Evaluation of post-surgical hyperalgesia and sensitization after open inguinal hernia repair: a useful model for neuropathic pain?
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Abstract
Cutaneous mechanical hyperalgesia can be induced in healthy volunteers in early-phase analgesic studies to model central sensitization, a key mechanism of persistent pain. However, such hyperalgesia is short-lived (a matter of hours), and is used only for assessing only single drug doses. In contrast, post-surgical peri-incisional hyperalgesia may be more persistent, and hence be a more useful model for the assessment of the efficacy of new analgesics. We undertook quantitative sensory testing in 18 patients at peri-incisional and non-operated sites before open inguinal hernia repair and up to the 24th post-surgical week. The spatial extent of punctate hyperalgesia and brush allodynia at the peri-incisional site were greatest at weeks 2 and 4, but had resolved by week 24. Heat allodynia, suggestive of local inflammation or peripheral sensitization, were not observed; instead, there were deficits in cold and heat sensory detection that persisted until week 24. The findings suggest that central sensitization contributes significantly to mechanical hyperalgesia at the peri-incisional site. The prolonged duration of hyperalgesia would be advantageous as a pain model, but there was considerable variability of mechanical hyperalgesia in the cohort; the challenges of recruitment may limit its use to small, early phase analgesic studies.
(197 words)

Perspective

Peri-incisional mechanical hyperalgesia persists for at least 4 weeks after open inguinal hernia repair and reflects central sensitization; this may have utility as a model of chronic pain to assess the potential of anti-neuropathic analgesics. 
(35 words)
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Introduction
Pre-clinical research has identified numerous mechanisms for neuropathic pain that can be targeted by drugs for pain relief in patients 11
, but most novel compounds have failed as clinically useful analgesics 33
. These failures emphasize the extent of the difficulties translating drug efficacy from animal models to patients 

38

. To aid clinical translation, early phase studies may involve testing of potentially analgesic compounds in healthy human volunteers. Such studies involve the induction of symptoms that are relevant to peripheral or central sensitization, against which the potential of an analgesic can be assessed 
 ADDIN EN.CITE 
10, 35
. Thermal hyperalgesia is localized to the site of inflammation and is regarded as a surrogate of peripheral sensitization. Mechanical punctate hyperalgesia and brush allodynia extend well beyond the inflamed site and are more long-lived, and consequently are considered cardinal symptoms of central sensitization 
 ADDIN EN.CITE 
28, 42
.
Mechanical hyperalgesia can be induced in healthy volunteers by intra-dermal electrical stimulation, administration of capsaicin or superficial skin incision 9
. The effects of potential analgesics may then be quantified by psychophysical 46
 or physiologic 
 ADDIN EN.CITE 
21, 27
 methods to assess the likelihood of successful translation of these compounds for the treatment of neuropathic pain. 
Experimentally-induced hyperalgesia in healthy volunteers has very well-defined mechanisms 
 ADDIN EN.CITE 
5, 24, 28, 46
; however, such hyperalgesia subsides over hours and so can only be employed to assess single dose drug effects. Furthermore, the oral drug is usually administered before hyperalgesia is established to achieve peak plasma concentration before hyperalgesia wanes. Hence, findings may not translate to the management of established chronic pain. 
Of more relevance to chronic pain might be peri-incisional mechanical hyperalgesia or allodynia, which are observed in the post-surgical period. Data from sensory studies in patients from other centers, particularly after open inguinal hernia surgery 
 ADDIN EN.CITE 
1-3, 16, 32
, have reported sensory changes in the later post-surgical periods from 6 months to 2 years. There are definite deficits in thermal sensory detection in patients with chronic post-surgical pain (CPSP) and in controls, but only patients with CPSP report mechanical hyperalgesia 1 year after surgery 
In this study, we investigated the evolution of subacute pain, areas of mechanical hypersensitivity and thermal sensory and pain thresholds in patients who underwent open inguinal hernia repair in the early post-surgical period; from the second to the 24th week after surgery. We aimed to assess the feasibility of sub-acute mechanical hyperalgesia or allodynia clinical as an outcome for the assessment of early phase analgesic efficacy.
Methods

Recruitment

Following local ethics review (LREC 06/Q0106/77) and approval, we recruited eligible patients undergoing elective open unilateral surgical repair of inguinal hernia between the years 2008–10 at Cambridge University Hospital NHS Trust, Cambridge, United Kingdom. Surgery was undertaken under general anesthesia, with discharge home planned on the same day. This surgical population was chosen because they were judged to represent a relatively homogenous demographic group. The study was observational in nature. Surgeons and anesthesiologists were not involved in subject recruitment, nor did they alter their usual practice or clinical care.

The inclusion criteria were men aged over 16 years scheduled to undergo open inguinal hernia repair, and the ability to give written, informed consent. Only men were included to reduce variability related to sex in this small pilot study (see Discussion).
Potential subjects were excluded if they had undergone previous surgery in the groin on either side, had pre-existing groin pain judged to be caused by the hernia, disease associated with neuropathy (for example, diabetes mellitus, multiple sclerosis or stroke), or a disease or disorder causing chronic pain. Subjects were also excluded if self-reports or hospital records (medical notes or prescriptions) indicated regular use of analgesics or substance misuse or dependence (including alcohol).
Potential subjects were identified from operating room schedules and were sent a written invitation to participate. Prospective participants expressed their interest by contacting an investigator directly, or by completing and returning a response sheet in a pre-paid envelope. All participants were reimbursed for their time at GBP30 per hour (US$40, €34), and for transport at GBP0.23 (US$0.31, €0.26) per mile or a return taxi fare within Cambridgeshire, UK.
Timing and place of assessments
Subjects were assessed 2–4 weeks before surgery, and at 2 weeks, 4 weeks, 6 weeks, 8 weeks, 16 weeks and 24 weeks after surgery.

All assessments were undertaken in a facility purpose-built for experimental medicine and phase I pharmaceutical drug testing at the Addenbrooke’s Centre of Clinical Investigation, Cambridge, UK. Tests were conducted in the same quiet, temperature-controlled room between 0900 and 1600 hours for every session and subject. The experimenters were trained in all procedures. A single experimenter was assigned to all visits for the same subject to reduce within-subject variation. Formal assessment of inter-rater reliability was not undertaken for the experimenters who acquired data for this study.
Subjects lay semi-recumbent on a bed and were briefed verbally from a standardized set of instructions regarding the tests to be performed. At the first visit (pre-surgical), subjects were shown the equipment used to deliver the stimuli described in the sections below and allowed to familiarize themselves with sensations elicited by these stimuli, which was applied to the volar aspect of the forearm of their choice. During actual testing, they were asked to keep their eyes closed and concentrate on the sensations experienced from the stimuli.
Spontaneous pain and dynamic pain
For all visits, subjects rated the presence of spontaneous pain and dynamic pain (pain on coughing) using 100-mm visual analog scales (VAS). The VAS consisted of horizontal lines printed on paper. The left and right anchors were ‘none’ and ‘worst possible’. The subject was asked to place a mark along the line to reflect the experience of ‘pain right now’ on the scales. The point at which the mark transected the horizontal line was measured by ruler on the day of data collection.
Peak expiratory flow rate (PEFR), which is negatively correlated with spontaneous pain after abdominal surgery 17

, was measured as the best of three efforts (Mini Wright Peak Flow Meter, Clement Clarke International, Harlow, UK). Analgesic use was also recorded.
Quantitative sensory testing 
Quantitative sensory testing (QST) was performed at the site of planned surgical incision and the contralateral, control sites at all visits. 
The skin test sites were marked with semi-permanent ink, using a standard template with eight radial lines (labelled a–h) with points at 1-cm intervals along each 10-cm line (Supplemental Figure 1). The point of the radial intersection corresponded to the mid-point of the surgical incision, and the line designated ‘a’ was the outermost horizontal radial. For pre-surgical testing, or testing of the contralateral site, a line was drawn 1 cm above and parallel to the inguinal ligament (located between the anterior superior iliac spine and pubic tubercle); the mid-point of this line corresponded to the radial intersection on the template. Shaving or hair removal was not performed at either incision or contralateral sites to avoid any potential risks of peri-surgical skin infection or irritation 40
.
Punctate hyperalgesia 

The skin was first stimulated with a 26 g hand-held von Frey filament (Semmes-Weinstein Aesthesiometer, Rolyan-Ability One, Germantown, WI). Each subject was allocated his own filament for testing, which was wiped with alcohol prior to use to minimize risk of contamination. Testing was conducted along each of the radial lines (a–h), beginning at the outermost point of radial ‘a’, moving centripetally towards the center in steps of 1 cm at a rate of 1 cm s-1 until the patient reported a distinct increased pricking sensation. If no change in sensation occurred, stimulation ceased 1 cm from the incision. The spatial extent of hyperalgesia was derived from the calculated area of the polygon, mapped on the point thresholds for altered sensation on the radial lines.

Brush allodynia

Next, the skin was stroked along the same radial lines and at the same intervals with a soft-top cotton wisp (Q-tips, Unilever, Englewood Cliffs, NJ) to elicit dynamic allodynia. The sequence of stimulation was identical to that employed for testing for punctate hyperalgesia. Each stroke was 1 cm long, with an interval of at least 2 s between strokes. Subjects were instructed to indicate when the stimulus started to feel unpleasant. The spatial extent of allodynia was derived from the calculated area of the polygon, which was mapped on the radial lines as described above.

Heat sensory and pain thresholds

Thermal sensory thresholds were determined by the method of limits using a 30-mm2 skin thermode (Pathway ATS, Medoc, Brain Vision, London, UK). The proximal edge of the thermode was placed on the radial ‘b’, 3 cm from intersection of the radii. The baseline temperature was 32°C, with a 1°C s-1 ramp rate. The ramp ceased and the temperature of the thermode returned to baseline when the subject pushed a button on the response unit. The cut-off limit was 51°C; if the subject failed to respond, the temperature ramp ceased automatically, the thermode temperature returned to baseline and the cut-off temperature was recorded. The sensory threshold was determined before the pain threshold. There were four trials for the sensory threshold and three trials for the pain threshold; the mean temperature for each was recorded.
Cold sensory and pain thresholds

The sensory and pain thresholds for cold were determined next, using the same method. The cut-off limit was set at -2oC and the temperature was recorded if reached. Subsequently, thermal sensory testing always began on the non-operated, contralateral inguinal region.
Neuropathic Pain Symptom Inventory

The Neuropathic Pain Symptom Inventory (NPSI) 31

.12

, including ‘burning’, ‘pins and needles’ and brush or pressure provoked pains. We chose the NPSI as it is the only questionnaire validated for assessing treatment effects in patients with established peripheral and central neuropathic pain 7

 was administered 1 year after surgery by post to quantify sensations that are relevant to a range of neuropathic pain diagnoses 
Statistical analyses
Where appropriate, pre-surgical measures for the incision and contralateral sites were subtracted from the corresponding measurements obtained after surgery. These differences were then subjected to statistical testing using SPSS Statistics (version 21; IBM, Armonk, NY). Data are reported as mean (SD) unless otherwise stated. The data of participants that dropped out of the study were excluded from the analysis. One-way repeated measures analysis of variance (ANOVA) was employed to assess the effects of post-surgical time elapsed on: spontaneous pain; dynamic pain; PEFR; area of punctate hyperalgesia, and area of dynamic allodynia. Bonferroni correction for multiple comparisons was employed to reveal exactly when differences were significant during the post-surgical period. The Wilcoxon signed-rank test was employed to investigate baseline differences in thermal sensory and pain thresholds between the planned incision site and the contralateral site in the pre-surgical period. Two-way repeated measures ANOVA was employed to examine the influence of time (post-surgical weeks) and site (incision, or contralateral control) on: cold sensory threshold; cold pain threshold; heat sensory threshold, and heat pain threshold. Sphericity of data was assessed using Mauchly’s test and the Greenhouse-Geisser correction was used when the assumption of non-sphericity was violated. When repeated measures ANOVA detected statistically significant effects, Bonferroni correction for multiple comparisons was used to identify where differences between the post-surgical periods or between incision and control sites were significant.
We also used our data to determine the sample size required for a potential two-arm clinical trial to examine the efficacy of a treatment to reduce subacute post-surgical peri-incisional hyperalgesia, while taking account of temporal patterns of change in pain following surgery. Such a trial would need to be sufficiently powered to detect a clinically relevant difference in mean reduction over time in the spatial extent of punctate hyperalgesia in the post-surgical period, between a treatment and placebo group. Punctate hyperalgesia reflects central sensitization, which is a mechanism for neuropathic pain, and its spatial extent is widely employed as the primary outcome in analgesic drug studies of experimentally-induced pain 35
. Calculations were based on a two-sample t-test and were derived using the non-central t-distribution, rather than an approximation to the normal distribution, due to the small size of the pilot data. The sample standard deviation (SD) of the pilot data was used as the expected SD of the placebo group, and the SD of the treatment group was assumed to be equal to that of the placebo group. Sample sizes were derived under conditions that achieved a one-tailed type I error of 5% and a power of 80%. Calculations were repeated for varying values of SD, which reflected patients with different levels of baseline hyperalgesia in the pilot data.

Results

Forty-eight letters of invitation were sent in the first year of the study. Twenty-four potential participants responded, and the 20 who chose to attend the first visit (screening) were all eligible. Two participants were lost to follow-up; one because of work commitments, and the other for undisclosed reasons. Hence 18 men of mean age 56.4 (13.5) years, all Caucasian, attended all study sessions and were included in the analysis. General anesthesia and surgery were uncomplicated in all cases; all participants were discharged on the day of surgery.
Spontaneous and dynamic pain, analgesic use and lung function
There were significant effects of post-surgical period on spontaneous pain (F (5,17) = 4.43, p = 0.001) and dynamic pain (F (5,17) = 4.58, p = 0.001): spontaneous pain was significantly greater (Bonferroni correction, p <0.05) at post-surgical week 2 than post-surgical weeks 8, 16 and 24, and dynamic pain was significantly greater at post-surgical week 4 compared with weeks 16 and 24 (Figure 1). The proportion of patients taking oral analgesics was greatest at week 2 (when eight [44.4%] were taking either paracetamol, non-steroidal anti-inflammatory drugs and/or codeine phosphate); however, no patient reported analgesic use by post-surgical week 6. No significant changes in PEFR were detected during the study period (F (5,17) = 2.36, p = 0.11, Supplemental Figure 2). 
Punctate hyperalgesia and dynamic allodynia

There were significant effects of post-surgical period on punctate hyperalgesia (F (5, 17) = 7.17, p <0.001) and dynamic allodynia F (5, 17) = 4.66, p <0.001). The mean area of punctate hyperalgesia was significantly greater during post-surgical week 2 compared with weeks 6, 8, 16 and 24 (Figure 2, top); and the mean area of dynamic allodynia was significantly greater during post-surgical week 4 compared with weeks 8, 16 and 24 (Figure 2, bottom).
Pre-surgical thermal sensory and pain thresholds at planned incision site and contralateral site

There were no significant pre-surgical differences in thermal sensory and pain thresholds for either cold or heat between the planned surgical site and the contralateral site (Supplemental Table 1).
Effects of site and post-surgical period on changes in heat sensory detection and pain thresholds 

There was a significant main effect of site (F (1, 102) = 35.44, p <0.001) on heat sensory threshold (Figure 3, top); overall, the temperature required for detection of heat sensation was higher for the incision site than the control site (p <0.001) for all post-surgical periods. There was no significant effect of post-surgical period (weeks) on heat sensory threshold (p = 0.33); no significant interaction effects were found (p = 0.92). Heat sensory thresholds at the incision site compared with the control site were significantly increased at 16 weeks (mean difference [95% confidence intervals, CI] = 3.181 [0.307–6.055]) and 24 weeks (mean difference [95% CI] = 3.214 [0.340–6.088]) after surgery.
There was a significant main effect of site on heat pain threshold (p <0.001). Overall, the temperature to elicit heat pain was higher for the incision site compared with the control site. There was no significant effect of post-surgical period (p = 0.064) on heat pain thresholds. No significant interaction effects were found (p = 0.88). Post hoc tests revealed that heat pain thresholds at the incision site compared with the control site were significantly increased 16 weeks after surgery (mean difference [95% CI] = 1.996 [0.034–3.958]; Figure 3, bottom).
Effects of site and post-surgical period on changes in cold sensory detection and pain thresholds
There was a significant main effect of site on cold sensory threshold; overall, the temperature required for the detection of cold sensation was significantly lower at the incision site than the control site (p <0.001). There was no significant effect of post-surgical period on cold-sensory threshold (p = 0.99; Supplemental Figure 3, top), and no significant interaction effects were detected (p = 0.91). Post hoc tests did not identify any post-surgical period when differences in cold sensory threshold between the incision and control sites were significant. 
There was a significant main effect of site on cold pain threshold; overall, the temperature required to elicit cold pain was lower for the incision site compared with the control site (p = 0.006). There was no significant effect of post-surgical period on cold pain threshold (p = 0.51); no significant interaction effects were found (p = 0.31; Supplemental Figure 3, bottom). Again, post hoc tests did not identify any post-surgical period when differences in cold sensory threshold between the incision and control sites were significant.

Neuropathic Pain Symptom Inventory

The median score for the NPSI measured 1 year after surgery was 1.5 (interquartile range 3.25; Supplemental Figure 4). The total possible score is 100. No subject who completed the study reported or required clinical treatment for chronic or neuropathic pain.

Power analysis

Based on the results of this study, mechanical hyperalgesia between post-surgical week 2 and post-surgical week 4 would represent a feasible outcome measure for analgesic efficacy. Week 2 was when the spatial extent of hyperalgesia peaked, and delaying study initiation later than week 4 would result in reduction of the initial area of hyperalgesia to an extent that would make a treatment effect difficult to detect. A clinically relevant difference in area of hyperalgesia was selected at 10 cm2. Table 1 shows the sample size that would be required to achieve 80% power and 5% type I error, for a range of SDs of reduction in area of hyperalgesia. The SD of 19.1 cm2 is based on data from all 18 patients, 22.3 cm2 is from only patients with an initial (week 2) area greater than 10 cm2, and 17.3 cm2 is from patients with initial area greater than 20 cm2. An SD of 25 cm2 has been added as further sensitivity analysis to consider the sample size if the true SD is higher than that of the pilot data: 10% was added to the required sample sizes to allow for potential dropouts from the trial. We considered one additional variation of this analysis: it may be desirable to only include patients with sizeable hyperalgesia (>20 cm2) in a clinical trial, as they are the ones who might be considered for the study intervention. With that in mind, the sample size required would be 42 per arm (84 in total). Conservative choices about the SD could take the sample size up to 86 per arm (172 in total, Table 1).

Discussion
Several QST studies have revealed that thermal and mechanical hyperalgesia occur to some extent immediately after and for at least 7 days after surgical incision 
 ADDIN EN.CITE 
23, 39
, but both resolve completely in patients without CPSP within 1 year of open inguinal surgery. In individuals with CPSP more than 1 year after surgery, approximately one-third exhibit cutaneous mechanical or thermal hyperalgesia, almost two-thirds exhibit mechanical hyperalgesia, about one-quarter exhibit tactile hypoesthesia with hyperalgesia simultaneously, and one-quarter exhibit mechanical hyperalgesia on the non-operated side 

2

. The evolution of symptoms in the interval between 1 week and 1 year after surgery is unclear. Our study provides data on the spatial and temporal course of pain, mechanical hyperalgesia and thermal and pain thresholds between the second week to the 24th week after open inguinal hernia surgery.

Pain and mechanical hyperalgesia
Our cohort of patients reported mild (mean VAS <20/100) pain 2–4 weeks after surgery, which had resolved by 16–24 weeks. Analgesic use peaked at 2 weeks, and no patient reported using analgesics beyond 6 weeks. Importantly, there were no significant effects of surgery on PEFR measured at post-surgical week 2 or thereafter, suggesting that pain relief was adequate in this group of patients. 
The spatial extent of hyperalgesia and allodynia showed a similar post-surgical course, but the spatial extent of hyperalgesia was greater than that of allodynia. This relationship has been observed in studies of experimentally-induced cutaneous hypersensitivity 
 ADDIN EN.CITE 
15, 25
; hyperalgesic and allodynic areas were significantly larger in the early compared with the late post-surgical period—both had almost completely resolved in our cohort by post-surgical week 24.
Hyperalgesia or allodynia can be defined as ‘primary’ or ‘secondary’ for short-lived experimental models 37

. Primary hyperalgesia is assessed where the conditioning stimulus is applied, where injury or inflammation caused by that stimulus is obvious. Secondary hyperalgesia is assessed in areas beyond where the conditioning stimulus was applied. For our post-surgical model, these terms are irrelevant because wound healing was largely complete by the end of the subacute peri-operative period, and entirely by 6 months. The terms, ‘primary’ and ‘secondary’ would therefore not strictly apply to the hyperalgesia or allodynia observed in chronic neuropathic pain diagnoses that we sought to mode. For that reason, we simply employed the terms ‘punctate hyperalgesia’ and ‘brush allodynia’ in our clinical model. 
Thermal pain thresholds

Heat allodynia occurs in the presence of inflammation and is attributed to peripheral sensitization of nociceptors 42
. For experimental models of pain, heat allodynia is observed only in the area where the conditioning stimulus, for example, the contact heat thermode or topical capsaicin, is applied. In those models, areas of brush allodynia and punctate hyperalgesia extend beyond the region of injured or inflamed skin where heat allodynia is observed and are attributed to central sensitization 
 ADDIN EN.CITE 
5, 30, 46
. In experimental models, there is evidence that heat allodynia correlates positively with secondary mechanical hyperalgesia, but only modestly 19

, suggesting the conditioning stimulus or injury only contributes to the development of central sensitization to a small extent.
We did not observe any significant peri-incisional heat allodynia (decreased heat pain threshold), suggesting that peripheral sensitization of nociceptors did not contribute to mechanical hyperalgesia in that region, and that clinically significant skin inflammation was absent from the peri-incisional region from the second week after surgery onwards in our cohort. Instead, we observed significantly higher heat pain thresholds at the incision site compared with the non-operated side, and a significant effect of post-surgical period. In contrast, we did not detect significant effects of site or post-surgical period on cold pain thresholds. Aasvang and colleagues also found that heat sensory and pain thresholds in their cohort of 40 pain-free patients were significantly increased at the operated site compared with the non-operated contralateral site 1 year after surgery and beyond, but there were no significant differences in cold pain threshold 

3

.

Thermal sensory deficits
We also found significant deficits in post-surgical thermal sensory thresholds compared with the pre-surgical baseline. These deficits were present 2 weeks after surgery and were found up to 6 months after surgery in our cohort. Cold sensory temperature thresholds were decreased at the incision site compared with the contralateral side, and heat sensory temperature thresholds were increased at the incision site compared with the contralateral side. We did not perform QST beyond 6 months in this relatively pain-free cohort; however, comparable thermal sensory deficits have been reported in pain-free patients over 1 year after surgery 

3

, suggesting that the underlying mechanisms for the sensory dysfunction over the incision site develop in the early post-surgical period.

The presence of thermal sensory deficits suggests dysfunction or damage of small sensory fibers. Tactile detection thresholds that reflect function of large sensory fibers were not assessed in this study, but similar deficits have been reported up to 1 year after open hernia surgery 

3

. Direct surgical damage to the nerves in the inguinal region is assumed to cause these sensory deficits. However, intra-surgical identification and preservation (where possible) of the hypogastric, ilioinguinal and genitofemoral nerves failed to influence the development of sensory deficits 

4

. Nonetheless, it is possible that nerve identification in that study might have been inadequate. Furthermore, even if nerve identification had been adequate in all cases, inadvertent damage could still occur to surrounding nerve branches from entrapment, or inflammation after implantation of surgical mesh.
Sensory deficits in the peri-incisional site, reflecting some degree of nerve damage, are common and persistent after open inguinal hernia. However, such nerve damage is not a sufficient cause for CPSP. Similar sensory deficits have also been documented in the absence of CPSP 1 year after surgery in other studies 
 ADDIN EN.CITE 
1, 3
. It is also noteworthy that CPSP is not always neuropathic in nature. In fact, research criteria for ‘definite’ or ‘probable’ neuropathic pain 34

.20

. Hence, nerve damage detectable by QST of superficial skin is neither a necessary nor sufficient cause of CPSP. Mechanisms for CPSP are likely highly heterogenous and may involve sensitization of deeper visceral nerves or the central nervous system 41

 were met in only 31% of patients with CPSP after inguinal hernia repair 
Mechanical hyperalgesia – a symptom of central sensitization
Cutaneous hyperalgesia after a standard surgical incision occurs in the acute post-surgical period, and is the behavioral correlate of peripheral and central sensitization processes 8
. However, pharmacologic suppression of hyperalgesia in the first few days after surgery is not consistently associated with improved pain scores or the development of chronic pain 
 ADDIN EN.CITE 
13, 39
. This suggests that the mechanisms underlying hyperalgesia in the earliest post-surgical phase may not adequately reflect the later pathophysiology of neuropathic pain 45
.
We demonstrated that mechanical hyperalgesia in the peri-incisional region is longer-lived (weeks) and occurs in the absence of thermal hyperalgesia. This suggests that central sensitization is the predominant driver of mechanical hyperalgesia in the sub-acute post-surgical period. However, mechanical hyperalgesia did not persist beyond the 12th week after surgery in our patients, and none of our patients had CPSP or neuropathic pain 1 year after surgery. Hence, mechanical hyperalgesia itself is a merely symptom that reflects the presence of central sensitization. The symptom does not appear to predict development of CPSP or chronic neuropathic pain. While mechanical hyperalgesia can occur in CPSP 

3

 or chronic neuropathic pain 6
, there is still no robust evidence that the sensory symptoms alone provide prognostic information in patients with CPSP or chronic neuropathic pain. More complex sensory profiling may be required for prognosis or treatment stratification, an area that is currently the subject of substantial interest in peripheral neuropathic pain research 
Utility of mechanical hyperalgesia in the subacute post-surgical period in early phase analgesic trials
Surgically-induced mechanical hyperalgesia appears to reflect central sensitization and is longer lasting than experimentally-induced hyperalgesia in healthy volunteers. With the surgical model, there is at least 1–2 weeks when hyperalgesia is fully established. This would be an advantageous period for the analgesic effects of repeated doses of a novel drug to be assessed, and would avoid the limitations of short-lived experimental settings when the drug is often administered before hyperalgesia is induced 
 ADDIN EN.CITE 
21, 27
.
We chose to study open inguinal hernia repair for two reasons. First, repair of inguinal hernia is one of the most common operations in general surgery, with rates ranging from 10 per 100 000 in the United Kingdom to 28 per 100 000 in the United States 36

.22

. We are mindful, however, of the well-recognized sex differences in pain neurobiology, that findings in men cannot be assumed to be generalizable to women 29

, the co-morbidities in these patients may prevent recruitment into experimental or early phase analgesic trials. We also elected not to recruit women to our pilot study: open inguinal procedures are six times less common in women 26

. While the incidence of CPSP is highest in patients who have undergone limb amputation, thoracotomy or mastectomy 22

. Second, the incidence of CPSP is reportedly high, particularly in younger patients; 1-year incidence is about 43% in patients aged 18–40 years 
There are several drawbacks of this subacute surgical model. First, the spontaneous pain scores were low in our cohort in the subacute phase. This likely reflects highly skilled surgeons, patient education and access to analgesics in the tertiary center. Importantly, patients who volunteered for this study were pain-free prior to surgery, were willing to participate in research and may have differed psychologically from the general population. These factors may limit generalizability of the model. Second, the extent or area of hyperalgesia between individuals was highly variable, and we were not able to ascertain the contribution of inter-experimenter variability towards that variability. Assuming a parallel arm design, a preliminary power analysis based on our data suggests a sample size of 84 (power, 80%; type I error, 5%) would be required in a two-arm clinical trial to detect a difference in hyperalgesia reduction of 10 cm2 between post-surgical weeks 2 and 4. The sample size required for the surgically-induced model of hyperalgesia far exceeds that of those typically employed in early phase or proof-of-concept studies. A cross-over design, counterbalanced for order of drug and placebo, could be employed, but the extent of post-surgical hyperalgesia in patients is time-dependent. The washout period required for crossover trial design may prohibit the assessment of prolonged drug administration.


Conclusion

While mechanical hyperalgesia reflects central sensitization, evaluations of novel analgesics in healthy volunteer models of mechanical hyperalgesia are limited when it comes to predicting overall drug efficacy in patients with chronic neuropathic pain 10
. These models can only assess single doses of oral drugs that are administered before hyperalgesia is fully established.

Our pilot study suggest that mechanical hyperalgesia is extremely common in the subacute post-surgical period after open inguinal hernia repair, lasting up to 4 weeks in most individuals, which circumvents the key limitation of experimentally-induced hyperalgesia. Nonetheless, variability in the extent of hyperalgesia and sex bias limits the feasibility of its use in early phase trials. Also, the correspondence of biologic mechanisms underlying hyperalgesia in the sub-acute post-surgical period, neuropathic pain and CPSP is unclear. It may be preferable to assess the anti-neuropathic effects of drugs directly in a cohort of patients with established neuropathic pain 6
, but these patients comprise an even more heterogeneous group and many have already been prescribed drugs for symptom management. Finally, it may be that QST-based measures, while affordable, cannot provide data at the mechanistic level that is required for early phase trials. More objective neurophysiologic surrogates are available and appear promising 
 ADDIN EN.CITE 
14, 44
, but are costly and their value in early phase analgesic trials for predicting success in late phase trials are still unclear. Establishing the analgesic efficacy of drugs in clinical practice remains a challenging research endeavor.
Figure legends
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Figure 1 
The post-surgical time series for spontaneous and dynamic pain and reported analgesic use. Error bars indicate the standard error of the mean. Tukey’s test; *p <0.05.
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Figure 2
A graph showing the extent of cutaneous punctate hyperalgesia and dynamic allodynia that occurred after open inguinal hernia repair over time. The hyperalgesic area was significantly greater than allodynic area. Areas were significantly greater at post-surgical week 2 compared with post-surgical weeks 6, 8 and 24. Error bars indicate the standard error of the mean. Tukey’s test; *p <0.05.
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Figure 3 
Graphs showing the time course of post-surgical versus pre-surgical differences in heat sensory thresholds (top) and heat pain thresholds (bottom) after open inguinal hernia repair at the incision and contralateral sites. Error bars indicate the standard error of the mean. Sidak’s tests; *p <0.05, **p <0.01, **p <0.001. 
Table 1
	Standard deviation of reduction in area of hyperalgesia (cm2)
	Sample size required, per treatment arm
	Sample size per arm, plus 10% to allow for dropouts
	Total sample size required

	17.3
	38
	42
	84

	19.1
	46
	51
	102

	22.3
	63
	70
	140

	25.0
	78
	86
	172


The required sample sizes to detect treatment effect of 10 cm2, for a range of standard deviations.
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Supplemental material

Supplemental Table 1
	
	Incision site
	Contralateral site
	p

	Cold sensory threshold (°C)
	27.7 (1.1)
	28.2 (1.6)
	0.12

	Cold pain threshold (°C)
	4.9 (8.0)
	4.6 (7.0)
	0.05

	Heat sensory threshold (°C)
	35.9 (0.8)
	36.0 (1.2)
	0.86

	Heat pain threshold (°C)
	46.4 (3.6)
	46.8 (3.5)
	0.48


Paired t-tests for the comparisons for thermal sensory and pain thresholds at the incision and contralateral sites at the pre-surgical baseline. The temperature thresholds shown are mean (standard deviation).
Supplemental Figure 1 


[image: image5]
The diagram depicts sites (black dots) where skin stimulation by poking with von Frey (punctate hyperalgesia) or stroking by ‘Q-tip’ cotton wisp (dynamic allodynia was performed. The distance between each dot along the radial spokes (a-h) is 1-cm. The dotted brown line indicates the surgical incision. The clear red square indicates where the contact thermode was applied.
Supplemental Figure 2
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A graph showing the time course of post-surgical versus pre-surgical differences in peak expiratory flow rate after open inguinal hernia repair. Box and whisker plot; error bars represent the 5th–95th percentiles.
Supplemental Figure 3
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Graphs showing the time course of post-surgical versus pre-surgical differences in cold sensory thresholds (top) and cold pain thresholds (bottom) after open inguinal hernia repair at the incision and contralateral sites. Error bars indicate the standard error of the mean.

Supplemental Figure 4
[image: image9.emf]Neuropathic Pain  Symptom Inventory     15         10         5         0  

Score (0 - 100)  


A box and whisker plot of scores from Neuropathic Pain Symptom Inventory. Each individual is represented by a black dot; bars represent the range of participants’ scores. The possible range of scores is 0–100.
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