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Figure 4 – Time course of change in pain detection threshold (PDT) following 2MED UvB exposure. The 
change in PDT was measured in both the irradiated and non-irradiated areas and is expressed relative to 
baseline. The data are expressed as the least square means with 95% CI.

Figure 5 – Time course of the difference in PDT between the irradiated area and the control non-irradiated 
area following either 2MED or 3MED UvB exposure. The data are expressed as the least square means with 
95% CI. 
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Chapter 8

The capsaicin-induced hyperalgesia 
model: validation and incorporation 
in a multi-modal nociceptive and 
hyperalgesia pain test battery to 
detect analgesic effects of drugs  
in healthy subjects

Siebenga PS, Doll RJ, Mentink A, Klaassen E, Groeneveld GJ.
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Introduction
Continuing efforts are made to improve pain models, for example by simulation 
of clinical pain symptoms, such as hyperalgesia.1-21 A frequently used hyperal-
gesia model is the capsaicin-induced hyperalgesia/allodynia model, in which 
application of the red chili pepper extract capsaicin induces a temporary hyper-
algesia, resulting in a lower heat pain threshold, and a temporary mechanical 
allodynia.5-7,19,21-23,26,28,37,51 Capsaicin is a highly selective agonist for transient re-
ceptor potential cation channels subfamily V member 1 (TRPV1). TRPV1 channels 
are transducers of physically and chemically evoked sensations.29 The vanilloid 1 
subtype is activated by noxious heat (≥ 43°C) and is expressed on C-fibers and on 
a subset of Aδ-fibers.30,31 The transient effects of applying topical capsaicin are 
burning sensations, hyperalgesia, allodynia, and erythema. By periodically heat-
ing the zone of primary hyperalgesia to a non-painful temperature (prekindling 
and rekindling), a longer-lasting hyperalgesia can be maintained. Previous stud-
ies have shown that the topical application of capsaicin induces peripheral sen-
sitization by primary mechanical allodynia/thermal hyperalgesia.7,37 Primary 
hyperalgesia is caused by modulation of peripheral afferents and is therefore 
restricted to the site of injury, i.e., peripheral sensitization. Capsaicin may also 
induce central sensitization by secondary mechanical allodynia, an increased 
responsiveness of nociceptive neurons in the central nervous system to their 
normal or subthreshold afferent input (secondary hyperalgesia/allodynia). The 
secondary hyperalgesia is thought to be a transient state of central sensitization 
where an increase in excitability of the dorsal horn neurons is induced, which 
can also be caused by nerve injury.7,24 In addition, it triggers the release of pro-
inflammatory agents at peripheral terminals, such as substance P and calcitonin 
gene-related peptide (CGRP).32,33

Thermal primary and secondary hyperalgesia, after application of capsaicin, 
can be evaluated via laser evoked potentials (LEP) using an EEG recording sys-
tem. Laser stimulation (LS) uses energy to heat up the epidermis and parts of the 
dermis with brief and powerful stimuli.34 This type of stimulation causes a char-
acteristic double pain sensation, consisting of an initial sharp pinpricking-like 
pain (Aδ-fibers) and a second longer burning pain (C-fibers).35-36 LS can stimulate 
the skin in a well-reproducible manner making it useful as a tool to elicit evoked 
potentials. Evoked potentials are monophasic deflections of spontaneous EEG 
and are time and phase locked on the onset of the stimuli.27 These waveforms are 
typically characterized by their polarity, latency, amplitude, and measurement 
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position on the scalp. Evoked potentials via EEG can be registered due to the brief 
nature of the stimulus of which the timing can be controlled and may provide 
important information on (central) pain processing.25-27 Combined LS and EEG 
registration may quantify the pain stimulus in a more objective manner. 

The use of multimodal, multi-tissue pain testing is a strategy to improve the 
predictive value of evoked pain models in clinical drug development. Effect out-
comes, however, are only valuable when the pain models don’t interfere with 
each other. The aim of the present study was to evaluate the validity and reliabil-
ity of the capsaicin-induced hyperalgesia model. The model was evaluated in a 
multimodal pain test setting to determine whether the capsaicin-induced hyper-
algesia model can contribute to the analgesic profile of the drug tested without 
influencing the other pain models. 

Methods	
Study design and study drugs
This was a two part study which is registered in the European Clinical Trial da-
tabase under No. 2017-000480-32. Part A was a method validation study of the 
capsaicin-induced hyperalgesia model. Part B was a double-blind, single dose, 
randomized, placebo-controlled, 3-way cross-over study. The latter study was 
setup to establish the usefulness of the capsaicin model, when used in the con-
text of the pain test battery, to detect the effects of drugs used in the treatment of 
neuropathic pain. For both Part A and B screening occurred between 28 and 8 
days before first study drug administration. 

In Part A of the study, subjects were to attend the clinic on 2 occasions, with 
a wash-out period of at least 7 days. Subjects were divided in to 2 groups: those 
who were to receive pre-/rekindling (rekindle) or those who were not to receive 
pre-/rekindling (no-rekindle). Both groups followed the same schedule of as-
sessments. Prekindling was performed immediately before application of the 
capsaicin patch (duration: 5 min; temperature: 45°C), rekindling was done im-
mediately before the contact heat stimulation on the capsaicin treated skin at 0.5, 
3, 5 and 8 hours post-capsaicin application (duration: 5 min; temperature: 40°C).

In Part B subjects were to attend the clinic on three separate occasions, with 
a wash-out period of at least 7 days. Each subject received on one occasion a sin-
gle dose of duloxetine 60 mg, tramadol 100 mg, or placebo. Both tramadol and 
duloxetine are known to be effective in the treatment of neuropathic pain and 
are being used in the clinic for this indication.38-41 The Pharmacy Department of 
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the Leiden University Medical Center prepared the study treatments and over-
encapsulated all treatments to ensure blinding. A battery of human evoked pain 
models was used to demonstrate analgesic properties. 

The study was approved by the Medical Ethics Committee Stichting Beoordeling 
Ethiek Biomedisch Onderzoek (Assen, The Netherlands) and was conducted ac-
cording to the Dutch Act on Medical Research Involving Human Subjects (WMO) 
and in compliance with all International Conference on Harmonization Good 
Clinical Practice (ICH-GCP) guidelines and the Declaration of Helsinki. 

Study participants
A total of 20 healthy male subjects (1:1 ratio rekindle: no-rekindle) between 18 and 
45 years of age, were to be included in the study in Part A and 18 healthy male 
subjects in Part B. All subject provided written consent prior to any study activi-
ties. Subjects with a Fitzpatrick skin type I-IV, without widespread acne, tattoos 
or scarring on the volar forearms and who were willing and able to comply with 
all scheduled visits were included. Subjects indicating a NRS (0-10) > 8 after re-
moval of the capsaicin or < 3 after LS were excluded. In part B, subjects were also 
excluded when they were not able to tolerate nociceptive assessment at screening 
or those who did not achieve tolerance at >80% of maximum input intensity for 
the mechanical, electrical or cold thermal nociceptive assessments, or who had 
less than 1°C decrease of the average pain detection threshold (PDT) between con-
trol and capsaicin treated skin during the contact heat pain model. Any condi-
tion that would affect sensitivity to pain or cold, or a confirmed significant allergic 
reaction (urticaria or anaphylaxis) to duloxetine or tramadol, or multiple drug 
allergies, would lead to exclusion.

Evoked pain tests
Primary hyperalgesia to heat (contact heat and LEPs) and secondary hyperalge-
sia and mechanical allodynia (LEPs and pin-prick) were evaluated in the capsa-
icin-induced hyperalgesia/allodynia model in Part A. Only contact heat and LEPs 
(primary hyperalgesia) were assessed in Part B. For these assessments, a 3x3 cm 
surface on the right volar forearm was used for the application of occlusive topi-
cal 1% capsaicin cream FNA (Formulary of Dutch pharmacists) for 30 minutes, 
whereas the left volar forearm served as a non-sensitized control. 
Pain detection thresholds to contact heat were measured using a 3x3 cm contact 
thermode (TSA-II, Medoc Ltd., St. Ramat Yishai, Israel) on the capsaicin treated 
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skin and control area (initial temperature 32°C, ramp 0.5°C/s, cut-off 50°C, aver-
age of 3 stimuli). Measurements were performed twice pre-dose (baseline mea-
surements were performed once before capsaicin application and once after 
capsaicin removal. Both baseline measurements were performed before study 
drug administration), and 0.5, 1, 3, 5, 8 and 10 hours post-capsaicin in Part A, and 
0.5, 1, 2, 3, 4, 6, 8 and 10 hours post-study drug administration in part B.
LEPs were recorded in a in a quiet room with minimal illumination. Both subject 
and investigator wore protective goggles. Laser stimuli (5 ms stimulus duration, 
5 mm diameter, 2 Joules, random stimulus intervals of 6-8 seconds) were gener-
ated by a Nd:YAP laser (neodymium:yttrium-aluminium perovskite, STIMUL 1340, 
Electronic Engineering). To avoid skin damage and nociceptor sensitization/
habituation, the site of stimulation was moved after each laser stimulus.25,45-46 LS 
was always performed on the secondary area first, then control area and last on 
the primary area in Part A, and on the control area first and then on the capsa-
icin treated area in part B. 20 stimulations were administered per location per 
stimulus block and were performed twice pre-dose (baseline measurements 
were performed once before capsaicin application and once after capsaicin re-
moval. Both baseline measurement were before study drug administration), and 
1, 3, 6 (part B only) and 8 hours post-dose. After each block of stimulations the 
subject was asked to indicate the most painful moment during this series on a 
numeric rating scale (0-10 with 0= ’no pain’ and 10= ‘worst pain imaginable’). 
LS was recorded using an EEG system (TMSi Polybench, Twente Medical Systems 
international (TMSi), Oldenzaal, the Netherlands). EEG data was collected with a 
cap using the 10-20 system. In order to minimize artefacts on the EEG recording, 
subject were instructed to focus, stay relaxed and keep the eyes open as much as 
possible. A reaction button had to be pushed as fast as possible after a stimulus 
was felt. Measurement parameters included the amplitude (μV) and latency (ms) 
of N2, P2 and N2P2 peaks. 

Secondary allodynia was measured via mechanical pin-prick assessment with 
Von Frey filaments (Part A only). At each visit pre-capsaicin application, individu-
alized pain perception was evaluated using Von Frey filaments ranging from 128-
512 mN. The filament where the subject reported ‘nearly painful’ was then used to 
determine the area of secondary mechanical allodynia. Eight spokes dividing a 
circle in equal parts were used to assess secondary allodynia. Stimulation started 
3.5-4 cm from the center of the primary area moving to the middle with steps of 
5 mm. Once a change in sensation was felt, from nearly painful to painful, that 
point was determined to be the border of the secondary allodynia area. To mini-
mize the risk of measuring false positive central sensitization, the primary area 
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was surrounded by a border of 5 mm in which no secondary allodynia measure-
ments was performed. Due to a high variation and a relative high non-responder 
group in Part A of the study, analysis of this paradigm was not possible. 

Part B nociceptive tasks were integrated in a range of pain assessments mea-
suring different modalities of pain on different tissues, now included with the 
capsaicin-induced hyperalgesia model (no-rekindle), see Figure 1. The electrical 
stimulation, pressure stimulation and cold pressor assessment have been de-
scribed previously.42-44 The battery of evoked pain tasks also consisted of a para-
digm quantifying conditioned pain modulation (CPM). These assessments were 
conducted twice pre-dose (double baseline) and 1, 2, 3, 4, 6 and 10 hours post-
dose by trained personnel. A training session was included as part of the screen-
ing examination to familiarize subjects with the procedure. To eliminate the risk 
of tissue damage, all pain tasks have a maximum safety cut-off.

Statistical analysis
Part A and B were analyzed separately. 
Repeatedly measured pharmacodynamic data of Part A were analyzed with a 
mixed model analysis of covariance with fixed factors group, treatment, visit, 
time, group by treatment, group by visit, group by time, treatment by visit, treat-
ment by time, visit by time, group by treatment by visit, group by treatment by 
time, group by visit by time, treatment by visit by time and group by treatment 
by visit by time and random factors subject, subject by treatment, subject by visit 
and subject by time and the average pre-value as covariate.

Repeatedly measured pharmacodynamic data of part B were analyzed with 
a mixed model analysis of variance with the fixed factors treatment, period, 
time and treatment by time, random factors subject, subject by treatment and 
subject by time and the average pre-value as covariate. Within each pain model 
the contrast of tramadol and duloxetine compared with placebo was calculated 
over the full testing period (0 -10 hours). Per variable results were generated with 
estimates of the difference of the different contrasts and a back transformed 
estimate of the difference in percentage for log transformed parameters, 95% 
confidence intervals (in percentage for log-transformed parameters) and Least 
Square Means (LSMeans) (geometric means for log transformed parameters), 
and the p-value of the contrasts.

All calculations of the pharmacodynamic parameters were performed using 
SAS for Windows version 9.4 (SAS Institute Inc., Cary, NC, USA). The main SAS pro-
cedure that was used in the analysis was “PROC MIXED”. No adjustments for mul-
tiple comparisons were employed.
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The test-retest reliability of the PDTs for the contact heat pain model was calcu-
lated using intra-class correlation (ICC). Calculations were based on all measure-
ments performed on the control area of all subjects in Part A, and on all base-
line measurements on the capsaicin and control area of the subjects in Part A. 
Assessment of variability included the calculation of the intra-subject coefficient 
variation (CV) of the PTT for the pressure stimulation, cold pressor and electrical 
stair of the current study and 4 previous studies conducted with these models: 
Study I-IV (EudraCT no. 2014-003015-12, 2014-003553-34, 2014-004468-39 and 
2015-003496-30).63-66 Least squares means PDTs and PTTs per time point for all 5 
studies were calculated. 

Results
Demographics and safety
21 male subjects were included in Part A and 18 male subjects were randomized 
to receive treatment in part B. One subject in Part A was replaced as he developed 
flu-like symptoms during occasion 1 and was unable to complete the study. This 
adverse event was not assessed as related to the application of the capsaicin or 
the study procedures. A total of 38 subjects completed the study and were includ-
ed in the final analysis. Table 1 shows an overview of the subject characteristics. 
Table 2 shows an overview of the treatment related adverse events (ae) observed 
in part B. All aes were transient and needed no medical intervention. One ae 
(dizziness) was moderate in intensity, while all others were mild. 

Part A
Capsaicin-induced hyperalgesia contact heat model

LSMeans PDTs were measured in the rekindle and no-rekindle groups on each 
day the subjects attended the clinic. The time course of the heat PDTs is present-
ed in Figure 2. Analysis of the contrasts showed a significant difference between 
the PDTs on the capsaicin treated skin versus the control area (LSMeans 40.5°C; 
estimate of the difference -3.85°C; 95%CI-4.45 – -3.26; p<.0001). Between the re-
kindle and no-rekindle groups no significant differences were observed, neither 
on the capsaicin treated skin (LSMeans 40.8°C; estimate of the difference 0.69°C; 
95% CI -0.74-2.12; p=0.3205) nor on the control area (LSMeans 44.4°C; estimate 
of the difference 0.08°C; 95% CI -1.35-1.50; p=0.9116). The heat PDT’s measured 
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on occasion 1 and occasion 2 were comparable (LSMeans 42.6°C; estimate of the 
difference 0.29°C; 95% CI -0.26-0.84; p=0.2886). The ICC on the control area was 
0.784, for all baseline measurements 0.813, and for all data points (control and 
capsaicine) 0.700. 

Part B
Capsaicin-induced hyperalgesia contact heat model

The heat PDT values were measured on the capsaicin treated skin and on the con-
trol skin (Figure 3a). Tramadol led to a significant increase in PDT for heat pain 
on the control area (LSMeans 44.9; estimate of the difference 1.08; 95% CI 0.42-
1.75; p=0.0023) over the complete period. No significant difference between du-
loxetine and placebo was detected on the control area (p=0.1375). Neither trama-
dol nor duloxetine could be shown to lead to significant effects on primary heat 
hyperalgesia compared to placebo (tramadol: p=0.0753; duloxetine p=0.1915). A 
summary of the endpoints is presented in Table 3a and a time course profile of 
the heat PDT on the three treatments occasions is presented in Figure 4.

Laser evoked potentials
On the control area, the placebo parameters were unchanged throughout the 
study period. Latency was not significantly affected by tramadol or duloxetine 
compared with placebo. Tramadol had a significant effect compared with place-
bo on the N2 amplitude (LSMeans -6.98 μV; estimate of difference 1.885 μV; 95% 
CI 0.61-3.16; p=0.0051), the N2P2 amplitude (LSMeans 15.07 μV; estimate of differ-
ence -3.106 μV; 95% CI -5.744 – -0.468; p=0.0226), and the reaction time (LSMeans 
427.43 ms; estimate of difference 38.761 ms; 95% CI 13.426-64.097, p=0.0041), on 
the normal skin. A time course for the N2P2 amplitude has been depicted in 
Figure 4. Duloxetine had no significant effect compared with placebo on any of 
the endpoints in the normal skin. Also, there were no statistically significant dif-
ferences from placebo on any of the endpoints on the capsaicin treated skin for 
tramadol or duloxetine. Perceptive thresholds after LEP were unaffected for both 
treatments compared with placebo (p>0.2). A summary of effects (LSMeans, esti-
mate of the difference, 95% CI and p-values) are presented in Table 3B. 
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Mechanical, thermal (cold) and electrical stimulation 
models
Time courses and the analgesic profile for each treatment on the primary end-
points are shown in Figure 4 and 5. The results of the analyses for the PTT for 
the he pressure stimulation, cold pressor and electrical models are presented. 
Tramadol increased the PTT significantly compared with placebo for the pres-
sure stimulation (LSMeans 50.5; estimate of the difference 18.7%; 95% CI 12.3%-
25.5%; p<.0001), cold pressor (LSMeans 31.5; estimate of the difference 37.7%; 
95% CI 24.3%-52.5%; p<.0001), and electrical stair model (LSMeans 25.8; esti-
mate of the difference 17.6%; 95% CI 6.6%-29.8%; p=0.0023) over the complete 
10 hours of testing. CPM (The delta PTT for electrical pain) effect was not demon-
strated by either tramadol (LSMeans 1.71; estimate of the difference -0.241; 95% 
CI -1.119-0.636; p=0.5791) or duloxetine (LSMeans 1.70; estimate of the difference 
-0.243; 95% CI -1.127-0.640; p=0.5784). Duloxetine had no significant effect on 
any of the pain models. The effects of tramadol and duloxetine on evoked pain 
are depicted in Figure 3B and Table 3A. 

Reliability
The average PDT and PTT per time point per study were comparable (Table 4). The 
pressure stimulation, cold pressor and the electrical stimulation all had PTTs e 
in the range of the previous studies. The study-to-study variability (current study 
and studies I-IV)34-36,45 of the mean PTT in the pressure stimulation, cold pressor 
and electrical stair were small. The pressure stimulation had a CV of 8.2% in the 
current study and 13.1%, 12.0%, 12.2% and 13.8% in the previous studies. The 
cold pressor CV ranged around 15% with an exception in Study I where the varia-
tion was higher (14.9%, 22.7%, 15.9%, 12.8% and 15.4%). The variability of the 
electrical stair was 14.3%, 16.5%, 14.4%, 11.2% and 16.7%. 

Discussion
The capsaicin-induced hyperalgesia/allodynia model has been used in numer-
ous experimental and clinical pain studies.5-7,19,21-23,26,28,37,51 In this study we 
aimed to incorporate the capsaicin-model in a battery of multimodal pain test-
ing. The validity and reliability of the capsaicin model was evaluated, as well as 
the analgesic profile of two known analgesics by testing the effects in comparison 
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with placebo on a range of experimental pain tests. Incorporation of this pain 
model should lead to a more complete analgesic profile of the compounds under 
investigation increasing the confidence in dose selection at an early stage of drug 
development and the probability of success in patient studies.43,47-50 

Hyperalgesia to heat was robust and lasted for the full 10 hours of testing. This 
could be contributed to the capsaicin cream which was applied topically and not 
intra-dermally where skin trauma could influence heat hyperalgesia. It has been 
suggested that the model becomes more stable over a longer period of time due 
to a synergistic effect of heat (pre-/rekindling) and capsaicin.19,21 This synergistic 
effect was not seen in the present study. Heat PDTs in Part A of the study in the 
rekindle versus no-rekindle group did not differ from each other on any time 
point nor between each visit. The rekindle interval in the present study might 
have been too long for a synergistic effect. Additionally, the two groups were 
evaluated with contact heat stimulation on the primary area which might have 
neutralized the synergistic effect. In future studies, it would be advantageous to 
compare the rekindle effect with a secondary allodynia model, for example with 
mechanical stimulation on the secondary area. In the present study this mea-
surement paradigm proved to be too variable to analyze. The area of mechanical 
hyperalgesia did not increase in about half of the subjects, as it would have been 
expected.19,26,51 Intra-subject variation within and between days of mechanical 
stimulation on the secondary area was too high in both groups giving reason to 
omit the assessment in Part B of the study. 

A key learning from the current study is a better understanding of the influ-
ence of topical formulations on drug penetration. Capsaicin in cream and etha-
nol solutions are used to induce hyperalgesia, and intra-dermal injection are 
used to administer the capsaicin directly in to the target site.5-7,19,21-23,26,28,37,51 
Topical drug delivery depends on the ability to overcome biological barriers. 
Drug penetration and permeation through the skin are greatly influenced by 
the structural properties of the skin – mainly provided by the stratum corneum 
where the corneocytes, in a matrix of intercellular lipids, serve as the primary 
barrier of the skin, a regulator of water loss and prevent permeation of poten-
tially harmful substances and microorganisms – and the physicochemical prop-
erties of the drug, like partition coefficient, molecular size, solubility and hydra-
tion.67 Penetration of the active ingredient through the skin can be challenging, 
which might also have been the case in the present study. A low drug absorption 
could have resulted in a lower efficacy, reflected by the absence of secondary hy-
peralgesia in our study. 

Chemical penetration enhancers (CPE) interact with the skin to stimulate drug 
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flux and can be used to increase permeation of the topical drug.76 CPEs are phar-
macologically inactive compounds, or vehicles, that may partition and/or diffuse 
into the membrane and interact with the stratum corneum.77 Ethanol is an often 
used CPE as it can permeate rapidly through the skin and interact with the skin 
in various ways. Ethanol can increase permeant solubility and delay depletion, 
resulting in a raise of the flux.78 It Alters the tissue solubility, improving the drug 
partitioning into the membrane,78 and ethanol increases the thermodynamic ac-
tivity of the drug by a rapid evaporative loss from the application site. As ethanol 
disappears, the drug concentration may increase beyond the saturated solubil-
ity, yielding a supersaturated state with a greater driving force for permeation.78 
With this knowledge it can be expected that a topical formulation of capsaicin in 
an ethanol solution would have resulted in a better partition and solubility, in-
creasing the efficacy and produce a stable secondary hyperalgesia. This has been 
confirmed is in studies using an ethanol solution.5,6,23,25,28

Demonstrating reliability is a distinctive feature in science as it verifies sci-
entific evidence. In Part A the capsaicin model demonstrated a high between-
day reliability assessed via primary hyperalgesia to heat. This is in line with the 
known literature where reliability of the capsaicin pain model mainly proved to 
be high.21,26 Although these studies used intra-dermal injection of capsaicin and 
reliability was not assessed via primary heat hyperalgesia, but via secondary al-
lodynia with mechanical stimulation21 or ongoing pain ratings.26 In opposition to 
Dirks et al., Geber et al. was not able to confirm the test-retest correlation of the 
areas of pin-prick hyperalgesia, since it was too poor to reach significance.21,26 
In the present study secondary mechanical allodynia also proved to be too vari-
able. In Part B we incorporated the capsaicin model in the context of a test battery 
which has been used to determine the analgesic profile of new drugs in previous 
studies.63-66 The capsaicin model did not interfere with the other pain models in-
cluded in the test battery. The PDTs and PTTs of the pain models in the pain test 
battery were comparable to the ones observed in the previous studies (Study I-IV) 
conducted without the capsaicin model. This suggests that the newly incorporat-
ed model does not affect the results of the existing models which is an essential 
factor in multimodal pain testing. Several factor should be considered. First, the 
study design should have a cross-over design including a placebo arm. Sequence 
of treatment should be randomized (e.g., Williams design). Repeated measures 
should be performed and analysis should be done with each subject’s baseline 
recording of that study visit to deal with inter-subject variation.50,52 Additionally, 
different test locations of each pain model can decrease the chance of interfer-
ence. The volar forearms were used for the capsaicin-induced hyperalgesia 
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model, whereas the contralateral hand (compared with arm of capsaicin appli-
cation) was being used to submerge in water for the cold pressor test, the ante-
rior side of the lower legs were used for the electrical and pressure stimulation 
was performed on the contralateral lower leg. The latter does not automatically 
have to be the case since conditioned pain modulation is not limited by stimulus 
location. 

Tramadol and duloxetine each showed a different analgesic profile where 
tramadol demonstrated an analgesic response on the thermal, electrical and 
the mechanical models, while duloxetine did not show any significant analge-
sic effects (Figure 5). Tramadol, the more broadly effective analgesic of the two, 
produces antinociception mainly by activation of the μ-opioid receptor and in-
hibition of monoamine reuptake, such as serotonin, but it also has an effect on 
various G protein coupled receptors, ion channels, and transporters. All mecha-
nisms contribute to the analgesic effect by inhibiting pain transmission in the 
central nervous system. In literature, tramadol shows analgesic effects on cold53-
56 and heat,57 electrical58 mechanical models,56 and even in chemical models.59 
In contrast to previous statements, where it is believed that opioids mainly at-
tenuate pain intensities above the PDT,47,54 our study did also demonstrate signifi-
cant effects on heat PDT. 

Duloxetine is a serotonin noradrenalin reuptake inhibitor (SNRI). The anti-
depressant activity and pain inhibitory property of duloxetine is believed to be 
related to its potentiation of serotonergic and noradrenergic activity in the cen-
tral nervous system where it increases descending pain inhibition by inhibit-
ing reuptake of spinal noradrenalin and serotonin.60,72,73 In humans, descend-
ing pain modulation can be evaluated with CPM. The pain stimulus, measured 
before and after another modulating pain stimulus, usually has an inhibiting 
effect, at least in healthy subjects.71,74 In patients with painful diabetic neuropa-
thy, duloxetine can improve CPM efficiency, Although this correlation was only 
seen in patients with a higher drug efficacy.75 Neuropathic pain is efficaciously 
treated by duloxetine, but only in patients with inefficient CPM, and vice versa. 
Thus, patients that did not, or to a lesser extent, experience pain alleviation from 
duloxetine, did not show a significant change in CPM.75 These patients already 
had an efficient CPM pretreatment. It is expected that the healthy subjects in our 
study have the same efficient CPM, explaining why there is a lack in significant 
CPM effects in the current study. An Alternative consideration is whether this 
specific CPM paradigm produces such a strong effect that it becomes difficult to 
increase the CPM after administration of a drug. It has been suggested that CPT 
temperatures between 4 ̊C and 12 ̊C can be sufficient to induce inhibition.79-83 If 
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so, duloxetine would not have been able to increase the CPM because the ceiling 
effect has already been reached. Finally, a lack of CPM effect could have to do with 
the timing of the dose administration which needs careful consideration since 
the duration of the cutaneous sensitization is fairly short. Recommended is to 
use compounds with the Tmax of 2 to 3 hours.21 However, after ingestion of the 
duloxetine, there is a median two hour lag until absorption begins because of the 
enteric coating and the maximal plasma concentrations (cmax) of the drug oc-
curs at approximately six hours.68-69 Due to the pharmacokinetics of duloxetine it 
is possible that the hyperalgesic effect of the capsaicin might have already been 
worn off before duloxetine could reach its potential analgesic threshold. In addi-
tion, multiple doses of duloxetine administered over a longer period could poten-
tially yield positive results since the analgesic onset only is observed within the 
first week of administration. In contrast, Schaffler et al.28 used a similar design 
with a single-dose of duloxetine and was able to demonstrate a reduction in the 
peak-to-peak amplitude. Possibly this has to do with the study designs where the 
present study used a pre-defined fixed stimulation intensity in contrast to indi-
vidualized intensities or with the type of laser (Nd:YAP vs. CO2). Duloxetine has 
not been studied as extensively as tramadol in human evoked pain models. Three 
studies reported outcomes where duloxetine was tested in a heat model28,61 and 
mechanical models.62 The latter was tested in patients with central nerve pain 
and should therefore be interpreted differently than in healthy humans. 

Conclusions
The capsaicin-induced hyperalgesia/allodynia model leads to a stable primary 
hyperalgesia to heat after a 30 minute application of a 1% capsaicin cream, but 
not to a stable secondary hyperalgesia/allodynia to heat or mechanical stimu-
lation. The test-retest analysis proved that the between-day variation was low. 
Moreover, the capsaicin model does not seem to interfere with other pain model 
after it was incorporated in the PainCart®, giving it validity in multimodal testing. 
Tramadol significantly affected multiple pain models in the PainCart, but dulox-
etine could not be demonstrated to affect the pain thresholds. For the detection of 
analgesic effects of duloxetine, it may be necessary to generate a stable secondary 
mechanical allodynia. Additional studies will now focus on improvement of the 
capsaicin model (e.g., topical formulation) in such a way that primary and sec-
ondary hyperalgesia are both stable.
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Table 1 – Summary of Demographic Characteristics.

Part A Part B
Number of subjects 21 18
Sex Male Male
Age

Mean (SD) 24.2 (4.9) 26.1 (5.1)
Range 19 – 42 20 – 38
R ace

White 17 13
Asian 1 0
Hispanic 1 1
Mixed 1 0
Other 1 2
W eight (kg)

Mean (SD) 78.2 (11.6) 78.0 (10.3)
Range 52.4 – 107.2 64.0 – 102.6
Height (cm)
Mean (SD) 184.7 (7.3) 185.2 (6.1)
Range 166.7 – 200.4 175.8 – 197.9
BMI

Mean (SD) 23.2 (2.7) 22.8 (2.8)
Range 18.8 – 29.8 19.4 – 28.6

Body mass index was defined as weight/(height × 0.01)2 / SD = standard deviation.

Table 2 – Treatment-related Adverse Events. Subjects were counted only once per treatment in each row. 
Included all data collected since the first dose of study drug.

MedDra (v19.1) Preferred Term Placebo Tramadol Duloxetine
Nausea 4 5
Somnolence 1 4 2
Dizziness 3 4
Fatigue 1 3
Diarrhoea 2
Vomiting 1 1
Dry mouth 1
Muscular weakness 1
Abdominal pain 1
Headache 1
Stress 1
Retching 1

MedDRA = Medical Dictionary for Regulatory Activities; v = version.
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Table 3A – Summary of the primary endpoints in Part B.  
 

  Tramadol - Placebo 0-10hr Duloxetine - Placebo 0-10hr
      95% CI       95% CI  
  LSMean Estimate 

of the 
difference

Lower Upper p-value LSMean Estimate 
of the 

difference

Lower Upper p-value

Heat thermode - 
normal skin PDT

44.9 1.08 0.42 1.75 0.0023 44.3 0.5 -0.17 1.16 0.1375

Heat thermode 
– capsaicin skin 
PDT

41.9 0.76 -0.08 1.59 0.0753 41.7 0.57 -0.3 1.44 0.1915

Electrical stair 
PTT 

25.8 17.6% 6.6% 29.8% 0.0023 23.0 4.5% -5.3% 15.2% 0.3646

Cold pressor  
PTT 

31.5 37.7% 24.3% 52.5% <.0001 23.5 2.7% -7.2% 13.7% 0.5944

Pressure 
stimulation PTT 

50.5 18.7% 12.3% 25.5% <.0001 44.0 3.4% -2.2% 9.4% 0.2242

 
Table 3B – Summary of laser evoke potential endpoints in Part B. Clusters of analgesic effects for tramadol 
and duloxetine compared with placebo. Significant effect are in bold. 

Tramadol - Placebo 0-10hr Duloxetine - Placebo 0-10hr
    95% CI       95% CI  
LSMean Estimate 

of the 
difference

Lower Upper p-value LSMean Estimate 
of the 

difference

Lower Upper p-value

Norm a l sk in    

Amplitude N2 -6.98 1.885 0.61 3.16 0.0051 -8.32 0.541 -0.73 1.812 0.3919
Amplitude P2 8.14 -1.207 -2.752 0.337 0.1190 9.21 -0.131 -1.687 1.424 0.8626
Amplitude N2P2 15.07 -3.106 -5.744 -0.468 0.0226 17.66 -0.516 -3.153 2.122 0.6923
Latency N2 203.36 5.947 -2.383 14.276 0.1525 203.14 5.727 -2.590 14.044 0.1668
Latency P2 319.32 5.813 -2.494 14.120 0.1628 314.16 0.653 -7.608 8.915 0.8724
Reaction time 427.43 38.761 13.426 64.097 0.0041 393.24 4.574 -20.739 29.887 0.7136
C a psa icine sk in  

Amplitude N2 -7.74 0.352 -1.101 1.805 0.6097 -8.47 -0.376 -1.837 1.084 0.5883
Amplitude P2 7.74 -0.409 -1.812 0.993 0.5519 9.22 1.067 -0.385 2.519 0.1426
Amplitude N2P2 15.41 -0.605 -2.875 1.665 0.5864 18.04 2.032 -0.285 4.348 0.0829
Latency N2 208.54 2.691 -3.484 8.867 0.3807 205.51 -0.341 -6.534 5.853 0.9113
Latency P2 323.86 -5.074 -15.125 4.978 0.3092 321.38 -7.557 -17.596 2.481 0.1339
Reaction time 401.11 17.514 -5.632 40.659 0.1327 380.960 -2.630 -25.701 20.440 0.8174

CI= Confidence Interval; LSMeans = Least squares Means; PDT = Pain Detection Threshold; PTT   = Pain Tolerance Threshold
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Table 4 – Pain thresholds per time point per study. Overview of the average pain detection and tolerance 
thresholds per study per measurement time point. PDT is given first, then PTT. 

  Time (hr) Present study Study I Study II Study III Study IV
Pressure stimulation  
PDT/PTT   (kPa)

1 11.4/41.8 12.6/40.5 21.0/48.6 12.5/34.5 17.0/40.5
2 11.0/42.3 11.9/37.8 16.5/51.1 12.3/33.1 16.6/40.3
3 12.2/44.5 13.0/40.5 18.3/51.4 12.5/35.2 16.7/41.7
4 12.6/42.4 11.3/37.1 19.7/51.3 12.7/33.2 15.7/38.3
6 11.5/43.0 13.1/38.6 23.0/50.4 12.0/33.5 16.2/38.7
10 12.6/41.4 11.6/39.1 21.8/47.7 12.3/33.0 17.7/37.8

Cold pressor PDT/PTT   (sec) 1 4.0/23.0 4.7/18.4 8.8/25.3 4.2/16.6 3.4/14.1
2 3.9/23.5 4.2/17.9 7.2/26.6 4.4/17.5 3.5/13.6
3 3.7/22.9 4.9/19.2 8.2/27.3 4.0/17.5 3.2/13.6
4 3.8/22.2 5.3/18.4 7.0/28.5 4.1/17.4 2.7/13.0
6 3.1/23.7 4.4/17.7 7.6/24.8 3.7/16.1 3.1/13.4
10 3.4/21.9 3.6/17.4 6.3/24.2 3.7/15.6 3.2/12.9

Electrical stair PDT/PTT   (mA) 1 6.0/22.3 6.6/19.3 10.8/22.2 7.9/19.7 9.0/20.9
2 5.1/21.8 6.0/19.2 7.6/21.5 9.6/20.3 8.0/22.3
3 6.5/21.7 7.2/18.8 8.3/22.4 8.5/20.0 9.5/21.5
4 6.3/21.8 7.0/19.5 10.4/23.0 8.3/20.8 8.9/22.2
6 5.6/22.2 5.0/17.8 10.1/23.4 8.8/20.6 10.2/22.3
10 5.3/22 5.6/18.3 10.6/22.8 9.9/20.7 10.8/22.7

kPa= kilopascal; mA= milliampere; PDT= Pain Detection Threshold; PTT= Pain Tolerance Threshold; sec= seconds.

Figure 1 – Order of pain assessments in Part B.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 Laser stimulation was performed 1, 3, 6 and 8 hours post-dose. / 2 Contact heat was performed 0.5, 1, 2, 3, 4, 6, 8 and 10 hours 
post-dose. /3 Electrical stimulation, pressure stimulation, cold pressor and CPM were performed 1, 2, 3, 4, 6 and 10 hours post-dose. 
/ CPM = Conditioned Pain Modulation

Laser stimulation1
5 msec, 5 mm diameter, 2 Joules, random stimulus intervals  of 6-8 seconds.  
Control and capsaicin irritated skin 

Contact heat2
30x30 mm thermode, initial temperature 32°C, ramp 0.5°C/s, cut-off 50°C, average  
of 3 stimuli. Control and capsaicin irritated skin

Electrical stimulation3
Shin surface electrodes: increase 0.5 mA/s, max 50 mA

Pressure stimulation3
Tourniquet calf: 0.5 kPa/s, max 100 kPa

Cold Pressor3
Submission of forearm in 35°C waterbath to a 1°C waterbath, max 120 sec

Electrical stimulation3

CPM3
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Figure 2 – Time course of contact heat pain assessment in Part A. Change from baseline graph of the least 
squares mean PDTs over time on the capsaicin treat area and control area in the rekindle and no-rekindle 
groups for visit 1 and 2.  

C= Celsius; CI = Confidence Interval; LSMeans = Least squares Means; PDT = Pain Detection Threshold;

Figure 3 – Primary analysis results Part B. Comparison of tramadol and duloxetine versus placebo with 
LSMeans and 95% confidence interval over the 0 – 10 hour period. Figure 3A is presented as the absolute 
differences to placebo, Figure 3B as changes to placebo in percentages. The dotted line represents no 
significant effect.  

CI = Confidence Interval; LSMeans = Least Squares Mean; PDT = Pain Detection Threshold; PTT = Pain Tolerance Threshold. 
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Figure 4 – Time course of treatment effect on the pain models in Part B. Overview of change from baseline 
time profiles for battery of evoked pain tasks. (A) cold pressor in seconds (PTT); (B) electrical pain task in 
mA (PTT); (C) pressure pain task in kPa (PTT); (D) capsaicin-induced hyperalgesia model on the capsaicin 
irritated skin assessed with the contact heat paradigm in°C (PDT); (E) capsaicin-induced hyperalgesia model 
on the non-irritated (control) skin assessed with the contact heat paradigm in°C (PDT); (F) laser evoked 
potential on the non-irritated (control) skin N2P2 amplitude in μV. 

Lines with Circles (●) = placebo; lines with squares (■) = tramadol; lines with triangles (▲) = duloxetine. PTT   = pain tolerance 
threshold; PDT = pain detection threshold.

chapter 8 – Validation of the Capsaicin-induced hyperalgesia model 
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Figure 5 – Star plot of effects of tramadol 100mg and duloxetine 60mg on the different pain assessments. 
Star plot of effects of tramadol 100 mg and duloxetine 60 mg on the pre-defined primary endpoints. Values 
shown are differences compared with placebo. Values marked with a dot are significantly different (p<0.05) 
compared with placebo. 

PDT = Pain Detection Threshold, PT  T = Pain Tolerance Threshold. 

Chapter 9

General discussion


