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Peripheral and central mechanism in chronic pain

The pain system has long been regarded as a simple connection between a peripheral 
sensor sending information, and the brain as the awareness center interpreting this 
information. This basic description of the perception of pain as proposed by Descartes 
in the 17th century, has evolved into an elaborate system involving much more than 
sensory information alone. We have come to understand that pain is a complicated 
experience integrating prior exposures, expectations, attention, mood, genetics, periph-
eral and central nervous system physiology as well as neurochemical and anatomical 
variation 1-3 (Figure 1).

During the previous century elaborate research on nerve fiber morphology, velocity of 
signal conduction and neuronal responses to thermal, mechanical and noxious stimuli 
in both animals and humans has unveiled some of the mysteries of how the peripheral 
and central nervous system are wired to generate and control pain  4-6. The peripheral 

Figure 1. The view on pain perception in the 16th century has evolved into our current understanding of 
the complexity of pain perception in the 21st century. (With permission from: Tracey, I. & Mantyh, P. W. The 
cerebral signature for pain perception and its modulation. Neuron 55, 377-391).
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nervous system consists of first order neurons that have their cell bodies in the dorsal 
root ganglia and end at sensory receptors in the skin or in the visceral organs. Nocicep-
tors are small unmyelinated (C) or thinly myelinated (Aδ) fibers that respond to thermal, 
mechanical or chemical stimuli 7-10. Peripheral nerves first connect to the central nervous 
system in the dorsal horn of the spinal cord. Nociceptive signals that pass the dorsal root 
ganglion, synapse onto a second order neuron as soon as they arrive in the spinal cord 
and the second order neuron further conveys the pain signal to several brain regions 
involved in pain perception, such as the thalamus, the insula and the somatosensory 
cortex 3. From the cortical regions, multiple descending pathways involving the periaq-
ueductal grey and the nucleus raphe magnus send signals back to the spinal cord, where 
incoming pain signals are modulated. When this central modulation of pain is inhibitory 
it is known as descending inhibition 11,12. To the contrary, a pain amplifying mechanism 
is central sensitization or facilitation of pain signaling: the amplification of incoming 
signals from primary nerves at synapses in the spinal cord or at supraspinal sites  13,14. 
Sustained afferent nociceptive input can induce a long-term increase in excitability of 
second order neurons which may lead to hypersensitivity and hyperalgesia 15. Both the 
increase in facilitation of pain and a disruption of descending inhibition are thought to 
play a major role in the chronification of pain.

Chronic pain is usually preceded by a focal lesion or trauma or may be a consequence 
of systemic diseases that disrupt peripheral small nerve fiber function and/or central 
modulation of nociception. When the lesion or disease causing the pain is affecting the 
somatosensory system, the disorder is classified as neuropathic and may be manifested 
as large and/or small fiber pathology  16,17. In contrast to large fiber neuropathy, the 
exact mechanism of the degeneration of nerve fibers in small fiber neuropathy is still 
unknown, even when it is present as a complication of diseases such as diabetes and 
sarcoidosis 18-20. However, decreased nerve fiber density in the skin or cornea and func-
tional impairment can be clearly demonstrated in patients with small fiber neuropathy.

Fibromyalgia

Fibromyalgia is a disorder of unknown etiology mainly defined by widespread pain 
and fatigue, and was previously considered to be caused predominantly by central 
nervous system dysfunction. This idea is supported by the observation that patients 
with fibromyalgia often suffer from additional centrally mediated problems such as 
sleep disturbance, irritable bowel syndrome, depression and mild cognitive symptoms, 
i.e. forgetfulness and verbal memory problems. However, in 2013, two separate research 
groups  21,22 showed decreased intraepidermal nerve fiber density in skin biopsies, a 
capital sign of small fiber pathology, in cohorts of fibromyalgia patients. Ramirez and 
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colleagues  23 were the first to demonstrate the presence of small fiber pathology in 
patients with fibromyalgia by use of cornea confocal microscopy, a relatively new 
method to quantify and qualify small nerve fibers. These studies imply that besides 
central mechanisms, peripheral nerves are also involved in the generation of pain in 
fibromyalgia (this view is explored in chapter 5).

Measuring pain perception and modulation

For the measurement of pain a number of instruments are available. A distinction needs 
to be made between measuring chronic pain and acute, or experimental pain. For the 
evaluation of chronic pain, its occurrence and intensity, quality and impact on daily life, 
several questionnaires exist such as the brief pain inventory 24, PainDetect 25, DN4Q 26, 
the RAND-36 27 and the Neuropathic Pain Symptoms Inventory 28. In most of these ques-
tionnaires, at least one of the questions concerns rating daily pain on a numerical rating 
scale, usually from 0 to 10, 0 representing no pain and 10 the worst pain imaginable 
(chapter 2 explores the complexities of pain rating).

In most experimental studies, acute pain perception is evaluated by means of psy-
chophysical tests: applying various pain stimuli, such as electrical, ischemic, heat, cold 
and pressure pain and recording individual’s responses to these stimuli, also known as 
quantitative sensory testing (QST). Often, the lowest intensity of a stimulus that elicits a 
feeling of pain, i.e. the pain threshold, or the highest endurable pain, i.e. pain tolerance, 
is recorded. As it is known which kind of small nerve fibers (C or Aδ fibers) are respon-
sible for conduction of signals from cold, warm and mechanical stimuli and because 
normative values are available, the class of dysfunctional nerve fibers can be identified 
by the modalities that show abnormal test results. Moreover, some tests can specifically 
identify peripheral or central sensitization 29,30.

In contrast to static tests, dynamic tests give an indication of the status of the endog-
enous pain modulatory system. Examples of such pain modulation tests are conditioned 
pain modulation (CPM) and offset analgesia (OA). CPM is performed by application of 
two noxious stimuli at two separate sites on the body, during which the second stimulus 
reduces the perception of pain evoked by the primary stimulus. This test represents 
endogenous modulation of pain based on spatial signal integration in the spinal cord 31. 
OA, on the other hand, represents a temporal integration of signals. OA is the rapid onset 
and large reduction in pain perception after a small reduction in temperature during a 
noxious heat stimulus 32 (these two paradigms are explored in chapter 3 and 4).

Apart from psychophysical testing and questionnaires, two objective measurements 
can be used to assess the state of the small sensory nerve fibers specifically. Skin bi-
opsies and cornea confocal microscopy allow the determination of nerve fiber density 



11

Introduction

1
and morphology of small nerve fibers. Skin biopsies are usually taken from the thigh or 
lower leg and the number of small nerve fibers per mm of epidermis, the intraepidermal 
nerve fiber density (IENFD), is measured. This technique is currently the gold standard to 
confirm the diagnosis of small fiber pathology 33. Alternatively, a confocal microscopic 
technique called cornea confocal microscopy (CCM) can be used to visualize small nerve 
fibers that innervate the cornea. Cornea nerve fiber density, cornea nerve fiber length, 
and cornea branching density (i.e. the number of smaller nerves branching from main 
nerve fibers) can be determined by this technique allowing the assessment of small fiber 
pathology rapidly, repetitively and non-invasively 34.

With all these tests at our disposal, it is possible to apply these in characterization of 
chronic pain patients and combine the results to construct a somatosensory phenotype 
of an individual patient. Analysis of these phenotypes can be used to divide the hetero-
geneous groups of chronic pain patients, even within a disease entity, into more homo-
geneous cohorts. Treatment regimens may subsequently be based on the characteristics 
present in each cohort (phenotype analysis was performed for fibromyalgia patients in 
chapter 5 and for diabetes mellitus type 2 and sarcoidosis patients in chapter 6).

Thesis outline

In Chapter 2 the ability of chronic and acute pain patients and healthy volunteers to 
grade experimental painful stimuli on a number based scale is evaluated. Additionally it 
is described how opioids affect the ability to rate painful stimuli.

Chapter 3 compares the response of patients with fibromyalgia to several offset anal-
gesia paradigms with the response of healthy volunteers, and describes the influence of 
impaired OA responses on the onset and offset of pain.

In Chapter 4 a novel contact heat thermode device, the Q-sense CPM, is evaluated for 
its ability to induce a sufficiently large CPM effect. Moreover, several CPM paradigms are 
compared to explore which model generates the optimal CPM effect.

In Chapter 5 CCM is performed to assess small nerve fiber morphology of patients 
with fibromyalgia. The results are used in combination with QST and questionnaires to 
construct phenotypes of patients.

Chapter 6 describes phenotypes of patients with diabetes mellitus type 2 and patients 
with sarcoidosis based on CCM and QST.
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Introduction

In contemporary medicine, number-based assessment tools are frequently used to evalu-
ate the perception of pain in both acute and chronic pain patients and to determine the 
effect of pain management 1. Most popular methods are the visual analogue scale (VAS) 
and numerical rating scale (NRS), as these are simple and equally sensitive methods that 
are considered superior to categorical pain scales (e.g., none, mild, moderate, and severe 
pain) or narrative reports of pain 1, 2. For the NRS, patients are instructed to verbally rate 
their pain’s quality (this can be any of many pain-related dimensions such as pain intensity 
or satisfaction with pain relief ) on an 11-point scale ranging from 0 (no pain perceived) to 
10 (worst intense pain imaginable or tolerable) 1. Although simple in theory, the use of a 
numerical scale in the rating of pain requires the ability of the patient to translate a sensory 
stimulus into a relative number on an abstract pain scale. This is a rather complex task, and, 
additionally, rating pain up to “the worst pain imaginable” is a concept that requires an 
intuitive imagination and an adequate memory of previous pains endured. Nevertheless, 
various validation studies show that patients are able to use numerical pain-rating scales 
to adequately score their pain and quantify the effect of pain management 3-7. Rating 
scores on a VAS or NRS are considered the gold standard of pain testing 6. Still, the use of 
numerical scoring systems may be affected by changes in cognition induced by diseases 
such as chronic pain or by drugs that act at the central nervous system such as opioids. 
Wolrich et al. 8 made an important observation in this respect. They showed that the ability 
of number sensing, i.e., the ability to name and mark a number, is negatively affected in 
chronic pain patients more than in acute pain patients, possibly because of functional 
changes in brain areas involved in understanding numbers and their proportions 8. This 
may particularly affect the ability of chronic pain patients to score pain using VAS or NRS.

The primary aim of this study was to determine the ability of chronic and acute post-
operative pain patients to adequately score their response to randomly applied noxious 
stimuli on the NRS relative to healthy sex-matched and age-matched controls and to 
assess the effect of treatment with opioids. After defining experimental pain threshold 
(NRS = 1) and pain tolerance (NRS = 10), 8 noxious stimuli, in intensity linearly distributed 
in between NRS 1 and 10, were applied in a randomized blinded fashion and the NRS 
was recorded. The data were then analyzed using a penalty score system based on the 
assumption that stimuli of higher intensity should be scored with a greater NRS.

The second aim of the study was to assess the linearity of the stimulus–NRS relation-
ship. Some studies suggest that the numerical pain scales are linear, whereas others 
suggest a sigmoid relationship 9-11. This is an important issue, as only a linear relation-
ship will allow treatment of numerical scales as ratios or percentage change. We applied 
population-based mixed-effects models on the stimulus–response data to determine 
linearity of the relationship in healthy controls, chronic and acute pain patients.
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Methods

The study was performed after approval was obtained from the LUMC Human Ethics 
Committee (Commissie Medische Ethiek, Leiden University Medical Center, 2300 RC 
Leiden, the Netherlands) from January 2013 to October 2014. The protocol was regis-
tered in the Netherlands Trial Register under number 3769. All patients gave oral and 
written informed consent before enrolment into the study.

Participants

Healthy volunteers without pain (controls, n = 37), chronic pain patients (n = 30), and 
American Society of Anesthesiologists (ASA) class I and 2 surgical patients (n = 62) 
participated in the study. Exclusion criteria were age <18 years, body mass index >35 
kg/m2, presence of a medical condition (such as systemic, cardiovascular, pulmonary, 
renal, liver, or infectious disease), pregnancy or lactation, and history of illicit drug or 
alcohol abuse. For controls and surgical patients, the presence of an acute or chronic 
pain syndrome or the use of pain relief medication (excluding acetaminophen) in the 
6 months before the study were additional exclusion criteria. All chronic pain patients 
were diagnosed with fibromyalgia and included if they had an NRS pain score ≥5 for 
most of the day and met the 2010 American College of Rheumatology diagnostic criteria 
12, 13. These criteria included a widespread pain index (WPI) ≥7 (on a scale from 0 to 19) 
and a symptom severity (SyS) score ≥5 (on a scale from 0 to 12) or a WPI of 3 to 6 and a 
SyS score ≥9. The WPI defines the number of body areas in which a patient experienced 
pain during the last week; the SyS score indicates the level of other core symptoms of 
fibromyalgia such as fatigue, nonrefreshing sleep, and cognitive symptoms. Addition-
ally, tender point examinations were performed according to the 1990 American Col-
lege of Rheumatology diagnostic criteria 14; however, these results were not considered 
for inclusion or exclusion. The presence of autonomic complaints such as diarrhea or 
obstipation, dizziness, and dry mouth/eyes was no reason for exclusion in the chronic 
pain patient group, as these are symptoms consistent with the fibromyalgia syndrome 
12. In chronic pain patients, the presence of pain syndromes other than fibromyalgia was 
a final exclusion criterion for entrance in the study.

Controls and chronic pain patients were instructed to refrain from taking any medica-
tion and consuming alcohol, caffeinated beverages or caffeinated foods on the days of 
the experiment. Preoperative preparation of the surgical patients was according to local 
protocol.

Nociceptive assays and pain scoring

Controls and chronic pain patients underwent 2 pain tests: nociceptive thermal and 
nociceptive electrical testing. Heat and electrical pain stimuli were alternated with a 3 to 
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5 minutes resting period maintained between tests. For logistic reasons of which time 
constraints were most important, surgical patients underwent electrical pain testing 
only.

Nociceptive thermal stimulation
Heat pain was induced by placing a 3 × 3 cm thermal probe (Pathway Neurosensory 
Analyzer; Medoc Ltd, Ramat Yishai, Israel) on the volar side of the right forearm of the 
subject. Temperatures increased by 6°C per second from a baseline temperature of 
32°C to a preset target temperature that was maintained for 5 seconds. Subjects were 
instructed to score the highest pain sensation they felt during the stimulation. To over-
come adaptation or sensitization, the stimulus zone was divided into 3 separate blocks, 
which were used sequentially 15. Heat stimulations at the same skin site occurred at 25 
to 30 minutes intervals.

Nociceptive electrical stimulation
Electrical pain was induced by placing 2 electrodes (surface area, 0.8 cm2; space between 
the electrodes, 2 cm) on the tibial surface of the right leg. Electrical currents were ap-
plied using a locally designed and constructed computer interfaced current stimulator 
(CICS, Leiden University Medical Center, Leiden, the Netherlands) 15. A preset constant 
current (a 5-second train of 200 µs pulses at a frequency of 10 Hz) was delivered to the 
skin, and subjects were instructed to score the highest pain sensation they felt during 
the stimulation.

Pain scoring
All participants were initially familiarized with the study design, pain tests, and scor-
ing system. Pain intensity was scored using an 11-point NRS ranging from 0 (no pain) 
to 10 (worst pain imaginable). Only integers were allowed for scoring. The first part of 
the study was the accurate assessment of pain threshold (PTh, NRS = 1) and pain toler-
ance (PTol, NRS = 10). This was performed for heat and electrical pain. To define PTh, a 
subthreshold stimulus lasting 5 seconds was applied (39°C and 8 mA) and the NRS was 
scored. Next in steps of 0.5°C and 0.5 mA, the stimuli were increased in intensity. The 
lowest value causing an NRS of 1 was used as PTh. For pain tolerance, a similar approach 
was applied, with the lowest temperature and current causing an NRS of 10 as PTol set 
point. This procedure was repeated 2 to 3 times to be certain of a reliable estimation 
of PTh and PTol. The procedure was ended when the sequential estimates were within 
±0.5°C and ±0.5 mA. The values of PTh and PTol were used to construct a linear distribu-
tion of 8 interpolated temperatures and currents. For example, if PTh was 11 mA and 
PTol 20 mA, the interpolated currents were 12, 13, 14, 15, 16, 17, 18, and 19 mA. The 
8 temperatures and 8 currents were subsequently presented in randomized (using a 
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random number generator), blinded fashion to the participants, each with a duration 
of 5 seconds. Heat and electrical stimuli were alternated. If the PTol was not reached at 
the maximum temperature of 52°C, the highest pain score was used as upper limit and 
a linear distribution of 8 interpolated temperatures was made between the temperature 
of PTh and 52°C. All subjects were blinded to the sequence and intensity of the stimuli.

Study design

Stimulus–response data were obtained in all participants under baseline conditions 
(without the administration of any opioids) and in most participants during administra-
tion of opioid medication.

Controls and chronic pain patients
Twenty controls and all chronic pain patients received a continuous intravenous infu-
sion of alfentanil on one occasion and no treatment (NoT) on the other. Sessions were 
randomized with at least 1 week between experiment days; time of testing was similar 
on both sessions. Alfentanil (Rapifen; Janssen-Cilag BV, Tilburg, the Netherlands) was 
administered using a target controlled infusion system (Orchestra Base Primea; Frese-
nius Kabi, Zeist, the Netherlands) programmed with the alfentanil pharmacokinetic set 
of Maitre et al. 16. The participants were infused for 2 hours at a target concentration 
of 200 ng/mL. This concentration was chosen as it provides robust analgesia without 
causing serious side effects. Seventeen additional controls participated on one occasion 
and received no analgesic medication during testing. Testing was performed during 
the later part of the infusion (from t = 40 to t = 120 minutes) when stable alfentanil 
concentrations were assumed.

Surgical patients
All patients were tested before surgery on the day of operation. Premedication consisted 
of 1000 mg oral acetaminophen just before testing; no sedative or opioid premedication 
was allowed. Thirty minutes after arrival in the postanesthesia care unit, the patients 
were retested. Only patients with a Ramsay sedation score of 2 were tested. Spontane-
ous pain scores before the stimulus–response tests were noted. All patients received 
intravenous bolus morphine or methadone infusions for acute pain relief.

Data and statistical analyses

The deviation of stimulus–response relationship to an ideal relationship (Fig. 1A) was 
calculated by subtracting each pain score (j) from the previous score (j − 1),

d(j) = NRS(j) − NRS(j − 1).
Next, the value of d was translated into a penalty score rather than into an error score. In 
both regression and prediction analyses, errors are taken into account by their squared 



Chapter 2

20

values. However, this would also penalize scores going in the expected direction on an 
increase or decrease in stimulation. The penalty score awards points to a negative (un-
wanted) event and is an objective tool for the assessment of the general performance of 
a system in which specific performances are expected such as in our case increasing NRS 
values at increasing stimulus intensities. Deviations from the expected performance 
receive penalty scores, which are defined as follows:
(1)	 if d(j) > 0 (ie, a stimulus j with a higher intensity is perceived as more painful than the 

stimulus with the lower intensity j-1), no penalty was applied,
(2)	 if d(j) = 0 (ie, a stimulus j with a higher intensity is perceived as equally painful than 

the stimulus with the lower intensity j-1), a penalty of 0.5 points was applied,
(3)	 if d(j) < 0 (ie, a stimulus j with a higher intensity is perceived as less painful than the 

stimulus with the lower intensity j-1), a penalty of the observed change in score, ie, 
d(j) was applied.
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Figure 1. Pain stimulus–NRS response data. (A) Best and worst possible scores with respective summed 
penalties 0 and 40. (B) Worst observed score for the electrical pain test with a summed penalty score of 
18.5 in a preoperative surgical patient. (C) Best observed score for the electrical pain test with a summed 
penalty score of 0.5 in a postoperative surgical patient. (D) Worst observed score for the heat pain test with 
a summed penalty score of 13.5 in a chronic pain patient during the administration of alfentanil. The patient 
did not reach pain tolerance at a temperature ≤52°C (cutoff). Consequently, the NRS value observed at 52°C 
(in this case an NRS of 7) was set as upper limit and a linear distribution of 8 interpolated temperatures was 
made between the pain threshold temperature and 52°C. (E) Best observed score for the heat pain test 
with a summed penalty score of 1.5 in a chronic pain patient under baseline conditions. NRS is numerical 
rating score.
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The total penalty score is the sum of all separate penalty scores, i.e., from j = 2 (the first 
measurement above PTh) to j = 10 (PTol). Theoretically the summed penalty scores range 
from 0 (a perfect ever increasing NRS) to 40 (a score that depicts the maximum penalty 
score), see also Figure 1. On the basis of a blinded visual check of the complete data set, 
we divided the summed penalty scores into 3 cohorts, representing “good,” “mediocre,” 
and “poor” stimulus–response relationships, with respective sum scores ≤3.5 (good), 4 
to 7 (mediocre) and ≥7.5 (poor).

Separate summed penalty scores were obtained for each session (no treatment or 
baseline, opioid, preoperative, postoperative) and nociceptive assay (heat, electrical). 
The penalty scores were analyzed using IBM SPSS statistics version 20. All data analy-
ses were by nonparametric tests. Fisher’s exact tests were used to assess whether the 
distributions of subjects over the summed penalty score classes good, mediocre, and 
poor scores were different among groups and to determine whether the distributions of 
penalty score classes were influenced by opioid use. The presence of sex differences was 
assessed by the Mann–Whitney U exact test; age effects were evaluated by Spearman’s ρ.

To assess the linearity of the stimulus–response relationship, 2 models were fitted 
to the data. (1) A linear function with parameters S1 and S10, which are the values of 
the stimulus (current or temperature) yielding an NRS of 1 and 10, respectively; (2) a 
sigmoidal function with parameters N5 and shape parameter γ, where N5 is the value of 
the stimulus yielding an NRS of 5. Opioid effect was assessed by a multiplicative factor Z 
where N5(opioid) = Z × N5(baseline). The fact that the NRSs are integers between 0 and 
10 was addressed by assuming an underlying normally distributed variable. Nonlinear 
mixed-effects analysis by NONMEM (a statistical package for nonlinear mixed-effects 
modelling; ICON Development Solutions, Hanover, MD) 17 was performed, and the dif-
ference between the minimum values of the objective function using the linear and 
nonlinear models was inspected to test the linearity of the stimulus–NRS response 
relationship.

Results

Subjects

Thirty-seven healthy controls, 30 chronic pain patients and 62 surgical patients partici-
pated in the study. The age range of participants was similar for healthy controls (n = 
37, age range: 18-57 years) and chronic pain patients (n = 30, 19-58 years); acute pain 
patients were on average older (n = 61, 21-84 years). See Table 1 for relevant patient 
characteristics. Chronic pain patients had an average spontaneous pain score of 6.5 
(95% confidence interval 5.9-7.1). One surgical patient used chronic opioids and was ex-
cluded. All others completed the preoperative tests. In 19 cases, no postoperative tests 
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were possible because of either residual sedation or inadequate pain control causing 
interference with testing. Of the remaining surgical patients, 18 received morphine for 
postoperative pain relief before psychophysical testing (mean dose: 0.15 ± 0.11 mg/kg, 
median dose: 0.12 mg/kg, range: 0.03-0.4 mg/kg) and 24 patients received methadone 
(mean: 0.11 ± 0.08 mg/kg, median: 0.08 mg/kg, range: 0.02-0.19 mg/kg). Psychophysical 
testing was performed 140 minutes (median) after arrival in the postanesthesia care 
unit (range: 86-311 minutes). At the moment of testing, the average postoperative pain 
score in the 42 tested patients was 4.0 (95% confidence interval 3.1-4.9). All participants 
completed the study without any unforeseen adverse effects.

Baseline heat pain thresholds and tolerances were in controls: 43.1 ± 2.0°C (mean ± 
SD) and 50.7 ± 1.5°C and in chronic pain patients: 42.2 ± 2.7°C and 48.6 ± 1.9°C. Electrical 
pain thresholds and tolerances were in controls: 11.5 ± 3.5 mA and 27.6 ± 9.2 mA, in 
chronic pain patients: 11.4 ± 6.2 mA and 25.1 ± 13.6 mA, and in preoperative surgical 
patients: 13.9 ± 6.0 mA and 36.8 ± 17.7 mA. Opioid treatment caused an increase in 
threshold and tolerance values; the effect was largest for the electrical pain test (Table 1).

Table 1. Participants’ characteristics and pain threshold and tolerance values

Healthy controls Chronic pain patients Surgical patients

Number of subjects 37 30 61

Sex (M/F) 17/20 2/28 26/35

Age (years) 32.8 ± 13.6 37.1 ± 11.2 54.7 ± 14.0

Age range (years) 18-57 19-58 21-84 

Body mass index (kg/m²) 23.7 ± 3.3 25.1 ± 5.1 25.4 ± 4.0

Spontaneous pain (NRS) 0 6.5 ± 1.6 4.0 ± 3.0*

Without opioid treatment

Electrical pain threshold (mA) 11.5 ± 3.5 11.4 ± 6.2 13.9 ± 6.0

Electrical pain tolerance (mA) 27.6 ± 9.2 25.1 ± 13.6 36.8 ± 17.7

Heat pain threshold (°C) 43.1 ± 2.0 42.2 ± 2.7 -

Heat pain tolerance (°C) 50.7 ± 1.5a 48.6 ± 1.9b -

During opioid treatment

Number of subjects 20 30 42

Electrical pain threshold (mA) 16.3 ± 5.3 16.9 ± 9.1 18.1 ± 9.6

Electrical pain tolerance (mA) 35.6 ± 11.2 40.6 ± 31.0 53.5 ± 31.0

Heat pain threshold (°C) 44.2 ± 2.7 44.2 ± 2.9 -

Heat pain tolerance (°C) 51.2 ± 1.1c 49.6 ± 1.9d -

All values are mean ± SD unless otherwise stated; * Obtained after surgery in 42 patients. Several patients 
did not reach heat pain tolerance values at the maximum temperature of 52°C, causing a reduced number 
of subjects from which heat pain tolerance data were calculated. a. n = 31/37; b. n = 25/30, c. n = 12/20, d. 
n = 22/30.
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Penalty scores

Examples of stimulus–response data are given in Figure 1. Baseline (no treatment) 
penalty scores ranged from 1.5 to 9 (heat pain) and 1.0 to 8.5 (electrical pain) in healthy 
controls. Corresponding ranges for chronic pain patients were 1.5 to 8.0 (heat pain) and 
1.5 to 13.0 (electrical pain). In surgical patients, the scores ranged from 1.0 to 18.5. Heat 
pain seemed to be more difficult to assess than electrical pain with more individuals 
with higher penalty scores for heat pain than for electrical pain scores (P = 0.03 in con-
trols and P = 0.04 in chronic pain patients, Table 2). In none of the study populations, a 
significant age or sex effect on the penalty scores could be detected (data not shown).

Penalty score distributions observed under baseline conditions (ie, without opioid 
treatment) are given in Figure 2 and Table 2. Baseline scores differed significantly be-
tween healthy controls and chronic pain patients for heat pain tests with 27% (controls) 
vs. 55.1% (chronic pain patients) of scores >3.5 (Χ2 Fisher’s exact test: P = 0.03) but not 
for electrical pain tests (P = 0.46). Preoperative scores from electrical testing in surgi-
cal patients did not differ from the scores of healthy controls (P = 0.33) or chronic pain 

Table 2. Mean penalty scores and distribution into cohorts good (≤ 3.5), mediocre (4-7) and poor (≥ 7.5)

Healthy controls Chronic pain patients Surgical patients

Heat pain Electrical pain Heat pain Electrical pain Electrical pain

No Treatment No Treatment No Treatment No Treatment Preoperative

Median
range

3.0
1.5 - 9.0

2.5a

1.0 - 8.5
4.0b

1.5 - 8.0
3.0c

1.5 - 13.0
3.0

1.0 - 18.5

Good
95% CI

73.0%
55.9-86.2%

81.1%
64.8-92.0%

44.8%
26.4-64.3%

66.7%
47.2-82.7%

70.5%
57.4-81.5%

Mediocre
95% CI

21.6%
9.8-38.2%

16.2%
6.2-32.0%

51.7%
32.5-70.6%

26.7%
12.3-45.9%

27.9%
17.1-40.8%

Poor
95% CI

5.4%
0.7-18.2%

2.7%
0.1-14.2%

3.4%
0.1-17.8%

6.7%
0.8-22.1%

1.6%
0-8.8%

Opioids Opioids Opioids Opioids Postoperative

Median
range

4.8d

1.5 - 10.5
2.3

0.5 - 7.5
5.5e

1.5 - 13.5
4.0

2.0 - 14.5
3.0

0.5 - 13.5

Good
95% CI

40.0%
19.1-63.9%

70.0%
45.7-88.1%

32.1%
15.9-52.4%

41.4%
23.5-61.1%

69.0%
52.9-82.4%

Mediocre
95% CI

30.0%
11.9-54.3%

25.0%
8.7-49.1%

35.7%
18.6-55.9%

44.8%
26.4-64.3%

23.8%
12.1-39.5%

Poor
95% CI

30.0%
11.9-54.3%

5.0%
0.1-24.9%

32.1%
15.9-52.4%

13.8%
3.9-13.7%

7.1%
1.5-19.5%

a. Electrical pain versus heat pain (within controls, no treatment) p = 0.03; b. Chronic pain patients versus 
controls (heat pain, no treatment) p = 0.028; c. Electrical pain versus heat pain (within chronic pain patients, 
no treatment) p = 0.04; d. Opioids versus no treatment (within controls, heat pain) p = 0.015; e. Opioids 
versus no treatment (within chronic pain patients, heat pain) p = 0.016.
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patients (P = 0.44). To assess whether subjects were consistent in their scoring ability 
between heat and electrical pain testing, contingency tables were created (Table 3). 
Healthy controls performed best in the 2 nociceptive assays with 68% overlap in scoring 
between heat pain and electrical pain (with 60% of scores in cohort “good”). In contrast, 
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Figure 2. Penalty score distribution under baseline conditions (without opioid treatment) for heat pain (A) 
and electrical pain (B) tests in healthy controls (blue bars), chronic pain patients (green bars), and preop-
erative surgical patients (orange bars). The penalty scores are divided into 3 cohorts: “good” (scores 0-3.5), 
“mediocre” (4-7), and “poor” (≥7.5).

Table 3. Contingency table of good (≤ 3.5), mediocre (4-7) and poor (≥ 7.5) penalty scores for heat versus 
electrical pain in healthy controls and chronic pain patients, and for preoperative versus postoperative test-
ing in surgical patients

Contingency

Healthy controls Penalty scores heat pain

Penalty scores electrical pain ≤ 3.5 4-7 ≥ 7.5

≤ 3.5 59.5% 13.5% 5.4%

4-7 10.8% 8.1% -

≥ 7.5 2.7% - -

Chronic pain patients Penalty scores heat pain

Penalty scores electrical pain ≤ 3.5 4-7 ≥ 7.5

≤ 3.5 26.7% 36.7% 3.3%

4-7 16.7% 6.7% -

≥ 7.5 3.3% 6.7% -

Surgical patients Preoperative penalty scores

Postoperative penalty scores ≤ 3.5 4-7 ≥ 7.5

≤ 3.5 52.4% 14.3% 2.4%

4-7 19.0% 4.8% -

≥ 7.5 2.4% - -
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overlap in scoring was just 33% in chronic pain patients (with 27% of scores in cohort 
“good”).

Opioid effect on stimulus–response relationship

Opioids negatively influenced heat pain scoring in both controls and chronic pain pa-
tients (Table 2 and Fig. 3) with a significant shift in distribution towards higher penalty 
scores in controls (P = 0.02) and chronic pain patients (P = 0.02). These effects were not 
observed for the electrical nociceptive assay in any of the study population (controls P 
= 0.77, chronic pain patients P = 0.13, postoperative patients P = 0.45; Table 2). There 
was good correspondence between preoperative and postoperative scores in surgical 
patients with an overlap of 57.2% (52.4% in cohort “good”; Table 3).

Nonlinearity of stimulus–response relationship

For both electrical and heat pain, the sigmoidal model of the stimulus–response data 
provided a significantly better fit compared with the linear model with a difference in 
the objective function value of more than 100 (P < 0.0001). Parameter estimates of the 
sigmoidal model are given in Table 4. In Figure 4, examples of data fits and population fits 
obtained under baseline conditions and during opioid treatment are shown. The popula-
tion fits give a clear indication of the effect of opioid treatment on the stimulus–NRS 
relationship with a rightward shift of the curve that differed between nociceptive assays 
(5% rightward shift for heat pain vs. 46%-55% for electrical pain). In perioperative pa-
tients, postoperative curves were 28% shifted to the right relative to preoperative tests.
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Figure 3. Effect of opioid treatment on penalty score distribution for heat pain (A) and electrical pain (B) 
models in healthy controls, chronic pain patients, and preoperative and postoperative surgical patients. 
The penalty scores are divided into 3 cohorts: “good” (scores 0-3.5), “mediocre” (4-7), and “poor” (≥7.5).
*P = 0.015, **P = 0.016.


