limbs, for forelimbs compared with hindlimbs and for morning measurements 26 
compared with afternoon measurements105.  27 
 28 
        Pigs with shoulder ulcers spent more time in active postures and less time lying down compared with 29 
pigs without ulcers107. However, no differences in behavior directed at the injured shoulder were 30 
observed107.  31 

 32 

Duration and intensity of pain 33 

Thirteen of the models described above could be compared quantitatively using mechanical sensitization as 34 
outcome measure. The data was normalized to allow for easy comparison between the models. However, it 35 
is important to note that there were differences between studies, including the body parts analysed or the 36 
investigational tools used. In all cases, the skin was the organ of interest. Most of the models that could be 37 
compared belonged to the surrogate pain model category. Pain model durations and intensities are 38 
presented in Fig. 3 and 4.  39 
 40 
         The mechanical sensitization observed in the inflammatory models was mild and apparently short-41 
lasting compared with nerve damage and surgical models. As such, increased axon reflex erythema and 42 
decreased withdrawal thresholds were observed following mechanical stimulation 24 and 48 hours post 43 
UV-B irradiation, compared with control untreated skin58,59. Mechanical sensitization was also observed by 44 
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an increase in axon reflex erythema at 1, 3 and 7 days after injection of NGF54. Even though the area of 1 
mechanically evoked erythema decreased during the seven days, mechanical activation thresholds were 2 
still elevated three weeks after injection of NGF56. Decreased withdrawal thresholds were found four hours 3 
after injection of carrageenan in the foot of the pig compared with injection of saline60. The withdrawal 4 
thresholds returned to baseline within 24 hours. A study showed a nonsignificant increase in mechanical 5 
sensitivity after application of a capsaicin patch compared with a control group62(Fig. 3a).  6 
 7 
         For the surgical models, the studies using incisional models presented the most complete datasets. 8 
Fig. 3b shows that SI and SMIR models resulted in a 95% decrease in the mechanical withdrawal threshold 9 
compared to intact skin measured up to one week after surgery51–53. Withdrawal thresholds had not 10 
returned to baseline at that time51–53. For full surgery models, mechanical sensitization was not 11 
investigated, but behavioral measures were recorded in the same manner as for the incisional models 47,51. 12 
Behavioral indicators were severely affected the first hour after full surgery47 compared with the incision 13 
models. Behavioral indicators decreased with time but remained higher than those recorded for incision 14 
models until the end of the study (24 hours after surgery)47. 15 
 16 
        In the nerve damage models, mechanical sensitization was investigated for the longest duration after 17 
induction and none of the studies reported a return to baseline conditions. On day three, behavioral 18 
indicators of pain were increased in the different nerve damage models compared with sham pig; the 19 
increase was more prominent for the PNT model and less for the partial and full nerve crush models64. 20 
Withdrawal thresholds were first measured one week after surgery and were only significantly decreased 21 
compared with sham for the PNT model34,64. Partial and full nerve crush models showed a later decrease in 22 
withdrawal thresholds starting at day 1864 (Fig. 3c).  23 
 24 
         Tail resection (surgical removal the tail) has been suggested as a potential chronic pain model for 25 
neuropathic pain associated with nerve injury, for example amputation98. Mechanical sensitization of the 26 
stump was found up to four months after resection, with a longer duration of sensitization for younger 27 
piglets (9 vs. 17 weeks)98 (Fig. 3c). 28 

 29 
 30 

       Lameness induced by injection of amphotericin B into the foot resulted in increased mechanical and 31 
thermal sensitivity of the foot67,69,70 (Fig. 4). Although the pigs were considered to have fully recovered after 32 
one week, mechanical withdrawal thresholds were still lower compared with baseline and compared with 33 
the non-affected leg67,69,70. Mechanical hypersensitivity induced by kaolin was similar in intensity to 34 
amphotericin B and lasted for the duration of the study (2 days after injection)71. Naturally occurring 35 
lameness in sows was accompanied by a smaller degree of mechanical sensitization compared with 36 
experimentally induced lameness105.  37 
 38 
Pain assessment in humans and pigs 39 

We performed a systematic search for studies in humans using NGF, UV-B, carrageenan and capsaicin to 40 
compare pain assessment methods used in human surrogate pain models with those used in the porcine 41 
pain models. Eight studies were found for UV-B, 12 for NGF and 9 for capsaicin. No studies using 42 
carrageenan were identified. In Table 3, we compare the assessment methods used in these studies with 43 
those used in the porcine surrogate pain models to identify possible overlaps.  44 
 45 
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Evoked responses. Responses have been evoked in human and pigs using electrical, mechanical and 1 
thermal stimuli (Table 3). Often, methodologies differ between studies, eg. the investigated body part or 2 
the investigational tool. But even when the same pain assessment methodologies are used, different neural 3 
substrates may be investigated. In particular, the withdrawal response to pressure or heat in the pig does 4 
not necessarily require any cognitive processing108, while pushing a button in response to pain does. In 5 
addition, a human is able not only to indicate pain but also to rate it to quantify its perceived intensity and 6 
describe the qualitative aspects of the pain sensation, which an animal of course cannot do. Instead, 7 
ethograms have been used in animals as a tool to interpret the withdrawal response to pressure and heat 8 
stimuli59,62. A body of research in pigs and humans has also applied the same methodology and investigated 9 
the same neural substrate, namely peripheral nerve fibers54,56–58,109,110. Peripheral nerve activity may be 10 
evoked by electrical, mechanical, thermal or chemical stimuli and assessed using, e.g., microneurography or 11 
erythema. 12 
 13 
Non-evoked responses. Assessment of non-evoked pain in humans is typically carried out by using 14 
questionnaires111–119 and pain ratings on a numerical or visual-analogue scale111,114,116,118,120,121. In pigs, 15 
observation of pain-related behavior34,46–48,51,63,64, motor function score34,46,53,64, grimace scale90,104,122, open-16 
field test63 or food consumption46 have been used. The results of behavioral observations in pigs are often 17 
contradictory as previously discussed in the case of castration. Several factors might explain these 18 
conficting results: only 5 of 19 pig production studies were blinded and different variable scoring schemes 19 
were used across studies; in addition, the presence of the investigator in the room and differences in the 20 
interpretation of the animal behavior might have affected the results5–7.  21 
 22 
Physiological responses. Peripheral neurophysiology and skin biopsy have been used both in pig and 23 
human surrogate pain models56,57,64,109.  However, pig surrogate pain studies have not assessed the central 24 
nervous system using electrophysiology (Table 3). Two-channel electroencephalogram (EEG) monitoring in 25 
castrated piglets showed that the power in all frequency bands and the total power dropped after 26 
castration in piglets that had not received lidocaine123. The advantage of using EEG in pigs is that the 27 
findings can be easily compared with human EEG findings. Additionally, electrodes can be implanted in the 28 
pig brain to acquire more detailed information than the data that can be obtained from human studies.  29 
 30 

Discussion 31 

Our aim was to compare the currently available pig models within the field of pain research. We used a 32 
broad search string and also searched the reference lists of the included literature to provide a 33 
comprehensive overview of the current status of this field of research. Twenty-three pain models were 34 
identified that induced pain or sensitization lasting from hours to months, although it was not possible to 35 
evaluate the exact duration of mechanical sensitization for all the models, given that the majority of the 36 
models did not return to baseline by the end of the study.  We also found a near to complete overlap of 37 
assessment methodologies between human and pig models within the area of peripheral neurophysiology.  38 
 39 
What calls for usage of porcine pain models? A broad overlap exists between animal and human models of 40 
inflammatory pain. Inflammatory pain models are short-lasting and primarily cause acute activation of 41 
nociceptors and relatively mild peripheral sensitization compared with surgical and neuropathic pain 42 
models. The axon reflex erythema and activation of particular subclasses of nociceptors might be seen as 43 
advantageous in the pig model as these manifestations overlap completely with human responses. 44 
However, the traditional measures of nociceptive reflexes or withdrawal thresholds would be clinically 45 
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relevant in the case of inflammatory pain5. By contrast, neuropathic pain in humans is characterized by a 1 
disconnection between severity of neuropathy and clinical pain level and the relationship between 2 
structural damage and painful symptoms remains unclear124. On the other hand, animal models using nerve 3 
damage models have the advantage of producing very robust hypersensitivity5,17,18. The PNT model in the 4 
pig, which combines ligation and inflammation34,64, provides a better clinical picture than the traditional 5 
nerve damage models19, because it has both an inflammatory and mechanical aspect34,63,64. Moreover, this 6 
model results in pain-related behavior, hyperalgesic and allodynic responses while normal locomotion is 7 
maintained34,63,64. Although the interindividual variability of the pain phenotype after the experimental 8 
lesion might be regarded as a drawback when compared with the rodent models, it might also account for 9 
the similar variability seen in patients. Moreover, the animals with a less pronounced pain phenotype might 10 
provide highly valuable information as a non-painful neuropathy control group. Similarly, sensitized and 11 
non-sensitized animals were found among genetically modified neurofibromatose minipigs, in which 12 
sensitization was not always related to tumor development125. Combined with the fact that pigs respond 13 
similarly to humans to analgesics34,35, the similarities between pig and humans pain manifestations in the 14 
PNT and neurofibromatose models clearly warrant a role for the pig in translational pain research. 15 
 16 
        Pig production procedures and naturally occurring pain can potentially provide valuable porcine pain 17 
models. For instance, tail docking has been suggested as a model for stump pain98. Tail resection leads to 18 
long lasting changes in gene expression in the caudal dorsal root ganglia99 and a chronic decrease in 19 
pressure withdrawal responses of approximately 30%98. In terms of intensity, this response is believed to 20 
recapitulate what is commonly observed in patients71,123. Shoulder ulcers are also commonly observed in 21 
lactating pigs kept in a farrowing crate107. Further, pigs can also naturally develop arthritis42,106. Compared 22 
to acute models using inflammatory agents, the natural disease progression includes aspects of ageing and 23 
degeneration42, which provide a more complete clinical representation of the disease in humans72. 24 
Ethically, the naturally occurring pain conditions are obviously less problematic than other pain models, as 25 
pigs are potentially relieved from pain (refinement method). Despite being prohibited in the European 26 
Union (council directive 2008/120/EC), tail docking is still a common practice126. Given that most pigs 27 
undergo tail docking, this model presents the advantage that the animals would not need to undergo 28 
additional pain induction, thus reducing the burden of animal studies. 29 
 30 
        More animal models of chronic pain, mimicking human and clinical pain should still be developed. The 31 
pig could be a well-suited species owing to its homology to humans; in particular regarding the nervous 32 
system, the skin and the genetic traits27–30. On the other hand, many useful models of pain have been 33 
developed in rodents, resulting in the identification of several pain mechanisms, such as spinal long term 34 
potentiation14,15. However, the possibilities to confirm that these mechanisms also exist in humans are 35 
limited127–129. We therefore suggest to complement rodent models with experimental pig models that hold 36 
the promise to reflect human conditions more closely. Based on the results from this systematic search, the 37 
pig seems particularly suitable for various purposes. As mentioned above, neuropathic pain models seem to 38 
reflect the clinical picture better in pigs than in rodents34,63,64. Naturally occurring diseases linked to long-39 
term conditions and degeneration42,106,107 are more representative of human condition in pigs than in 40 
rodents due to the pig’s lifespan and bodyweight. The size of the pig also allows for assessment methods 41 
more similar to those used in humans, for example EEG123,130. The similarities in the peripheral and central 42 
nervous system between pigs and humans27,28,129 also make it possible to more directly compare findings 43 
between pig and human studies. Lastly, pharmacokinetic studies are often performed in pigs owing to 44 
similarities in permeability and metabolism with humans45,49. Given also the great sequence homology 45 

This version of the article has been accepted for publication, after peer review (when applicable) and is subject to Springer Nature’s AM terms of use, 
but is not the Version of Record and does not reflect post-acceptance improvements, or any corrections.  

The Version of Record is available online at: https://doi.org/10.1038/s41684-021-00862-4 



12 
 

between the two species27, it is not surprising that analgesic studies in pigs yield similar results to those in 1 
humans34,35. 2 
 3 
     However, there are also drawbacks to using the pig as a model. Most pig studies use piglets (the pig 4 
weighs >100 kg at sexual maturity), while human studies usually involve adults. Additionally, the high 5 
growth rate of domestic pigs makes them difficult to use in long-term studies; therefore, various miniature 6 
breeds have been developed for biomedical research purposes45. However, this adds to the cost of pig 7 
research, which is already more expensive than research using rodents. In spite of these drawbacks, we 8 
believe that the pig can have an important role in translational pain research. 9 
 10 
Duration and intensity of mechanical sensitization in different pain models. Fourteen porcine pain models 11 
were compared in terms of intensity and duration. In general, the surgical and nerve damage models had 12 
the highest intensity, while the amputation and inflammatory models had the lowest intensity (Fig. 3). 13 
Lameness was induced by injection of an inflammatory agent and had a higher intensity than the other 14 
inflammatory models. Interestingly, sensitization in naturally occurring lameness was less intense by a 15 
factor of 5 compared with inflammatory models (Fig. 4). Of note, the naturally lame sows were housed 16 
together, monitored using a remote-controlled algometer and compared with a healthy control group105, 17 
which could have led to lower mechanical nociceptive thresholds and greater variation. Furthermore, 18 
experimental lameness was typically investigated on the days were the greatest sensitization was 19 
expected69,70. Also, the amount of sensitization one week after tail amputation was only half that of the 20 
surgical incision models (Fig. 3). As with rodents18, it could be that pain models in pigs are optimized to 21 
consistently achieve the same type of sensitization in every animal. While this means that very few animals 22 
are wasted, it also means that the animal model deviates from the clinically relevant profile, which in turn 23 
may result in difficulties of translating the results to the clinic. 24 
 25 
      This quantitative comparison can also be extended to human inflammatory models. This comparison 26 
has been made directly for the NGF models, and similarities between humans and pigs were found55,56. UV-27 
B radiation (1 J/cm2) yielded a lower withdrawal threshold in pigs59 than the pain threshold observed in 28 
humans after radiation (maximum dose of 0.3 J/cm2)119. The capsaicin model did not decrease the 29 
mechanical withdrawal threshold in pigs62, while mechanical and pinprick hyperalgesia have been reported 30 
in human models121,131. While there is a good consistency in peripheral electrophysiology between pigs and 31 
humans, the withdrawal thresholds in pigs seem consistently higher than the pain thresholds in humans. 32 
We believe that these observations point towards the need for more objective measures in both species as 33 
a way to facilitate the translation of results between species. 34 
 35 
       The duration could not be determined for all models as mechanical sensitivity returned to baseline in 36 
only two studies60,62. Mechanical sensitization could be expected to also return to baseline for surgical 37 
models, but the purpose of these studies was to test analgesics during the time the animals were 38 
sensitized47,52,53. This underscores the more general problem that the purpose of pain studies is usually not 39 
to investigate the duration of the pain as it is unethical to let the animals suffer for a longer amount of time 40 
than needed.  41 
 42 
       Another limitation of this comparison is that the included models were predominantly surrogate pain 43 
models (10 models) while only two disease models, one naturally occurring pain model and one pig 44 
production procedure model, were included. This is most likely due to the outcome measure selected to 45 
extract the data, i.e. mechanical sensitivity. Mechanical sensitivity is a very common outcome measure in 46 
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pain research, but not necessarily a relevant measure in pig production. In studies related to pig 1 
production, animal behavior was assessed more often than other outcomes, but in a non-standardized way, 2 
which made the articles unsuitable for data extraction and analysis in this review38.  3 
 4 
Why the choice of better assessment methods may be the key to a successful pig-to-human translation. 5 
An advantage of pain assessment in pigs is that scaling effects between human and pig studies can be 6 
avoided, which is not possible with rodents. In pigs, evoked responses can be assessed using methods 7 
similar to those used in humans132. However, even when the same methods are used, a different neural 8 
substrate can be investigated (e.g. pain rating in humans and withdrawal in animals)7,27. Nevertheless, the 9 
use of nerve fiber activation and erythema as outcomes has created an overlap between pig and human 10 
experiments54,56–58,109,110.  11 
 12 
       Many pig studies, in particular in the pig production field, have assessed non-evoked pain behavior. 13 
Such assessments are relevant for translational research, as these outcome measures are used in clinical 14 
research5,7. To some extent, such assessments reflect a complex behavior involving cortical structures 27. 15 
However, the results are variable between studies and seemingly unreliable. Blinding is an obvious 16 
necessity when pain-related behavior in animals is evaluated. In many studies, a set of behavioral 17 
responses were predetermined to be pain-related, while literature suggests that various behaviors can be 18 
expected. This may bias the results towards finding increased pain-related behavior in animals receiving a 19 
painful intervention when the observer is not blinded. Consequently, all studies using a specific pain-20 
related behavior (which was different between studies) found that tail docked or castrated animals showed 21 
more of this behavior compared with sham-treated animals44,85,89,100, except one study which found no 22 
difference in the percentage of pain-related behavior95. Overall, behavioral responses after pig production 23 
procedures are conflicting; walking more89 and less85,90, lying down more80,86,95 and less78,94 and sitting 24 
more78 and less85 have all been reported as a sign of the animal being in pain. These results might indicate 25 
that the level of non-evoked pain is too low to be detected in a robust way or highlight the need for more 26 
objective assessments of pain-related behavior in pigs, as there is no standardized ethogram, and no 27 
consistency regarding the age of the piglets or the sampling methodology. Many of these studies also used 28 
automated analysis of vocal recordings. This analysis has provided consistent results ꟷ during a painful 29 
procedure (castration, tail docking or ear notching) a higher percentage of high-frequency calls has been 30 
recorded76,78,78–80,83,86,94,95 ꟷ whereas quantification of other behaviors using an ethogram has failed. 31 
Therefore, we suggest to also record animal behavior by means of video101,102 and to develop automated 32 
software to analyze behaviors that consistently have been observed after painful interventions. This 33 
methodology has the potential to resolve the issues of blinding, experimenter bias, the presence of an 34 
observer in the room, scoring scheme and interpretation, thereby eliminating multiple sources of bias7,38,42. 35 
Recently, efforts have been made to validate behavioral assessment methods in pigs, such as the grimace 36 
scale91,104, which is a step in the right direction. Such efforts will allow the use of a measure that is 37 
immediate, sensitive and in certain cases specific133 even when the pig is unattended, which we expect to 38 
be particularly valuable when used in an objective way.  39 
 40 
      Numerous studies have attempted to find other methods to objectively investigate non-evoked pain: 41 
navigation time through a handling chute134, eye temperature, latency to move, locomotor activity87, 42 
rubbing107, open-field movements63, facial expressions90,104,122 and biomarkers such as cortisol 43 
concentration80,83,84,86,87. However, cortisol is a hormone released in response to stress and,  although pain 44 
is a very potent stressor, an increase in the cortisol level alone cannot distinguish between pain and stress. 45 
The same question of specificity could be raised for all of these measures. Nevertheless, these parameters 46 
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could still be used in combination with other assessment methods to give more insight into a painful 1 
condition. 2 
 3 
      During the last decade, novel methods have been developed for evaluating spontaneous activity in 4 
rodents before and after induction of a pain including dynamic weight bearing, place preference on plate 5 
with temperature gradient, catwalk and facial assessments135. These methods contribute to our 6 
understanding of rodent behavior and have been used to evaluate therapies to alleviate pain136,137; similar 7 
methods have been used in pigs73,90,104,122. Motivational tasks are also available for pigs, such as judgement 8 
bias, discrimination, gambling tasks138 and the marshmallow test139. The T-maze task was used in the 9 
development of the neurofibromatosis model to identify learning deficits66,125, but such tests have not yet 10 
been used for pain research in pigs. Motivational tests would add a different insight into pain-related 11 
behavior given that they investigate higher brain functions27. However, these tests remain unspecific tests 12 
that are influenced by many other factors aside from pain. 13 
 14 
       Electrophysiology has been a particularly useful tool to objectively and specifically assess the peripheral 15 
pain system in pigs55–58. However, a major knowledge gap still exists when it comes to central pain 16 
pathways. Only two studies have obtained central recordings using the bispectral index for EEG 17 
monitoring123,130. While EEG measurements are a valuable way to bridge the gap between human and 18 
porcine pain research, we also believe that pigs offer the prospect of more invasive brain measurements 19 
that may provide a deeper understanding of central pain processing. Thus, pain research in pigs provides an 20 
excellent opportunity to complement human pain research and overcome its limitation (such as limited 21 
quality of neuronal recordings and availability of neuronal tissue in humans), by using a set of common 22 
stimulation and test paradigms (Fig. 5).  23 

 24 
Conclusions 25 

Based on the literature, we identified 23 animal models related to pain. Fourteen of these pain models 26 
induced a mechanical sensitization lasting from hours to months and with intensities ranging from 27 
nonsubstantial to maximal mechanical sensitization. The pig model seems to be particularly relevant for 28 
pain research with regard to naturally occurring diseases (e.g. arthritis) and pharmacokinetic studies. Other 29 
advantages of the pig include a neuropathic pain model that separates between neuropathy, pain and 30 
motor dysfunction and a lack of scaling problems. Given the physiological similarities between pigs an 31 
humans, assessment methodologies available in pigs and based on peripheral neurophysiology and 32 
erythema, can be used in both species. We conclude that these aspects warrant a role for the pig model in 33 
translational pain research. We suggest that studies on pain in porcine models use evoked, non-evoked and 34 
physiological assessments as outcome measures. Much is to be gained by further refining pain assessment 35 
in pigs, in particular by objectifying behavioral assessment and by exploiting the similarity of central 36 
nervous system circuits between humans and pigs. We expect that the use of pig models will provide new 37 
information about clinically relevant pain mechanisms. 38 
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Box.1| Keywords and criteria used for literature search 1 

Combination of keywords I:  2 

• “pain model” (everywhere) AND 3 
• pig OR porcine OR swine OR piglet (in title/abstract/keywords) AND 4 
• NOT “guinea pig” (in title/abstract/keywords) 5 

Combination of keywords II:  6 

• hyperalgesia (everywhere) AND 7 
• "pig model" OR "porcine model" OR "swine model" (in title/abstract/keywords) AND 8 
• NOT “guinea pig” (in title/abstract/keywords) 9 

 10 

No limitations were set with regard to language, publication type, year and status. The last literature search 11 
was performed in March 2021. Titles and abstracts were retrieved for all the identified literature and were 12 
evaluated using the following exclusion criteria:  13 

• Other animal species 14 
• Human studies 15 
• In vitro studies 16 
• Not peer-reviewed material 17 
• Not using a pain model (for example a disease model where pain was not evaluated, or pain 18 

assessment in otherwise healthy pigs) 19 

Full-text articles were retrieved for all included literature. The articles were reviewed once more using the 20 
same exclusion criteria. Relevant references within the included literature were also retrieved and assessed 21 
using the same exclusion criteria.  22 
  23 
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Fig. 1| Flowchart of the studies identified, assessed, included and excluded with reasons for exclusion.  1 

 2 

Fig. 2| There is an increasing interest in research to investigate pain in pigs. The studies identified in the 3 
present search were categorized in four groups and results are presented by number of publications per 5 4 
years.  5 

 6 
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Fig. 3| The duration and intensity of mechanical sensitization after surgery51–53, after application of an 1 
inflammatory agent54,58–60,62 or in irreversible models of pain34,64,98. The intensities were calculated using 2 
mechanical sensitization levels; 0 represents no mechanical sensitization and 1 represents a maximal 3 
increase in mechanical pressure sensitivity. a, Mechanical sensitization was comparable for most 4 
inflammatory models but insignificant for the capsaicin patch. b, Mechanical sensitization when pressure 5 
was applied to the wound was severe and prolonged in surgical models, and the values had not returned to 6 
normal at the end of the studies.c, Mechanical sensitization was severe relatively quickly after surgery for 7 
PNT compared with the nerve crush models. Mechanical sensitization was also observed up to 4 months 8 
after tail resection; measurements were conducted 1, 8 and 16 weeks after resection.*In the NGF model 9 
withdrawal thresholds were not used. Considering withdrawal a reflex, peripheral sensitization is the main 10 
factor contributing to its change; therefore, intensity was calculated as the estimated change in withdrawal 11 
thresholds based on the change in the area of erythema in the NGF model relative to the UV-B models.  12 
(a.u.) stands for arbitrary units, as the data is normalized to allow comparison. 13 
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Fig. 4| The duration and intensity of mechanical sensitization for lameness induced by kaolin 71, 1 
amphotericin B 67,69,70 and natural lameness 105. For lameness induced by kaolin and natural lameness, 2 
measurements were conducted 3 days in a row. In the lameness models, mechanical sensitization after 3 
induction was compared with baseline, while for natural lameness it was compared with a control group. 4 

 5 

Fig. 5|Overview of the different identified pain assessment methods. Some pain assessment methods can 6 
be used either in pigs or in humans while others can be used in both species. Future translational pain 7 
research may be optimized by directly comparing information obtained from assessment techniques that 8 
can be applied in both species, as well as by seeking unique and complementary knowledge with 9 
techniques that can only be used in one species. For example, in humans it is possible to get detailed 10 
information about the pain experience, while in pigs more invasive measurements (e.g. intra-cortical) and 11 
models (e.g. nerve damage model) can be applied. ECoG; electrocorticography 12 

 13 
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Table 1| Categorization of the included literature 1 
Pain model type Number of articles Number of models 
I. Surrogate pain models  20 10 
II. Disease models 13 4 (lameness was also a naturally 

occurring pain model) 
III. Pain due to pig production 

procedures 
30 (1 shared with natural pain) 6 

IV.  Naturally occurring pain 8 (1 shared with production 
procedures) 

3 (lameness was also a disease 
model) 

 2 

Adapted from 42. Three papers were reviews on pain assessment 27,42,43; the relevant original manuscripts 3 
presented in these reviews were identified by searching the reference lists. Multiple papers may have used 4 
the same pig model, 23 models were identified from the included literature. 5 
  6 
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Table 2| The pain duration and manifestations of each identified pain model.  1 

 Pain model Duration Manifestations Ref. 

Su
rr

og
at

e 
pa

in
 m

od
el

s 

Full surgery At least 2 days 
Lameness, vocalization, physiological and other behavioral 
indicators 47,48 

Skin incision At least 1 week 
Mechanical sensitization, increased (social) behavior score and 
increased vocalization up to 3 hours after surgery 51–53 

Skin and muscle 
incision and 
retraction At least 1 week 

Mechanical sensitization, increased (social) behavior score and 
increased vocalization up to 3 hours after surgery 51,52 

Capsaicin 30 minutes Thermal sensitization only in small pigs 62 
Carrageenan 1- 3 days Mechanical sensitization (up to 24 hours) and lesions (3 days) 60 
UV-B At least 2 days Mechanical and thermal sensitization (withdrawal and erythema) 58,59 

NGF At least 1 week 
Acute peripheral heat and prolonged chemical sensitization, 
reduction in activity dependent slowing 54,57 

  At least 3 weeks 
Decrease in mechanical activation threshold, facilitation of post-
spike excitability and increase in receptive field 56,109 

Partial nerve crush At least 4 weeks 
Mechanical sensitization from day 18, allodynia from 1 week, 
behavioral indicators, motor deficit up to 10 days 140 

Full nerve crush At least 3 weeks 
Mechanical sensitization from day 18, allodynia from 1 week, 
behavioral indicators, motor deficit up to 10 days 140 

CFA soaked sutures 
(PTN model) At least 4 weeks 

Mechanical sensitization, allodynia, behavioral indicators, different 
open-field pattern 34,140 

Surgical tail 
amputation 1-16 weeks Mechanical sensitization, gene expression 90,99 

Di
se

as
e 

m
od

el
s 

Femoral fracture              NA (No sham or baseline) 75 
Lameness - Koalin At least 2 days Mechanical sensitization 71 
Lameness -
Amphotericin B 6 days 

Mechanical and thermal sensitization (3 days), behavioral 
indicators (3 days) 68–70 

Osteoarthritis 
At least 35 weeks 
(progressive) Lesions, gait alterations. 72,73 

Neurofribromatosis 

At least 24 months 
(genetic 
modification) Mechanical and thermal sensitization 125 

Pi
g 

pr
od

uc
tio

n 
pr

oc
ed

ur
es

 

Tail docking 
During and acutely 
after Increased cortisol, vocalization and other behavioral indicators 

44,95,

97 
Teeth clipping Acute (up to 120s) Teeth champing 44 
Ear notching & 
tagging Up to 3 hours Behavioral indicators, in particular head shaking and ear scratching 44,100 
IP transponders Up to 3 hours Behavioral indicators  100 

Castration During Vocalization, defense movement 
76–

81,83 

 
Acute (up to 60 
minutes) Increased serum cortisol, longer navigation time in handling chute 

80,83,

86,87,

134 

 
Intermediate (3-4 
hours) 

Increased eye and rectal temperature, behavioral indicators: 
prostration, trembling, stiffness, scratching 

78,80,

86,87,

89 

 
Prolonged (up to 4 
days) Behavioral indicators: scratching and tail wagging 85,89 

Castration  Conflicting 
Behavioral indicators: Lying, sitting, standing, walking, huddling up, 
time/activity at the udder, isolating from pen mates and/or sow 

78,80,

85,86,

89 

N
at

ur
al

 
m

od
el

s Farrowing 24 hours Behavioral indicators 102 
Lameness Unknown Mechanical hyperalgesia compared to non-lame limbs 105 
Ulcers Unknown Behavioral indicators  107 
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Models are subdivided into 4 categories (surrogate pain, pig production, natural pain and disease models) 1 
and ordered according to their reported duration. NA; not available  2 
  3 
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Table 3| Overview of assessment methods used in human pain models (only pain induced by 1 
inflammatory agents) and animal pain models (only surrogate pain models).  2 
 ASSESSMENT 

TYPE 
ANIMAL ASSESSMENT HUMAN ASSESSMENT SPECIES REFERENCES 

EV
O

KE
D

 R
ES

PO
N

SE
S 

   

THERMAL 
HYPERALGESIA 
  

Heat withdrawal latency Heat pain threshold Both 62,113,141–150  
Cold pain threshold Human 113,142,143,148,149  
Warm and cold detection Human 113,142,143,148,149,1

51 
NA Heat pain rating Human 143,144,147 
 Alternating hot and cold Human 113,148,151 
Thermally induced flare area* NA Pig 54,58 
Thermal C-fiber activation 
threshold** 

Thermal C-fiber activation** Both 56,109 & 

MECHANICAL 
HYPERALGESIA 

Mechanical withdrawal threshold Pressure pain threshold, pinprick Both 60,62,98,109,111–

113,115,116,118,119,1

21,141,143,146–151 
NA Mechanical detection, vibration 

detection 
Human 113,141,143,148,151 

 
Temporal summation Human 113,119,148,150 

Mechanically induced flare area* NA Pig 54,58 
Mechanical  C-fiber activation 
threshold** 

Mechanical  C-fiber activation** Both 56,109 

CHEMICAL  Chemically induced flare area* NA Pig 54 
ALLODYNIA NA Allodynic area (pin prick) Human 113 
 Allodynia (feather) Allodynia (brush) Both 34,64,113,121,131,149,

150 
ELECTRICALLY 
EVOKED RESPONSES 

Electrical C-fiber activation 
threshold** 

Electrical activation and pain 
threshold 

Both 56,57,109,110,142,147 

Electrically induced flare area* Electrically induced flare area* Both 54,110,147 
 Electrical perception threshold Human 110,147,152 
NA Electrical pain rating  110,142,144 

N
O

N
- E

VO
KE

D
 

M
EA

SU
RE

S 

EXPERIENTIAL 
MEASURES 

Ethogram - body move, rubbing, 
muscle twitch 

Pain ratings  Both 59,62,111,114,116,118,

120,121 
 Observation of pain-related behavior McGill pain questionnaire, pain 

drawing, headache diary and other 
questionnaires 

Both 34,46–

48,51,63,64,111–117 

 Open-field test NA Pig 63 
 Food consumption NA Pig 46 
MOTOR FUNCTION 
  

Score, activity percentage, time 
between movements 

Likert scale Both 34,46,53,64,111,112,11

4–116,118,119 

PH
YS

IO
LO

G
IC

AL
 M

EA
SU

RE
S 

PERIPHERAL 
NEUROPHYSIOLOGY 

Activity-dependent slowing, 
conduction velocity, recovery rate 

Activity-dependent slowing, 
conduction velocity, recovery rate 

Both 56,57,109 

CENTRAL 
NEUROPHYSIOLOGY 
  

NA EEG / evoked potentials Human 112,114,115,142,151 
NA EEG / peak alpha frequency Human 120 
NA fMRI Human 153 
NA  Cortical excitability Human 112,114,115 

BIOMARKERS  Immunohistochemistry NA Pig 34,48–50 
Blood sampling NA Pig 46,48 
Gene expression NA Pig 61,99 
Skin biopsy  Skin biopsy Both 56,64 

PHYSIOLOGICAL 
PARAMETERS 

Heart rate, blood pressure, 
respiratory rate, core temperature 

NA Pig 47 

*Induction of erythema or flare occurs via the axon reflex; it is therefore a measure of nociceptive 3 
activation but not of pain. 4 
**C-fiber activation threshold is also a measure of nociceptive activation; it is not clear how much 5 
activation is required for detection and pain thresholds. 6 
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&note: thermal activation was used in 109, but as a part of the “marking” technique 1 

NA; not available 2 

 3 
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Supplementary Table 1 Bias assessment for studies included in the quantitative comparison. 
Ref. Quality 

score 
Number of animals 
per group 

Control group without pain 
model 

Blinding Randomization Model Follow up 
period 

1 3 min 13 Yes No Yes Tail docking 8-16w 
2 2 8 (1 group of 4) No* Yes Yes Incision (SMIR) 7d 
3 0 6 No* No No Incision (SI and SMIR) 24h 
4 2 5 Internal control (same animal)* Yes No Incision (SI and SMIR) 7d 
5 4 6 Yes Yes Yes Nerve damage (PNT) 28d 
6 3 min 3 Yes Yes No Nerve damage (PNT, partial 

and full nerve crush) 28d 
7 2 6 Yes No No Nerve damage (PNT) 21+7d 
8 1 min 7 Internal control (same animal) No No UVB 48h 
9 3 16 Yes No Yes UVB 48h 
10 2 8 Internal control (same animal) No Yes NGF 7d 
11 1 8 Cross-over + internal No No Carrageenan 4h+24h 
12 2 24 Internal control (same animal) No Yes Capsaicin 0.5h 
13 2 12 No* Yes Yes Koalin 44h 
14 3 4 Internal control (same animal)* Yes Yes Amphotericin B 6d 
15 3 24 Internal control (same animal) Yes Yes Amphotericin B 6d 
16 2 4 Internal control (same animal)* No Yes Amphotericin B 6d 
17 2 14 Yes No No Lameness (natural) 3d 

*These studies investigated a pharmacological compound, the control group received the pain model without pharmacological treatment. 
SMIR; Skin and muscle incision and retraction 
SI; Skin incision 
PNT; Peripheral neuritis trauma  
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