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Abstract 20 

This study aimed to characterize the nociceptive withdrawal reflex (NWR) and to define the 21 

nociceptive threshold in 25 healthy, non-medicated experimental sheep in standing posture. 22 

Electrical stimulation of the dorsal lateral digital nerves of the right thoracic and the pelvic limb 23 

was performed and surface-electromyography (EMG) from the deltoid (all animals) and the 24 



femoral biceps (18 animals) or the peroneus tertius muscles (7 animals) was recorded. The 25 

behavioural reaction following each stimulation was scored on a scale from 0 (no reaction) to 5 26 

(strong whole body reaction). A train-of-five 1 ms constant-current pulse was used and current 27 

intensity was stepwise increased until NWR threshold intensity was reached. The NWR 28 

threshold intensity (It) was defined as the minimal stimulus intensity able to evoke a reflex with 29 

a minimal Root-Mean-Square amplitude (RMSA) of 20 µV, a minimal duration of 10 ms and a 30 

minimal reaction score of 1 (slight muscle contraction of the stimulated limb) within the time 31 

window 20 to 130 ms post-stimulation. Based on this value, further stimulations were 32 

performed below (0.9It) and above threshold (1.5It and 2It). The stimulus-response curve was 33 

described. Data are reported as medians and interquartile ranges. 34 

At the deltoid muscle It was 4.4 mA (2.9-5.7) with an RMSA of 62 µV (30-102). At the 35 

biceps femoris muscle It was 7.0 mA (4.0-10.0) with an RMSA of 43 µV (34-50) and at the 36 

peroneus tertius muscle It was 3.4 mA (3.1-4.4) with an RMSA of 38 µV (32-46). Above 37 

threshold, RMSA was significantly increased at all muscles. Below threshold, RMSA was only 38 

significantly smaller than at It for the peroneus tertius muscle but not for the other muscles. 39 

Data achieved in this study serve as reference for experimental or clinical applications of 40 

the conscious sheep model.  41 
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1. Introduction 46 

In the last few years, various in-vivo research models involving laboratory animals have 47 

been successfully replaced by in-vitro models, but so far their utility is limited to biomedical 48 



investigations. Among laboratory animals, the sheep is one of the most used species in 49 

experimental orthopaedic research. Analogies between ovine and human joints as well as a high 50 

comparability of bone morphology [1, 2] and easy handling turns this species into a very 51 

popular resource for this purpose [3]. However, orthopaedic research is often invasive and can 52 

only be ethically justified with the concurrent application of adequate peri- and post-operative 53 

pain management.  54 

Pain can only be successfully controlled if correctly recognized and quantified. Various pain 55 

scoring systems have been applied to sheep [4] and goats [5] to evaluate the degree of post-56 

operative pain and to be able to determine an eventual need of additional analgesics. In 57 

multidimensional pain scores, the general behavior of the animal, interactions between animals 58 

or between the animal and the observer as well as the sensitivity to wound palpation are 59 

evaluated. The sensitivity of the surgical wound can be further assessed by mechanical 60 

stimulation (algometry) to quantify the nocifensive pressure threshold at the surgical site [5] as 61 

well as at other parts of the limb [6]. Furthermore, the application of a heat source to the ear has 62 

been used to assess the sensitivity to increasing temperatures to determine changes in the 63 

nocifensive thermal threshold [6] . The end point of these models of acute nociception is 64 

determined by monitoring the evoked gross behavioural reaction or the thresholds at which the 65 

behavioural aversive response is elicited [7]. Unfortunately, the conclusiveness of these 66 

behavioral scores is limited by the stoic behavior of the ovine species and often the nociceptive 67 

threshold cannot be determined as cut-off stimulation levels to prevent tissue damage occurs 68 

before a behavioral reaction can be observed.  69 

Therefore, there is a need for a non-invasive, technically simple, sensitive, specific, 70 

repeatable standardized model to objectively quantify nociception in conscious sheep. The 71 

nociceptive withdrawal reflex (NWR), first described by Sherrington at the beginning of the last 72 

century, has been extensively used for the study of experimental nociception in conscious 73 

animals and humans [8-13]. In humans, the NWR threshold was found to be the threshold of a 74 

pain sensation [14] and the NWR and its modulation have been widely used in experimental, 75 



clinical, and pharmacological studies as a noninvasive neurophysiological tool to objectively 76 

assess spinal nociceptive processing in conscious and anaesthetized humans and animals [15-77 

18]. At stimulation intensities above threshold, nociceptive reflexes of increasing sizes are 78 

obtained. If multiple stimuli of increasing intensity are applied a stimulus response curve can be 79 

described. Analgesic drugs might modify the steepness of the curve without changing the NWR 80 

threshold [19]. So far, the NWR characteristics have not been described in sheep. 81 

The aim of the present study was to demonstrate the feasibility of evoking the NWR from 82 

the thoracic and pelvic limb in conscious non-medicated standing sheep, to investigate the 83 

species-specific characteristics of the NWR (latency and duration)in relation to gross 84 

behavioural reaction and to describe the stimulus-response curve. 85 

86 



2. Methods 87 

2.1. Animals 88 

Twenty-five adult purpose-bred Swiss Alpine Sheep were included in the study (mean 89 

weight: 63.1 kg ± 6.1(SD); age: 2-3 years). All sheep were part of an orthopaedic study starting 90 

after this experiment. Prior to the experiment, the animals were clinically examined and kept 91 

under close clinical surveillance during the entire experimental period. The experiment was 92 

approved by the Committee for Animal Experimentation of the Canton Graubuenden, 93 

Switzerland. The sheep were housed together in one stable with individual boxes. The room 94 

temperature was kept constant at 16▫C. A maintenance diet consisting of a mixture of straw, 95 

silage, maize and salt was fed twice daily while water was available in an automatic water 96 

drinker. Food but not water was withheld in the morning prior to the experimental session. All 97 

measurements were performed in the morning and took place in the stable where the animals 98 

had been housed for 4 to 6 weeks. The day before the experiment the sheep were placed into 99 

purpose-made suspension slings to guarantee restrain and avoid recumbency during the 100 

experiment. Normal standing and limited walking were always possible.  101 

 102 

2.2. Electrical stimulation and electromyography 103 

Nociceptive withdrawal reflexes were evoked by electrical stimulation and quantified by 104 

electromyography (EMG) and a subjective score for the behavior. The behavioural reaction to 105 

each stimulation was observed and scored by the same investigator (HR) on a scale from 0 (no 106 

reaction) to 5 (strong whole body reaction; Table 1). The occurrence of maximal behavior 107 

scores (5) led to immediate interruption of the stimulations.  108 

After clipping, shaving and degreasing of the sites for stimulation and recording, self-109 

adhesive stimulation electrodes (Neuroline 700; Ambu®; Parsenn Produkte, Kueblis, 110 

Switzerland) were placed over the lateral digital dorsal nerves of the right thoracic and the 111 

pelvic limb on the lateral metacarpal and metatarsal trochlea, respectively. A distance of 2 cm 112 



was kept between 2 electrodes and the anode was always placed distally. At the thoracic limb, 113 

the recording electrodes  were positioned on the deltoid muscle. At the pelvic limb, the 114 

recording electrodes were placed on the biceps femoris muscle in 18 animals and on the 115 

peroneus tertius muscle in 7 animals. A minimal distance of 2 cm was kept between the 116 

recording electrodes (diameter: 32 mm; PALSplatinum®, Parsenn Produkte, Kueblis, 117 

Switzerland). A ground electrode (50x50 mm; PALSplatinum®, Parsenn Produkte, Kueblis, 118 

Switzerland was placed on the back. Flexible leads were connected to the electrodes. Mean 119 

distance between digital nerves and withers was 70 cm, 25 cm between withers and recording 120 

sites of the deltoid muscle as well as lumbar spine and recording sites of the biceps femoris 121 

muscle. Mean distance between lumbar spine and the peroneus tertius muscle was 33 cm. The 122 

resistance of each pair of stimulation electrodes had to be <5 kOhm before the beginning and 123 

was checked again at the end of each experimental session. On completion of the experiments 124 

the electrodes were removed, the skin was washed and a dermatological cream was applied. 125 

Electrical stimulation and EMG recordings were performed by use of a specially designed 126 

computerized system [11]. The nerves were transcutaneously stimulated using a standard, 127 

constant-current electrical stimulus consisting of a train-of-five square-wave 1 ms pulses at 200 128 

Hz, and the reflex response was recorded by surface EMG. The EMG activity was recorded 129 

during 500 ms with 512 sampling points from 100 ms prior to the stimulus until 400 ms after 130 

the stimulus. The root-mean-square amplitude (RMSA) and the peak-to-peak amplitude (PPA) of 131 

the reflex were calculated for the epoch 20 to 130 ms after stimulation onset (NWR interval).  132 

 133 

 134 

2.3. Nociceptive threshold definition 135 

The current intensity of the stimulus was initially set at 1 mA and gradually increased in 136 

steps of 1 mA up to a maximum of 40 mA. Once the animal started to react, adjustments in 137 

steps of 0.2 mA were made until a precise threshold was determined. This protocol was applied 138 

to minimize the number of stimulations and therefore to reduce the stress for the 139 



animals.Threshold intensity (It) was defined as the minimal stimulus intensity able to evoke an 140 

EMG response of 20 µV (RMSA) with a duration of at least 10 ms within the NWR interval and 141 

a minimal reaction score of 1/5 (Table 1). If no reflex response was elicited, the current was 142 

gradually increased. Two additional stimulations at threshold intensity were performed to verify 143 

reproducibility of the response. If the reflex was not clearly elicited by both stimulations, the 144 

search for a stable threshold was continued. At least 20 s elapsed between stimulations. Once It 145 

was defined and confirmed, stimulations below (0.9It) and then above threshold intensity (1.5 146 

and 2It) were applied once to describe the stimulus-response curve. Each reflex response was 147 

quantified by its latency, duration and amplitude in the electromyographic response. The reflex 148 

latency was defined as the time elapsing from the stimulus onset to the reflex onset (EMG 149 

deflection) while the duration of the reflex was determined as the time elapsed from the reflex 150 

onset to the end of a continuous EMG deflection by visual inspection of the records.  151 

 152 

2.4. Statistical Analysis 153 

Data analysis was performed using statistical software (Sigma Stat, Version 3.5, Systat 154 

Software). Nonparametric analysis of data was chosen on the basis of tests for normality of 155 

distribution. Friedman repeated measures were applied to compare the effects of stimulation 156 

intensity levels on the reflex characteristics. Post-hoc Wilcoxon signed rank test was used to 157 

compare It values with the values at different stimulation intensities (0.9It, 1.5It and 2It).  158 

A chi square test was used to evaluate the portions of animals showing reflexes at 0.9It and 159 

Spearman rank correlation was performed to evaluate the degree of correlation between RMSA 160 

and behaviour scores. Significance was set at p<0.05. 161 

3. Results 162 

The sheep were judged to be healthy at the physical examination. They tolerated the 163 

experiments well, as the observed nocifensive reactions stopped immediately after stimulation, 164 

and as they were not accompanied by any persistent behavioural abnormalities or tissue damage. 165 



With the current intensities used to elicit the NWR in the present study, none of the sheep 166 

appeared severely distressed. All results are reported in Table 2. 167 

Nociceptive withdrawal reflexes could be evoked and recorded from all muscles under 168 

study (deltoid, biceps femoris and the peroneus tertius muscles). Intensities necessary to evoke a 169 

NWR varied among individuals and were muscle-specific.  170 

Determination of the nociceptive threshold (It) was followed by stimulation at 0.9It. Out of 171 

25 recordings from the deltoid muscle 4 had no deflection from the baseline, 6 had subthreshold 172 

EMG activity bursts while 15 had a NWR (p < 0.01). Out of 18 recordings from the biceps 173 

femoris muscle 5 had no deflection from baseline, 2 had subthreshold EMG activity bursts and 174 

11 had a NWR (p < 0.01). Out of 7 recordings at the peroneus tertius muscle 6 had subthreshold 175 

EMG activity and only 1 had a NWR (p = 0.7).  Compared to It, latency was significantly 176 

increased at 0.9It for the deltoid muscle while for the muscles of the pelvic limb median latency 177 

was only slightly but non-significantly increased below threshold. Above threshold (1.5It and 178 

2It), latency was significantly decreased for the deltoid muscle and for the biceps femoris muscle 179 

if compared to It while for the peroneus tertius muscle only a non-significant reduction could be 180 

detected.  181 

Compared to It, reflex duration was significantly shorter at 0.9It for the deltoid muscle the 182 

but not for the muscles of the pelvic limb. Above threshold, reflex duration increased 183 

significantly for the deltoid muscle but not for the muscles of the pelvic limb.  184 

Compared to It, median RMSA was significantly smaller at 0.9It for the deltoid muscle and 185 

the peroneus tertius muscle but not for the biceps femoris muscle. Above threshold, RMSA and 186 

PPA were significantly increasing for all muscles. 187 

. Compared to It, the behavioural reaction score was reduced at 0.9It for the forelimb but not 188 

for the hind limb. Above threshold, increasing stimulation intensities were accompanied by 189 

increasing reaction scores at the deltoid and at the biceps femoris muscle but not at the peroneus 190 

tertius muscle. A correlation between RMSA and the corresponding reaction scores could be 191 

detected at for the deltoid (R=0.71; p<0.001) and the biceps femoris muscles (R=0.50; p=0.012) 192 



at 0.9It but neither for the peroneus tertius muscle at 0.9It nor for any muscle at It or above 193 

threshold. 194 

195 



4. Discussion 196 

The present study demonstrates the feasibility of evoking the NWR by electrical stimulation 197 

from both thoracic and pelvic limbs in conscious non-medicated standing sheep. Individual 198 

NWR thresholds were determined, the effects of stimulus intensity increase were assessed and 199 

the neurophysiological species-specific characteristics of the reflex were described. Reflex 200 

recording was accompanied by a scoring of the behavioural reaction following each stimulation.  201 

The NWR model is based on the use of a short lasting, reproducible electrical stimulus to 202 

evoke the reflex and on the possibility to quantify the withdrawal reaction using 203 

electromyography in addition to the observation of gross behaviour. The stimulation of A-beta 204 

fibres with a conduction velocity of 96 m s-1 would lead to a reflex latency of 10 ms in adult 205 

sheep [20]. With afferent nerve conduction velocities in the A-delta range of 4-36 m s-1 [21], 206 

some delay in the spinal cord and an efferent velocity of 100 m s-1 [22] a nociceptive reflex can 207 

be expected between 19 and 175 ms in sheep. In our recordings, most of the EMG activity was 208 

observed between 20 and 130 ms following onset of the stimulus, and therefore this epoch was 209 

chosen as a fixed interval to quantify reflex activity.  A comparable post-stimulation window of 210 

20-100 ms has been previously selected in dogs [9]. 211 

Beside the temporal aspect the NWR was quantified by the evaluation of its energy using 212 

the methods of the root mean square amplitude (RMSA) and of the peak to peak amplitude 213 

(PPA). While the PPA value corresponds to the dimension of the maximal spike within the reflex 214 

burst, the RMSA provides a measure of the integrated energy over the predefined interval 215 

including the whole reflex burst and is therefore typically used in NWR experimental studies 216 

[23].  217 

An individual reflex threshold could be defined for each muscle. In some cases, slight 218 

alterations in stimulus intensity led to significant changes in reflex characteristics and 219 

behavioural reaction. If the evoked reflex was too large, the stimulation intensity was decreased 220 

until the NWR threshold could be precisely defined [25].  221 



Even though reflex characteristics could not only be recognized at It and at suprathreshold 222 

intensities but also sporadically at 0.9It, the reflex was lost when the nociceptive threshold was 223 

to be confirmed at this intensity with 2 additional stimuli. During the experiment a learning 224 

effect of the animal was avoided as they could not relate any noise or event to the stimulus. 225 

Measurements were only performed when the sheep was standing on 4 limbs to avoid any 226 

possible influence of weight distribution on the evoked limb reflex. 227 

In horses, stimulus intensity necessary to evoke a nociceptive threshold was comparable to 228 

NWR thresholds achieved in this study [26]. In dogs, the stimulus intensity needed to evoke a 229 

NWR was lower [9]. Both, sheep and horses were standing during the measurements and 230 

therefore the limbs were weight bearing while the dogs were positioned in lateral recumbency 231 

and any muscle activity was avoided. A silent background EMG was mandatory in all studies to 232 

start the stimulation process and any reflex facilitation due to active muscle contraction prior to 233 

stimulation could be excluded [27]. Interestingly, when Rossi et al. [28] stimulated electrically 234 

the sole of the foot of human volunteers at pain threshold intensity in standing position the 235 

reflex response decreased with increasing weight on the stimulated limb. In contrary, unloading 236 

induced a generalised enhancement of NWR excitability [29].  237 

Recordings from the deltoid, the biceps femoris or the peroneus tertius muscles allowed a 238 

determination of a muscle specific NWR latency and a quantification of the extent of muscular 239 

activity in response to the stimulus. Differences in latencies and NWR thresholds among 240 

muscles appear to be a result of a muscle-specific response pattern [30, 31]. The main function 241 

of the deltoid muscle of the thoracic limb is the flexion of the shoulder joint. In this muscle the 242 

most linear correlation between stimulus intensity and behavioral expression could be observed 243 

(Fig. 2). Electrical stimulation of the lateral aspect of the thoracic digit strong enough to 244 

provoke actual withdrawal was consistently evoking a visible immediate flexion of the shoulder 245 

and the elbow joint. This was accompanied by EMG activity at the deltoid muscle.  246 

After electrical stimulation of the pelvic limb inducing a withdrawal, an immediate flexion 247 

of the knee joint accompanied by a partial extension of the hip joint could be seen. In sheep, the 248 



contraction of the biceps femoris muscle leads to extension of the hip joint and flexion of the 249 

knee joint due a division of its structure into a cranial and a caudal part while in humans a 250 

flexion of the knee is the only function of this muscle where it has been previously used in 251 

experimental NWR studies in humans [8]. The peroneus tertius muscle is a flexor of the tarsus 252 

and an extensor of the knee joint thereby mainly acting as a stabilizer of the lower pelvic limb 253 

[32]. The activation of this muscle following the stimulation of the lateral digital nerve has not 254 

been described before. In equine studies, electromyographic measurements were performed at 255 

the cranial tibial muscle [12, 16]. In dogs, the cranial tibial muscle and the biceps femoris 256 

muscle were used but no difference in activation threshold between muscles could be detected 257 

[9]. In this study the peroneus tertius muscle or the biceps femoris muscle were used since the 258 

cranial tibial muscle is very small and the structure is tendon-like while the peroneus tertius 259 

muscle is more prominent and the size is comparable to the cranial tibial muscle in horses and 260 

dogs [33]. 261 

Clear nocifensive behavioral reactions accompanied the appearance of the biceps NWR, but 262 

not of the peroneus NWR, suggesting that the peroneus tertius might have more a balance 263 

preparatory movement than a withdrawal function. This finding confirms that species and 264 

muscle specific reference values are of high importance for a further use of the model [34].  265 

After definition of the nociceptive threshold stimuli at suprathreshold intensity were 266 

applied. The stimulus-response curve revealed a strong stimulus intensity dependence of the 267 

NWR characteristics latency, reflex duration and behavioural reaction score in the deltoid and 268 

the biceps femoris muscles. In the peroneus tertius muscle these reflex characteristics altered 269 

less when the stimulus intensity was increased. Even though the reflex amplitude  increased 270 

with increasing stimulus intensity in all muscles the changes were more prominent in the deltoid 271 

and in the biceps femoris muscles. 272 

The lack of consistent recruitment of the EMG activity observed for the peroneus tertius 273 

muscle suggests that this muscle is not adequate to describe the stimulus-response function, 274 



while it provides interesting information at low stimulation intensities, being the first muscle to 275 

be activated, before any other nocifensive reaction can be observed.  276 

Additionally to the evaluation of the electromyographic recordings the behavioural 277 

reactions following stimulation were evaluated by use of a specifically designed reaction score 278 

(Table 1). The focus of the score was the extent of withdrawal of the stimulated limb as well as 279 

the involvement of the whole body. Until now, the visual detection of a withdrawal movement 280 

of the limb following electrical, thermal or mechanical stimulation was used as an endpoint in 281 

various studies evaluating analgesic drugs [4, 35]. As already determined in previous studies in 282 

other species, the combination of electromyographic and behavioural evaluations by use of the 283 

NWR model allows quantitative determination of changes in nociception in conscious animals 284 

[16] . 285 

 286 

Conclusion 287 

The nociceptive withdrawal reflex following a train-of-five standard stimulus in healthy 288 

non-medicated sheep could be determined and species- and muscle-specific characteristics of 289 

this reflex and the corresponding stimulus-response curve could be defined. These values can 290 

now serve as baseline data for the evaluation of analgesic drugs and techniques in this species.   291 

 292 

Conflict of interest statement 293 

None of the authors of this paper has a financial or personal relationship with other people 294 

or organizations that could inappropriately influence or bias the content of the paper. 295 

 296 

Funding 297 

The study has partly been funded by the 3R Research Foundation, Switzerland. 298 



References 299 

[1] Allen MJ, Houlton JE, Adams SB Rushton N. The surgical anatomy of the stifle joint in 300 
sheep. Vet Surg 1998; 27: 596-605. 301 

[2] Pearce AI, Richards RG, Milz S, Schneider E Pearce SG. Animal models for implant 302 
biomaterial research in bone: a review. Eur Cell Mater 2007; 13: 1-10. 303 

[3] Martini L, Fini M, Giavaresi G Giardino R. Sheep model in orthopedic research: a 304 
literature review. Comp Med 2001; 51: 292-9. 305 

[4] Nolan A, Livingston A, Morris R Waterman A. Techniques for comparison of thermal 306 
and mechanical nociceptive stimuli in the sheep. J Pharmacol Methods 1987; 17: 39-49. 307 

[5] Adami C, et al. Sciatic-femoral nerve block with bupivacaine in goats undergoing 308 
elective stifle arthrotomy. The Veterinary Journal 2011; 188: 53-7. 309 

[6] Welsh EMNolan AM. The effect of abdominal surgery on thresholds to thermal and 310 
mechanical stimulation in sheep. Pain 1995; 60: 159-66. 311 

[7] Ley SJ, Waterman AE Livingston A. A field study of the effect of lameness on 312 
mechanical nociceptive thresholds in sheep. Vet Rec 1995; 137: 85-7. 313 

[8] Chan CWDallaire M. Subjective pain sensation is linearly correlated with the flexion 314 
reflex in man. Brain Res 1989; 479: 145-50. 315 

[9] Bergadano A, Andersen OK, Arendt-Nielsen L, Schatzmann U Spadavecchia C. 316 
Quantitative assessment of nociceptive processes in conscious dogs by use of the nociceptive 317 
withdrawal reflex. Am J Vet Res 2006; 67: 882-9. 318 

[10] Bergadano A, Andersen OK, Arendt-Nielsen L Spadavecchia C. Noninvasive 319 
assessment of the facilitation of the nociceptive withdrawal reflex by repeated electrical 320 
stimulations in conscious dogs. Am J Vet Res 2007; 68: 899-907. 321 

[11] Spadavecchia C, et al. Investigation of the facilitation of the nociceptive withdrawal 322 
reflex evoked by repeated transcutaneous electrical stimulations as a measure of temporal 323 
summation in conscious horses. Am J Vet Res 2004; 65: 901-8. 324 

[12] Spadavecchia C, et al. Comparison of nociceptive withdrawal reflexes and recruitment 325 
curves between the forelimbs and hind limbs in conscious horses. Am J Vet Res 2003; 64: 700-326 
7. 327 

[13] Sherrington CS. Flexion-reflex of the limb, crossed extension-reflex and reflex 328 
stepping and standing. J.Physiol. (Lond.) 1910; 40: 28-121. 329 

[14] Willer JC. Comparative study of perceived pain and nociceptive flexion reflex in man. 330 
Pain 1977; 3: 69-80. 331 

[15] Spadavecchia C, et al. Effects of butorphanol on the withdrawal reflex using threshold, 332 
suprathreshold and repeated subthreshold electrical stimuli in conscious horses. Vet Anaesth 333 
Analg 2007; 34: 48-58. 334 

[16] Rohrbach H, Korpivaara T, Schatzmann U Spadavecchia C. Comparison of the effects 335 
of the alpha-2 agonists detomidine, romifidine and xylazine on nociceptive withdrawal reflex 336 
and temporal summation in horses. Vet Anaesth Analg 2009; 36: 384-95. 337 

[17] Bergadano A, et al. Plasma levels of a low-dose constant-rate-infusion of ketamine and 338 
its effect on single and repeated nociceptive stimuli in conscious dogs. Vet J 2009; 182: 252-60. 339 

[18] Curatolo M, Petersen-Felix S, Arendt-Nielsen L, Fischer M Zbinden AM. Temporal 340 
summation during extradural anaesthesia. Br J Anaesth 1995; 75: 634-5. 341 

[19] Le Bars D, Gozariu M Cadden SW. Animal Models of Nociception. Pharmacological 342 
Reviews 2001; 53: 597-652. 343 

[20] Loke JCP, Harding R Proske U. Conduction velocity in peripheral nerve of foetal, 344 
newborn and adult sheep. Neuroscience Letters 1986; 71: 317-22. 345 

[21] Gasser HSErlanger J. The role played by the sizes of the constituent fibers of a nerve 346 
trunk in determining the form of its action potential wave. American Journal of Physiology -- 347 
Legacy Content 1927; 80: 522-47. 348 



[22] Steiss JEArgue CK. Normal values for radial, peroneal and tibial motor nerve 349 
conduction velocities in adult sheep, with comparison to adult dogs. Vet Res Commun 1987; 350 
11: 243-52. 351 

[23] Andersen OK, Jensen LM, Brennum J Arendt-Nielsen L. Modulation of the human 352 
nociceptive reflex by cyclic movements. Eur J Appl Physiol Occup Physiol 1995; 70: 311-21. 353 

[24] Neziri AY, et al. The nociceptive withdrawal reflex: Normative values of thresholds 354 
and reflex receptive fields. European Journal of Pain 2010; 14: 134-41. 355 

[25] Neziri AY, et al. Factor analysis of responses to thermal, electrical, and mechanical 356 
painful stimuli supports the importance of multi-modal pain assessment. Pain 2011; 152: 1146-357 
55. 358 

[26] Spadavecchia C, et al. Quantitative assessment of nociception in horses by use of the 359 
nociceptive withdrawal reflex evoked by transcutaneous electrical stimulation. Am J Vet Res 360 
2002; 63: 1551-6. 361 

[27] Tsuruike M, Kitano K, Koceja DM Riley ZA. Differential control of H-reflex 362 
amplitude in different weight-bearing conditions in young and elderly subjects. Clin 363 
Neurophysiol 2012; 123: 2018-24. 364 

[28] Rossi ADecchi B. Flexibility of lower limb reflex responses to painful cutaneous 365 
stimulation in standing humans: evidence of load-dependent modulation. J Physiol 1994; 481 ( 366 
Pt 2): 521-32. 367 

[29] Serrao M, Spaich EG Andersen OK. Modulating effects of bodyweight unloading on 368 
the lower limb nociceptive withdrawal reflex during symmetrical stance. Clin Neurophysiol 369 
2012; 123: 1035-43. 370 

[30] Andersen O, Sonnenborg F, Matjačić Z Arendt-Nielsen L. Foot-sole reflex receptive 371 
fields for human withdrawal reflexes in symmetrical standing position. Experimental Brain 372 
Research 2003; 152: 434-43. 373 

[31] Schouenborg JKalliomäki J. Functional organization of the nociceptive withdrawal 374 
reflexes. I. Activation of hindlimb muscles in the rat. Experimental brain research. 375 
Experimentelle Hirnforschung. Experimentation cerebrale 1990; 83: 67-78. 376 

[32] Levinsson A, Garwicz M Schouenborg J. Sensorimotor transformation in cat 377 
nociceptive withdrawal reflex system. Eur J Neurosci 1999; 11: 4327-32. 378 

[33] Koenig HE, Liebich H-G Polsterer E, Anatomie der Haussaeugetiere. 2008, Schattauer 379 
Verlag. 380 

[34] McIlroy WE, Bent LR, Potvin JR, Brooke JD Maki BE. Preparatory balance 381 
adjustments precede withdrawal response to noxious stimulation in standing humans. 382 
Neuroscience Letters 1999; 267: 197-200. 383 

[35] Ludbrook G, Grant C, Upton R Penhall C. A method for frequent measurement of 384 
sedation and analgesia in sheep using the response to a ramped electrical stimulus. J Pharmacol 385 
Toxicol Methods 1995; 33: 17-22. 386 

 387 
 388 

389 



Table 1: Reaction scores used to evaluate the behavioural reaction following electrical 390 

stimulation of the thoracic and the pelvic limb 391 

Score Description 
0 No reaction 
1 Slight, muscular contraction at the stimulated limb 
2 Muscular reaction and short lifting of the stimulated limb 
3 Extended lifting of the stimulated limb 
4 Lifting of the stimulated limb with involvement of other parts of the body 
5 Lifting of the stimulated limb and strong whole body reaction  
 392 

 393 

Table 2: After definition of the nociceptive threshold, stimulations were performed at 394 

intensities below and above threshold 395 

 Thoracic limb deltoid muscle (25  animals) 

Parameter 0.9It It 1.5It 2It P value # 

Stimulation intensity (mA) 4.0a (2.7-5.1) 4.4a (2.9-5.7) 6.6 (4.4-8.6) 8.8a (5.8-11.4)  

Latency (ms) 39.1a,b∗ (27.4-71.0) 
P<0.001 31.3c,d (25.4-69.0) 25.4b,d∗ (21.5-36.2) 

P<0.001 
24.5a,c∗ (21.3-30.6) 
P<0.001 P < 0.001 

Duration (ms) 65.6a,b∗ (41.4-84.3) 
P=0.005 66.5 (61.1-99.9) 100.8b∗ (84.9-139.5) 

P=0.007 
116.5a∗ (88.3-139.7) 
P=0.003 P < 0.001 

RMSA (µV) 24a,c∗ (12-51) 
P=0.011 62b,d (30-102) 197c,d∗ (85-363) 

P<0.001 
260a,b∗ (138-439) 
P<0.001 P < 0.001 

PPA  159a,c∗ (81-385) 
P=0.004 488b,d (221-1002) 1287c,d∗ (551-2609) 

P<0.001 
1746a,b∗ (1152-2926) 
P<0.001 P < 0.001 

Reaction score 1a,b∗ (1-1) 
P=0.047 1c,d (1-2) 2b,d∗ (2-2) 

P=0.016 
2a,c∗ (2-4) 
P=0.002 P < 0.001 

 Pelvic limb biceps femoris muscle (18 animals) 

Parameter 0.9It It 1.5It 2It P value # 

Stimulation intensity (mA) 6.4a,c (3.6-9.0) 70b (4.0-10.0) 10.4c (6.5-15.5) 14.0a,b (8.6-20.0) 
  

Latency (ms) 38.2a,b (29.2-46.7) 37.2c,d (29.4-70.5) 28.8b,d∗ (25.4-38.7) 
P=0.018 

27.4a,c∗ (24.9-32.6) 
P<0.001 P < 0.001 

Duration(ms) 77.3 (49.7-107.1) 79.3 (64.5-96.9) 105.7 (66.1-134.1) 111.6∗ (78.3-140.9) 
P=0.017 P = 0.061 

RMSA (µV) 25a,c (13-55)  
 43b (34-50) 88c∗ (33-115) 

P=0.008 
123a,b∗ (70-178) 
P<0.001 P < 0.001 

PPA 164a,c (81-349) 
P=0.002 245b (234-303) 495.6c∗ (208-705) 

P=0.008 
627a,b∗ (429-1107) 
P<0.001 P < 0.001 

Reaction score 1a (1-1) 
P=0.031 1b (1-2) 2∗ (1-2.25) 

P=0.008 
4a,b∗ (1.75-4) 
P<0.001 P < 0.001 

 Pelvic limb peroneus tertius muscle (7 animals) 



Parameter 0.9It It 1.5It 2It P value # 

Stimulation intensity (mA) 3.0a,c (2.7-4.0) 3.4b (3.1-4.4) 5c (4.7-6.6) 6.4a,b (6.1-8.7)  

Latency (ms) 26.4 (21.8-35.0) 24.5 (20.8-28.9) 22.5 (21.5-23.3) 21.5 (20.5-22.5) P = 0.025 

Duration (ms) 29.9a (20.6-57.0) 
 46 (35.3-76.3) 61.7 (48.7-93.5) 100.8a (62.1-131.6) P = 0.034 

RMSA (µV) 11a,b∗ (9-17) 
P=0.016 38 (32-46) 116b∗ (75-166) 

P=0.016 
108a∗ (71.75-165.25) 
P=0.016 P < 0.001 

PPA 85a,b∗ (59-140) 
P=0.016 278 (233-368) 720b∗ (579-1077) 

P=0.016 
735a∗ (489-1122) 
P=0.016 P < 0.001 

Reaction score 1 (0-1) 1 (1-1) 1 (1-1) 1 (1-1) P = 0.029 

 396 

Stimulation intensity, latency (onset of stimulation to onset of reflex), duration (onset of reflex 397 

to end of reflex), reflex amplitude (root mean square amplitude (RMSA); root mean square 398 

amplitude of the reflex at the NWR interval) and reaction score (1-5) after transcutaneous 399 

electrical stimulation of the lateral digital nerve of the forelimb and of the hind limb at the 400 

nociceptive threshold intensity (It) as well as at intensities corresponding to 90, 150 and 200% 401 

of the threshold (0.9, 1.5, 2It).  Results are reported as median values and interquartile ranges 402 

(IQR). 403 

a, b, c data with the same superscript letters are significantly different (p < 0.05; Friedman test);∗ 404 

data with a star are significantly different from It (p < 0.05; Signed rank test); # p-values 405 

represent results for Friedman Repeated Measures Analysis of Variance on Ranks. 406 

 407 

 408 
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